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Preface

The interaction of biomolecules with inorganic materials is playing an increas-
ingly more important role in medical and biomedical applications, such as
implants or implanted devices (sensors, energy harvesting or sources), biosen-
sors, and generally hybrid materials. Scientists from all disciplines, Physics,
Chemistry, Biology, Mechanical/(bio)chemical Engineering, and Materials Sci-
ence and Engineering, are getting engaged in the challenge of understanding and
controlling the behavior of biomolecules in the vicinity of inorganic surfaces.
For instance, several symposia have now been offered by the Materials Research
Society (MRS) at its prominent Fall and Spring meetings. It is therefore not
surprising that a number of characterization methods have been developed to
monitor and quantify the presence of biomolecules at surfaces and their inter-
action with inorganic materials.

The more traditional methods originate from the Biology and medical field
and involve the modification of biomolecules. They include fluorescent tagging,
or use of specific reporter molecules. More recently, surface scientists have
turned their attention onto the characterization of biomolecules at surfaces. For
instance, there is now a division of ‘‘Biomaterial interfaces’’ in the AVS, one of
the premier society primarily serving surface scientists, and a leader in the field
of biomolecule/surface interaction, David Castner, was the 2010 AVS president.
This section of the scientific community has thus brought to bear all the surface
science techniques, including electron and ion spectroscopies (X-ray photoelec-
tron spectroscopy, Auger electron spectroscopy, Rutherford Backscattering),
imaging (Atomic Force microscopy, near field microscopy), optical spectros-
copy (surface Plasmon resonance), and vibrational spectroscopy (Infrared and
Raman). In fact, the interaction of biomolecules with solid surfaces constitutes
an important part of the international conference on Vibrations at Surfaces,
European Conference on the Applications of Surface Science (ECASIA) or
even the European Conference on Surface Science (ECOSS).

Infrared spectroscopy is a remarkably versatile technique, ultra sensitive to
molecular films but also adapted to the characterization of macromolecules on
bulk or powder materials, using approaches best suited for the types of substrates.
It is the most appropriate technique to probe the presence, formation and evolu-
tion of chemical bonds, i.e. the processes that are involved in biomolecule
interaction with surfaces. It is therefore not surprising that many approaches,
based on IR spectroscopy, have been devised to explore the interaction of bio-
molecules with solid surfaces. While complementary to other surface science
techniques, FT-IR spectroscopy has the additional advantage of being compatible
with a wide range of environments (vacuum, vapor, liquid) by using a variety of
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probing configurations (internal specular reflection for example). It can thus
probe surfaces and interfaces in model or real « functional » conditions.

It is particularly timely to describe and review the progress made by infrared
spectroscopists towards characterizing and understanding the interaction of
biomolecules with solid inorganic surfaces in a single volume, so that a better
assessment of the methods can be done and scientists in fields other than surface
vibrational spectroscopy. It is also important that researchers using vibrational
spectroscopy can be exposed to the challenges associated with the characteri-
zation of biomolecules and can bring their expertise to help the medical and
biomedical field.

This book presents fundamental concepts associated with the characteriza-
tion of biomolecules at surfaces in a variety of environments (vacuum, vapor,
liquid), all centered on the use of infrared radiation as a probe. Each chapter
focuses on a particular probing configuration and discusses both experimental
issues/optimization schemes and scientific issues specific to using such an
approach to study biomolecules. Examples are presented for the most relevant
systems involving bio-related or biological interfaces, thus providing a practical
advice for researchers in biomedical and chemical engineering and researchers
using or optimizing bio-films or biosensors. For instance, optimization schemes
are presented with caution on limitations of the technique, and an effort is made
to address issues with in situ measurements (experimental limitations and
spectral interpretation).

Theoretical concepts underlying the Fourier Transform Infrared (FTIR)
reflection absorption spectroscopy (FT-IRRAS), also named Reflection Absorp-
tion Infrared Spectroscopy (RAIRS), technique based on a single the specular
reflection at a metal surface are first presented in Chapter I. The selection rules
associated with this special geometry and substrate conditions are described in
detail. Examples of results, mainly concerning adsorption of small bio-related
molecules, amino acids and small peptides on metal surfaces illustrate the
advantage of the FT-IRRAS technique, and of applying it with polarisation
modulation (PM-RAIRS or PM-IRRAS).

Chapter II focuses on the PM-IRRAS technique applied to air/water inter-
faces. Experimental setups are described, followed by examples of PM-IRRAS
characterization of various biochemical systems like fatty acids, monolayer and
multilayers of phospholipids pure or in interaction with antibacterial peptides,
membraneous proteins, molecules and DNA.

Chapter III examines how the adsorption of biomolecules can be investi-
gated using a single-bounce external reflection. While this may not be the most
common geometry for semiconductor substrates, interesting properties associ-
ated with polarization dependence can be exploited to gain useful information
about adsorbed molecular layers. This geometry is also convenient to study
adsorption on both transparent and absorbing substrate.

Chapter IV considers similar adsorption systems as in Chapter III using in
this case a single-transmission geometry. Such geometry is simple and versatile,
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with straightforward quantitative analysis, but requires transparent substrates
preferentially polished on both sides. Emphasis is placed on the type of infor-
mation that can be extracted from and typical issues associated with IR mea-
surements of biomolecules attachment on both oxidized and oxide-free silicon
surfaces.

In Chapter V, three specific modes of using IR spectroscopy for interfacial
characterization are described, namely attenuated total reflection infrared
(ATR-IR) spectroscopy, modulation excitation spectroscopy (MES) and vibra-
tional circular dichroism (VCD). ATR-IR is shown to be a quantitative tool to
study the adsorption and determine the orientation of molecular monolayers at
solid-liquid interfaces. MES makes it possible to reduce the noise and therefore
greatly increase the signal-to-noise ratio thanks to external signal modulation.
This feature is particularly important to study weak dynamical changes at
surfaces when there is strong background radiation or noise. VCD allows the
selective detection of chirality of a layer by measuring the differential absorp-
tion of left and right circularly polarized light.

Chapter VI is devoted to the role of synchrotron radiation, focusing on the
performance of the a 3™ generation machine. Such high brightness sources are
ideal for IR spectro-microscopy, with spatial resolution better than 10 um,
enabling non invasive characterization and imaging of biomaterials on any type
of solids with low photon energies. This chapter shows how synchrotron light is
particularly well suited to characterizee substrate-molecule interactions in the
Far-IR wavelength range.

Chapter VII describes the development of ATR, SEIRA, IRRAS and PM-
IRRAS, based on IR single or multi reflection, for biosensing applications.
These special configurations provide excellent sensitivity to low density of
surface species, and can be used in situ in solution under flowing conditions.
This chapter shows that the ability to distinguish metal carbonyls can enhance
the sensitivity, thus providing a sensitive means to detect molecule interactions
with High specificity.

Chapter VIII examines the characterization of non transparent materials by
FT-IR with Fiber Evanescent Wave Spectroscopy (FEWS) that makes use of
infrared transparent fibers. The chapter focuses on the use of chalcogenide fibers
and their applications to biochemical sensing.

In Chapter IX, a new approach combining Atomic Force Microscopy
(AFM) and infrared spectroscopy is presented; it provides high spatial resolu-
tion imaging by using a near-field photothermal technique coupled with specific
infrared probes, thus going below the limits of optical resolution and allowing
specific molecular identification. The physical principle of the technique is
described, followed by some examples of applications in microbiology.

Chapter X presents a laser-based non-linear optical probe, Sum Frequency
Generation (SFG), which is intrinsically sensitive to the interface between two
centro-symmetric media. This technique is powerful for in-situ and time-
resolved studies of adsorption, chemical evolution and molecular organization.



@ Preface

SFG spectroscopy is complementary to IR and Raman spectroscopy to study
thanks to its sensitivity to interface species between two absorbing media. It has
been successfully used to study lipid bilayers, protein conformation, biomole-
cule recognition as well as DNA pairing. The chapter also presents some pro-
spects of the SFG technique towards ultra-fast time resolution studies and high
resolution imaging of biointerfaces.

The aim of this book is to provide the reader with a detailed description of the
currents IR-based methods to study biointerfaces, with a means to select the
most appropriate approach for a given system, and with a guide for spectral
analysis. Such a review of the latest developments in the IR techniques for
biological interface characterization, illustrated by very recent examples, con-
stitutes a useful reference tool for surface chemists, biochemists and advanced
biotechnology engineers. This book should serve the biomedical community
interested in exploring probes of adsorbed molecules that do not require tagging,
the surface science community (including infrared spectroscopists) interested in
biomedical applications, and students in biology, physics, chemistry, materials
science or all disciplines in engineering interested in current, interdisciplinary
challenges.
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SHORT HISTORY OF RAIRS

InfraRed Spectroscopy in the Reflection Absorption mode at grazing incidence
(RAIRS) uses infrared light to excite the internal vibrations of molecules adsorbed
on a reflective surface. The frequency of these vibrations is usually assigned to
only one given chemical group in the adsorbate. From RAIRS spectra, one can
determine the adsorption geometry and the adsorption site of the molecule.

Biointerface Characterization by Advanced IR Spectroscopy. DOI: 10.1016/B978-0-444-53558-0.00001-1
Copyright © 2011 Elsevier B.V. All rights reserved 1
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The historical development of RAIRS has been discussed by several authors
[1-5] and came up after the infrared transmission work of Eischens et al. [6, 7]
and Terenin et al. [8] in the 1950s. Eischens et al. used transmission infrared
spectroscopy to study CO on supported Ni, Pd, and Pt. This technique is still
widely used today, especially for studying adsorption on supported metals and
dispersed catalysts. However, the use of well-defined single crystals, as model
surfaces to address adsorption or reaction mechanisms, requires the experiments
to be carried out in a reflection mode. RAIRS was first applied in 1959 by
Pickering and Eckstrom [9] and Francis and Ellison [10] using multiple reflec-
tions. Although the multiple reflection technique was developed further, by using
higher quality metal films, Greenler [11-13] first considered the possibility of
single reflection experiments. The experimental RAIRS studies of CO on copper
films by Pritchard and Sims [14] subsequently supported Greenler’s findings.

HOW DOES IT WORK - THE PHYSICAL BASIS OF RAIRS

Classically, the general infrared selection rule states that for a vibration to be
infrared active, it must induce a change of the electric dipole moment of the
molecule. The intensity resulting from the transition between states ¢; and i, is
defined by the following equation [15]:

2

()

‘lff*EMfi‘/’i

where E is the electric field vector and uy; is the transition dipole moment.

Obviously, the intensity will be maximum when the electric field vector and
the transition dipole moments are parallel and it is proportional to the square of
the transition dipole moment [15].

For a molecule adsorbed on a metal surface, the interaction of the infrared
radiation with the adsorbate dipole is influenced by the dielectric behavior of the
metal, but the surface selection rule extends to molecules adsorbed in multi-
layers of thicker films, as illustrated by Poling ez al. [16] with a 25 nm thick
layer of Cu oxalate on copper.

The influence of a metallic substrate on absorption of infrared radiation by
adsorbed molecules was originally examined by Francis and Ellison [10], and
the classical electrodynamic macroscopic model was then developed by
Greenler [11-13], leading to the definition of the optimum conditions for
RAIRS experiments. Greenler showed, on the basis of an electrodynamic theory,
first, that for metal surfaces only the component of the electromagnetic vector
normal to the surface is active in exciting dipole-active vibrations [11], and
second, that grazing angle incidence leads to the most intense electric field at the
surface. Eventually, one single reflection at the surface was shown to be suffi-
cient to achieve the desired sensitivity [12, 13].

Before considering the interaction of an infrared beam with an adsorbate-
covered surface, one needs first to elucidate the interaction of a radiation with

I x
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FIGURE 1 Schematic diagram of the s- and p-components of incident (E’) and reflected (E")
IR radiation.

a clean metallic surface, as discussed in more details below. This interaction
can be described mathematically using the Fresnel equations [10]. The dipole
selection rules will essentially derive from these equations. To understand the
interaction between the IR radiation and the surface, the electric field vectors
can be separated in two components; one perpendicular to the plane of
incidence (s-component), E;, and the other one parallel to the plane of inci-
dence (p-component), E,. Figure 1 shows the radiation components before
and after reflection on a surface.

The complex index of refraction for each phase constituting the interface can
be written as

n=n— ik, (2)

with n* + k* >>1, for light in the IR wavelength region reflecting on a metal
surface; thus, the intensities of the p- and s-reflected light components, R, and
R, can be defined as follows:

(n—1/cosp)” + k*

P (n+ 1/cosd>)2 + k? ®)

_(n— cosp)” + Kk
Re= (n+ cos)® + k> @)

2 .
tanA = tan(§, — 8,) = ( ktan¢s1n¢)2 7
an’g — (2 + k)

(5)

where 6, and &, are the phase shift of the p- and s-light components upon
reflection, respectively, and ¢ is the angle of incidence.
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FIGURE 2 The reflection coefficient (R) and the phase shift (5) of the s- and p-components of
the IR radiation on reflection from a metal surface as a function of the incidence angle (¢).

Using appropriate values for n and k, typical of a highly reflecting metal
surface (n =3 and k = 30) [3], R;,, R and 8, 8, can be calculated as a function of
the incidence angle ¢, as shown in Figure 2.

The electric field components of the incident, reflected, and refracted waves
have to be considered, although the optical properties of the metal are such that
most of the incident intensity is reflected, and the refracted wave contribution to
the surface electric field is negligible [3]. If the amplitude of the incident electric
field is E'sin@, where 0 is an arbitrary phase, the electric field associated with the
reflected wave is E'rsin(0 + 8), where r is the reflection coefficient and § is the
shift phase. The resulting electric field at the surface is therefore given by

E = E'[sinf + rsin(6 + )] (6)

The phase shift (6) of the s- and p-components of the infrared radiation
reflected on a metal surface is shown in Figure 2. In the case of s-polarized light,
equation (6) yields

E, = E.[sin + r,sin(6 + 5,)] (7)

Figure 2 shows that s-polarized light undergoes a phase shift close to 180° for
all angles of incidence and rs =~ 1; therefore, destructive interference occurs.

The incident and reflected beams lead to an electric field vector parallel to
the surface close to zero; thus, vibrational modes with the vibrational moment
change parallel to the surface will not be active. This is the main reason for the
strict validity of the metal surface selection rule for dipole excitation of vibra-
tional modes by infrared light on metal surfaces; there is essentially no electric
field parallel to the surface to interact with a transition dipole moment parallel
to the surface.

The p-component of the light, however, behaves differently; let us consider
the two components of the incident and reflected electric fields, parallel, El// s
and normal Ej to the surface. With a simple geometric approach, Figure 3 shows
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FIGURE 3 A schematic diagram of the magnitude of the p-component of the electric vector
parallel (Eﬂ) and the perpendicular (E;) to the surface as a function of the incidence angle ¢.

that the reflected EI’)/ / and incident El’;/ / are equal in magnitude but opposite in
direction, and therefore cancel upon reflection on the surface.

In contrast, the reflected E;,L and incident E[’f are in the same direction and
therefore lead to an increased field. The resultant electric field in the plane of
incidence is given as follows:

Epl = E;sind) [sinf + rpsin(6 +8,) . (8)

It is concluded that at angles close to grazing, incident p-polarized radiation
can give rise to an enhanced (by a factor of 2 at maximum) electric field at the
metal surface, in a direction normal to the surface. Greenler has shown that the
optimum incidence angle for the RAIRS experiment is 80-88° depending on
the metal [11]. Figure 4 shows the relative amplitude of the electric field
perpendicular to the surface as a function of the incident angle, ¢, for a typical

- 60
2
40
9
. % 8
w
_I'LLI"‘n. Nf-.
1 T
E./E, P
L Ly=i 22 20 =
(E/E_ ) sece
PP
0 T T T T T 0
0 15 30 45 60 75 90

Angle of incidence ¢,°

FIGURE4 The relative amplitude (E pL/E,",) of the electric field perpendicular to the surface as
a function of incident angle and the absorption intensity as a function of incident angle ¢.
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FIGURE5 The classical three-phase model for an adsorbate layer (n, — ik;) of thickness, d, on
a metal (n; — ik3), adapted from [4] copyright 1983 with permission from Elsevier.

metal, as well as the factor proportional to the differential reflectivity, AR

1N 2
&)

TP
cosp

Greenler then extended the two-phase (vacuum/solid) system to a three-phase
system, which includes a homogeneous isotropic layer adsorbed on the surface,
characterized by an estimated complex dielectric constant [11]; the theoretical
treatment has been greatly simplified by Mclntyre and Aspnes [17]. Figure 5
displays a schematic diagram of the system under investigation. Greenler calcu-
lated the change in reflectivity at all angles of incidence using the Fresnel equa-
tions. It was found that an adsorbed layer does not make a significant difference in
the main conclusion: only light with a component of the electrodynamic vector
normal to the surface will be absorbed, and the change in reflectivity for a metal
is maximum at angles of incidence near to grazing [11].

Incorporating an adsorbed layer also enables the calculation of an absorption
function A, A = AR/R°, where AR = (R°—R) is the reflectance in the three-phase
system and R is the reflectance of the modeled adsorbate, see Figure 6.

The RAIRS experiment has been shown by Greenler to be most efficient
when performed in a single reflection mode. This is due to the balance between
the loss of intensity during reflection at grazing incidence and the increased
absorption by the extra molecules available at each additional reflection [11]. It
was also shown that the typical RAIRS spectrum of an adsorbate is directly
comparable to the transmission spectrum [18].

It is also obvious, from the image dipole formalism, that only a vibration with a
dipole moment perpendicular to the surface can be detected as illustrated by
Figure 7. This is because the dipole parallel to the surface and its image are exactly
opposite, whereas dipoles perpendicular to the surface reinforce each other.
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FIGURE 6 Schematic diagram of the calculation of the absorption function A = AR/R°, where
AR = (R°—R) is the reflectance in the three-phase system with a nonabsorbing adsorbate and R
is the reflectance of the modeled adsorbate, reproduced from [4] copyright 1983 with permis-
sion from Elsevier.

In summary, theoretical evaluation of the RAIRS experiment, combined
with experimental evidence, has shown the following:

1. Only the p~ component of incident infrared radiation interacts with adsor-
bate vibrational dipoles; thus, only vibrational modes with a dipole com-
ponent change perpendicular to the surface are active and can be observed.

2. The RAIRS experiment is most efficient near grazing incidence geometry.

3. The most reflective surfaces lead to the highest absorbance.

4. RAIRS is most efficient in a single reflection mode.

Hp = T
Vacuum ! My
&~ 8+ o+
5 o+ e I
Metal — #.-';.r
Hp o+
(@) (b)

FIGURE 7 The image dipole theory: parallel and perpendicular dipole moments.
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FIGURE 8 Experimental configuration of a UHV-RAIRS chamber coupled with a FT-IR
spectrometer.

DESCRIPTION OF APPARATUS AND COUPLING
WITH A UHV CHAMBER

The experimental configuration for an ultrahigh vacuum (UHV) RAIRS exper-
iment is shown in Figure 8. A RAIRS experimental system has been developed
for the first time in the mid-1980s by Chesters’s group [19] and has become a
standard UHV-RAIRS coupled system nowadays. The infrared beam is focused
onto the sample surface at grazing incidence. The UHV chamber is equipped
with KBr or ZnSe windows, which are IR-transparent. A semiconductor detec-
tor, usually a mercury—cadmium—telluride detector (MCT), then collects the
resulting IR beam. The detector is cooled down by liquid nitrogen and its
detection range is 4000-650 cm ', The infrared beam can be polarized prior
to entry into the chamber, or on its outward path. For an optimized signal-to-
noise ratio, the entire optical path length is purged with dry, CO,-free air (dashed
lines shown in Figure 8).

SELECTED EXAMPLES. WHY IS RAIRS SO SUCCESSFUL
FOR THIN FILMS ON METAL SURFACES?

Vibrational spectroscopy of thin films adsorbed at metal surfaces provides direct
information about the chemistry, the structure, the bonding, and the molecular
orientation of the molecules constituting the adsorbed layer. Through few cho-
sen examples, we will try to demonstrate the capability and resolution of
RAIRS.

CO on pure metal surfaces: the beginning

One of the first reported analyses of adsorbed molecules on pure metal surfaces
under UHV conditions was the adsorption of simple diatomic molecules. Due to
the intensity of their dipolar moment, CO and NO were preferentially chosen.
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CO adsorption has been characterized by RAIRS on a large ensemble of metals
such as Pt, Pd, Cu, etc. A study of CO adsorption on a palladium surface will be
presented in the next section. CO adsorption is still used for calibration of UHV
FT-RAIRS systems (alignment and sensitivity), or to test the reactivity of a
given surface.

CO/Pd(110)

CO adsorption on Pd(110) gave rise to a wide spectral range, where the vco can
be observed from ca. 2130 up to 1650 cm™' [20-22]. Narrow regions have
been identified, for various adsorption geometries of the molecule: 2130-
2000 cm™" corresponds to CO adsorbed on top of a metal atom, 20001880 cm ™'
to a twofold bridging site, and finally 1880—1650 cm ™' for multiple coordinated
CO, cf. Figure 9. Interestingly, the CO frequency is very sensitive to both the
coverage and temperature. Adsorption at room temperature (300 K) yields a
complex set of spectra, varying with the coverage, with bands observed from

0.15L CO

T
0.35L.CO

0.50L CO A\ 0=0.3

LOOL CO
L30L CO i
L35LCO 8=0.6
@. 1.45L CO
RD —_—Q\\/’_—’_’——"—-ﬂ-
10.0L CO 8=0.75

1x10* mbar CO

Q Pd 1st layer
[0.4% O Pd 2nd layer
CO/PA{110} 300K
. CO molecule
2200 2000 2000 1900 1800 1700

Wavenumber (cm!)

FIGURE9 RAIRS spectra observed for CO adsorption on Pd(110) at 300 K, (a) CO molecules
adsorbed on top sites, (b) CO molecules adsorbed on twofold short-bridge sites, and (c) CO
molecules adsorbed multi-coordinated, adapted from [21, 24] copyright 1995 with permission
from Elsevier.
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1800 to 2050 cm ™! [20, 21]. At low coverage, 0.15 < 68 < 0.3 L, the spectra
show a single band that increases in intensity and frequency from 1882 to 1912
cm assigned to CO adsorbed on twofold short-bridged sites [23], Figure 9(b).
For higher coverages (0 > 1 L), the spectra exhibit again only one band at 2003
cm ', that is assigned to CO molecules adsorbed directly on top of a Pd atom,
Figure 9(a). Eventually, at intermediate coverages (0.3 < 6 < 1.0) at least four
broad bands co-exist ranging from 2068 up to 1861 cm ™" that can be assigned to
molecules adsorbed on top (Fig. 9(a)), tilted asymmetric and symmetric twofold
bridged sites (Figure 9(b)) [21, 22].

In contrast, when adsorption occurs at 180 K, the results show a more
classical IR fingerprint with only one or two separate IR bands, cf. Figure 10.
One can note, from the position and shift of the IR bands, that the adsorption site
depends on the coverage and hence on the 2D organization of the admolecules
and possible reconstruction of the palladium surface.

In order to clearly assign each IR band to the proper adsorption site, the
surface reconstruction of Pd(110) should be taken into account. From LEED
(low-energy electron diffraction) data, the 2D structure evolves from a (1x1),

05LCO
130L CO W/ 2x1 (1x1)
15LCO v
20LCO V
25L.CO (@2x1)
AR |30Lco v o
70LCO A0 el
(4x2)
[03%
CO/Pd{110} 180K (2x1)p1g1
2200 2100 2000 1900 1800 1700

Wavenumber (em-)

FIGURE 10 RAIRS spectra observed for CO adsorption on Pd(110) at 180 K [21]. Schematic
representing the different adsorption site of CO molecules as function of coverage and 2D
adlayer, adapted from [21] copyright 1990 with permission from Elsevier.
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(2x1), (4x2) to eventually reach a (2x1)plgl arrangement, for around 4 L of
CO (Fig. 10). Thus, Raval et al. [21] have assigned bands ranging from 1882 to
1912cm ™' to symmetric twofold adsorbed CO molecules, and those at ca. 1950
cm~ ! to asymmetric twofold species, due to surface reconstruction creating a
near (111) surface. Eventually, they assigned the 1980-2000 cm ™" IR feature to
tilted twofold bridged molecules, the usual on-top configuration ranging from
2068 to 2099 cm™'[21].

Through this example, one can see that depending on the environment of the
adsorption site, or of the possible surface reconstruction, a similar band can be
shifted by several tens of wavenumbers, CO adsorption becoming a powerful
tool to check surface reactivity/reconstruction.

Lysine and tartaric acid on Cu(110) single crystal surface;
glutamic acid on Ag(110)

Some pioneer teams dedicated their work to the study of biomolecules, or bio-
related molecules, on metal surfaces from thin films deposited in the liquid
phase and analyzed ex sifu. Among the vast literature, it is worth citing extensive
studies from Lieberg’s team dealing with small amino acids (AA) on gold and
copper mainly. They have investigated glycine, histidine, or alanine and phe-
nylalanine adsorption, by means of infrared spectroscopy and other surface
science techniques [25-27].

Raval’s group took great interest into studying adsorption of amino acids and
carboxylic acids from spectroscopic and structural points of view up, with in situ
UHV-RAIRS analyses during the exposure of molecules. The objective being of
progressing in the field of enantioselective heterogeneous catalysis; they, in
particular look carefully into the chirality of the molecules and how they can
induce chiral properties to the surface [28, 29]. Worth citing examples are the
early studies of the adsorption of methionine on gold and copper surfaces from
liquid phase first, then studied in UHV environment, as well as the evaporation
of glycine, alanine, proline, norvaline, or tartaric acid (presented below) on
different single crystal surfaces under UHV conditions [24, 30-34].

Studies of single amino acid adsorption were the starting points of further
studies involving di-peptides or tri-peptides, that is, several amino acids linked
by in-between peptidic bonds. For instance, Barlow et al. [35] studied the
adsorption of tri-alanine and tri-leucine on Cu(110). Vallée and co-workers
[36-38] characterized adsorption of Gly-Pro, a combination of glycine (Gly)
and proline (Pro), of GSH for glycine (Gly), cysteine (Cys), and glutamic acid
(Glu), and of IGF for glycine (Gly), proline (Pro), and glutamic acid (Glu) on
Au(111) and Au(110). Several examples of single amino acids, and small
peptides adsorption on metal single crystals, under UHV conditions, are
presented below.
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Lysine on Cu(110)

Through this first example, we are turning toward molecules of biological
interest; we will see the role of the amino acid radical (COOH/NH,) in the
adsorption processes, as well as the influence of the protonation/deprotonation
phenomenon that leads to the presence of anionic, zwitterionic, or cationic
chemical forms. A Cu(110) surface, exposed to a low pressure of lysine, leads
to a series of spectra corresponding to the three ranges of surface coverage from
the bare surface to adsorbed multilayers.

Low-coverage phase

Spectra (a) and (b), Figure 11, were recorded at the beginning of a continuous
dosing regime mode (P° =2 x 10~ mbar) at room temperature (300 K). From
spectrum (b), one can isolate three main absorption bands in the 2000—1000
cm™ ' region. The most intense one is observed at 1416 cm ™' and assigned to the
symmetrical stretching vibration of a fully deprotonated carboxylic acid moiety,
(99" The two remaining weak absorption bands at 1624 cm™" and 1328 cm ™'
have been attributed to the 6%?’2 antisymmetric deformation of a protonated
CH,

amine group; the latter is the wagging mode of CH, of the alkyl chain, @
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FIGURE 11 RAIRS spectra following the adsorption of lysine on Cu(110) at 300 K as a
function of coverage. Sublimation exposure time (a) 5 min, (b) 15 min, (¢) 22 min, and (d) 40
min, reproduced with permission from [39] copyright 2006 American Chemical Society.
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The two bands, observed at 2930 cm~ ! and 2860 cm™!, are assigned, respec-
tively, to the symmetric and antisymmetric stretching vibrational modes,

Vi, and vgllff. Eventually, a very weak, but still observable feature arises

at 1524 c}rqn , attributed to the symmetric deformation mode of the amine
group, Sy [39].

The absence of any Va” y 9 (of the COOH group) stretchlng vibration around
1730 cm ™" and the presence of one peak at 1416 cm ™!, likely due to carboxylate
stretch vibration, allow us to exclude the presence of lysine molecules under the
forms LysH,”* (COOH/NH;*/NH;") [39]. On the basis of IR data, the distinc-
tion between NH, and NH;* functionalities is rather difficult. The presence of a
medium intensity feature at 1624 cm ™' was assigned mainly to a NH;" group;
however, the broadening of this band may suggest the contribution of some NH,
moieties, contribution that will increase later on as the coverage increases.
Based on these analyses, the main adsorbed species on the surface at this
coverage is the zwitterionic Lys (COO™/NH5*/NH,) form, but the presence of
a small fraction of LysH* (COO™/NH;*/ NH3") form cannot be excluded
completely [39].

The adsorption geometry of the molecules at the surface can now be dis-
cussed on the basis of the RAIRS surface selection rules [40] applied to the
observed vibrational modes. The presence of the ¥ vibration at 1416 cm ™,
and the absence of the Vgg_,g vibration expected around 1600 cm ™' (inactive
asymmetric stretch of the COO™ group) suggest that the two oxygen atoms are
in symmetric positions with respect to the copper surface. Similarly to formates
on Cu(110) [41, 42], it is proposed that the bonding of the molecules with the
metal takes place via the oxygen atoms of the carboxylate group. The intensity
of the Vsc?no vibration is, however, a factor of 10 lower than that observed for the
equivalent vibration of formate on Cu(110) [42] thus suggesting that the car-
boxylate plane must be 1ncl}1qned toward the surface. Similarly, one can see that
symmetric deformation 6”,,1 is weak while the antisymmetric deformation
shows a medium intensity band at 1624 cm™", implying that the NH5* group
lies parallel to the surface (C—N bond). Figure 12(a) shows a possible adsorp-
tion geometry for the lysine molecule at low surface coverage. Eventually, the
contribution of the CH, groups of the alkyl chain shows a strong feature assigned
to the symmetric stretching mode at 2930 cm ™' and a medium band at 1328
cm ! attributed to the wagging mode. Hence, the alkyl chain adopts a near
normal to the surface position generating a large dynamic dipole moment
normal to the surface.

High-coverage phase

As the coverage of lysine is increased, spectrum (c) in Figure 11, one observes a
number of new infrared features. The single band at 1624 cm ™' increases and
broadens into a three-band contribution. The band assigned to the antisymmetric
deformation of the amine group is slightly shifted to 1634 cm ™", while two other
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|  cu(110) |

(@) (b)

FIGURE 12 Orientation of L-Lysine on Cu(110) at 300 K, viewed along the surface at (a) low
coverage: the ‘‘symmetric’’ geometry and (b) high coverage: the ‘‘asymmetric’’ geometry,
reproduced with permission from [39] copyright 2006 American Chemical Society.

features at 1611 and 1577 cm™ " appear. The former band can be attributed to a
M2 deformation while the latter is assigned to the antisymmetric stretching
mode of the carboxylate group, v “5}’77 . This is the fingerprint of COO™ groups
orientated with a sideway tilted orientation in which the two oxygen atoms are
no longer held equidistant to the surface. In contrast, the symmetric stretching
vibration VSC)%O, ,at 1411 cm ™', slightly varies, with the appearance of a shoulder
peak at 1442 cm ', assigned to a 62 deformation mode. This behavior suggests
that upon increasing coverage, a new type of adsorbed species appear on the Cu
(110) surface. Details about the adsorption geometry of this new species may
have been deduced by considering the vibrations of the functional group of the
lysine molecules individually, in particular those of the carboxylate groups.

The contributions from the NHs* groups also change with the appearance of
a weak symmetrf}c deformation mode at 1530 cm ™', together with the antisym-
metric mode Smm at 1634 cm ™ '. The proximal NH3* group is likely now more
parallel to the surface, with the C-N bond lying also parallel to the surface, see
Figure 12(b). Although the positioning of the distal amine group and the car-
boxylate group is quite accurate, these RAIRS data do not allow the precise
orientation of these upside functional groups to be determined, and, therefore
the positions shown in the schematic Figure 12(b) are only one possible adsorp-
tion geometry.
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Eventually, the spectrum (d) in Figure 11 shows the RAIRS data after 40 min
of continuous dosing regime; there is no change in the band positions, but an
increase of their intensity. All bands observed bear a strong similarity with the
IR bands observed for the solid condensed phase of lysine [43, 44], suggesting
that, at these high exposures, weakly perturbed physisorbed molecules are
adsorbed, forming multilayers on the Cu(110) surface. It is worth noting that
the broad absorption band around 3100 cm ™' is indicative of intermolecular
hydrogen bonding between lysine molecules in the multilayer.

This behavior is often observed when multilayers of amino acid molecules
are grown on copper surfaces at room temperature. [30, 34]

(R R)-tartaric acid on Cu(110)

Tartaric acid (TA) is a molecule capable of existing in at least three different
forms: the neutral bi-acid form; the monotartrate form, where one of the car-
boxylic acid groups has deprotonated to give a carboxylate moiety; and the
bitartrate form, in which both acid groups have deprotonated. Furthermore, the
molecule chemistry is complicated by the fact that protonated carboxylic acid
groups are possibly involved in hydrogen bonds with other acid and alcohol
groups, which potentially lead to a number of intermolecular interactions.
Infrared spectroscopy provides a way of distinguishing the different types of
functional groups. The adsorption of tartaric acid on Cu(110) has been studied
with a wide range of surface science techniques such as RAIRS, LEED, TPD
(temperature programmed desorption), and STM (scanning tunneling micros-
copy) for example. The adsorption behavior of TA/Cu(110) under various
coverage and temperature conditions reveals that the molecule/metal system
yields to a complex and varied series of phases of adsorbed molecules [45, 46].

Room-temperature (300 K) adsorption phase

TA adsorption RAIRS data, recorded at low coverage and room temperature, are
presented in Figure 13(b), and reveal bands at 1711 and 1437 cm ™. The former
band is correlated with a C=0 group, while the latter is likely the symmetric
vcoo— Vibration with the carboxylate groups. It, therefore, seems that both
protonated acid and carboxylate groups are present in the adlayer; the authors
concluded that every molecule in the adlayer exists as a monotartrate species in
which one end retains the acid functionality and the other one deprotonates [45].

Itis also reported that the carboxylate group strongly interacts with the metal
surface as, for example, observed for the formate species [42], and must be
responsible for the strong anchoring of the monotartrate species to the surface.
Application of the infrared metal surface selection rule [40] allows the orienta-
tion adopted by this functionality to be determined; the presence of the sym-
metric ¥coo_ Vibration at 1437 cm~ ! but the absence of the usually strong
asymmetric vcoo_ vibration, expected in the 1550-1650 cm ™' range, implies
that the two O atoms in the carboxylate group are equidistant from the surface.
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FIGURE 13 RAIRS spectra observed as a function of increasing coverage of (R,R)-tartaric
acid adsorbed on Cu(110). Spectra shown in (a), (b), and (d) were obtained at 300 K while (c)
and (d) were obtained at 350 K. Spectra (c) and (d) are not discussed here, reproduced with
permission from [45] copyright 1999 American Chemical Society.

Turning to the acid end of the monotartrate species, the frequency of the vc_o
vibration in the monotartrate species, 1711 crn*l, much lower than that
observed for monomeric carboxylic acids [45], is consistent with the presence
of strong H-bonding within the adlayer. Therefore, the author concluded that the
molecules are anchored to the surface via one carboxylate group, while the

FIGURE 14 Schematic representation of the TA molecules adsorbed on Cu(110) under the
monotartrate phase in (a) and the bitartrate phase in (c). (b) and (d) represent the H-bonding
network of, respectively, linear acid-alcohol dimmers and cyclic acid dimmers, adapted with
permission from [45] copyright 1999 American Chemical Society.
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second one is pointing up from the surface, Figure 14(a), and the H-bond
network could be described as presented in Figure 14(b), leading to strong
intermolecular interactions (linear COOH-OH,j¢opn01 dimmers).

Eventually, when the coverage is increased up to a full monolayer, spectrum
13(e), the IR signature associated with this new phase displays slight changes:
first, a downshift of the vc_o from 1711 to 1674 cm_l, and, second, the
appearance of a new band at 1759 cm ™! also associated with a vc_q vibration.
The band at 1674 cm ™" indicates the presence of acid groups in H-bonded cyclic
acid dimmers, Figure 14(d), while the latter is indicative of monomer-free acid
groups, not involved in H-bonding [45]. These changes in the intermolecular
interactions can be correlated to a new 2D organization of the molecules at the
Cu(110) surface ((40,23)—(41,23)).

High-temperature (400 K) adsorption phase

The RAIRS data obtained for TA adsorption at 400 K are presented in Figure 15.
The spectrum observed at low coverage (Fig. 15(a)) shows a complete absence
of o band in the 1700—1740 cm ™' region in contrast to the signals observed
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FIGURE 15 RAIRS spectra observed as a function of increasing coverage of tartaric acid
adsorbed on Cu(110) at 400 K, reproduced with permission from [45] copyright 1999
American Chemical Society.
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for the monotartrate phases (Fig. 13). Changes are also observed for the car-
boxylate band where the single band of the monotartrate form at 1437 cm ™" is
replaced by two bands at 1430 and 1410 cm ™' (attributed to the coupling of the
two identical COO™ oscillators on each molecule). Changes are also observed
for the 1113 and 1338 cm ™' bands, which both increase and sharpen compared
to the monotartrate phase at 300 K, Figure 13(d) at 1109 and 1308 cm ',
respectively. These changes, corresponding to the 6c_y and vc_op vibrations,
can be analyzed by considering the geometry of the bitartrate species (Fig. 14
(c)), in which the two carboxylate groups are bonded to the surface, leaving the
C2—C3 bond almost parallel to the surface plane. In this geometry, the C—OH
bond is directed toward the surface normal, while the C—H bond adopts a new

orientation, closer to the surface parallel.

Glutamic acid on Ag(110)

As a final example for this section, we will present the work of Baddeley ez al.
[47], on the adsorption of (S)-glutamic acid (GA) on a Ag(110) single crystal
surface. The GA molecule combines the amino acid functionality (COOH/NH,)
and the di-acid character, with a COOH group on the opposite position of the
amino acid center. Interestingly, the presence of three functional groups might
lead to strong intermolecular interactions driving the ordering of the adlayer at
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FIGURE16 RAIRS spectrafollowing the adsorption of glutamic acid on Ag(110) at 300 Kas a
function of coverage, from very low coverage up to multilayer regime, reproduced with
permission from [47] copyright 2005 American Chemical Society.
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the surface, in possible competition with the strength of the molecule-surface
binding.

Figure 16 shows the RAIRS spectra obtained for the adsorption of GA at
room temperature as a function of increasing coverage. At least two domains can
be clearly identified, one a low coverage, corresponding to a sub-monolayer
regime (spectra A and B), the second one, corresponding to the formation of
multilayers. At low exposure, IR spectra are dominated by absorption bands at
1651, 1574, 1462, and 1387 cm ™. These bands can be easily assigned to vC=0
of acid groups, 8NH,, 8CH,, and v™"™" co0., respectively, and suggest that the GA
molecules are adsorbed as anionic moieties, where the acid group of the amino
acid part is deprotonated into carboxylate, while the aliphatic acid group
remains fully protonated. Moreover, such a low frequency for a vC=0 stretching
mode implies strong inter- or intra-molecular interactions, as observed in the
previous tartaric acid example. Analyses of the IR bands and their intensity
enabled the authors to propose a model for the adsorption geometry, where GA
molecules are adsorbed rather flat at the Ag(110) surface, with all three func-
tional groups interacting with the metal surface. In addition, it is worth noting
that this low-coverage phase exhibits a 2D repetitive unit, evidenced by STM
experiments, in which molecules strongly interact by hydrogen bonds.

When the coverage is increased (figure 16, spectra C to E), intensities of the
previously observed IR features increase, and a set of extra RAIRS bands
appear. This implies a change in the adsorption geometry of GA molecules
(Fig. 16 spectrum C), with creation of close-range dimmers (additional »C=0 at
1692 cm™'). Eventually, when the coverage in increased further (spectrum D
and E on Fig. 16), the IR signature now bears a close resemblance with the one
obtained on crystalline GA powder, which is usually an indicator of a second
physisorbed layer.

Bio-molecules (peptides) adsorbed on metal surfaces,
studied by RAIRS

Adsorption of tri-alanine on Cu(110)

One of the first studies of poly-peptides adsorption on metal surfaces under the
UHYV condition was presented in 2001 by Barlow and co-workers [35], with the
adsorption of tri-homo-amino acids, tri-alanine, and tri-leucine, on a Cu(110)
single crystal surface.

When considering the adsorption of poly-peptides on a metal surface, not
only one needs to consider their interaction with the metal surface, but also the
conformation of the peptide itself. In this context, RAIRS will give a lot of
information thanks to the analyses of IR bands, fingerprints of the conformation
of peptides or their folding.

In the monolayer regime, Figure 17, Barlow et al. have identified three
different adsorption phases for tri-alanine molecules. On the three spectra
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FIGURE 17 RAIRS spectra of tri-L-alanine deposited on Cu(110) at 300 K under high-flux
conditions; the adsorption geometries are reported for each of the three phases, reproduced
and adapted with permission from [35] copyright 2001 American Chemical Society.

acquired at room temperature, one notes the presence of the amide I and II IR
signature, with bands present, respectively, in the 1640—1680 cm ™' and 1520
1540 cm ™' region, indicating that the molecules are adsorbed intact on the
surface.

For the low coverage, phase I, in addition to the amide I and II bands, the
vibrations associated with the carboxylate stretch vibrations at 1400 and 1616
cm™~! are observed, along with vibrations associated with terminal NH,
groups, indicating that the molecules interact with the surface in a manner
similar to L-alanine, via at least one amide bond. All the bands are, however,
very sharp, evidencing weak H-bonds, thus very little interactions between tri-
alanine molecules. The authors proposed that adsorption occurs randomly on the
copper surface, as disordered isolated molecules, Figure 17 phase I scheme.

As the coverage of tri-alanine is increased, Figure 17 phase II spectrum, the
adsorption peaks become broader, especially in the amide I region, indicating
H-bonding between adjacent molecules. Intermolecular interactions may occur
from either vertical or horizontal interactions, Figure 17 phase II scheme,
suggesting that phase II is a transition state between the disordered phase I,
and the compact bilayers of phase III.

This is confirmed by phase III spectrum, Figure 17, which is dominated by a
strong and broad band at around 1676 cm ™", assigned to interactions in between
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the amide C=0 groups. In addition, this spectrum bears strong resemblance with
IR spectra of tri-alanine crystalline solid composed of 3-sheets layers. Thus, the
authors concluded that phase III is constituted of stable bilayers with strong
interlayer H-bonds, Figure 17 phase III scheme.

Adsorption of Gly-Pro, GSH (Glu-Cys-Gly),
and IGF (Gly-Pro-Glu) on Au(110)

We now report the adsorption of a di-peptide, Gly-Pro and of two quite similar
tri-peptides, GSH (Glu-Cys-Gly) and IGF (Gly-Pro-Glu), presented in
Figure 18. The purpose of this work was to gradually increase the complexity
of the adsorbed system and investigate the role of the SH group in the case of
GSH. Each step was analyzed by PM-RAIRS and XPS data using single AA data
from the step before. Thus, Gly-Pro was studied by comparing the data of
glycine [30] and proline [33], IGF, after Gly-Pro and glutamic acid [48,49],
and so on. The two tri-peptides, IGF and GSH, mainly differ by the central
amino acid, cysteine in the case of GSH and proline in the case of IGF, Figure 18.

Gly-Pro on Au(110)

First, molecular Gly-Pro, a fragment of the IGF (Gly-Pro-Glu) molecule, was
adsorbed on Au(110) [38]. The PM-RAIRS spectra of the Au(110) surface,
recorded during Gly-Pro exposure (Ppoge=1 X 1078 mbar), are shown in
Figure 19(a). At low coverage (lower spectrum, 15 min of exposure), the peaks
are not intense but well defined. All IR features increase with exposure time up
to 30 min (middle spectrum), leading to the following main features: the most
intense Gly-Pro-related band, observed at 1670 cmfl, is attributed to the C=0
amide I vibration, bands at 1735 cm™ " and 1357 cm ™! are assigned, respectively,
to vc-o and vc—_g of carboxylic acid groups of the Pro moiety [33; 50], and the
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FIGURE 18 The three peptides molecules: (a) IGF (Gly-Pro-Glu), (b) GSH (Glu-Cys-Gly),
and (c) Gly-Pro.
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FIGURE 19 PM-RAIRS spectra recorded upon increasing exposure of Gly-Pro (a), IGF (b),
and GSH (c), at 300 K on Au(110), reproduced with permission from [38] copyright 2009
American Chemical Society.

bands at 1596 and 1415 cm ™', to the asymmetric and symmetric stretching
vibrations of carboxylate groups [33]; this highlights that carboxylic acids and
carboxylate groups are simultaneously present in the adsorbed layer. The weak
absorption bands at 1623 and 1519 cm ™' may be assigned to the asymmetric and
symmetric deformations of NH;* of some protonated amine groups, and the
band at 1562 cm™' to the NH, deformation of the Gly fragment [30, 51].
Eventually, the band at 1477 cm ™ is attributed to the CH, scissor of the aliphatic
ring of proline [33]. All expected vibrations of Gly-Pro (amide bands and
functional goups) are identified on the spectra Figure 19(a), suggesting that
Gly-Pro is adsorbed intact on the Au(110) surface.

When the coverage increases up to 60 min of exposure, the amide I vibration
at 1670 cm ™! becomes predominant, with two shoulders at 1623 and 1596 cm™ !
attributed respectively to the asymmetric deformation of NH;* and the asym-
metric stretching of COO™. Moreover, the stretching mode of C=0 of carbox-
ylic acid group at 1735 cm ™" has a very low intensity, suggesting that a majority
of carboxylic acid groups are now deprotoned.

IGF on Au(110)

Figure 19(b) shows the PM-RAIRS spectra obtained as a function of increasing
exposure of IGF on Au(110) at 300 K (Ppgse =1 X 107° mbar). Clear IR bands
can be observed from 5 min of exposure. As observed previously for the Gly-Pro
molecules, the features can be assigned to the amide I and II vibrations and to
vibrations from the constituent amino acid functionalities, indicating that IGF is
adsorbed intact at the surface [38].

With increasing coverage, middle and upper spectra of Figure 19(b), the
features at 1743 cm ™! (vc—o ) and at 1666 cm ! (amide I') grow into two broad
and very intense bands including other vibrations like the asymmetric
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deformation of NH5* at 1631 cm_l, and some weak absorption in the COO™
asymmetric stretching mode region (around 1600 cm™ ). In the 1500—1200
cm ' region, all IR bands bear a close similarity with those observed for the
Gly-Pro molecules, Figure 19(a). Like in the case of Gly-Pro adsorbed on Au
(110), the presence of these features attributed to the carboxylic acid, carbox-
ylate and NH;" species on the PM-RAIRS spectra, shows that the zwitterionic
forms of IGF predominate on the surface. Note that the PM-RAIRS spectra are
all dominated by the C=0 stretch of acid groups; the IGF molecule has two of
them, one being likely partially deprotonated and the other one remaining under
the COOH form.

From these data, it seems that the main differences between Gly-Pro and IGF
are a slight different orientation of the molecules at the Au(110) surface and
more importantly a difference growth mode, that will be discussed later.

GSH on Au(110)

Turning now to the last example, we will see differences induced by a different
central fragment, proline in the case of IGF, and cysteine in the case of GSH.
Figure 19(c) shows the PM-RAIRS spectra obtained for GSH on Au(110) from 5
min up to 60 min of exposure at 300 K (Ppyge=1 % 107° mbar) [36-38]. There is
no change in band positions upon further GSH exposure, and all bands can be
correlated to the functionalities of the GSH molecules. The PM-RAIRS spectra
are dominated by a broad band at the 1650—1740 cm ™' region, with one main
band at 1697 cm™!, which likely includes two contributions: the free amide I
signal and the vc_p band of carboxylic acid groups involved H-bonded inter-
molecular interactions with other GSH molecules. One also notes the presence
of several other intense bands, at 1731 cm™", ve—o of free acid groups, 1650
cm ™!, and 1550 cm ™!, the amide I and 11 vibrations, and eventually the sym-
metric stretching vibration of the carboxylate group around 1415 cm™'. These
IR data reveal that the GSH molecules are present under their zwitterionic form
at the Au(110) surface, with the carboxyl group of the Gly moiety fully proton-
ated responsible for a strong H-bond network in between GSH molecules.

Gly-Pro, IGF, and GSH growth mode comparison

Kinetics of adsorption of the three peptides could be compared, by integrating
the IR bands in a peptide-characteristic region, 1800—1600 cm ™' it increases in
the following order (cf. Fig. 20): Gly-Pro < GSH < IGF. This comparison does
not take into account the orientations of the IR active groups that may enhance
some signals and induce some errors in the correlation between IR intensities
and number of adsobates. We however consider that, on an average, the spectral
zone, considered in Figure 20, including signals from at least four dipole
moments, vc—o (amide or acid groups), v**"coo., and Syyo provides a reason-
able indication of the relative amounts of adsorbed molecules.



Biointerface Characterization by Advanced IR Spectroscopy

:E) . IGF
[=] 1,61 .
S
w .
o 1.2 * . GSH
(=]
@ . .
@ 0,8
< . .
9] .
% 04 « ¢ . . @ . Gly-Pro
'y
g 0,0 .0 00t
0— 1 b T L3 T .3 T g T Ll T N 1
0 10 20 30 40 50 60
Time (min)

FIGURE 20 Evolution of the PM-RAIRS area in the 1793-1596 cm ™! region of GSH, IGF,
and Gly-Pro on Au(110) under exposure, Pgiy_pro = 1078 mbar, Pgsy = Pigr = 10~° mbar s
reproduced with permission from [38] copyright 2009 American Chemical Society

One notes that the total amount of organic material, after Gly-Pro adsorption,
is significantly less than when adsorbing IGF or GSH, even at a pressure 10
times higher; this is a strong indication that an additional fragment, like on IGF
or GSH, compared to Gly-Pro, induces a stronger interaction with the surface,
likely because several centers of the molecule are binding with the gold surface.

Note that for these three systems, the evolution of the average thickness was
also deduced from XPS calculations on the Au4f attenuation signal, and it
showed exactly the same trend, of course achieving quantitative measurements
is much simpler by PM-RAIRS than by XPS!

CONCLUSIONS

Through selected examples, it has been shown that RAIRS is a very powerful
tool to characterize (bio)-molecules adsorption, binding mode, geometry, and
kinetics, on metal surfaces.

In the case of very simple molecules, like CO, monitoring the frequency shift
of a given vibration can help determining the adsorption site, top site, short-
bridge, or long-bridge sites. One can even gain information on the positioning
and orientation of a molecule with respect to the surface by looking at IR band
intensities, by simply applying the metal surface selection rule of the RAIRS
technique.

When turning to “more complex’ molecules, such as amino acids or car-
boxylic acids (typically lysine and tartaric acid), RAIRS data can tell the
experimentalist what is the chemical state of the adsorbed molecule, amine
and carboxyl groups protonated or not for example, thanks to very distinct
vibrational frequencies.
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In the case of di- and tri-peptides adsorbed on gold surfaces, the main results
were first the identification of all main IR characteristic bands, suggesting that
the latter could be adsorbed under UHV conditions, without breaking; most
important, crucial information could be obtained concerning the peptide surface
assembling, with or without intermolecular interactions, as well as the kinetics
of adsorption. RAIRS, performed under UHV conditions, thus appears as a very
powerful technique, providing chemical, quantitative, information about adsor-
bates; opening a new way of investigating model biointerfaces, it appears to be
very complementary to other more classical surface science characterization
techniques.
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INTRODUCTION

Since the theoretical and experimental works of Greenler in the 1960s [1, 2] itis
well known that the analysis of ultrathin films deposited on a metallic substrate
by infrared reflection absorption spectroscopy (IRRAS) is readily realizable,
thanks to the surface electric field enhancement. Moreover, surface electric field
anisotropy gives a selection rule that allows easy determination of the orienta-
tion of the molecular groups. On the other hand, when the substrate is dielectric,
surface field enhancement does not exist anymore and the surface electric field
has components both on the surface plane and perpendicular to this plane. These
features result in much weaker and less readable IRRAS spectra.

For the analysis of monolayers spread at the air—water interface, problems
are still increased because of the very strong absorptions occurring in the liquid
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subphase and, especially, in the surrounding water vapor environment. Obtaining
good IRRAS spectra of spread monolayers is possible but requires long acquisi-
tion duration and accurate control of vapor pressure during sample and reference
(uncovered water) spectrum recordings. To overcome these problems, a differen-
tial IR reflectivity technique (PM-IRRAS) has been developed in the early 1990s.
This method previously used with metallic substrates had allowed an increase in
the detection of the surface absorptions by several orders of magnitude and
provided in a few minutes, without purging the sample environment, very high
quality spectra. Some effort has thus been made to find the best experimental
conditions to apply PM-IRRAS to dielectric substrates and, in particular, to the
air—water interface. Quantitative analysis and modeling of the detected signal
have revealed that there is also a surface selection rule in the case of a dielectric
substrate, which allows differentiation of transition moments according to their
orientation with respect to the surface. The first use of PM-IRRAS for the study of
a Langmuir monolayer at the air-water interface was reported in 1993 [3] and its
potential for the study of biosystems has been rapidly recognized.

PRINCIPLE, THEORY AND EXPERIMENTAL SETUP
PM-IRRAS signal

Basically, PM-IRRAS combines Fourier transform mid-IR reflection spectros-
copy with fast polarization modulation of the incident beam (ideally between
p- and s-linear states) and with two-channel electronic and mathematical pro-
cessing of the detected signal. With a metallic substrate, the obtained signal is
simple and corresponds to a normalized differential reflectivity:

AR _ R, — R,

()

R, and Ry are the polarized reflectivities of the sample and J; is the second-order
Bessel function of the maximum dephasing ¢, introduced by a photoelastic
modulator (PEM).

With a dielectric substrate, the signal is much more complicated because of the
significant difference between the values of the polarized reflectivities. At the
detector output, the signal can be electronically split into a first part carrying only
the intensity modulation at frequencies w; introduced by the interferometer:

I = Ci[(Ry + Ry) £ Jo(bo) (R, — R)] To(ey), (2)
and a second part
1- = C_[J2(¢y) (Ry — Ry)] Io(w;) cos(2wy1). (3)

Here C, and C_ are constants accounting for amplifications during the two-
channel electronic processing, Jj is the zero-order Bessel function and 2w,,, is the
fixed frequency of the polarization modulation imposed by the PEM. The sign +
depends on the direction chosen for the entrance polarizer.
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After demodulation, the ratio of these two parts gives the PM-IRRAS signal:

_ C- [/2(do) (Ry —R,)]
Co [(Ry +Ry) £ Jo(dp) (R, — Ry)]

A dielectric substrate (such as a water subphase) has a large and frequency-
dependent contribution to the signal and, consequently, comparison with the
bare substrate spectrum is always necessary to extract very weak absorption
bands of the deposited monolayer.

Hence, PM-IRRAS spectra of covered S(d) and uncovered S(0) substrate
have to be recorded. When the two spectra are obtained under exactly the same
experimental conditions, they superimpose quasi-perfectly and present the J,
envelope. In order to eliminate the J, dependence, a final computation is made
to obtain the normalized difference PM-IRRAS spectrum:

AS  S(d) - S(0)
s s(0) )

S (4)

Signal modeling: optimum angle of incidence
and surface selection rule

Optimization of the PM-IRRAS detection of the surface absorptions of an
ultrathin film deposited on a dielectric surface is nontrivial. Indeed, depending
on the angle of incidence of the infrared beam, R, may be very different from R;
and equation (4) cannot be simplified as it is the case for metallic substrates.
Moreover, as the surface electric field has components both in the surface plane
and perpendicularly to this plane, a vibrational mode is detected, whatever the
orientation of its associated transition moment.

Optimum angle of incidence

Using a general software program developed for modeling the reflectivity of
absorbing layered systems, the %S response of an uniaxial monolayer deposited
on a semi-infinite substrate (with the refractive index n, = 1.3) is calculated.
The monolayer has two absorption bands: one with its transition moment par-
allel (x,y) to the surface and the other with its transition moment perpendicular
(z) to the surface. Calculated behavior patterns of %S versus angle of incidence
are presented in Figure 1.

The results in Figure 1 show that £ values corresponding to (x,y)- and
(z)-oriented transition moments have opposite signs, which switch when the
incidence passes through the Brewster angle 6z. Consequently, (x,y)- and
(z)-oriented absorptions will always have opposite signs on a PM-RRAS
spectrum. Additionally, as ’%’ is larger for (x,y)-oriented moments than for
(z)-oriented moments (in a ratio of ca. 5:3), detection of the in-plane monolayer

AS
LS
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FIGURE 1 Behavior versus angle of incidence of the theoretical PM-IRRAS % signal from a
uniaxial monolayer having an absorption band with its transition moment oriented along the
surface (full line) or perpendicular to the surface (dotted line). Refractive index of the substrate
isn; =1.3.

absorptions is more efficient. Figure 1 also shows that there are two angles of
incidence (36° and 71°) that maximize the signal, whatever the orientation of the
transition moment. Although these two maxima have theoretically almost the
same values, it is found experimentally that the second maximum at 71° gives a
much better signal-to-noise (S/N) ratio (10) than the first one at 36° (S/N = 2.4).
This difference is due to the fact that the polarized reflectivities R, and R, have
much weaker values at 36°. This makes the denominator in equation (4) very
small and, consequently, % much more sensitive to noise.

The optimal value of the angle of incidence exclusively depends on the
substrate refractive index ns. It shifts to higher values when n; increases. For
usual dielectric substrates (n, values between 1.3 and 1.7), the angle of incidence
has to be set between 70° and 75°. When using intrinsic semiconductors (e.g.,
silicon or germanium) for which the Brewster angle is close to 75°, the second
maximum corresponds to a grazing incidence (about 85°) and is not appropriate
because the convergent beam has a very large angular distribution and it spreads
on the sample over a very large area. It is preferable to set the angle of incidence
at the first maximum value (about 55°).

When monolayer absorptions are very weak, Saccani et al. [4] have shown
that the sensitivity of PM-IRRAS can be significantly increased by a very simple
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way. The enhancement of the absorption band intensity is obtained by reducing
the signal arising from the substrate. This is achieved by adding a polarizer or a
tilted plate after the sample in order to balance the polarized reflectivities of the
sample. As a consequence, the contribution of the ultrathin film to the PM-
IRRAS signal is increased relative to that of the substrate. An enhancement
factor of about 10 has been obtained on monolayer films spread at the air-water
interface.

Surface selection rule

The up (down) sense of a band relative to the baseline and its intensity are
governed by a surface selection rule dependent on the orientation of the transi-
tion moment. Setting the angle of incidence at the second maximum, a transition
moment lying in the surface plane gives rise to an absorption band oriented
positively with respect to the baseline while a transition moment perpendicular
to the surface gives rise to an absorption band oriented negatively. Between
these two extreme cases, a general orientation of the transition moment leads to
competitive positive and negative contributions. In Figure 2 is presented the
calculated PM-IRRAS spectrum of an absorption band with an orientation of the
transition moment varying from parallel (§ = 0°) to perpendicular (6 = 90°) to
the surface normal. The substrate is a water subphase in the present case.

0.0004 | /‘ 70° ]

0.0002 / §

PM-IRRAS SIGNAL
> —

-0.0002 -
0° *R“~20°
1400

1500 1450

1

1350 1300
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FIGURE2 Calculated PM-IRRAS spectrum of an absorption band located at 1400 cm ™' with
an orientation of the transition moment varying from parallel (§ = 0°) to perpendicular
(6 = 90°) to the surface normal.
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The absorption band is negative when the transition moment is along the
surface normal (f = 0°) and decreases in intensity as 6 increases. At § = 39°,
the positive and negative contributions balance but do not perfectly cancel
because of the dispersion effect associated with the monolayer absorption
(TO-LO (transverse optic—longitudinal optic) splitting, see below). This partic-
ular angle, which depends on the substrate refractive index is referred to as the
vanishing angle. Beyond 6 = 39°, the positive contribution becomes predomi-
nant and increases until reaching a maximum when the transition moment is in
the surface plane (6 = 90°).

Figure 3 presents the value of the vanishing angle as a function of the
substrate refractive index ny, in a range covering the main dielectric materials
used as IR substrates. Not surprisingly, the vanishing angle increases regularly
as n, increases because the perpendicular surface component of the incident
electric field becomes more and more predominant.

To sum up, the intensity of an absorption band does not depend only on the
oscillator strength of its transition moment, but also on its orientation. This last
dependence is complex and spectral simulation is necessary to draw quantitative
information on molecular orientation in ultrathin films deposited on dielectric
substrates.

70 T T T T
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FIGURE 3 Calculated behavior of the vanishing angle versus r.
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Consequence of the TO-LO splitting on the PM-IRRAS bandshape

In specific cases, strong polar vibrational modes present a derivative-like shape
in PM-IRRAS spectra. This can be understood considering the infrared optics of
condensed layers observed under grazing incidence and the TO-LO splitting of
the IR modes [5-9]. Depending on the infrared beam polarization, the electric
field generated at a dielectric interface reveals the TO component or the LO
component of a polar vibrational mode. The s-polarization produces an electric
field in the interface plane (y direction) and only the TO component can be
observed. The p-polarization produces an electric field in the plane (x direction)
which not only excites the TO component, but also generates a perpendicular
electric field (z direction) in which intensity increases with the angle of inci-
dence, and which yields the LO component. Except for some very special cases,
the LO component maximum (LO mode) has a higher wavenumber than the TO
component maximum (TO mode). The wavenumber difference between the two
modes is directly proportional to the intensity of the vibration mode. The
difference can be very strong for ionic or polar compounds (e.g., 150 cm ™'
for Si0, stretching), very small for weak absorptions (about 0.2 cm ™' for CH
stretching) and medium for strong bands in organic compounds (e.g., 5 to 12
cm™! for the Amide I band of proteins).

According to the PM-IRRAS surface selection rule, the LO mode in the
normal direction (z) gives a negative band and the TO mode in the (x,y) plane
provides a positive band. The sum of the two bands produces a band with a
derivative-like shape because wavenumbers of the two modes do not coincide. It
is also easy to demonstrate that the negative minimum and the positive maxi-
mum of the resulting band do not coincide exactly with LO and TO mode
positions but are shifted at higher and lower frequencies, respectively. Such a
derivative-like shape has been observed in several studies on the Amide I band
[10], on the carboxylate symmetric stretching [11] (see Fig. 6), and on the
phosphate asymmetric stretching [12] as shown in Figure 4.

Finally, it is important to note that this TO-LO splitting is also present in
conventional IRRAS spectra of monolayers deposited on dielectric substrates
when spectra are registered with a p-polarized electric field. On metallic sub-
strates, the infrared beam produces an electric field perpendicular to the surface
which only probes the LO component. As a consequence, the Amide I band of
proteins detected with IRRAS or PM-IRRAS on metals are always located at
higher frequency than the band obtained for the same protein with a direct
absorption technique [13]. This has to be kept in mind when the Amide I band
position is used to determine the secondary structure of a given protein.

Experimental setup

The optical setup is based on a commercial FTIR spectrometer with two-channel
real time processing capability (Fig. 5). At the output of the interferometer, the
parallel beam (modulated in intensity at frequencies w;) is deflected out of the
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FIGURE 4 PM-IRRAS spectrum of a mixed DPPC/DPPS Langmuir monolayer in the

presence of penetratin peptide. The phosphate asymmetric stretching band located around
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FIGURE 5 Schematic of the PM-IRRAS setup at the air—water interface.

spectrometer box and focused on the sample, after passing through a linear
polarizer and a ZnSe PEM which superimposes a polarization modulation at a
fixed frequency 2w,, (this frequency usually ranges from 50 to 100 kHz). After
reflection on the sample at an optimum angle of incidence for the used substrate,
the light beam is focused on a sensitive photoconductor or photovoltaic HgCdTe
detector.

The two-channel PM-IRRAS processing relies on the existence of a differ-
ence of at least one order of magnitude between the frequency of the polarization
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modulation and those of the intensity modulation, which are typically in the 0.1—
3 kHz range for the mid-IR spectral domain. Using electronic filtering, it is very
easy to split the component of the detected signal having double modulation
from that which has simply an intensity modulation. Then, after demodulation
of the doubly modulated component by a lock-in amplifier having a very low
time constant (0.1 ms), one obtains two interferograms, which are processed and
Fourier transformed as usual in FTIR spectroscopy. Finally, a ratio is found
between the two components in order to achieve the PM-IRRAS signal.

It is worth noting that owing to the fast polarization modulation and to the
identical and precise real time acquisition and processing of the two interfero-
grams, this ratio is, in principle, extracted from all the polarization-independent
signals such as strong water vapor absorptions and from all the instrumental
drifts and fluctuations. Moreover, the wavelength dependence of the polariza-
tion modulation imposes on the PM-IRRAS signal a wavelength-dependent
efficiency, which depends both on the maximum position function of the mod-
ulator setting and on the zero- and second-order Bessel functions. Generally,
spectra are recorded with a spectral resolution of 8 cm ™' and by co-addition of
600 scans, which corresponds to an acquisition time of ca. 10 min.

APPLICATIONS
Lipids
Fatty acids, interfacial pH

The first example presented in this section deals with the fundamental issue of
the effect of cations on the dissociation of an acidic Langmuir monolayer and,
following, the supposed significant difference between the pH at the interface
with respect to the subphase pH. Using PM-IRRAS, it is possible to study
quantitatively the dissociation of a fatty acid Langmuir monolayer as a function
of the subphase pH by measuring the integrated intensities of the C=0O and
COO" stretching vibration bands at 1700 and 1530 cm ™', respectively.

Figure 6 shows the PM-IRRAS spectra of the monolayer recorded along a
pH range covering the entire dissociation process. The spectral shift between the
two absorption bands allows unambiguous discrimination between acid and salt
species and thus, accurate determination of the ionized fraction of molecules
(Fig. 7).

The balance between the acid and salt species in the monolayer is obtained
for a pH subphase (half-neutral pH), which is different from the arachidic acid
pK, and strongly varies with the counterion. Comparing the experimental results
with the purely electrostatic Gouy—Chapman (GC) theory, specific behavior of
each counterion can be described (see Table 1). These results have been dis-
cussed elsewhere in details [11]. We can just note that the cations, which reduce
the most the apparent pK,, of arachidic acid (i.e., Cd** and AI**) are also the most
toxic for biological membranes.
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FIGURE 6 PM-IRRAS spectrum of an arachidic acid monolayer spread onto a water sub-
phase containing CdCl, as a function of the subphase pH.
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TABLE 1 Theoretical and experimental values of the subphase pH at
half-neutrality for various counterions.

Half-neutral pH ~ (CH3),N* Na* Li* Mg ca**  cd*t AP

GC theory 9.25 9.25 925 768  7.67 7.65  7.38
Experimental 9.6 92 66 685 63 5.1 3.6
- J

Bi and multilayers at the air-water interface

Compression beyond the collapse of phospholipid monolayers on a modified
Langmuir trough results in the formation of three-dimensional structures. It is
important to determine if these structures are composed of stable multilayers or
other more complex organized systems (such as aggregates or micelles). Indeed,
stable multilayers are relevant new models for studying the properties of bio-
logical membranes and for understanding the nature of interactions between
membranes and peptides or proteins. To address this issue, Saccani et al.[14]
have studied the collapse of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-di[cis-9-octadecenoyl]-sn-glycero-3-[phospho-L-serine] (DOPS),
and 1,2-di[cis-9-octadecenoyl]-snglycero-3-phosphocholine  (DOPC) mono-
layers using complementary techniques: isotherm measurements, Brewster
angle microscopy (BAM), and PM-IRRAS.

The PM-IRRAS spectra of DMPC at the air—water interface are presented in
Figure 8. After compression beyond the collapse, the intensities of the asym-
metric (v,CH,) and symmetric (v,CH,) stretching bands, located at 2920 and
2850 cm ™', respectively, are multiplied by a factor of 1.6 with respect to the
intensities measured on the monolayer spectrum. This value, slightly inferior to
2, shows that the trough surface is not totally covered by a bilayer and that
monolayer domains subsist. Furthermore, the PM-IRRAS results are in agree-
ment with the BAM results and mean that fluid DMPC bilayers are partially
formed at high surface pressure. Moreover, the small shift of the CH, bands to
low frequencies for the system beyond the collapse indicates that the DMPC
bilayer is slightly more rigid than the monolayer.

The main difference between the two infrared spectra at the air—water
interface, before and after collapse, comes from the apparition at high pressure
of a well-defined positive band around 2950 cm ™' corresponding to the asym-
metric methyl stretching vibration (v,;CH3) and a negative v;CH; band located
at 2870 cm~ ' characteristic of the symmetric methyl stretching vibration.
According to the PM-IRRAS selection rule the positive and negative signs of
these two bands, respectively, suggest a methyl axis orientation more vertical in
the bilayer than in the monolayer. These additional interactions at the methyl
extremities suggest a model where the alkyl chains of each layer in the bilayer
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FIGURE8 PM-IRRAS spectrum of a DMPC monolayer before collapse (30 mN/m) (thin solid
line), and a DMPC monolayer compressed beyond the collapse (51 mN/m) (thick solid line).

are in contact. This tail-to-tail contact organization seems to be more stable than
the organization where the polar headgroups of the top layer are in interaction
with the alkyl chains of the bottom layer. Obviously, the tail-to-tail contact
organization supposes that a hydration layer exists at the polar head level to
minimize repulsion between the polar heads of the top layer and the air. This
hypothesis was confirmed by molecular dynamics simulations [14].

In the same article, the authors have clearly shown that DOPS (a charged
phospholipid) stabilizes in complete three-layer systems. In this case, a mono-
layer in contact with water is topped by a bilayer with a head-to-head contact
organization.

Peptides/interaction peptide membrane

Antibacterial LK peptides

Currently a great deal of interest is shown in antibacterial peptides, so-called
nature’s antibiotics, which seem to be promising to overcome the growing prob-
lem of antibiotic resistance. The design of novel peptides with antimicrobial
activities requires the understanding of their action mechanism on membranes.
Most of the time such peptides are amphipathic and they have a positive net charge
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FIGURE 9 Calculated PM-IRRAS spectrum in the Amide I and Amide II spectral region of
an a-helix as a function of the helix axis orientation with respect to the surface plane.

given mainly by the lysine residue. The helix structure seems to be the main
folding adopted but it is not a general rule and the repartition of the charged group
in the hydrophobic residues is variable. Therefore, many studies have been con-
ducted, among others by PM-IRRAS, on lipid monolayers to determine the
orientation, the secondary structure and the affinity for the interface of these
peptides. To better monitor the behavior of these peptides a preliminary study
was conducted to determine the shape of the PM-IRRAS spectra following the
orientation, on the water surface, of the two main secondary structures, that is,
a-helix and antiparallel B-sheet [15]. Indeed, the anisotropic absorption of these
structures cannot be assigned to only one direction for the transition moment, and
each amide I and amide II bands should be defined in the three space directions x,
v, z [16]. The calculation is simpler for the a-helix because of its higher symmetry
and therefore only the tilt angle 6 of the helix with respect to the surface plane has
to be varied. The data presented in Figure 9 show that the PM-IRRAS spectrum is
very sensitive to the helix axis orientation with respect to the surface.

When the helix lays flat at the surface (6 = 0°), a strong positive Amide I
band (TO component) and a weak positive Amide II band are expected. When
the helix is perpendicular to the water surface (§ = 90°), a strong negative
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FIGURE10 Calculated intensity ratio between the Amide I and Amide I absorption bands in
a PM-IRRAS spectrum as a function of the helix tilt angle with respect to the surface plane. The
calculation of the ratio has been done using the integrated intensity of the positive component
of the Amide I band and the integrated intensity of the Amide II band.

Amide I, shifted at higher frequency (LO component) and a strong positive
Amide IT band are expected. For intermediate values of the tilt angle the Amide I
band shows a derivative-like shape because the projection of the Amide I
transition moment along the surface normal gives a LO component at high
frequency, whereas the projection of the transition moment in the surface plane
gives a TO component at low frequency. These shape modifications show that
the ratio intensity of the Amide I and Amide II bands in a PM-IRRAS spectrum
is a very sensitive parameter to follow the a-helix orientation (see Fig. 10) [17].

The antiparallel B-sheet secondary structure is more complicated to describe
because it does not own an axial revolution symmetry. The spectral simulation
should be done taking into account two rotation angles: the angle between the
direction of the peptide chains and the normal surface (angle 0) and the rotation
angle of the B-sheet plane around its revolution axis (angle ). The calculated PM-
IRRAS spectra of the most characteristic orientations are reported in Figure 11.

These few examples show the variety of shapes, which can be encountered
on a PM-IRRAS spectrum of a B-sheet according to its orientation. However,
some ‘‘basic’ orientations can be recognized rather easily.
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FIGURE 11 Calculated PM-IRRAS spectrum in the Amide I and Amide II spectral region of
an antiparallel B-sheet as a function of the rotation angles 6 and .

(a) ¢ =0°and 0 varies from 0° to 90°.
(b) ¢ =45° and 0 varies from 0° to 90°.
(¢) ¢ =90° and @ varies from 0° to 90°.
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When the B-sheet lays flat at the interface (i = 0° and 6 = 90°), the spectrum
presents positive Amide I and II bands with relative intensities identical to
that measured on an isotropic absorbance spectrum.

When the B-sheet plane is perpendicular to the interface with the carbonyl
parallel to the interface plane (i = 0° and 6 = 0°), the spectrum presents a
strong positive Amide I band (1625 cm™") and weak negative components
for the Amide I (=1690 cm ') and Amide II (1540 cm™ ') bands.

When the B-sheet plane is perpendicular to the interface with the carbonyl
perpendicular to the interface plane (y = 90° and 6 = 0°), the spectrum
presents a strong negative Amide I band shifted at higher frequency
(~1640 cm™ ") and two positive Amide I and Amide II bands.

the basis of these calculations, secondary structure and orientation of linear
thetic amphipathic L;K; peptides were investigated in situ by PM-IRRAS

spectroscopy either for the peptides alone at the air—water interface or for the
peptides inserted in a phospholipid monolayer [18, 19]. In brief, for the LiK;—;,
series designed with a 2/1 L/K ratio to generate ideally amphipathic putative
a-helices, PM-IRRAS spectra of pure peptide films at the interface or inserted
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into a DMPC monolayer clearly showed structural changes within the peptide
series. The peptides shorter than 12 residues adopt a quasi pure [-sheeted
secondary structure oriented mostly parallel to the interface. The longer pep-
tides (n > 15) were fully in a-helix and oriented in the plane of the interface. The
12-residue peptide gives a more flexible molecule which adopts a P-sheet
structure at the interface and an a-helix structure inserted in a DMPC mono-
layer. The peptides of the (KL),,K series, designed with a strict twofold peri-
odicity in the sequence to generate ideally amphipathic B-strands, form films at
the air-water interface and their in situ PM-IRRAS spectra display similar
shapes, whatever the environment (pure peptide film or peptides inserted into
a compressed DMPC monolayer). As expected, they fold into antiparallel
[B-sheets oriented mostly parallel to the interface. These works have been com-
pleted by the study of another type of LK peptides with primary amphipathy,
that is, where the hydrophobic and hydrophilic residues were separated in the
sequence, giving L;K; or K,L.; compounds. These peptides were named diblock
peptides. We particularly studied the L,oKs5 and KsL,, peptides, which have
inverse sequences. Each peptide shows the same aptitude to be folded in a-helix
parallel to the interface whatever the surface pressure. On the other hand, a
monolayer composed of L;oKs and KsL, in a 1/1 ratio shows a completely
different behavior. The PM-IRRAS spectra show that a-helix is still the pre-
dominant secondary structure but the orientation strongly varies as the surface
pressure 7 increases (Fig. 12). When 7 = 22 mN/m, spectral calculations show
that the experimental Amide I/Amide II intensity ratio corresponds to a helix
axis parallel to the interface. As 7 increases, the ratio decreases indicating that
the helix progressively straightens up. At the highest surface pressure, the tilt
angle with respect to the surface plane can be estimated to about 50°.

Inserted in a DMPC monolayer at the air-water interface, the diblock L (K5
and KL, peptides also show different behavior if they are present as a mixture or
not (Fig. 13). The PM-IRRAS spectrum of one diblock in interaction with the
phospholipid monolayer shows a broad Amide I band centred at 1658 cm™ ' and a
very weak Amide II band (top curve in Fig. 13). These observations indicate that
the peptide is essentially present as a-helices lying flat at the interface. With a 1/1
mixture, the amide bands are very sharp and well defined (bottom curve in
Fig. 13). The Amide I band located at 1654 cm ™' shows a pure a-helix secondary
structure and the Amide I/Amide II intensity ratio, close to 1.25, indicates a helix
axis average tilt angle of 50° with respect to the normal to the interface.

These results show the PM-IRRAS possibilities to determine easily both the
secondary structure and the orientation of peptide in interaction with a lipid
monolayer.

Gramicidin

Many PM-IRRAS experiments have been performed on natural antibacterial
compounds. In 1999, Ulrich et al. [20] have applied the method to gramicidin A,



Biointerface Characterization by Advanced IR Spectroscopy

M =22mN/m
M =25 mN/m
1t =30 mN/m
M =35 mN/m
= 7T =37.5 mN/m

=5

1800 1750 1700 1650 1600 1550 1500 1450 1400

Normalized PMIRRAS Signal

Wavenumber (cm™)

FIGURE 12 PM-IRRAS spectrum of a L (K5 / KsL, mixed monolayer (1/1 ratio) at the air—
water interface, as a function of the surface pressure, 22mN/m bottom curve, 37.5 mN/m top

curve.
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FIGURE13 PM-IRRAS spectrum of a KsLo/ DMPC monolayer (top curve) and of a L(Ks/
KsL19 / DMPC monolayer (bottom curve) at the air—water interface.



PM-IRRAS at liquid interfaces

a natural antibacterial that was the first manufactured antibiotic to be commer-
cialized. This peptide is formed of alternate L and D residues, which gives it
the possibility of adopting multiple and original single- and double-stranded
secondary structures. Monolayers of gramicidin A, pure and in mixtures with
DMPC, were studied in situ at the air/H,O and air/D,0O interfaces. Simulations
of the entire set of Amide I absorption modes were also performed, using
complete parameter sets for different conformations based on published normal
mode calculations. The authors deduced that the secondary structure of gram-
icidin A in the pure monolayer and in a DMPC monolayer could be assigned to a
B-6.3 double helix. A marked dependence of the peptide orientation on the
applied surface pressure was observed for the mixed lipid—peptide monolayer
and at low pressure the helix lays flat on the surface, whereas at high pressures
the helix was oriented almost perpendicularly to the surface. In 2002, a com-
plementary work has been performed by Lavoie et al. [21] on pure monolayer of
valine gramicidin A. They also found the propensity of this peptide to be
structured in a-helix, but their infrared simulations suggest a B-5.6 double helix
almost vertical at high surface pressure, in agreement with the thickness found
for the monolayer by X-ray reflectivity. In addition, the comparison between
PM-IRRAS spectra recorded on H,O and D,0O subphases and calculated spectra,
and X-ray reflectivity data analysis show that a structural modification of the
interfacial water occurs when the monolayer of valine gramicidin A is present.

PROTEINS/INTERACTION PROTEIN MEMBRANE
Membraneous proteins

PS 11 core complex and rhodopsin

Stabilization and crystallization of membrane proteins is an important issue in
view to determine their atomic structure by X-ray diffraction. Among the
methods proposed to obtain protein crystals, one used the possibility of forming
an organized protein monolayer on an aqueous buffer surface. However, it soon
became apparent that application of this method was only possible if one could
control the state of the protein and also determine the parameters which allow us
to maintain stable its secondary structure. For this kind of study PM-IRRAS
constitutes a relevant tool as it allows us to give accurate information on the
secondary structure within a relatively short time scale (a few minutes or even
less) thanks to its differential nature.

A few years ago, two PM-IRRAS studies have been achieved on membra-
neous proteins, photosystem II core complex (PS II CC) and rhodopsin [22, 23].
In the first one, the state of PS II CC in monolayer at the gas (nitrogen)-water
interface was investigated using PM-IRRAS and X-ray reflectivity techniques.
Two approaches for preparing and manipulating the monolayers were examined
and compared. First, PS II CC molecules were compressed immediately after
spreading at the interface at an initial surface pressure of 5.7 mN/m. In the
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second approach, the monolayer was incubated for 30 min at a surface pressure
of 0.6 mN/m before compression.

In the first approach, the protein complex maintained its native a-helical
conformation upon compression, and the secondary structure of PS II CC was
found to be stable for 2 h (Fig. 14).

The second approach resulted in films showing stable surface pressure below
30 mN/m and the presence of large amounts of B-sheets, which indicated
denaturation of PS II CC (Fig. 15). Above 30 mN/m, those films suffered surface
pressure instability, which had to be compensated by continuous compression.
This instability was correlated with the refolding of new a-helices in the film.

To probe the process of denaturation when PS II CC was spread at low surface
pressure, PM-IRRAS spectra were measured immediately after spreading and
compared with the one obtained after a 30 min incubation time at a surface
pressure of 0.6 mN/m (Fig. 16). To obtain a band position that would represent
the initial state of PS IT CC right after spreading, the number of scans was reduced
to 20, which corresponded to a measuring time of 1 min. The spectrum obtained
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FIGURE 14 PM-IRRAS spectra of PS IT CC monolayers at the nitrogen—water interface. The
initial surface pressure was set at 5.7 mN/m. Compression was started immediately after
spreading of PS II CC. Surface pressure was maintained at 20 mN/m. Spectra were measured
at 15 min (a), 30 min (b), 45 min (c), 75 min (d), and 120 min (e) after reaching 20 mN/m.
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FIGURE 15 PM-IRRAS spectra of PS II CC monolayers at the nitrogen—-water interface.
Initial surface pressure was set at 0.6 mN/m. Compression was started 30 min after spreading
of PS II CC. Spectra were measured at 0.6 mN/m (a), 10 mN/m (b), 20 mN/m (c), 30 mN/m (d),
and 40 mN/m (e).

(spectrum a, Fig. 16), although noisy, shows a distinct Amide I band maximum at
approximately 1654 cm™', indicating that 1 min after spreading, the protein
complex still retained its a-helical structure. However, after 30 min of incubation
at 0.6 mN/m (spectrum b, Fig. 16), the maximum was shifted to 1631 cmfl, the
characteristic band position of B-sheets. This indicates that the incubation time at
low surface pressures is a critical factor in the denaturation of proteins at the
interface as is the value of the initial spreading surface pressure.
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FIGURE 16 PM-IRRAS spectra of PS II CC monolayers at the nitrogen—water interface.
Surface pressure was set at 0.6 mN/m and the film was not compressed. Spectra were recorded
(a) immediately after spreading (1 min acquisition time) and (b) 30 min after spreading.
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In the case of rhodopsin (a member of the large family of G-protein coupled
receptors), PM-IRRAS has evidenced that its secondary structure can be
retained at the gas—water interface only when the experiment is performed at
low temperature (4°C).

For the two proteins, PM-IRRAS experiments have also shown that the
Langmuir method allows purification during the compression. Indeed, the
authors observed that the octaglucosyl surfactant necessary for protein extrac-
tion dissolved in the buffer subphase during the compression. Altogether, these
studies provide direct structural and molecular information on membrane pro-
teins when spread in monolayers at the gas—water interface.

Other systems

Molecular antibiotic

The topic of antibiotic systems has been also explored by Shanmuk ez al. [24] by
crossing the two-dimensional (2D) correlation method with PM-IRRAS. The
technique was applied to the 1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid
(DPPA)/tetracycline hydrochloride (TC) system to gain a better understanding
of the surface pressure-induced effects on the interaction between the phospho-
lipid and the antibiotic at the air—water interface.

Statistical correlation spectroscopy using 2D IR, B(v) (asynchronous cross-
correlation) and k(v) (synchronous cross-correlation) correlation analyses were
performed on six spectra recorded at 3, 5, 10, 20, 30, and 40 mN/m.
Conventional 2D IR correlation maps revealed strong correlation behavior
between the vibrational modes of the lipid and the antibiotic. B(v) correlation
plots provided information about the relative rates of occurrence of the coupled
responses noted in the conventional 2D IR plots and were able to discriminate
the behavior of the four TC cycles (A,B,C,D), Scheme 1. These calculations
indicated that molecular reorientation occurs at lower surface pressures for the
modes in Ring A than for the modes in Ring C.

N\ H H =
HO CHg H  N(CHa)s

SCHEME 1 Indexation of tetracycline cycles.
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A new model-dependent 2D correlation method, exponential k(v) corre-
lation analysis, confirmed the results obtained with the previous correlation
methods, that is, the lipid—antibiotic interactions occurred in a bimodal fash-
ion, depending upon surface pressure. Initial interaction between the tetracy-
cline molecule and the DPPA molecule occurs at low surface pressures,
primarily between Ring A of the tetracycline molecule and the lipid head-
group region. However, with increasing surface pressure the mode of inter-
action changes and the strongest interaction at high surface pressures occurs
between Ring C of tetracycline and the DPPA headgroup. This work clearly
shows that PM-IRRAS efficiency can be improved by carrying out statistical
calculation on data.

DNA-~cationic lipids interactions

The lipid bis(guanidinium)-tris(2-aminoethyl)amine-cholesterol (BGTC) is a
cationic cholesterol derivative bearing guanidinium polar headgroups which
displays high transfection efficiency in vitro and in vivo when used alone or
formulated as liposomes with the neutral colipid 1,2-di-[cis-9-octadecenoyl]-
sn-glycero-3 phosphoethanolamine (DOPE) [25-29]. Since transfection may
be related to the structural and physicochemical properties of the self-assem-
bled supramolecular lipid—-DNA complexes, we used the Langmuir mono-
layer technique coupled with PM-IRRAS to investigate DNA-BGTC/DOPE
interactions at the air—water interface in mixture conditions used for trans-
fection assays: 3/2 BGTC/DOPE molar ratio and an excess of positive charge
of BGTC [30].

DNA interactions with the BGTC/DOPE (3/2) monolayer
(20 mN/m) at the air/water interface

When DNA is injected into the subphase of a preformed BGTC/DOPE mono-
layer at m = 20 mN/m, kinetics of lateral pressure variation shows a weak but
reproducible decrease of 7r, which can be explained by a condensation of
molecules at the lipid interface induced by DNA interaction with the mono-
layer [30]. Brewster angle microscopy reflectance and ellipsometry measure-
ments demonstrate an increase of the layer thickness. PM-IRRAS spectra of
both the BGTC/DOPE (3/2) monolayer at 20 mN/m alone or after DNA
injection are presented in Figure 17 in the 1800-900 cm ™' region. The main
bands are the »(C=0) of DOPE ester groups around 1737 cm ! and the Vas.s
(PO, ") around 1220 and 1080 cm ™!, respectively [31, 32]. The BGTC con-
tributions in the 1700-600 cm ™' region cannot be seen due to the strong
negative band around 1660 cm ™' due to the dispersion of the refractive index
of water in this spectral range [15, 33]. When DNA was injected under the
lipid monolayer, the PM-IRRAS spectrum (Fig. 17) shows a significant
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FIG. 17 PM-IRRAS spectra of DNA interaction with a BGTC/DOPE (3/2) monolayer at
20mN/m: (- - -) BGTC/DOPE (3/2), 20 mN/m; (—) + DNA, R(+/-) = 5.

increase of the v,5 s (PO, ) around 1220 and 1080 cm ™', Since we can assume
that DNA preferentially interacts with BGTC (no interaction was observed
with a pure DOPE monolayer) and also that phosphate groups of DOPE will
not be perturbed by DNA interaction, we can conclude that the increase of the
Vys.5(PO27) is due to accumulation of DNA phosphate groups under the
monolayer and then to the interaction of DNA strands with the monolayer.
One can also note that, whatever the charge ratio, the intensity ratio of DNA
bands I(PO, ™ ,5)/I(PO, ) >1. In the isotropic conformation of DNA in buffer,
the intensity ratio of the asymmetric PO, at 1220 cm™' versus symmetric
PO, at 1080 cm ™', I(PO, ,)/I(PO, ) <1. This ratio (PO, ,)/I(PO, )
will be used as a marker of the DNA orientation. Indeed, transition moments
of v,(PO,") and v((PO, ") point in perpendicular directions in the DNA
double helix (Scheme 2). Thus, the intensity ratio of these two bands is
sensitive to this group orientation and allows us to estimate the orientation
of DNA. In the present case, the intensity ratio indicates an anisotropic
orientation of the DNA under the lipid monolayer; this favors the asymmetric
PO, vibration moment over the symmetric one and means that the double
helix of DNA is mainly parallel to the interface plane [30].
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Double helix axis
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SCHEME 2 Projections of the PO, asymmetric and symmetric transition moments in the
double helix of DNA.

Formation of an asymmetric lipid bilayer stabilized by DNA by
compression beyond the collapse

As described previously, compression beyond the collapse of phospholipid
monolayers can lead to the formation of stable multilayers at the air—water
interface. The behavior of the mixed adsorbed DNA-BGTC/DOPE (3/2) mono-
layer was investigated beyond the collapse (around 7 ~ 46 mN/m, which
corresponds to a molecular area of 50 A?/mol). The compression was then
carried on to divide the molecular area by a factor of 2. Brewster angle micros-
copy pictures display an important and homogeneous increase of reflectance
and are characteristic of an organized collapse from a bi- to a tridimensional
system.

To go further in the identification of these thick layers, PM-IRRAS spectra
were recorded. In the 1800-900 cm ™' region, they display an increase in the
intensity of all bands compared to the spectrum of a pure compact BGTC/DOPE
monolayer at 40 mN/m (Fig. 18A). Since all the bands can contain contributions
of both lipid and DNA, we investigate in parallel the 3000—2800 cm ™' spectral
region of the asymmetric (v,s(CH,)) and symmetric (v,CH,) stretching bands
located at 2920 and 2850 cm ™', respectively, mainly characteristic of the lipids
chains and free of DNA contribution (Fig. 18B). Their intensity is multiplied by
a factor of about 2 compared to those measured with the pure lipid monolayer.
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FIGURE 18 PM-IRRAS spectra of a DNA-BGTC/DOPE (3/2) layer after compression
beyond the collapse. (A) 1850-900 em ! region and (B) CH region, - - - BGTC/DOPE (3/2),
40 mN/m, before collapse, — + DNA R(=%) = 5 beyond the collapse.
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This value proves the formation of a lipid bilayer at the surface. The important
broadening of the bands and their shift toward higher frequencies correspond to
the perturbation of the organization of the lipid acyl chains. In particular, it
means that the number of acyl chains having a gauche conformational defect has
increased. In parallel, it was shown that no bilayer is formed during the com-
pression beyond the collapse of a pure BGTC/DOPE (3/2) monolayer which
collapses with the formation of aggregates (data not shown) and that it is the
presence of DNA adsorbed under the layer which induces the bilayer formation.
In the 1800-900 cm ™' region, the intensity increase noticed for all bands shows
both the DNA interaction and the bilayer formation. When DNA is in default, all
the main band intensities are multiplied by a factor almost equal to 2, but since
the band intensities are sensitive both to the surface concentration of the mole-
cules and to their orientation, it is quite difficult to decorrelate both phenomena,
which can occur simultaneously with antagonist effects on band intensities. In
parallel, a shift of the v,, (PO, ) toward lower frequencies is observed com-
pared to the case of pure BGTC/DOPE lipid monolayer at 40 mN/m showing
both the DNA phosphate contribution due to its interaction with the bilayer and
perhaps also a reorientation of the DOPE phosphate group due to the bilayer
formation.

To explain such a behavior, the hypothesis of the formation of an asymmetric
lipid bilayer on the top of the DNA layer was formulated. Indeed, it may be
suggested that the BGTC molecules remain in the layer facing the aqueous
phase due to their strong interactions with the DNA adsorbed underneath, while
DOPE (which does not directly interact with DNA in the subphase) flip—flops
beyond compression to form a top layer.

CONCLUSIONS

The main disadvantage of PM-IRRAS with respect to classical reflection
absorption spectroscopy is the complexity of both the optics and electronics
of the setup. Considering the optical part, PM-IRRAS requires a spectrometer
with a simultaneous double-channel acquisition. Secondly, the entrance polar-
izer and PEM have to be perfectly aligned to avoid multireflections, which
would spoil the polarization modulation. In addition, the infrared beam has to
be well centered at the entrance of the modulator to have a homogeneous
modulation of the entire beam. Concerning the electronics, PM-IRRAS needs
a high quality lock-in amplifier having a very low time constant (less than 0.3
ms). Obviously, it is from the complexity of the setup that PM-IRRAS takes its
advantages.

The principal advantage of the technique fundamentally originates from the
use of a double-beam spectrometer. It allows us to rid the spectra of all the
isotropic absorptions of the environment in real time and diminishes the record-
ing time. PM-IRRAS is therefore useful to study reactions with relatively slow
kinetics (a few minutes) in biological systems, such as protein adsorption at the
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air/lipid monolayer interface for example. If needed, it is possible to get infor-
mation on systems with much quicker kinetics (a few seconds) [22]. In this
study, modification of the secondary structure of the photosystem II protein just
after its spreading on a water surface has been revealed.

Another advantage of PM-IRRAS is the relative simplicity and the efficiency
of its surface selection rule. Coupled with spectral simulations, only one spec-
trum is required to determine the orientation of molecular groups. As a com-
parison, conventional IRRAS requires at least six spectra (with three different
angles of incidence and both p and s polarizations) to get orientational infor-
mation [34]. This implies to be able to maintain the system under study in a
stable state during at least 2 h.

Finally, PM-IRRAS is more efficient than IRRAS to detect vibrational
modes which transition moments are perpendicular to the dielectric substrate.
As an illustration, the band progression due to the methylene wagging modes
has been observed for the first time in infrared spectra of a Langmuir monolayer
thanks to PM-IRRAS [35]. This method is also very useful to determine the
orientation of peptides and proteins. In particular, a-helices perpendicular to the
interface give rise to a very characteristic spectral signature of Amide I and
Amide II bands (see e.g., the study on bacteriorhodopsin reported in [36]).
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Infrared spectroscopy can provide unique insights into the chemistry of surfaces
for biological studies [ 1-4]. Because the conformations of biological molecules
impact their vibrational frequencies [1], infrared spectroscopy has long been
used to characterize surfaces for use in biological studies. While many studies
have used infrared spectroscopy to characterize the adsorption of proteins and
other biological molecules to surfaces [5-7], there is increasing interest in the
intentional functionalization of surfaces with molecular/biomolecular layers
that will provide selectivity, binding only to specific targets in solution [6,8].
Applications include biosensing, layers to control inflammatory response in
biomedical implants, and the use of surface chemistries to control the growth
and proliferation of cells.
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While fundamental studies can often be carried out on specialized substrates,
emerging applications often require the use of a wider variety of substrates in
both bulk and thin-film form. Particularly when these materials are insulators or
semiconductors, there is a need to develop an understanding of the factors that
control sensitivity and signal-to-noise with different materials. One of the big-
gest challenges to the use of infrared spectroscopy in biological research is the
relatively low sensitivity and the fact that surfaces of practical interest many
have strong absorption features that obscure the useful information. As a con-
sequence, the successful use of infrared for biological research demands paying
close attention to the detailed optical properties of the relevant interfaces and
understanding how to optimize the sensitivity. In a practical sense, optimizing
conditions for infrared are largely controlled by the reproducibility of the
reference sample that is typically used to calculate the effective absorbance.

The ability of infrared spectroscopy to identify the types and number of
different chemical functional groups present at a surface in a nondestructive
manner has contributed to its widespread application in chemistry and biology
[7,9-12,13,14]. While many studies have used infrared spectroscopy to char-
acterize the adsorption of proteins and other biological molecules to reflective
materials such as gold [14-16], the use of infrared to characterize adsorption
onto dielectric materials is more complex and requires careful optimization in
order to achieve maximum sensitivity for biomolecular layers [9,17].

While FTIR spectroscopy can be performed in different geometries, here we
focus on the single-bounce external reflection mode. This approach has some-
what lower sensitivity than alternatives such as the attenuated total internal
reflection (ATR) geometry [5]. However, the single-bounce geometry is the
most versatile method because it can be used on both transparent and absorbing
substrates and does not require any special sample fabrication. These are major
advantages when attempting to use FTIR to characterize technologically rele-
vant surfaces such as silicon and glass [17].

A major difference between dielectric materials and metals is that the
dielectric properties of these materials result in reduced reflectivity, which in
turn means that there is less light reaching the detector of the FTIR system. In
general, the signal-to-noise ratio of the FTIR system depends on the specific
detectivity (D*) of the detector (a measure of the detector’s signal-to-noise ratio)
and the range of input values resolved by the systems’ analog-to-digital con-
verter [18]. Atlow intensities, the instrument’s ability to discriminate very small
changes in intensity between sample and reference samples is diminished. Some
dielectric materials (such as glass) also have reflectivities that can vary by
several orders of magnitude as a function of wavelength

For biological analysis of proteins, the amide region, particularly the so-
called amide I band, is often used to identify the conformation of fibrinogen and
other proteins in liquids [19-24] and on surfaces [11-12,14]. Conformational
analysis is based on the fact that the amide I band (a C=0 vibration) shifts in
frequency because of hydrogen-bonding interactions with nearby amine groups
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p-polarized s-polarized

FIGURE 1 Schematic illustration of optical geometry for single-bounce external-reflection
FTIR and definitions of relevant parameters.

in a manner that is characteristic of the local conformation of the protein.
Changes in bonding between B-sheets, helices, localized turns, and other
conformations produce small changes in shape and frequency shifts of
~10-20 cm ™! in this peak [11,12,25-27]. Hence, there is a great desire to
understand the factors that control the intensity, symmetry, and frequency of
infrared spectra of proteins on diamond and other surfaces. In this chapter, we
will review the basic optics of the single-bounce external-reflection geometry
for analysis of molecular and biomolecular layers and illustrate the results for
molecular and biomolecular layers of relevance.

Figure 1 depicts the geometry that will be used, along with the definitions of
relevant directions of the electric field.

GENERAL CONSIDERATIONS FOR
SEMICONDUCTOR SURFACES

For biomolecules directly linked to semiconductors and other dielectric materi-
als, the factors controlling sensitivity of various detection methods are readily
described using the Fresnel equations, which describe the reflectivity of the
sample [13]. Several factors emerge from the simple reflectivity model. First,
that the changes in normalized reflectivity (AR/R) and/or the absorbance (A) can
be positive or negative, depending on the conditions of the experiment.
According to the Kramers—Kronig laws [28], a change in absorption k(7) must
be accompanied by a change in the index of refraction n(v). At surfaces both
effects can be important and of comparable importance. Notably, dispersion
effects can affect both the shapes and frequencies of the peaks [10,17,29]. This
can be very important in analysis of surface species such as proteins, as the
frequencies of the vibrational modes are often used to interpret molecular
conformations. In general, the absorption component can be described in terms
of a symmetric Lorentzian or Gaussian lineshape (depending on the factors
controlling the linewidth), while the index of refraction change is highly
asymmetric.
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The index of refraction change associated with an absorption band lying
between frequencies v; and v, can be approximated as follows [29]:

ao0) = o)+ [ L

k | (17—170)

Figure 2 depicts changes in n(?) and k(7) associated with a typical infrared
vibrational mode, simulated here using parameters derived experimentally for
the ~1730 cm~ ' C=0 vibrational mode in thin films of poly(methyl methac-
rylate), which has been used as a model system [17,29]. When absorption
features typically have k() with a symmetric Lorentzian or Gaussian peak
shape, the index of refraction has an asymmetric shape that combines a deriv-
ative-like shape with a static change in the limiting value of n from ~1.4 at low
frequencies to ~1.35 at high frequencies. While the specific values and fre-
quencies depend on the nature of the particular vibrational mode, the general
features shown here are expected for any vibrational absorption. The distinctive
shapes, particularly the asymmetry associated with n(7) can be readily distin-
guished in the FTIR spectra, allowing a visual assessment of the extent to which
n(v) and k(7) each contribute to the overall spectra.

To understand the factors that control sensitivity and line shape, it is useful
to consider separately the effect of the index of refraction n(v) and the actual
absorbance k(7). To do so, we use the Fresnel reflectivity calculations to
predict the size and shape of measured absorption features as a function of
angle. Here, we use a modification of the method of Hansen [30], as reported
by Tolstoy [13]. Briefly, the complex index of refraction 7; = n; + ik; and
complex permittivity of each layer are calculated as € = n]2 - kf + 2injk;.

The cosines of the complex angles of refraction are then given by Snell’s law

A
(217
as cosg; = {1 - (%) } and the complex indices of refraction are

fj = ﬁjcoscpj.
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FIGURE 2 Typical variation in n(7) and k(7) associated with a C=0 stretching vibration of a
molecular layer on a surface, after. [29].
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For three or more layers, a phage shift term is included for the center layers
(of noninfinite thickness) as 3; = W)"f’, representing the phase shift of light of
wavelength A passing through the jth material of thickness d;. Each interface

between two materials is represented as a (2 X 2) matrix:

—1isin
cospB; B
M; = ' q;

—iq;sinf3;  cosP

for p-polarized light and

—isinB;
cos Tj
]

—ip;sinB;  cosp;
for s-polarized light, where

P = \/Ecos(goj)

and
cose;
4 = \/: :
3
The overall optical response of an N-layer system is then calculated as the
matrix product M = MoMs ... = M M|
npyp Mo

The complex reflection coefficients for p- and s-polarized light are then:

. (my1 +mupy)p; — (Mo + mapy)
P (myy + mipy)py — (Mo + maopy)

and

(mu1 +muqy)q, — (M + magy)
(mu +muqy)q, — (M2 + magy)

¢ =

and the total reflectance R, = r,r, and Ry = r;r;.

Figure 3 illustrates some of the more important aspects of single-bounce
FTIR spectra. Panels 3(a) and 3(b) depict the intrinsic behavior of light reflect-
ing from a dielectric material, while 3(c) and 3(d) show the effect of introducing
a weak absorber. Figure 3(a) shows the electric field ratio, which is the ratio of
the electric field at the surface to that of the incident light. Because the under-
lying silicon is able to partially polarize on the time scale of the incident
electromagnetic field oscillations, it creates an oscillating image dipole that
enhances the incident field component perpendicular to the surface plane and
reduces the field component parallel to the plane. With s-polarized light, the
electric field ratio is always less than 1, because the image dipole at the surface
partially cancels that of the incident beam E,. P-polarized light exhibits a
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FIGURE 3 Optical parameters calculated from Fresnel equations for an organic monolayer
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complex dependence that can be understood from the fact that the incident
electric field E, can be decomposed into two orthogonal components lying
parallel to and perpendicular to the sample surface. The component of the
incident electric field lying parallel to the surface, E,, ,, is similar to that of
s-polarized light and is partially canceled by the image dipole of the substrate;
the net field parallel to the surface decreases monotonically as the angle of
incidence 6;,. increases. However, the component of the incidence electric field
lying perpendicular to the sample surface (labeled E),.) is enhanced by the
surface image dipoles such that ” can be greater than 1 for silicon it reaches
a maximum near 6;,. = 60° degrees and then decreases toward zero. Panel 3(b)
shows the absolute reflectance of the sample for p-polarized (R,,) and s-polarized
(Ry) light. Here, it becomes apparent that over most of the accessible range of
incident angles the reflectivity using p-polarized light is smaller than that using
s-polarized light. Of particular significance is that for dielectric materials the
reflectivity drops to zero at Brewster’s angle; for silicon this occurs at an angle
of ~73°.

Infrared spectra of molecular and/or biomolecular films are typically pre-
_ Rsum;l;*Ro
absorbance A = —logm( ) thereby measuring the reflectivity of the sam-
ple of interest (Rsumpie) w1th respect to that of a reference sample (Ry) as a

standard. For small absorbances ln( “;,““'“) =1In (ROR+AR) = ln(l — %) 2,
0 0 0 0

Taking into account the difference between base 10 and base e logarithms,
A 555 (%)

Figure 3(c) shows the change in reflectance (AR) when a weak absorber is
introduced while Figure 3(d) shows the normalized change in reflectivity AR/R.
For s-polarized light, the presence of an absorber increases the reflectivity
(AR > 0) of all angles; this corresponds to negative absorbances for all angles
of incidence. The sensitivity (AR/R) predicted using s-polarized light decreases
monotonically as the angle of incidence is increased because the surface electric
field (Fig. 3(a)) decreases and because the overall reflectivity increases.

For p-polarized light the situation is more complex. At small angles of
incidence, the presence of a molecular layer is predicted to increase the reflec-
tivity (corresponding to a negative absorbance). At intermediate angles (~28—
73°), the reflectivity decreases (positive absorbance), while at even steeper
angles (0inc > Oprewster) the reflectivity again increases (negative absorbance).
The behavior for (0 < 6;,,c < Oprewster) €an be simply understood as a competi-
tion between the in-plane and out-of-plane components of the electric field
depicted in Figure 3(a): interaction of an isotropic molecular absorber with
the electric field perpendicular to the surface (E,.) decreases the reflectance
(AR < 0), but interaction with E,, , increases the reflectance (AR > 0). At smal-
langles of incidence E,, > E = and the net effect is AR > 0 just as with
s-polarized light, whlle at larger angles the effect of the vertical component

sented in terms of either the normalized change in reflectivity % or

sample
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E, - becomes dominant. A particularly notable feature using p-polarized light is
that the absorbance has a discontinuity at Brewster’s angle, where the total
reflectivity Ry, goes to zero. This discontinuity leads to two angles of maximum
sensitivity, one on each side of Brewster’s angle; for angles immediately adja-
cent to Brewster’s angle, AR can be relatively large while the total reflectivity
(R,) remains comparatively small.

The above considerations suggest that the overall sensitivity AR/R for single-
bounce external reflection measurements is the highest using p-polarized light
near Brewster’s angle. However, the signal-to-noise ratio of the FTIR detectors
and the analog-to-digital converters are usually optimized for higher intensity
levels [18]. Consequently, there will be a system-dependent optimum angle at
which sufficient light strikes the detector while also taking advantage of the
higher AR/R near Brewster’s angle. An infrared system using a typical extended
source (e.g., Globar or tungsten source) will not have a perfectly collimated
source, and typical geometric parameters yield an angular divergence with a full
angle on the order of several degrees. Thus, maximum sensitivity in practice is
generally achieved using an angle approximately 5° higher or lower than
Brewster’s angle.

To test the validity of these calculations, Figure 4 shows experimental data
from an organic molecular layer on a silicon(l 1 1) surface. This particular
molecular layer was prepared using a common photochemical grafting proce-
dure in which an organic alkene will graft to H-terminated Si(1 1 1) when
illuminated with ultraviolet light [31-35]. In the data shown here, the grafted
molecule also had a second functional group consisting of a trifluoroacetic acid-
protected amine group that was then deprotected to yield a surface functiona-
lized with primary amine groups [35,36]. This is a convenient pathway toward a
wide range of functionalized surfaces, since there are a number of excellent
coupling reactions that can link DNA, peptides, and other biomolecules to
amine-terminated surfaces [36-38].

In the C-H region, the s-polarized spectrum shows downward peaks (neg-
ative absorbances) associated with the symmetric and asymmetric C—H stretch-
ing vibrations of the alkyl chain. A highly asymmetric feature is observed at
~1600 cm ™', and very weak, downward (negative absorption) features near
1450 cm ™', Spectra measured at other angles of incidence with p-polarized
light exhibited similar features and are not shown here. The p-polarized spectra
show a very rich behavior. The C-H stretching modes are negative at 6; = 30°,
disappear at 35°, and reappear as positive peaks at 40—-65°; at higher angles yet
the peaks flip sign once again. Similarly, the peaks for the C—H deformation
modes at 1370 and 1465 cm ™" are small (but positive) for 6; ~30°, and then they
increase and reach a maximum around 60°. At higher angles, the peak
shape becomes complex and then inverts, becoming negative again for angles
of 70-75°. This behavior almost perfectly reproduces the behavior predicted in
Figure 3. However, there are some small discrepancies. In particular, the N-H
deformation mode is negative (rather than positive) at intermediate angles, and
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FIGURE 4 Experimental measurements of infrared absorption from amine-bearing organic
layer on Si(1 1 1), as described in the text.

the C—H deformation modes and scissors modes do not become negative at the
very lowest angles of incidence, even though the C—H modes do. These devia-
tions most likely arise from the fact that the predictions in Figure 3 were based
on an isotropic layer, while a molecular layer at a surface has a preferred
orientation that can be reflected in the anisotropy of molecular transition
dipoles. At moderate angles of incidence (from zero up to Brewster’s angle),
the interaction of the incident electric field with transition dipoles oriented
parallel to the surface increase the total reflectivity (giving rise to negative
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absorbances) while the interaction with dipoles oriented perpendicular to the
surface decrease the reflectivity and give rise to positive absorbances. For layer
in which the vibrational transition dipole is randomly oriented (i.e., an isotropic
layer), the total response is the vectorial combination of the horizontal and
vertical components and gives the overall result shown in the bottom panel of
Figure 3. For isotropic samples, the introduction of an organic layer always
increases the reflectivity (negative absorbances) when measured with s-polar-
ized light. For p-polarized light at small angles of incidence, the in-plane
component of the electric field is large and the out-of-plane component is large.
As the angle of incidence increases, there will be an intermediate angle of ~30°
at which these two contributions cancel, giving rise to a net zero absorption. As
the angle of incidence is increased further, the vertical component of the electric
field dominates and isotropic layers give rise to positive absorbances. Finally as
the angle cross through Brewster’s angle, the reflectivity changes sign once
again. In the case of the experimental data in Figure 4, the experimental data
indicate that the N-H deformation mode preferentially lies parallel to the
surface plane, while the C—H deformation and scissors modes have some pref-
erential orientation perpendicular to the surface. In principle a more detailed
analysis of these angle-dependent IR spectra can provide a way of determining
structural features such as the molecular tilt angle [17].

Absorption versus dispersion

Because the absorption features of molecular monolayers are in general weak
(typically absorbances of 10~ or small) most analyses of sensitivity considera-
tions in FTIR have focused primarily on conditions for optimizing the overall
sensitivity as measured by the absorbance or by AR/R, [17]. However, a second
factor that must be taken into consideration is the influence of dispersion on the
quality of the spectra [29]. According to the Kramers—Kronig relationship, a
change in absorption k() is always accompanied by a change in the index of
refraction (v). The effect of the variation in n(v) is to introduce asymmetry, or
dispersion, into the measured line shapes. Dispersion can be important because
it can lead to complicated line shapes, shifts the peak locations, and make it
difficult to extract information about peak intensities from the spectra [29]. As
one example, in Figure 4 the s-polarized vibrational mode near 1600 cm ™" has a
strongly dispersive character.

The influence of the wavelength-dependent changes in n can also be esti-
mated by noting that the change in the index of refraction is proportional to the
change in the index of refraction and for a single peak can be approximated by

v
n(vy) = Ne +% / % As depicted in Figure 2, a typical absorption
v
peak with a maximum k = 0.4 will be accompanied by a wavelength-dependent
change in the index of refraction of ~ £ 0.2 in traversing an absorption peak.
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FIGURE5 Peak absorbance (a) and Peak asymmetry (b) predicted for a typical organic layer
on silicon. At ~ 40°, the influence of k vanish, leaving perfectly dispersive peaks.

Using these as typical values of what might be commonly observed in infrared
spectra of other molecular/biomolecular layers, we used the Fresnel calculations
to calculate the change in absorbance that would be produced by each.

Figure 5(a) shows the change in absorbance as a function of angle (similar to
Fig. 3(d) but now plotted as absorbance instead of AR/R), and Figure 5(b) shows
the dispersion-induced asymmetry in peak shape; both calculations were per-
formed using parameters typical of a C=O vibration of a molecular layer on
silicon. For purposes of illustration, we operationally define the peak asymmetry
as the predicted change in absorbance due to a change of n» = 0.2 (from 1.4 to
1.2) divided by that induced by the change in absorbance from k = 0to k = 0.4,
when measured at the same polarization and angle of incidence:

|Ay—1.4k-0 — Anz1 20|

Peak asymmetry = The chosen values approximate

|Ap—14k=02 — An—tak—o|
the changes in n and k that are encountered as the frequency is traversed across a
typical absorption feature. The plot in Figure 5(b) shows that s-polarized spectra
are generally more symmetric than p-polarized spectra. For p-polarized spectra at
an angle of incidence of ~40° (for silicon), the effect of k vanishes (in Fig. 3(c),
AR = 0), leaving peaks that are almost perfectly dispersive in shape; conse-
quently, the peak symmetry, as defined above, becomes infinite. At higher angles,
the peaks become more symmetric, with a small discontinuity generated near
Brewster’s angle.
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Biological molecules at surfaces: nonspecific binding
of fibrinogen on H-terminated silicon surfaces

The nonspecific binding of proteins such as fibrinogen at surfaces is important in
arange of technological and biomedical applications. Consequently, there have
been numerous studies investigating the binding of fibrinogen to surfaces
[12,27,39,40]. Figure 6 shows FTIR spectra of silicon that were H-terminated
by an initial immersion in HF solution and then etched in NH4F solution to
render the surfaces clean and hydrophobic [41-44]. These samples were then
immersed in a solution of ~0.2 mg/ml human fibrinogen in 0.1 M NaHCOj; (pH
8.3) for 20 min at room temperature. Rinsing followed, including an initial
15 min soak in a wash-off buffer (pH 7.4) consisting of 0.3 M NaCl, 20 mM
Na,POy, and 2 mM EDTA (commonly known as 2X SSPE) with 1% added

Undoped silicon 750 n-type silicon
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70°

Absorbance (103)
Absorbance (103)

-10

2000 1600 1200 800 2200 2000 1800 1600 1400
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FIGURE 6 FTIR spectra from nonspecifically bonded layer of fibrinogen on undoped silicon
and an doped (n-type) silicon wafer.
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Triton X-100 surfactant, a second 5 min soak in 2X SSPE, and two 5 min soaks
in deionized H,O. The samples were dried in a stream of purified dry nitrogen
and measured immediately.

Figure 6 shows data for two samples, one of which was intrinsic (undoped)
silicon, and another that was intentionally doped to enhance its conductivity; the
resulting free carriers enhance the reflectivity of the sample and also make it
opaque, so that the backside of the sample is not probed and no interference
effects are created in the sample. The undoped sample shows that the absorption
features increase in size as the angle of incidence is increased from 30° to its
largest value at 65°, approaching Brewster’s angle. However, because at this
angle the intensity of reflected light is very low, a closer inspection of the noise
in the spectrum shows that the best signal-to-noise ratio is actually obtained at
angles of ~ 60°. At small angles of ~30°, the peaks are smaller and more
dispersive in shape.

Figure 6 also shows a comparison with an n-type doped sample. While the
overall reflectivity is increased by doping, the presence of free carriers also
induces a much stronger dispersion into the complex index of refraction of the
silicon substrate. The overall behavior is qualitatively similar to that observed
with the undoped sample, although the dispersion effects overall are more pro-
nounced; this is most clearly observed at angles of 40-50°, where the undoped
sample shows relatively symmetric peaks while the doped sample shows signif-
icantly more asymmetry to the peaks. As expected from the Fresnel modeling in
Figure 3, at the smallest angles of 30° the peaks are inverted or dispersive; at 40°
almost perfectly dispersive, and at angles of ~60-65° the peaks are the strongest,
before inverting again at higher angles.

Comparison of the doped versus. undoped samples shows that the potential
benefits of having more light reaching the detector (a consequence of doping)
are largely offset by the more strongly wavelength-dependent background from
the bulk silicon, particularly at low frequencies where the response to the free
carriers is most pronounced. The steeper background on the doped samples in
Figure 6 can be through a polynomial fit; however, this does not eliminate the
apparent shift. Figure 7 shows spectra from two doped and two undoped sample;
in both cases a fifth-order polynomial was fit to the featureless regions outside
the amide bands and used to create an appropriate smooth background. The
resulting baseline-corrected spectra are shown in Figure 7. For the two samples
measured on doped silicon, there is still a pronounced shift, with the spectrum
measured at 30° showing a negative absorption feature with its extremum at
1653 cm ™!, while the positive peak measured at 65° shows a maximum
at 1678 cm~'. The measurements on undoped silicon are at 1672 and
1666 cm ™. The increased shift on the doped samples is attributed to the fact
that doping the sample introduces additional dispersion via the substrate and can
be reproduced in Fresnel calculations by including dispersion of the underlying
Si substrate.
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FIGURE?7 Expanded via of amide region from Figure 6 for angles of incidence of 30° and 65°,
showing shifts in apparent peak frequencies. Spectra for the doped samples have been
expanded two times to facilitate comparison. Note that on the doped sample, the shifts in the
apparent peak frequencies are greater than those on the undoped sample.

Protein binding on a diamond thin film

The adsorption of biological molecules onto thin films poses additional com-
plexities. For example, a number of studies have shown that diamond thin films
can provide greatly enhanced chemical stability, leading to biological interfaces
that can be stored for extended periods of time and/or subjected to relatively
harsh chemical treatments with little or no degradation [36,45—48]. Diamond is
also of interest as a coating material for prosthetic implants and other devices
in which the hardness of diamond is of interest. In the case of thin film, the
reflectivity of the sample is a strong function of both angle and wavelength.
Interference effects within the thin film cause a strongly wavelength-depen-
dent reflectivity as illustrated in Figure 8 for a ~810 nm thick diamond film
on an undoped Si substrate [49]. In the case of the diamond thin films, the
surface electric field is affected by the combined effects of reflection at the
top surface and the reflection from the diamond—silicon interface. Depending
on the relative phase of these two, the effect can be to enhance the electric
field or to cancel it. The total effect can be accurately modeled using the
Fresnel approach described above, but now including four layers consisting of
(1) air, (2) the molecular layer, (3) the diamond thin film, and (4) the under-
lying silicon substrate.

Figure 9 shows the results of such a Fresnel model. For a film that is thin as
compared with the wavelength of infrared light, the behavior is qualitatively
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Fresnel reflectivity calculations for 810-nm diamond thin film on silicon substrate. The influ-
ence of changes in n (‘‘n effect’’) and of k (“‘k effect’’) is shown for p-polarized and s-polarized
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FIGURE 9 Experimental measurements of fibrinogen nonspecifically adsorbed onto H-
terminated diamond thin film measured at two different angles. A single s-polarized spectrum
is shown (bottom). For comparison, the spectrum of a thin film of fibrinogen adsorbed on gold
is also shown. The narrow vertical line is shown to highlight the shifts in apparent peak
frequency that occur.

similar to what is observed for a bare silicon surface, although with some
important differences. At any given wavelength, the reflectivity has a minimum
value, but the reflectivity never drops to zero and occurs at a slightly smaller
angle (61°) than Brewster’s angle for a semi-infinite sample. This minimum is
often referred to as a ““pseudo-Brewster’s angle.” S-polarized light is again
predicted to yield weak, negative absorbances. P-polarized light is predicted
to yield negative absorbance at shallow angles of incidence, passing through
zero near 0;,. = 50°, and exhibiting a pronounced peak near 6;,. = 61°, slightly
smaller than Brewster’s angle of 67° predicted for diamond, n = 2.37. A large
enhancement in sensitivity is again observed near Brewster’s angle, but in this
case the peak is broader, somewhat shifted, and perhaps most importantly, does
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not change sign at the minimum in reflectivity. Thus, unlike the semi-infinite
bulk sample, in the case of the diamond thin film, it is possible to perform
measurements at or very close to the reflectivity minimum.

Perhaps even more interesting is to examine the influence of dispersion. In
order to explore how variations in n(v) and n(v) affect the infrared spectra, we
used the Fresnel equations to calculate the reflectance as a function of angle R(6)
for two different values of n (n effect) and two different values of k (k effect) to
simulate the changes in absorbance with (R(6)) and without (R,(6)) a organic
layer. In a manner similar to silicon, we calculated the apparent absorption due
to a change in k from k = 0 to k = 0.4 at constant n = 1.4 (k effect) and also the
apparent absorption due to a change in n = 1.4 to n = 1.6 at constant k = 0.4
(n effect). The resulting reflectance spectra were then represented as absor-
bances using A(0) = —log, (%), thereby simulating how the changes in n
and k associated with a molecular layer are expected to affect the observed
absorption spectra measured at different angles.

In a manner similar to the previous discussion of silicon, in the case of the
diamond thin film when using p-polarized light the apparent absorption is
predicted to change sign at an angle of incidence of ~48°, measurements at
this angle are predicted to yield purely dispersive peaks. However, it is also
notable that there is also an angle where the effect of dispersion (n effect)
vanishes; moreover, this angle is almost identical to the angle where the effect
of absorption (k effect) is maximized, leading to maximum sensitivity and
nearly dispersion-free peaks.

Figure 10 shows experimental data for fibrinogen nonspecifically bound
on the H-terminated surface of an 810-nm thick diamond thin film on
undoped silicon [49]. As anticipated, using s-polarized light (here shown
only for 6;,. = 30°) and using shallow angles of p-polarized light, the peaks
are negative and exhibit rather pronounced dispersive effects, visible from
the clear asymmetry in the overall peaks and the background. Near
0inc = 50° (where the Fresnel model predicted perfectly dispersive behavior)
the peak shape becomes highly distorted, clearly dominated by the disper-
sive effects of the peaks. At higher angles of incidence, the intensities
become clear and at angles near 6;,c = 60—65° the peak intensities have
strong intensity and are nearly symmetric in shape (Fig. 10). At higher
angles of incidence, the peaks decrease in amplitude. Thus, the experimental
data clearly confirm that in the thin-film geometry, there is an optimal range
of angles 6;,.= 65-65° that simultaneously optimizes both amplitude and
symmetry of the peaks.

Influence of substrate material on FTIR spectra

One of the biggest advantages over the single-bounce external reflection method
is that it is able to measure spectra of molecular and biomolecular layers on
surfaces that do not transmit light in the range of interest. Of these, glass is a
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FIGURE10 (a) Comparison of the amide bands for fibrinogen adsorbed onto surfaces of bulk
silicon, an 810-nm diamond thin film on silicon, and a gold thin film. (b) Peak frequencies for
the amide I band on silicon and diamond fibrinogen measured at different angles of incidence.

particularly important example because of its widespread use in a variety of
biomolecular arrays such as gene chips and protein chips. Germanium is a
favorite material because its very high index of refraction (4.01 at 1600 cm™")
and nearly complete transparency in the infrared allows it to be used in internal
reflection geometry even in contact with liquid solutions [12]. For example, Lu
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and Park [12] modified the surfaces of a germanium ATR element and used
deconvolution methods to analyze how the changes in surface chemistry
impacted the protein conformation. The adsorption of fibronectin onto Ge
surfaces with different surface functional groups was investigated [50].
Silicon has also been widely used as a substrate for infrared studies because
of its importance in microelectronics and because it also has a moderately high
index of refraction in the mid-infrared (3.4 at 1600 cm_l) and because its native
oxide is relatively stable in water, enabling a wider range of surface chemistries
compared with germanium.

Because the overall reflectivity (material 1) and the substrate (material 2)
varies roughly like

ny, —np nz—l
~ ,
nm+n  n+1

the amount of infrared radiation impinging on the detector is highest for ger-
manium and silicon and much less for materials such as diamond (nz = 2.35) and
glass. Glass is a particularly challenging material because it is opaque through
most of the infrared [51] and has a low index of refraction, so that only small
fraction of the incident light is reflected; consequently, one often runs into
sensitivity considerations due to the detector noise. In addition, for examining
bands at moderately low frequencies (below ~ 1800 cm™"), glass can have  and
k values that change rapidly with frequency, leading again to dispersive effects.
Figure 11(a) shows the absolute reflectivity of a common glass used in making
microscope slides, also commonly used in gene chip technologies. The absolute
reflectivity is low throughout most of the infrared region, but is dominated by a
strong discontinuity in the reflectance at approximately 1275 cm ™', changing
by more than a factor of 10° in a span of less than 50 cm™'. This peak arises
primarily from the longitudinal optical phonon band (v o) [13], with additional
contributions in the 1100-1300 cm ™' region from functional groups (such as
BO, ™ anions and/or PO, anions) that are often present in glasses. Figure 11(b)
shows selected spectra obtained of a PMMA thin film on a glass substrate, in
order to characterize the magnitude and symmetry of the peaks. Figure 11(c)
shows a prediction from Fresnel theory for a substrate withn ~ 1.2 and k ~ 0.2, a
value estimated from the experimental reflectivity curves and in reasonable
agreement with prior estimates [13]. First, the low dielectric constant effective
reduces the magnitude of the image dipole induced in the material, thereby
reducing the impact of perpendicular dipoles and increasing the importance of
the parallel components. Consequently, the absorbance at small angles (below
Brewster’s angle) is always negative. Secondly, the nonzero value of k has the
effect of broadening the otherwise sharp discontinuity predicted in the absor-
bance, making the absorption features less strongly dependent on the incident
angle than would be the case for a lossless dielectric.
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(a) Absolute reflectivity of glass surface measured with p-polarized light at

Oinc = 60°. (b) Infrared absorption of thin films of PMMA at different angles of incidence of
p-polarized and s-polarized light, showing maximum in sensitivity for p-polarized light at angles
of 30—40°. (c) Predicted absorbance versus angle of incidence for molecular layer on glass surface
assuming that the molecular layer has a peak of k = 0.4 and a constant n = 1.4. The effect of
nonzero k for the glass substrate is to broaden the otherwise-sharp discontinuity near Brewster’s
angle, yielding a wider range of angles for which significant sensitivity enhancement is obtained.
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FIGURE 12 Comparison of spectra of nonspecifically bonded fibrinogen on five different
surfaces. Note that the absolute absorbances cannot be directly compared because the absolute
coverages on each surface are unknown. However, the signal-to-noise is clearly worst on glass
and best on germanium and gold.

Figure 12 compares spectra of fibrinogen obtained on glass with different
substrates. The absolute intensities on the different substrates cannot be easily
compared because there is no independent knowledge that the amount of
fibrinogen adsorbed on the different materials is the same. The most notable
differences are in the signal-to-noise ratio of the measurements. Fibrinogen
and other molecular layers yield a comparatively large absorbance n(note that
the vertical scale has been reduced by two times for the glass sample compared
with the others) but the signal-to-noise ratio is comparatively poor because the
total amount of light reaching the detector is small. Diamond (here a bulk
sample with n = 2.35 and k = 0) similarly has a moderately poor S/N ratio due
to its low absorbance. Silicon, germanium, and gold with their higher dielec-
tric constants yield the highest S/N ratio. A second difference is in the fre-
quencies of the amide I band. As noted earlier, the peak frequencies can be
shifted due to dispersion effects. Dispersion-induced shifts are most pro-
nounced on materials such as gold, germanium, and silicon. Allara and co-
workers showed that dispersion effects on metallic substrates always shifted
the absorption peaks to higher frequency [29]. Our results show that this
general trend holds for other substrates: silicon and diamond show the lowest
peak frequencies for the amide I band, while germanium and gold show the
highest.
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Conformational analysis of proteins on surfaces by FTIR

Frequencies of amide I bands have been correlated with specific conformations
such as o-helical, B-sheet, and random coil structures. For example, B-sheets
give rise to a modes typically in the range of 1620—1640 cm ™', and vibrational
modes at 1650-1658 cm ™' are typically associated with the o-helix although
there is some overlap with random structures [5]. One of the most important
potential uses of FTIR spectroscopy in biological research is to investigate
changes in conformations of proteins at surfaces.

To test the ability of FTIR to analyze conformational changes of proteins at
surfaces, we compared spectra of antibodies to E.coli (K12 strain) that were
covalently linked to diamond thin films. Figure 13 outlines the basic process
used to covalently link antibodies to diamond thin films. First, a molecule
bearing a protected primary amine group was grafted to the H-terminated
diamond surface using photochemical grafting procedures described previously
[36, 52]. The molecule used in these studies was trifluoroacetamide-protected
aminodecene, referred to as TFAAD. After deprotection in HCI, this yields a
surface terminated with primary amine groups; this same procedure was used to
produce the amine-terminated silicon surfaces depicted in Figure 4. After graft-
ing to the diamond thin film and deprotecting to yield primary amine groups,
glutaraldehyde was used as a bifunctional linker to bind free amine groups of the
antibody to the amine-modified diamond sample [46].

Figure 13 shows the resulting FTIR spectra for several E. coli-modified
diamond thin films measured at 6;,. = 63° using p-polarized light. The bottom
spectrum shows a fresh sample immediately after preparation, clearly showing
features from the amide I (~1650 cmfl) and amide II (1500-1550 cmfl) bands.
The amide I peak shows a main peak at 1643 cm™' and a shoulder near
~1672 cm ™. To test whether we could identify changes in the amide I peak
associated with changes in the secondary structure, the fresh sample was inten-
tionally denatured by immersion in water at 70°C for 20 min, followed by
rinsing to remove the dissolved salts. The resulting denatured spectrum shows
a clear change, particularly a decrease in the high-frequency peak at 1643 cm ™
and an increased peak at 1662 cm™'. We also investigated the effect of storing
the sample at 37 °C in 0.1 molar phosphate-buffered saline (PBS) solution. The
resulting stored spectrum again shows a sharp peak at 1643 cm™', although
some broadening is observed. The data suggest that storing the sample induces
some subtle changes in the shape of the amide I band between stored and fresh
samples, but the differences are less pronounced than those observed on the
denatured sample. Further studies will be needed to clearly identify the specific
conformational changes that accompany these changes in the FTIR spectrum.
Nevertheless, the data do establish that it is possible to directly observe cova-
lently grafted Ecolab antibodies and to observe changes in the FTIR spectrum
that reflect changes in the antibody conformation.
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FIGURE 13 Infrared spectra of E. coli antibodies covalently immobilized onto H-terminated
diamond thin film sample using p-polarized light, 0;,. = 63°. Spectra are shown for a freshly
prepared sample, a sample after denaturating in 70°C water for 20 min, and for a sample
stored for 3 days in 37°C PBS buffer solution.
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CONCLUSIONS AND OUTLOOK

FTIR spectroscopy is a powerful tool for characterizing molecular and biomo-
lecular layers on surfaces. The single-bounce external reflection geometry is
extremely versatile because it can be applied to both transparent and absorbing
materials. However, optimum conditions are highly sample dependent. The
examples discussed here show how the combination of Fresnel modeling with
experimental measurements of model systems such as PMMA thin films yields
important fundamental insights into the infrared spectra, including (1) how to
optimize experimental conditions for maximum sensitivity, (2) how to under-
stand the intensities and shapes of the peaks, and (3) the fundamental origins of
material-dependent and measurement-dependent frequency shifts of spectral
features such as the amide bands of proteins at surfaces.
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INTRODUCTION

The purpose of this chapter is to assess the utility of infrared (IR) spectroscopy
(in some cases, supported by complementary techniques) in studying biomol-
ecule attachment to inorganic surfaces used in a variety of biosensing applica-
tions. To illustrate the attachment of protein and other biomolecules to such
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surfaces, the model primarily discussed here is the biotin—streptavidin (SA)
coupling system. This model system is selected for its robustness and broad
use in biosensing and biotechnology [1,2], a popular example of which is
Invitrogen (formerly Dynal) Dynabeads® that are SA coated for the subsequent
attachment of biotinylated DNA probes that can hybridize to specific DNA and
RNA target sequences. For comparison, systems of biomolecule attachment
different from the biotin—SA system are also discussed, as are several relevant
substrates, linkers, and attachment schemes for biomolecule surface coupling.

The biotin—(strept)avidin interaction (where (strept) denotes the analog protein
SA, produced by the bacterium Streptomyces avidinii) has several robust char-
acteristics and unique features that make it ideal as a general linkage system in a
variety of applications as well as a model system for the study of biorecognition.

The noncovalent lock-and-key interaction of avidin or SA with biotin is
characterized by an affinity constant of 10"*~10'> M~ (L/mol), the highest
known to exist in nature. The robustness and high affinity interaction of biotin
and SA are very useful in spectroscopic studies, as setup conditions may differ
from the ideal biological environment necessary to maintain protein integrity [3].
Weak interactions between protein and surface can result in loss of protein or
protein denaturation. In contrast, the biotin—SA bond can only be broken under
extreme conditions (e.g., pH 4, high temperature and salt concentration) and even
stabilizes the SA protein structure (increasing the protein denaturation tempera-
ture from 75°C to 112°C) [3]. The specificity of SA-biotin binding ensures that
binding is directed only to the target of interest. Hence, biotinylated molecules can
be specifically bound to (strept)avidin-linked molecules or (strept)avidin-coated
surfaces for applications in molecular recognition or as molecular markers.

Biotin is a small molecule (244 Da) that, when introduced into biologically
active macromolecules, does not affect in most cases their biological activity
(e.g., enzymatic catalysis or antibody binding). Biotin can also derivatize small
molecules (e.g., mononucleotides or thyroid or steroid hormones) that subse-
quently retain their native activities as enzyme substrates or binding targets of
specific antibodies. (Strept)avidin is a tetrameric protein whose each four lobes
are ~15 kDa in size. Each lobe contains a cleft (or space) into which biotin has a
conformational fit, stabilized primarily by hydrogen bonds at its ureido and
other moieties [2].

For sensing, solid inorganic substrates need to be considered. A variety of
substrates have been investigated for biomolecule attachment including metal
oxides such as titanium oxide [4] and aluminum oxide [5], metals such as gold
[6-8], III-V semiconductors such as GaAs [9], as well as silicon and silicon
oxide [10-13]. Metals are usually coupled with thiol groups, while metal-oxides
react in general with silanes or phosphonates [6, 10, 11, 14]

There is much interest in the chemical and biofunctionalization of silicon
and silicon oxide surfaces. Silicon is the material most extensively used for
devices in electronic and bioelectronic applications. Silicon dioxide as glass
(amorphous silicon oxide) is the most common substrate used in biosensing
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applications due to its transparency to visible light — allowing fluorescence
tagging and quantification of biomolecules. However, glass is largely opaque
to the IR region of light and thus hinders direct spectroscopic investigation,
while silicon is highly transparent in this region. Since the native oxide of silicon
(or its oxide after standard cleans) is both ultrathin (1 — 100 nm) and chemically
similar to glass, oxide-terminated silicon is an ideal substrate for the IR study of
biomolecule attachment to silicon oxide [15, 16].

A common method to control biomolecule attachment to these surfaces is
through small linking molecules, some of which form self-assembled monolayers
(SAMs) [15, 17]. These small linkers contain a moiety that reacts with the
substrate and a functional group at the other end that can react with the next
molecular layer. Generally, there are three major functional groups that can be
observed with IR: amines, aldehydes, and carboxylic acids. Primary amines
enable attachment to the surface of proteins or other targets via ester or aldehyde
groups on the target. Aldehyde groups react with amines. While amine groups are
probably the most commonly used head group for linker attachment to targets,
their weak IR absorption makes them difficult to track in quantitative analysis.
Such difference in intensity is well emphasized in Figure 1. The two surfaces are
coated with equivalent silanes molecules, which differ only by their head groups.
As deduced by the amount of hydrocarbon due to the same chain length
(11 carbons in this case), their coverage are similar. However, the intensity of
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FIGURE1 Absorption spectra (normalized to the CH, asymmetric stretching mode) of amine
and aldehyde terminated surfaces with silane molecules containing 11 carbons in their chains.
For an equivalent amount of molecules on the surface, the intensity of the amine mode is far
weaker than the intensity of the aldehyde group.
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the amine group vibration mode is far weaker than the intensity of the carbonyl
group, rendering the aldehyde head group more suitable for quantitative analysis.

Carboxylic acid groups are generally converted to an activated ester via
EDC/NHS chemistry to link to amines; or are converted to amines via EDC/
NHS completed with a diamine molecule. Carboxylic acids also have a very
strong IR signature and each reaction step can be followed very clearly with IR
spectroscopy to determine reaction efficiency [12].

This chapter largely focuses on the coupling of the biotin—SA system to
silicon oxide via silane. In this attachment scheme, shown in Figure 2, amino-
propyltriethoxysilane (APTES) is covalently bound to silicon oxide via Si—-O-Si
bonds to form the aminopropylsiloxane (APS) surface. NHS-derivatized biotin
then reacts with the primary amines of APS to form an amide bond linking biotin
to the surface. SA is subsequently adsorbed to the biotinylated surface via the
steric fit of a surface-bound biotin molecule into one or two of four available
clefts on the SA protein. This lock-and-key fit is stabilized by hydrogen bonds
between biotin and protein residues (amino acid moieties) internal to the cleft.
One to three solution-facing SA clefts are then available at the surface for
binding of a variety of biomolecules including other proteins, antibodies,
DNA, or small molecules that can themselves be biotinylated for specific
binding to the SA surface.
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FIGURE2 Scheme representing APTES molecules that are covalently bound to silicon oxide
forming a 3-aminopropylsiloxane (APS) film with Si—O-Si bonds to the surface (1); biotin—
NHS is covalently bound to the amine-terminated surface forming amide bonds (2); SA is
biospecifically attached to biotin via the SA cleft (3); then biotinylated biomolecules can be
biospecifically attached to SA (4). Reproduced from Ref. [15] with permission.
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Studying such a complex system, made of successive layers, can be done
using various techniques which generally mainly focus on the last layer, that is,
the target biomolecules. Moreover, in most cases, the recognition of the biomo-
lecules is obtained because of the attachment of specific marker to the protein.
As most common examples can be mentioned labeled protein such as SA — Cy3
or SA — FITC which can be detected using fluorescence technique, or
SA — Metal (gold, iron...) which can be used for XPS investigation. In all
cases the biomolecule needs a modification of its pristine, which is not required
for recognition when using IR spectroscopy. Some other advantages of IR
spectroscopy for biomolecular studies are mentioned in the following.

IR radiation excites molecular vibrations of molecules upon its absorption
by molecular bonds, and this absorption is used for bond identification. The
overwhelming majority of absorbers are organic and hence IR is very useful for
biomolecular identification.

IR spectroscopy provides specific advantages in analyzing biofunctionalized
surfaces. Its first-order utility is in verification of the presence of specific com-
pounds and chemical bonds in an experimental sample. In a biosurface context,
this includes characterization of initial chemical functionalization of the surface,
identification of small molecules such as biotin and other ligands, and identifi-
cation of protein signature (amide bands of the protein backbone) verifying
protein presence, and even quantitative analysis when IR absorbance areas are
calibrated to known quantities of protein or labeled protein [11,18]. With prior
knowledge of expected surface reactions, identification of the attachment type
(covalent, ionic, and electrostatic) is possible. IR can be used to identify and
verify specific chemical bonds formed and broken upon covalent attachment of
molecules to the surface, whereas molecules that retain their original moieties
are merely physisorbed to the surface. In the absence of calibration, semiquan-
titative assessment of covalent bonding efficiency can be assessed by comparison
of predefined band areas before and after chemical events.

IR spectroscopy can enable especially high sensitivity for detection of
biochemical species at surfaces. Liu ez al. noted a detection sensitivity of
0.1 pmol SA/cm? at amine-terminated gold substrates [11]. Such sensitivities
are vital to application in the development of protein and DNA microarrays,
whose aim is to minimize the spot size (currently ~100 um diameter) while
maximizing the sensitivity of biomolecules on each spot for high throughput
multiplex of thousands of proteins at once [19].

By identifying characteristic features of each chemical layer and biolayer, it
is possible to track the behavior of individual layers through a succession of
chemical and biochemical attachment steps. Growth, degradation, and structural
changes in each layer can be monitored before and after each process step and
the effect of structure and integrity of base layers on that of subsequently
attached layers can be investigated. When correlated to the biosensor function
(beyond the scope of this chapter), it may be possible to correlate device quality
and functionality to biolayer features and integrity.
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Silicon surface functionalization

Linker attachment on silicon-based substrates can be divided into two types:
attachment to silicon oxide surfaces and attachment to oxide-free surfaces. The
quality of the initial chemical functionalization of silicon or silicon oxide is key
to the subsequent success of biomolecule attachment on these surfaces. The use
of IR spectroscopy makes it possible to characterize this initial chemical layer in
detail. In addition to detailing the different linker attachments in the two men-
tioned configurations, this section will focus on the type of information that can
be learned about these surfaces using IR spectroscopy.

Functionalization of silicon oxide surfaces

The oxide surface is the most commonly used for functionalization of silicon
substrates. The silicon oxide interface can be thermally or chemically grown, or
natively present due to natural oxidation of silicon in ambient conditions. At
such surfaces, silane molecules are most widely used. While it is advantageous
to use these molecules based on the extensive literature for attachment pro-
cesses, ease of synthesis and ready availability with the desired functional
groups, there are drawbacks that will be discussed in the following. We present
next the advantages of using IR spectroscopy for characterization of the silani-
zation process, and then some limitations are highlighted.

An example of APS IR absorption spectra is presented in Figure 3, where
optimization of APS layers was investigated by Pasternack et al. [20]. In this
particular case, IR spectroscopy was used to determine the influence of tem-
perature during the adsorption process on the resulting layer. More specifically,
Figure 3 shows the spectra characteristic of Si surfaces functionalized with
APTES molecules when the chemical reaction with SiO, is complete (after
48 h of incubation) and performed at room temperature (Fig. 1(a)), 50 °C
(Fig. 1(b)), and 70 °C (Fig. 1(c)). The most prominent features for all spectra
are located between 950 and 1250 cm™' (herein referred to as the SiO-X
region), where Si—O-Si and Si—-O-C modes have been reported. This broad
feature is dominated by two bands centered at ~1035 and ~1150 cm ™', which
are assigned to SiO, transverse optical (TO) and longitudinal optical (LO)
stretching modes, respectively, and a mode at 1107 cm ™" attributed to Si—O-
C. CH, stretching modes are present between 2850 and 2990 cm™' for all
incubation temperatures. More specifically, at room temperature, the CH, asym-
metric and symmetric stretching modes are observed at 2932 and 2864 cm ™',
respectively, confirming the presence of the propyl chain of the APTES mole-
cule. Also present is the CH3 asymmetric mode at 2975 cm ™' seen most for the
surface prepared at room temperature, while the symmetric CHj stretching
mode is not always fully apparent. The observation of the CH; mode suggests
that some ethoxy groups have not been completely hydrolyzed as previously
suggested and, consequently, that the APTES molecules are not fully bonded



IR analysis of biomolecules attachment to functionalized Si

) . b |‘1 -2 CH, stretch
gagg _ SESIRO LA AN
Si-0-Si TO ;
) 1
Ly '
UL
0-006+ oy CH, stretch
1!
[

Intensity
- ===~ -~ NH, deformation

c
o
-—
o
E
E
o AL |
3 [ N
© Vo)
+
L]
= i
=
I
]
|
]
I
]
I
]
I

. |
Si-O-C stretch CH, asym stretch

i
T 7/

T T T T

T T T

T T T T T
1500 2400 2700 3000 3300

Wavenumbers (cm™1)

T T
900 1200

FIGURE 3 Transmission IR spectra for the APS film prepared at (a) room temperature, (b)
50 °C in situ, and (c¢) 70 °C in situ displayed on a common scale. The spectra are referenced to
the SiO, surface. The inset shows the CH, region (2750-3050 cm ™) with the same ordering
(a—c). Reproduced from Ref.[20] with permission.

either with the SiO, surface and/or with a neighboring APTES molecule (hor-
izontal polymerization). Interestingly, the area of the CHj; stretching mode drops
significantly (by a factor of 70%) when the sample is prepared in solution at
70 °C.

The remaining spectral features include an absorbance feature at 1570 cm ™!,
corresponding to the NH, scissor vibration and confirming the presence of the
NHj, terminal group of APTES molecules. In addition to the NH, scissor mode,
another feature at 1610 cm ™', corresponding to the asymmetric -NH;* defor-
mation mode, is sometimes present (e.g., Fig. 1(c),). The weak feature at
1490 cm ™! is also assigned to the symmetric -NH;* deformation mode. The
latter increases in intensity with temperature; as evidenced by the behavior of
the broad absorption feature on the low frequency side of the -NH, bending
mode at 1610 cm™"'. The presence of these modes suggests that when samples
are exposed to air after synthesis, water molecules are weakly bonded to the NH,
groups, thereby allowing for the protonation of the amine. The formation of
—NH;" termination (as indicated by the growth of the mode at 1610 cm™") at
higher incubation temperatures implies increasing stability of the ionized form
of the amino group with increasing temperature, possibly influencing the
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mechanism though which the APS film may interact with its surrounding
environment or subsequent chemical treatment.

In depth in situ IR absorption spectroscopy investigation of this system has
elucidated parameters important to the self-assembly of APTES on chemically
grown silicon oxide (SiO,) to form the APS film. Preannealing to 70 °C pro-
duces significant improvements to the quality of the film: the APS film is denser,
and the Si—O-Si bonds between the molecules and the SiO, surface are more
structured and ordered with only a limited number of remaining unreacted
ethoxy groups. In contrast, postannealing the functionalized SiO, samples after
room temperature reaction with APTES (i.e., ex situ annealing) does not lead to
any spectral change, suggesting that postannealing growth has no strong effect
on the horizontal polymerization as suggested earlier. The combined IR and
ellipsometry data show that the higher the solution temperature, the denser and
thinner the APS layer is for a given immersion time.

In another IR spectroscopy study, the presence and intensity of the LO
phonon mode induced upon silanization was shown to be correlated to the
formation of an intimate Si—~O-Si bond at the interface that extends the under-
lying oxide matrix [21]. The characteristic LO absorption frequency, slightly
blue-shifted from the LO mode associated with the initial underlying oxide
thickness, makes it possible to distinguish truly interfacial Si-O—Si bonds from
other Si—O-Si bonds formed within the APTES layer (or other examples of
silane layers), such as those formed during polymerization. IR spectroscopy is
the only technique that can provide such precise information, and was shown to
be essential to study both synthesis and stability of thin organic layers on
oxidized silicon [21].

IR spectroscopy is therefore ideal to identify issues associated with APS
layers, and therefore provides guidance for improvement in the formation of the
film. Indeed, the growth of such layers is still subject to many problems, as
discussed in the following section.

Activation methods for optimal results

Silane attachment on SiO, surfaces requires the presence of hydroxyl groups for
attachment of the molecules. These hydroxyl groups can be generated by dif-
ferent processes, the most common being piranha or oxygen plasma treatments.
While these treatments are usually harmless when blank surfaces are used
(silicon samples or glass substrates), they can be problematic for patterned
devices because of their influence on surrounding surface functionalization.
Piranha solution (sulfuric acidhydrogen peroxide; 3/7; v/v) is usually used to
clean the surface for all residual hydrocarbons and metallic ions. In patterned
devices, this treatment can be harmful to any metallic areas such as electrical
contacts.

Similarly, oxygen plasma treatment is a convenient dry treatment for surface
cleaning and hydroxyl group formation. However, this treatment generates
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interface roughness and creates electrical defects/traps in the oxide layer, caused
by high-energy ions that can negatively affect the performance of the associated
electrical devices. While electrical measurements are sensitive to interface
damage, IR spectroscopy has identified and quantified the structural damage
resulting from oxygen plasma treatment as shown in Figure 4.

Figure 4 shows the absorption spectra of a freshly cleaned SiO,/Si substrate
before (a) and after (b) oxygen plasma treatment (RIE plasma, 300 mTorr, 35 W
for 20 s on each side). Spectrum (c) is the difference absorption spectrum
emphasizing the changes due to the plasma treatment. There is a clear pertur-
bation of the two components (LO and TO phonon modes) of the silicon oxide
characterized by a loss of intensity. The loss of intensity of the higher frequency
component of the LO mode indicates that the thickness of the oxide matrix has
been reduced, that is, the surface Si—~O-Si bonds have been reacted.

The degree of damage can be quantified using an appropriate calibration.
Previous IR absorption studies of silicon samples (FZ, double sides polished)
have shown that samples with 10 A silicon oxide (on each side determined by
spectroscopic ellipsometry) gives an integrated area of 0.33 cm™' for a mea-
surement performed in transmission (~70° incidence). The integrated area is
typically measured between 900 and 1300 cm ™' to fully include the LO and TO
modes of the SiO,. In Figure 4, the integrated area of the SiO, modes recorded
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FIGURE4 Absorption spectra of freshly cleaned SiO,/Si substrate before (a) and after (b) O,
plasma treatment. Spectrum (c) is the difference absorption emphasizing the changes due to
the plasma treatment. A removal/disturbance of the SiO, absorption bands occurs during the
treatment. Reproduced from Ref. [16] with permission.
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before and after oxygen plasma treatment, decreases from 2.86cm to
2.84 cm ™. These areas correspond to thicknesses before and after treatment
of 8.6 and 8.1 nm, respectively. The oxygen plasma treatment leads to the
removal/damage of the top 5 A of the SiO, layer. Since one monolayer of
Si0O, has been defined in the literature to span a range of thicknesses (from
0.16 to 0.47 nm) [22], the observe damage/removal is therefore confined to the
two first monolayers.

APS layer formation is highly dependent on atmospheric conditions

Observed sensitivity of molecular layer formation to preprocess humidity sug-
gests that initial environmental conditions play a significant role in both growth
and stability of the layer. Since all APTES adsorptions to silicon wafers are
carried out inside a moisture-free glovebox, it is the humidity prior to entry to
this glovebox that was measured. Ambient humidity was measured as atmo-
spheric moisture in g water/m> air prior to APTES adsorption on silicon oxide
surfaces. Figure 5(a) shows the behavior of APS layer growth with increasing
atmospheric moisture (as measured by the local weather station at the time of
APTES adsorption). At low moisture content, Si—O—Si band area (indicative of
APS thickness) is low and repeatable. At high atmospheric moisture (>6 g
water/m’ air) the thickness of the APS layer varies widely with increasing
variability up to approximately fivefold at 18 g water/m’ air. It is noted that
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FIGURE 5 (a) Amount of APS adsorbed to the silicon oxide surface (Si-O-Si region,
~900 cm ' — 1280 cm ! band area) versus presilanization atmospheric moisture content
(outdoor humidity reading with indoor experiment). Black squares indicate APTES adsorp-
tion in an anhydrous solvent. Additional samples were preheated to 100-200°C, flushed with
dry nitrogen gas and then sealed from atmospheric moisture prior to exposure to APTES in the
anhydrous solvent (circled triangles). (b) APS Si—-O-Si band area percentage loss (taken as a
measure of surface instability) after the APS surface was exposed to biotin—-NHS in deionized
water for 60 min and subsequently sonicated in deionized water for 10-15 min versus pre-
silanization atmospheric moisture content (outdoor humidity reading with indoor experi-
ment). Least squares fit, R?) 0.69. Reproduced from Ref. [15] with permission.
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the surfaces were prepared indoors while the moisture content readings are
outdoor. Nonetheless, a relationship exists suggesting sensitivity of the APS
growth to initial moisture conditions. It has been reported previously that the
thicker the water layer at silicon oxide surfaces, the more the growth of silane at
the surface [20, 23, 24]. As a negative control, surfaces were heated immediately
prior to the entry of silicon wafers into the glovebox for APTES adsorption
(triangles in Fig. 5(a)), on a day when environmental moisture readings were
high. APS growth was observed to be significantly decreased, returning near to
values at low atmospheric moisture. These results corroborate the evidence that
surface water content has a significant effect on APS growth. Based on these
observations, the greater the humidity, the thicker the layer of water molecules at
the silicon oxide surface is likely to be.

In the high atmospheric moisture range prior to APTES adsorption (>6 g
water/m” air), as moisture increases, there is a greater percentage loss of the Si—
O-Si band complex (Fig. 5 (b)). This trend suggests that stability of the APS
layer decreases with greater numbers of water molecules in the environment.

APS layer formation is highly uncontrolled and unstable
in aqueous media

Silane surface modification for biological application has mostly been associ-
ated with the use of short molecules such as APTES or C4-ald because of their
extensive literature. However, recently it was shown that such choices are not
optimal when stability and reproducibility of the outcome are required [16].

The ability to control the adsorption process (reproducibility of the outcome)
as well as the stability of the SAM in a buffer solution was investigated for short
amine alkyl chain length using spectroscopic ellipsometry, which is more useful
than IR spectroscopy for amine-terminated molecules for reasons mentioned
earlier. In this work, the thicknesses obtained as a function of immersion times
are compared before and after 2 h immersion in the buffer solution.

Figure 6 shows the bar graph of the resulting APTES layer thickness as a
function of treatment time. The black bars represent the (mono)-layer thick-
nesses obtained just after the grafting process is completed. Each data point
taken after a given treatment time is obtained on a freshly prepared sample. The
adjacent red bars indicate the thickness obtained for the same sample after a
subsequent 2 h immersion in phosphate buffered saline (PBS). Right after
grafting, the thickness values range from 0.4 to 1.2 £ 0.1 nm. Importantly, note
that the results described here represent a single set of experiments. If another
experiment were performed, the data would vary. This is because the nature and
thickness of the layer obtained by attaching APTES is not reproducible.
Therefore, Figure 6 highlights the important point that the adsorption is often
incomplete or polymerization takes place (initiated by an uncontrolled amount
of water adsorbed on the surface). In this case, if some polymerization occurs,
the range of thicknesses obtained for APTES layers is still reasonable since it
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FIGURE 6 Film thicknesses determined by spectroscopic ellipsometry of (mono)layers made
from APTES molecules as a function of adsorption time. Black columns are measurements
right after the surface is freshly prepared; red/patterned columns are of the same sample after
a given adsorption time, immersed in a 0.1 x PBS buffer solution for 2 h. All thicknesses have
an error of +0.1 nm. For all the different (mono)layers, a drastic loss of molecules on the
surface is observed. ND = none detected. Reproduced from Ref. [16] with permission.

does not greatly exceed the monolayer range indicated in the graph (7 £ 1 A).
These values are somewhat lower than what is more commonly obtained for
APTES adsorption (~2-5 nm), which again points to the variations that can
occur for APTES due to variations in humidity, range of temperature (in the
laboratory and the solution), and the manipulator (sample drying time, sample
transfer time, etc.).

After immersion in the buffer solution, the thickness decreases substantially,
no matter what the starting thickness is, indicating a loss of material. At least
60% of the APTES is removed from the surface.

To highlight these observations, an IR study was performed with a layer
involving an aldehyde head group, which was shown to yield films that are
similar to APTES layers [16].

The FTIR absorption spectra shown in Figure 7 correspond to (a) a freshly
Si—Si0,-C4-ald prepared surface, and (b) the similarly coated surface treated for
2 h in the buffer solution. Both surfaces are referenced to the initial Si—SiO,
surface. The spectrum 7(c) shows the difference spectrum, highlighting the
chemical modification of the surface, such as the loss of aldehyde groups. The
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FIGURE 7 Absorption spectra of (a) freshly assembled C4-ald molecules on SiO,/Si sub-
strate, and (b) after assembling and left 2 h in a buffer solution. Both spectra are referenced to a
clean SiO,/Si substrate before plasma treatment. Spectrum (c) is the differential absorption
emphasizing the changes due to buffer treatment. After buffer treatment, most of the mole-
cules have been removed from the surface. Reproduced from Ref. [16] with permission.

initial surface, obtained after immersion in C4-ald solution in toluene overnight,
is characterized by absorption in the 2900 cm ™' (CH,) region originating from
the chain hydrocarbons, and by the strong and distinct signature of the C4-ald
molecules at 1728 cm™' corresponding to the C=O stretch bond from the
aldehyde group. The integrated area under this C=O stretch bond is
0.0203 cm™'. Other modes associated with the attached molecules are also
visible: a peak centered at 1462 cm ™' corresponding to the CH, bending mode
of the chain, and a double structure (1384 and 1400 cm™") related to the alde-
hyde C—H modes. At lower frequencies (950-1270 cm ™" where Si—O—Si and Si—
O-C modes are usually reported) a precise assignment of the observed peaks is
difficult because of superposition of positive and negative bands. The two
positive bands at ~1020 and ~1116 cm ™' are part of a broad band associated
to the silane attachment (SiO—X where X = Si or C). Indeed, this broad band is
composed of TO and LO phonons, respectively, arising from an increase in oxide
thickness (Si—O-Si matrix), and from the Si—-O-C stretch mode due to the
unhydrolyzed silane molecules. The presence of negative bands (arising from
spectral features in the reference spectrum) associated with the plasma treatment
(an issue that was discussed previously) hinders the thorough interpretation of
this region, as was done for the APS layer formation. The two negative peaks are
centered at ~1070 and 1260 cm ™" and correspond to the perturbation of the TO
and the LO modes of the initial 6.7 nm thick SiO, layer, respectively.
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The stability of the self-assembled layer was measured by recording the IR
spectrum before and after a 2 h immersion in the buffer solution. Figure 7(b)
shows these absorbance spectra referenced to the initial Si—SiO, surface (spectra
a and b), and the difference spectrum (c = b—a). The most striking feature is
the nearly total disappearance of the C=0 stretching mode at 1728 cm™'. The
integrated area measured is reduced to ~0.0021 cm™', namely ~10% of
the integrated area of the freshly coated sample. There is also a loss (~65%)
of the hydrocarbon modes in the 2900 cm ™' region, which is consistent with the
C =0 loss although less pronounced because of hydrocarbons contamination
usually present in this range. At lower frequencies, only the two negative features
are observed at 1068 and 1262 cm ™", due to a loss of SiO, during the plasma
treatment as previously discussed. There is no gain (positive contribution) in this
spectral range (900-1200 cm™'), that is, no extra Si-O-Si or Si-O-C modes
corresponding to the presence of the siloxane on the surface can be detected.

Spectroscopic ellipsometry measurements for this system had only shown
that the layer thickness decreased upon treatment. The IR absorption measure-
ments make it possible to understand that the instability of the silane molecules
is caused by a weak attachment between the SiO, surface and the Si—O from the
molecules. Indeed if this attachment was strong enough, a positive Si—O signa-
ture would still be present in the spectra even after disappearance of the C =0
signature.

IR measurements have also guided an optimization of the silanization pro-
cess. Indeed, it was recently shown that replacing the most commonly used short
chain molecules (APTES or C4-ald) used in silanization with their longer
counterparts could considerably improve the quality and reproducibility of these
SAMs [16].

The FTIR absorption spectra obtained on the Si—SiO,—C11-ald samples are
shown in Figure 8. For this SAM, ellipsometry has shown that, after 8 h, a full
monolayer was reliably grafted, while shorter immersion time could lead to
submonolayer films. In contrast to their shorter counterpart, APTES, no poly-
merization occurred. The spectra 8(a) and 8(b) show the absorbance of the
freshly prepared SAM and after 4 h in the buffer solution, respectively. Both
are referenced to the initial Si—SiO, surface before plasma treatment. Spectrum
8(c) is the differential absorbance spectra (c = b—a) emphasizing the effect of the
buffer solution on the SAM. After SAM adsorption, there is a clear signature of
the longer hydrocarbon chains in the 2900 cm ™' region. The bands at 2927 and
2856 cm ™' are assigned to the asymmetric and symmetric methylene stretch
modes, respectively. Their frequencies are usually correlated with the degree of
chain packing. For dense packing of alkyl chain molecules, the asymmetric
stretch for such chains (~ 12 carbons) had been reported at 2920 cm ! for a
methyl head group and at 2926 cm ™' for a carboxylic head group. The measured
value of 2927 cm ™' is higher than the value for an optimum quality SAM with
the same head groups (i.e., improvement is possible), but it is sufficient to

provide a substantial stability as shown below. The peak at 2978 cm™ ' is
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FIGURE 8 Absorption spectra of (a) freshly assembled C11-ald molecules on the SiO,/Si
substrate, and (b) after assembling and left 4 h in a buffer solution. Both spectra are referenced
to a clean SiO,/Si substrate before plasma treatment. Spectrum (c) is the differential absorp-
tion emphasizing the changes due to the buffer treatment. A very little amount of molecules
have left the surface after the buffer treatment. Reproduced from Ref. [16] with permission.

assigned to the asymmetric methyl stretch mode, which shows that not all the
ethoxysilyl groups have been hydrolyzed during the reaction involved in attach-
ing the SAM layer to the SiO, surface. The peak corresponding to the C = O
stretch bond from the aldehyde group is clearly identified at 1714 cm™ . It is
positioned at a lower wavenumber than the peak observed on the Si—Si0,—C4-
ald sample (1728 cm™ "), indicating a better order and interaction between the
carbonyl groups. The CH, bending mode (1463 cm™ ') and the double structure
related to the aldehyde C—H modes (1410 and 1390 cmfl) are observed as in the
case of the short chain molecules. The positive peaks corresponding to the
additional Si—O-Si and Si—-O-C from the silanization process are observed in
the 950-1250 cm ™! region. The loss of intensity is also visible at 1050 and
1260 cm ™' due to the plasma treatment. In addition to these expected vibrational
features, an additional peak is always observed at 2250 cm ™' and is attributed to
the formation of Si—H with oxygen back-bonds.

After a 4 h immersion in the buffer solution, the SAM layer is hardly
affected. Spectrum 8(b) confirms that most of the molecules (92%) are still
on the surface, as quantified by measuring the integrated area under the C=0
stretch band at 1714 cm ™' (0.0150 cm ™). In the hydrocarbon stretching region,
the peak related to the CH3 mode is not detected anymore. This removal during
the buffer treatment is more clearly seen in the differential spectra 8(c) where a
loss of CH, (2927 and 2856 cm™ 1Y) and CH; (2978 cmfl) is observed (overall
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~18% loss compared to the initial amount of hydrocarbons). Since the buffer
solution is mainly water based, this CH, loss is mostly explained as a process of
hydrolization of the ethoxysilyl group with removal of the -O—-CH,—CHj; group.
A part of the decrease can also be attributed to physisorbed chain removal,
which is consistent with the loss of C=0 stretch intensity.

The examples given above for the functionalization of oxidized silicon
surfaces with silanes molecules highlight the importance of IR spectroscopy
to characterize and therefore guide the process. It also emphasizes that functio-
nalized oxide surfaces are not as stable as necessary for long-term sensing
devices. An alternative approach involves functionalization of oxide-free silicon
surfaces (typically H-terminated surfaces), as described in the next section.

Functionalization of oxide-free silicon surfaces

There has been some reluctance to consider oxide-free silicon surfaces as viable
templates for field effect transistor-based sensors because of the electrical
quality of the SiO,/Si interface and the belief that a thin thermal oxide layer
is therefore an absolute requirement to minimize interface states. However,
progress made in functionalization of H-terminated Si surfaces, such as the
advantages of reproducibility and control compared to SiO, grafting, has kin-
dled a genuine interest in oxide-free surfaces for biosensor applications [13].
Again, IR spectroscopy has played a central role in the development of wet
processing methods.

There are two known strategies to obtain a reactive Si surface via wet
chemistry, namely (i) hydrogen-terminated Si and (ii) halogen-terminated Si.
To obtain a H-terminated Si surface two etching processes are employed.
Treatment of Si(100) wafers with 1-2% HF (aqueous) produces atomically flat
mono, di, and trihydride terminated Si surfaces. Si(111) wafers treated with 40%
NH4F (aqueous) result in monohydride-terminated Si surfaces (Si—H). The
H-terminated Si surfaces are stable in air for few tens of minutes only and get
oxidized if exposed for longer time; however, this time is enough to prevent
(sub)oxidation and process to the next functionalization step.

To obtain halogen terminated Si surfaces, the most common process consists
of preparing chloro-terminated Si surfaces by treating the H-terminated Si(111)
with PCls at 80-100°C using benzoyl peroxide as a radical initiator in chloro-
benzene [25-27].

Once the reactive Si surfaces are obtained, the organic SAM can be formed
on the surface by appropriate chemistry. An example is via hydrosilylation
reaction. The alkyl monolayers are prepared on the Si—H surface by inserting
a 1-alkene molecule, with the desired group (protected or unprotected) at the
other end of the molecule. The reaction is thermally induced but can also be
promoted by UV irradiation. Other pathways are also used such as electrochem-
ical reaction using diazonium molecules, or reactions with organomagnesium,
organolithium commonly describe as Grignard reaction. Less common but also
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possible, alcohols compounds are used to create a SAM where a single oxygen is
present at the interface between the organic layer and the silicon substrate. The
different SAM functionalizations on oxide-free Si surfaces have been recently
discussed by Aureau and Chabal in a review where Si preparations and functio-
nalization techniques are described in detail [28].

As an example, we present here the surface functionalization of a Si(111)
surface using hydrosilylation reactions, involving the reaction of C=C bonds
with Si—H. In order to enable further attachment of biological species, a car-
boxylic group is required. Since amine or aldehyde groups are not commercially
available for such alkene molecules, the carboxylic group becomes a preferred
choice. Moreover, carboxylic acid terminated SAM on Si-H surface can be
achieved, using two different pathways. The first one involves molecules where
the carboxyl group is present, that is, nonprotected. The second involves mole-
cules that contain a protected carboxyl group, with methyl or ethyl groups, that
is, requiring further chemistry to deprotect [12].

While both preparations can lead to good quality layers, free of interfacial
oxide, higher quality SAMs can be achieved using protected molecules [12].
The quality of such carboxylic-terminated SAMs has been investigated using IR
spectroscopy and is presented in Figure 9 for SAM layers prepared via one-step
and two-step processes. Both spectra are referenced to the hydrogenated sur-
faces. In both cases, there is no evidence for the formation of interfacial SiO, in
the range 900—1200 cm ', although there is reaction of a fraction of Si—H bonds
at the surface (negative band at 2082 cm_l) The attachment of the molecule is
best evidenced by the presence of the carbonyl group at ~1715 cm™'. The
ultimate assessment of the SAM quality comes from the degree of packing
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FIGURE 9 Absorption spectra of carboxylic acid terminated alkyl chains via the one- and
two-step processes. Both spectra are referenced to a freshly prepared Si -H surface (Right).
Enlargement of the hydrocarbon region emphasizing the differences between the CH, asym-
metric stretching modes obtained via the two processes (Left). The two-step process leads to
a denser film compared to the one-step one.
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density. A sensitive measure of the SAM packing is the values of the asymmetric
CH, stretch modes. For highly packed films, a stronger interaction among
neighboring alkyl chains leads to a lower stretch frequency. For these two
systems, with the two-step process mode, the alkyl chain frequency appears at
2921 cm ™', which is a lower frequency than obtained by the one-step process
(2926 cm ™). This difference in quality can account for interfacial growth of
oxide when any further step is performed on the one-step process SAM, such as
attachment of protein, that could be unacceptable in some cases when a high
quality interface is required (e.g., for subsequent electrical measurements).
Again, IR spectroscopy has played an important role in the optimization of
the silicon/SAM interface.

Now that methods for functionalizing both oxidized and oxide-free silicon
surfaces have been presented, we turn to the next processing step, namely the
attachment of biotin to the linker SAMs.

Biotinylation

This section focuses on understanding and interpreting spectra of the biotinyla-
tion of planar surfaces. Biotinylation of amine-terminated surfaces by the biotin
derivative, biotin N-hydroxysuccinimide ester (biotin—-NHS) is in common use
and is studied here as a model system. Comparative spectra can indicate whether
the biotin has chemically or physically adsorbed to the surface and identify the
specific chemical bonds formed. Furthermore, spectral features can be tracked
as a means of observing the effects of various surface processing steps including
whether there has been degradation of the biotinylated surface as well as the
effects of sonication and solvents on surface organization and quality.

The appearance of various bands in the IR spectrum of a sample on a planar
surface directly indicates the presence of specific chemical bonds or species at
the surface. These bands may point to the presence of specific chemical and
biological compounds at the surface such as haptens (e.g., biotin) and proteins
(e.g., SA) or to the formation of new bonds due to reaction of these compounds
with the surface. Conversely, the disappearance of bands (relative to previous
spectra) may suggest breaking of bonds and removal of compounds from the
surface.

Furthermore, the area under each band is a semiquantitative indicator of the
relative amount of bonds formed or material present (compared to other species
at the surface and/or previous amount of the specific bond at the surface).

Since some bands are too close to others to be resolved (and hence areas
measured accurately), band complexes can be deconvolved either manually or
automatically with software programs such as Origin. The distribution of vibra-
tional states of molecules at the surface can often be well approximated by a
Gaussian or Lortenzian distribution. Lortenzian character could be indicative of
forced resonance of molecules due to their local environment at the surface,
whereas Gaussian behavior suggests more random motions of molecules and
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FIGURE 10 Representative FTIR spectra of: (A) an APS surface exposed to biotin-NHS (for
covalent attachment) and referenced to the APS surface prior to exposure; (B) a silicon oxide
surface exposed to biotin—-NHS (for physisorption) and referenced to the preexposed silicon oxide
surface; (C) a sonicated biotin-NHS treated APS surface referenced to the same biotinylated
surface before sonication (amplified five times). Bands in spectrum C are negative due to
decrease in amount of molecules after sonication. Reproduced from Ref. [15] with permission.

hence freedom from influence of the local environment. In a number of cases,
one fit is clearly better than the other, suggesting that the behavior of the
molecules at the surface varies with environmental conditions.

Figure 10 shows spectra of the biotinylation of an amine-terminated surface.
Spectrum B shows the features of physisorbed biotin—-NHS with all moieties
intact. Spectrum A shows features of biotin chemisorbed to an amine-terminated
surface, where the absence of reacted NHS bands and the appearance of amide
bands indicate chemical attachment to primary amines at the surface. Spectrum
C shows the loss of both amide and NHS bands after sonication of the surface of
spectrum A, suggesting that a small amount of physisorbed biotin-NHS that
remained at the surface was removed and that physisorbed biotin—APS com-
plexes were also removed, since sonication cannot break the amide bonds.

Within spectrum A, bands of both the biotin ureido (part of the biotin head
group) and the amide I moiety overlap. While it is clear that there are two bands
present in this complex (the peak of the ureido band at 1700 cm ™' and the amide
I band as a shoulder at 1660 cm_l), their individual areas are not accessible.

Upon deconvolution of these bands, a Lorentzian fits the ureido well in
Figure 11 but in other cases a Gaussian fit was best. Such variation in fits
suggests variation in the molecular environment of each biotinylated surface
formed. At some surfaces where a Gaussian fit applies, biotin ureido moieties
may be less densely packed and thus more free of the influence of neighboring
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FIGURE 11 Deconvolution of biotinylated surface referenced to the APS surface. Biotin
ureido carbonyl stretch and amide bands are deconvolved using Gaussian and Lorentzian
peak fitting.

molecules. At surfaces where a Lorentzian fits the ureido band best, biotin
molecules may be more densely packed where they can influence each other’s
motion and resonance more directly.

Alternatively, the amide II band (proportional in area to amide I) could be
used to quantify the chemical reaction of biotin with the surface.

BEHAVIOR OF BIOTINYLATED SURFACES IN
DIFFERENT ENVIRONMENTS

IR features of the biotinylated surface are observed to vary with different
adsorption conditions and even follow a pattern that may reflect changes in
the molecular organization of the surface and surface stability. When correlated
with the device function, such changes in IR features may be of value in
evaluating surface quality. The behavior of IR features of biotinylated surfaces
and surfaces exposed to water (e.g., during protein adsorption) vary depending
on the solvent used for biotin adsorption.

Figures 12 and 13 show upon adsorption of biotin—-NHS to the APS surface,
corresponding changes in the biotin ureido band position near 1700 cm ™' versus
changes in band area at 1250 cm !, also attributed to the biotin ureido [15]. For
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FIGURE 12 Change in biotin ~1250 cm ' band area versus biotin ureido carbonyl fre-
quency. The ~1250 cm ™! band area normalized to the 1600-1800 em~! band complex area
versus biotin ureido carbonyl stretch frequency (1600-1800 cm ). The band area at ~1250
em ! decreases as ureido carbonyl stretch frequency increases R? = 0.71.

anhydrous adsorption conditions (with anhydrous dimethylformamide (DMF)
as the solvent), the ureido band is consistently between 1704 and 1710 cm ™.
This frequency has higher precision (within 6 cm ') from experiment to exper-
iment than for aqueous adsorption conditions where the ureido band is lower in
frequency and spans a greater range (1680—1705 cm™). The 1250 cm ™' band is
also observed to decrease or even disappear when the ureido frequency is near or
greater than 1700 cm ! (Fig. 12).

These observations may suggest that biotin adsorption in the aqueous sol-
vent, where rapid degradation of the surface by water likely occurs, creates
surfaces that are more disorganized, while anhydrous solutions that do not
disrupt the Si—O-Si bonds between APS and the silicon oxide surface allow
more organized and stable biotinylated surfaces to form. The repeatability of the
ureido band position near 1710 cm ™" in this case might therefore reflect greater
order of biotin at the surface. We hypothesize that biotinylated surfaces char-
acterized by ureido carbonyl stretch frequencies blue-shifted past 1700 cm ™
may have greater molecular organization and stability than those characterized
by lower ureido frequencies. This assertion may then imply that biotinylated
surfaces formed in aqueous solvent whose ureido band position is greater than
1700 cm ™" are more well organized or similar in structure to biotinylated
surfaces formed in anhydrous solvent than surfaces with ureido bands at lower
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FIGURE 13 Selected spectra of biotinylated surfaces corresponding to data of Figure 12
demonstrating that the area of the biotin band at ~1250 cm ! decreases with increase in the
frequency of the ureido carbonyl stretch (1680-1700 cm ).

frequencies. This observation highlights an effect that is opposite to what is
usually observed, namely that increased order is observed to cause a blue-shift
toward 1700 cm™ ' instead of increased organization resulting in red-shifted
frequencies.

Figure 14 shows two pairs of spectra (aqueous, (a), and anhydrous, (b))
where the upper spectrum of each pair is that of biotinylation and the lower
spectrum is that of loss of IR features after water rinse of the surface. In
spectral pair (a), for biotin adsorption in aqueous medium, most of the ureido
band is at lower frequency and this band is what is lost upon the exposure of
the biotinylated surface to water. In spectral pair (b), for biotin adsorption in
anhydrous medium, in the upper spectrum, the peak of the ureido band is near
1710 cmfl, yet most of the band loss is still near 1680 cm ! In all, loss of IR
bands after water rinse are more pronounced near 1680 cm ™' for water-
solvent biotinylated surfaces than anhydrous-solvent surfaces and overall
band loss is greater for water-solvent surfaces as well. Figure 16 shows that
after exposure of the biotinylated surface to water, the band area at 1250 cm ™
decreases as well.
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FIGURE 14 Spectra of biotinylated surfaces before and after the rinse step. Spectra of
biotinylated surfaces referenced to respective APS-terminated surfaces (black spectra) and
corresponding spectra of the rinsed biotinylated surface referenced to the biotinylated surface
before rinsing (gray spectra). Biotin—-NHS dissolved in DI water (a) and in anhydrous DMF (b)
prior to adsorption to the APS surface.

The observed IR band loss after exposure of the biotinylated surface to
aqueous solution occurs only at frequencies associated with the biotin ureido
and not amide bands or other moieties such as siloxanes. Hence, the molecule is
still attached to the surface. Since aqueous rinsing is not known to break the
chemical bonds of biotin, the molecules are most likely still present at the
surface. A possible explanation for the observed band loss might be shielding
or other changes in the biotin ureido carbonyl dipole moment due to changes in
the local environment of the biotin molecules at the surface. Although the
physical significance of such changes in the biotin ureido is not clear, observa-
tions suggest that they are more pronounced at biotinylated surfaces with lower
frequency ureido bands. That these low frequency ureido bands change in
response to environmental conditions (i.e., exposure to water) more easily than
their higher frequency counterparts further corroborates the data suggesting that
the molecules these bands identify are less organized and less stable than their
higher frequency counterparts.
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Protein attachment

Upon exposure of the biotinylated surface to avidin or SA, IR spectroscopy is
useful for verifying the presence of the protein at the surface. When calibrated to
spectra of (strept)avidin coated surfaces of known mass, the amount of protein at
the surface can be quantified as well [18]. In the absence of a calibration curve,
comparison of band areas can give an approximation of the relative amount of
protein gained or lost from the surface.

Figure 15a shows adsorption of SA to a biotinylated surface. Amide I and II
bands, characteristic of the backbone of all proteins, are observed at 1640 cm ™ 'and
1530 cm ™! respectively, confirming the presence of SA at the surface. Comparison
of spectra in Figure 15(a) and (b) show that SA attachment to the biotinylated
surface is due only to specific adsorption of SA to biotin, since adsorption does not
occur when SA is preblocked with biotin (i.e., SA clefts are presaturated with
biotin, leaving none free to bind to surface bound biotin, Fig. 15(b)).

SA specifically adsorbed to 1685
| biotinylated surface 4
0.0040 558 1640
1248

0.0035
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0.0025 +

0.0020

Absorbance

0.0015 4

0.0010

0.0005 4

0.0000 +

IR band loss after rinse — !

I I | I I I I
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FIGURE 15 Representative FTIR spectra of (a) biotinylated surfaces exposed to SA and
referenced to preexposed biotinylated surfaces; (b) biotinylated surfaces exposed to biotin-
blocked SA and referenced to preexposed biotinylated surfaces; (c) a biotinylated surface
rinsed with phosphate buffered saline (PBS) and PBS with Tween20 (PBST) referenced to
the same surface prior to rinse. ‘‘Loss’” and ‘‘no loss’’ indicate the presence or absence of band
loss in above spectra. All samples were rinsed per methods section protocol. All biotinylated
reference surfaces were sonicated prior to spectra collection. Reproduced from Ref. [15] with
permission.
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Behavior of the biotinylated surface upon protein adsorption

In some cases, the biotin ureido band area decreases after SA adsorption to the
biotinylated surface (Fig. 15(a), “loss” at 1248 and 1685 cm™ ') or when the
biotinylated surface is washed with the aqueous solution in the absence of SA
(Figs. 15(c) and 16). Based on changes in the biotinylated surface after exposure
to water, the observed band loss is likely caused by the aqueous solution that the
protein is present in during adsorption. On some biotinylated surfaces, however,
this loss is not observed after protein adsorption. Such fluctuation in this band
loss phenomena likely related to the same variations in the biotinylated surface
is observed in Figures 12—-14. The biotinylated surfaces in Figure 15 were
prepared in aqueous solvent, yet based on the distribution of IR characteristics
in Figure 12, some of these surfaces may behave similarly to surfaces prepared
in anhydrous solution, which exhibit less band loss near 1680 cm ' after expo-
sure to water.

Biotinylation and protein attachment to oxide-free silicon surfaces

In this section, we describe briefly the biotinylation and SA attachment on a
surface free of oxide. This surface has been less commonly used, but is

1 biotin ureido
| Cyclic urea carbonyl stretch
0.00309 4¢ iotin 1682
| :ggzgrmgs amidell i
i band |
® I N i i
[ ! C-H scissor! '
g 0.0020 4 E mode e ! before
= I 1460 | E /rinse
W | , M ! I
0 i 1 v i i
1 i ! i
i I :
0.00104 ' 1| bond formed afterrinse
I : with surface
4 oss : remains intact

1200 1300 1400 1500 1600 1700 1800 1900
Frequency, cm”

FIGURE 16 FTIR spectra of (top) an APS surface exposed to biotin—-NHS, referenced to the
APS surface, and (bottom) the same surface after rinsing with PBST/PBS/DI water, referenced
to the APS surface. While spectral decrease in the biotin ureido is observed at 1254 and 1682
cm ', amide and aliphatic scissor mode band areas did not decrease. Reproduced from Ref.
[15] with permission.
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becoming increasingly more attractive because the process is better controlled.
Moreover, functionalization of these surfaces can be done very successfully,
without altering the features or quality of the interface (important in the case of
taking electrical measurements at the surface).

To prepare an oxide-free surface for biotin and SA attachment, several steps
are required to be taken into account.

a. The head groups of the molecules at the starting surface must be activated
via reagents such as EDC.

b. Biotin is required to have the appropriate derivatization to react with the
head groups at the surface. In this case, the appropriate biotin derivatization
is the hydrazide group.

Figure 17 shows the absorption spectra of a Si (100) surface after ethyl
undecylenate SAM attachment followed by the attachment of biotin-hydrazide,
and then SA attachment. Except for the spectrum of the monolayer, which is
referenced to the hydrogenated silicon surface, all spectra are differential, such
that each spectrum is referenced to the spectrum after the previous processing
step.

After functionalization of the hydrogen-terminated silicon surface with the
COOeth-terminated SAM, the surface shows no presence of interfacial oxide in
the 900—1200 cm ™" region. Moreover, the presence of the carbonyl group and
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FIGURE17 FTIR absorption spectra of a hydrogen-terminated silicon surface functionalized
with ethyl undecylenate (Si-C-COOEth), a biotinylated surface, and a streptavidin coated
surface. Except the first spectrum referenced to the hydrogen-terminated silicon surface, all
spectra are differential, that is, referenced to spectrum of the previous step.
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the CH, groups at the 1740 and 2900 em™! regions, respectively, attests to the
success of the functionalization.

After activation of the surface to create carboxylic acid groups, and subse-
quent treatment with EDC and biotin-hydrazide for 90 min in the aqueous
solution, no growth of oxide is observed. The features in the region 900-
1200 cm ™! are related to the biotin attachment. Moreover, the attachment of
the biotin on the surface is clearly observed via the negative band at 1740 cm ™!,
related to the reaction of the COOEth group with the Hydrazide groups to form
amide bonds. The peaks observed in the 1500-1750 cm ™" are equivalent to the
one observed and described in the case of biotinylation of the APS surface.

After biotinylation, SA is the attached to the surface. After 2 h in PBS
(aqueous buffer), SA attachment is clear, due to the observation of the amide
I and II bands. Note also that no siloxane bands are observed in this case and
hence no suboxidation of the interface has occurred.

Compared with the degradation in the aqueous solution of silane-based
biotinylated surfaces, this effect is profound and may have important implica-
tions for applications that require a high degree of surface stability.

While IR spectroscopy can provide a great deal of information about the
attachment chemistry and degradation of surfaces, IR spectroscopy cannot
easily be used to differentiate between different proteins. An example is given
in the attachment of bovine serum albumin (BSA) on the Si—C surface (Fig. 18).
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FIGURE 18 FTIR absorption spectra of the Si—H surface functionalized with ethyl undecy-
lenate (Si-C-COOEth), after activation to the carboxylic acid group, after BSA attachment
(BSA), and after the treatment of the BSA coated sample in a sonication bath. Except the first
spectrum that is referenced to the Si-H surface, all spectra are differential, meaning that they
are referenced to the previous step.
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Both SA and BSA are identified by their amide I and II bands due to peptide
chains present in all proteins.

CONCLUSIONS

IR absorption investigations of biotin—SA attachment at silicon-based surfaces
have demonstrated several key advantages of using FTIR to overcome limita-
tions in biointerface analysis. FTIR, uniquely suited for such analyses, can track
specific compounds through successive process steps, directly monitor the
efficiency of reactions with the surface and uncover nanoscale and molecular
level changes with high sensitivity that provide new insights into surface quality
and the root causes of its degradation.

In such IR investigations, each interfacial layer in the construction of biotin—
SA coupled surfaces has been separately and continuously monitored: from
oxide and oxide-free surface preparation to amine functionalization to biotiny-
lation through protein attachment. While ellipsometry has been used to verify
layer formation at the nanoscale, it can only track changes in the uppermost
layer and does not differentiate between chemical compounds. XPS can identify
elemental composition of layers, but is not layer specific, since organic building
blocks carbon, nitrogen, and oxygen repeat in each layer. Tracking base layers
such as APS through complete surface processing has shed light on multidi-
mensional issues to its stability. It is likely that atmospheric humidity deter-
mines the thickness of the water layer on the silicon surface prior to the estab-
lishment of a controlled anhydrous environment that causes the profound
observed effects on APS layer growth and stability.

The unique IR signatures of the APS layer has permitted its monitoring
through the subsequent process of biotinylation in the aqueous solution in which
its degradation was clearly observed. Even more sensitive examples of layer
differentiation can be found at the SAM/silicon interfaces. In the preparation of
carboxylic acid terminated SAMs on oxide-free silicon, IR spectroscopy was
instrumental in uncovering the formation of interfacial oxide between the sili-
con and SAM and in revealing that a one-step process is inferior to the two-step
process. Likewise, on oxide surfaces, due to differences in Si—O-Si bonding
structure between silicon oxide and terminal groups of APTES, APS layer
stability was directly observable due to decrease in APS Si—O-Si band intensity
[20]. At the same APS surface, the reaction efficiency was clearly quantified by
the band absorption (integrated area) of methylene vibrations present only in
unreacted APTES ethoxy groups. Moreover, the observation of modification of
the 5 A thick surface region of plasma-treated silicon oxide is a poignant
example of the utility of high sensitivity IR spectroscopy in uncovering potential
root causes of molecular attachment inefficiency and electrical device failure.

For the biotinylation step, the ability to specifically track chemical moieties
has revealed the presence of unreacted biotin-NHS at the postbiotinylated
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surface and its removal by sonication (along with biotin—~APS chains likely
desorbed by water attack on APS-to-surface Si—O-Si bonds).

Protein attachment, investigated after biotinylation was again observed in
parallel to biotin modification by the aqueous solution. While it is difficult to
determine the causes of such modification or even what its physical meaning is,
the recognition of two independent simultaneous events would not have been
possible without the molecular signature differentiation possible only with IR
characterization.

This final biointerface process step brings to light certain limitations of IR
analysis. The structure of the complex environment in which SA attaches to a
biotinylated surface is not entirely resolvable by IR spectroscopy. The observed
disappearance of the biotin head group related IR bands (cyclic urea at
1250 cm ™" and ureido carbonyl stretch at 1700 cm™ ") is puzzling, particularly
because it is not accompanied by the loss of any other bands (such as amide
bands) that might suggest desorption of the entire layer. It is highly unlikely that
the covalent bonds connecting the biotin head group to the rest of the molecule
could be broken by water (the way Si—O-Si bonds can be). Hence, electronic
screening had to be invoked, presumably caused by the rearrangement of the
surface molecules that can screen all or part of the IR absorption by biotin
moieties. However, the structural implications of these changes are not clear.

In arelated issue, since IR absorption itself is a function of fluctuation in the
dipole moment of bonds, changes in molecular dipole moments due to changes
in local environment can affect band intensity, leading to inaccuracies in quan-
tification based on the band area. While the strength of IR spectroscopy lies in its
sensitivity and specificity in the interrogation of small molecules and moieties,
this same feature limits its scope in the investigation of large biomolecules such
as proteins. Because all proteins (including antibodies, (strept)avidin, fibrino-
gen, etc.) share the common molecular structure of the peptide chain, their IR
signatures are nearly indistinguishable. The amide I and II bands at 1530 and
1640 cm ™" appear due to IR absorption of peptide bonds and obscure most other
molecular differences between proteins, although secondary structure of peptide
chains (e.g., their large-scale conformations as alpha helices and beta sheets) is
discernable by deconvolution of the amide I band. However, tertiary structure, or
protein folding, is often the critical determinant to protein function and hence is
the subject of other biomolecular techniques.

Although noncovalent interactions and the internal structure and function of
biomacromolecules is largely outside the scope of IR measurement, the utility of
IR spectroscopy in biointerfacial investigations has not yet been fully tapped.
In many investigations of biomacromolecules at surfaces, the techniques
employed (such as fluorescence microscopy and surface plasmon resonance)
cannot directly determine covalent attachment of molecules to surfaces and such
investigations often do not include complementary analysis to determine the
extent to which such attachment has taken place. IR microscopy enables
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analysis in two dimensions, and is therefore amenable to the investigation of
microarrays [29]. As such, it could be used more extensively to determine
microspot quality in terms of covalent attachment of ligands, DNA, or proteins
to microarray surfaces [30]. Many biotechnology applications also employ
biofunctionalized microbeads (such as Dynabeads® mentioned in the introduc-
tion) which could be interrogated by IR with samples in pellet form or even
in situ aqueous solution in a liquid container through attenuated total reflection
geometry at a container wall. There is hence a potential for expansion of IR
usage in biotechnology and biosensor quality control.
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GENERAL INTRODUCTION

In this chapter, we describe the potential and limitations of attenuated total
reflection infrared (ATR-IR) spectroscopy, modulation excitation spectroscopy
(MES), and vibrational circular dichroism (VCD) for the investigation of
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bio-interfaces. The three techniques are completely independent of each other
although ATR-IR and MES can be combined, as will be shown below. We will
therefore discuss the three techniques independently in sub-chapters. ATR-IR is
based on the total internal reflection of a light beam at an interface formed
between two media. The resulting field at the interface is used for spectroscopy.
The evanescent nature of this field allows one to probe the layer close to the
interface formed between the internal reflection element (IRE) and the sample.
Therefore, the field probes only a small part of the bulk fluid phase, such that
molecules at the interface can be studied even in the presence of strongly
absorbing solvents such as water. This makes the technique particularly inter-
esting for applications in biology, where water is the solvent. The electric field
can furthermore be polarized, which can be used for orientation measurements.
MES is based on the stimulation of the sample under investigation by a periodic
change of an external parameter such as temperature, pressure, pH, or concen-
tration, just to mention a few. The periodic system response to this stimulation
(excitation) can be followed using a spectroscopic technique like ATR-IR by
recording time-resolved spectra. The latter are then transformed into phase-
resolved spectra using a phase-sensitive detection (PSD) scheme. MES leads to
a drastic suppression of noise, which is very welcome when studying molecules
at interfaces by spectroscopic techniques. Furthermore, MES helps one to
disentangle complex overlapping spectra arising from several species.

VCD is the differential absorption of left- and right-circularly polarized light.
VCD spectra selectively spot chirality, that is, if the sample is not chiral or racemic
no signals are observed. VCD spectra are sensitive to the conformation of a
molecule and also the secondary structure of proteins and peptides. VCD of
adsorbates on flat surfaces is very difficult for several reasons (sensitivity, polari-
zation effects) and has not yet been reported. However, VCD of molecules adsorbed
on metal nanoparticles has been demonstrated, which is a promising perspective.

ATR-IR spectroscopy

Introduction and historical background

The phenomenon of internal reflection was already known by Newton [1]. The
principles of ATR spectroscopy or internal reflection spectroscopy were elab-
orated 50 years ago [2—4]. In 1967, Harrick [3] showed that the principle of total
internal reflection can be used for spectroscopy. When hitting an interface
between two adjacent media a light beam is reflected. We call a reflection
internal if the light beam approaches the interface from the optically denser
medium, that is, from the medium with the higher refractive index (Fig. 1).
At an angle of incidence above the critical angle 6. (measured with respect to
the surface normal) all the intensity is internally reflected. This so-called total
reflection is used, for example to guide light within optical fibers over large
distances with hardly any loss. If the rare medium (refractive index n,) is
absorbing, the evanescent electric field will be attenuated due to absorption
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FIGURE 1 Experimental geometry for transmission (left) and attenuated total reflection
(ATR) infrared spectroscopy (right). I and I are the intensity of the incident and transmitted
(reflected) radiation, respectively. 6 is the angle of incidence and n; and n, are the refractive
indices of internal reflection element and sample, respectively.

and less intensity is reflected, resulting in an attenuated total reflection (ATR).
A schematic representation of the basic ATR-IR experimental setup is given in
Figure 1 (right). A beam emitted from a light source is coupled into a so-called
IRE (n,). For the infrared, materials like ZnSe (n; =2.3), Si (n; =3.4) and Ge
(n, =4) are commonly used as IREs. On the way to the detector, the IR beam can
undergo multiple internal reflections (several tens of reflections), which signif-
icantly increases the signal-to-noise ratio. Due to the evanescent nature of the
field only a small volume is probed at the interface, which makes the ATR-IR
technique surface sensitive and a powerful tool for the investigation of solid—
liquid interfaces.

Description of the method

A light beam propagating in an optically dense medium with refractive index n;
undergoes total reflection at the interface of an optically rare medium (7,) when
the angle of incidence exceeds the critical angle 6.. Newton’s experiments
showed [5], and it follows from Maxwell’s equations, that an electromagnetic
wave propagates through the optical interface and generates an evanescent field
in the rare medium. The electric field amplitude of the evanescent field falls off
exponentially with the distance z from the surface as

E = Ege™*/%, (1)

Here, E, is the electric field amplitude at the interface, which depends on the
angle of incidence, the refractive indices, and the polarization of the field. The
depth of penetration d,, defined as the distance required for the electric field
amplitude to decrease to ¢ ' of its value at the surface, is given by
dy = a @)
277/ (sin®0 — ny2)

where A, =An; ! is the wavelength in the denser medium and n,; = nony s
the ratio of the refractive indices of the rarer and denser medium.
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Harrick introduced the concept of the effective thickness d,, which is the
equivalent path in a hypothetical transmission experiment that results in the
same absorption signal as the ATR experiment under identical conditions [3]:

_ muEyd,

d, = 3
] 2cos6 (3)

For a Ge IRE (n;=4) in contact with water (n, = 1.33) at an angle of incidence of
6 = 45°, the effective thickness at 1640 cm ™' is 0.44 um for parallel polarized
light (polarized in the plane of incidence of the light) and 0.22 wm for perpen-
dicular polarized light. For a ZnSe IRE the corresponding values are 1.12 and
0.56 pm.

The incident plane wave has only field components perpendicular to the
direction of propagation. In contrast, the evanescent wave has components along
all directions x, y, and z of a Cartesian coordinate system attached to the IRE, as
shown in Figure 2.

The direction of the incident field vector can be selected by use of a polarizer.
The symbols || and L denote electric field vectors parallel and perpendicular to
the plane of incidence (Fig. 2). A parallel polarized electric field E results in
field components E,. and E. along the x and z axes. A perpendicular polarized
incident electric field £, results in ay component E, of the evanescent field. The
relative electric field components in medium 2 at the phase boundary z = 0 (that
is the ratio of the absolute field components in medium 2 at z = 0 and in medium
1) are given by Fresnel’s equations [5]:

, _Eoo _ 2cos(6) (sin®(6) — n%l)l/2
PEE (1= ) (1 )sin6) - 3,

7 (4)

FIGURE 2 Electric fields in an ATR-IR experiment: 6 is the angle of incidence. E| (parallel)
and E; (perpendicular) denote the direction of the electric field components of the incident
light with respect to the plane of incidence ((x, z) plane). E,, E,, and E, denote the electric field
components with respect to a coordinate system fixed on the internal reflection element.
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o Eo _ 2sin(0)cos(6)
B (=) (14 )sin?(0) — n2y)

, _ Eoo  2cos(6)

” = = 6

0y2 E, (1—”%1)1/2 ( )
N2

Ep = (Etwa” + Ep”) (7)

Egu = EByZ' (8)

The above equations are exact only for nonabsorbing rarer media, but are very
good approximations for weakly absorbing samples. Note that E,, E',, and
E'y.» are in general not equal!

Equations (4)—(6) hold for a bulk (non- or weakly absorbing) rarer medium
2. For a thin film with thickness d < dp in contact with the IRE, the thin-layer
approximation gives good results [3]. The latter one assumes that the electric
field is determined by the optical constants of the IRE and the bulk medium
above the thin film. The thin film is then considered as a dielectric in this field,
and equations similar to equations (4)—(6) can be derived.

Equations (7) and (8) have to be used to calculate the effective thickness
according to equation (3). The effective thicknesses for the two polarizations
differ by the factor

deyy Ay _Ep +Ey o)
d e AL E(rfv
which is called the dichroic ratio. This ratio is experimentally accessible by
measuring the absorbance A of a vibrational band for the two polarizations of the
incident light beam. The dichroic ratio is 2.0 for an isotropic bulk medium at an
angle of incidence 6 of 45°. Note that in a transmission experiment this quantity
is unity for isotropic media.
Equation (9) forms the basis for orientation measurements in oriented samples.
[6] In general, the intensity of a vibrational mode in an IR spectrum is proportional
to the square of the scalar product of the electric field vector E and the transition
dipole moment vector H associated with a normal mode of vibration:

T (E-p)* (10)
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FIGURE 3 Schematic illustration of the electric field and transition dipole moment vectors
for an adsorbed molecule. The orientation of the electric field vector with respect to the surface
depends on the technique (geometry) used and the nature of the surface (e.g. metal vs. dielectric
medium). The orientation of the transition dipole moment within the molecule depends on the
vibrational mode.

which can be expressed as

-2 2
I x ’E (E\ cos2(6) (11)

where 0 is the angle between the two vectors. Obviously, equation (11) shows that
the intensity of light absorption depends on the mutual orientation of these vectors
(see Fig. 3).

ATR-IR spectroscopy can also be used for quantitative analysis analogous to
the Lambert—Beer’s law in a transmission experiment according to

/ Apodiv

band,k

Nde,k,u /Sk (ﬁ)dﬁ

band,k

c= (12)

Here, ¢ is the volume concentration, 7 is the wavenumber, the numerator is
the integrated absorbance of band k in the spectrum, and u stands for the
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polarization, that is, parallel or perpendicular. N denotes the number of active
internal reflections, d, is the effective thickness (see eqn. (3)) at band k and
polarization u and finally [, 44 &(P)d7 is the integrated molar absorption
coefficient. The situation is more complex for oriented samples [6].

For a thin layer (d < d,) it is adequate to quantify in terms of surface
concentration I' instead of volume concentration. The relationship between
the two quantities is

I=cd (13)

where d denotes the geometrical thickness of the sample. The surface concen-
tration I' is thus the number of molecules in the unit volume projected onto the
unit area. The method outlined above is very well suited to quantify the adsorp-
tion of proteins as has been shown by Fringeli and coworkers [6-8].

Single beam sample reference (SBSR)

Most of the IR spectrometers used today are Fourier transform spectrometers.
These have several advantages over dual-beam dispersive spectrometers, for
example concerning light throughput, which generally results in lower noise.
However, these spectrometers are single beam spectrometers, which also have
disadvantages because most measurements such as transmittance and absor-
bance measurements need a reference spectrum. With a single-beam instrument,
the reference has to be measured before (or after) the sample. For long measure-
ments, this can be problematic, particularly if very small signals are to be
measured and if the sample is subjected to some treatment, for example ther-
mally. Instrument and sample drifts can cause unwanted artifact signals simply
because the reference measured at the beginning of the experiment is not good
anymore.

An elegant way to overcome these problems and to turn a FTIR instrument
into a pseudo dual-beam instrument is the single beam sample reference (SBSR)
method implemented by Fringeli [9]. The idea is to divide the IRE into a
reference and a sample part. The element is then mounted on a lift that translates
the two parts of the IRE alternating in and out of the IR beam, such that reference
and sample are recorded quasi-simultaneously. A schematic of the experiment is
given in Figure 4.

The SBSR technique has huge advantages for long-term experiments. For
example think of an SBSR experiment to study the interaction of proteins or a
lipopolysaccharide with a supported lipid bilayer. In such an experiment, the
whole IRE is first covered by the lipid bilayer. Using a suitable flow through
system the IRE can be divided into sample and reference compartments.
Through the reference compartment a buffer solution is flowed, while the buffer
contains the protein for the sample compartment. Assume now that slowly some
of the lipid is leaking out of the double layer into the solution. In a normal
experiment where the reference is measured before the sample this would show
up in negative lipid signals due to the loss of lipid. However, it would be difficult
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FIGURE 4 Principle of the single-beam sample reference (SBSR) technique. The ATR inter-
nal reflection element is mounted on a lift such that the reference and sample compartments
can be moved into the infrared beam. Alternative change from sample to reference and vice
versa is performed by a computer-controlled lifting and lowering of the ATR cell, which is
synchronized with the data acquisition.

to decide if this loss is due to normal leaking or if the loss is associated with the
protein adsorption. In an SBSR experiment normal leaking does not result in
signals because sample and reference have the same history. Of course the single
channel information (sample and reference) is also available such that the
normal leaking would also be detected. Such an experiment will be shown
below [8,10].

Examples

Interaction of a lipopolysaccharide (LPS) with a lipid bilayer Fringeli and
coworkers studied the interaction of lipopolysaccharides (LPS) with lipid
bilayers [8,10]. In the following, the interaction of negatively charged LPS from
Pseudomonas aeruginosa with a positively charged lipid bilayer formed from a
dipalmitoyl phosphatidic acid (DPPA) inner monolayer attached to a Ge IRE
and an outer monolayer consisting of palmitoyl oleoyl phosphatidylcholine
(POPC) and hexadecyl pyridinium (HDPyr) as positively charged component.
Figure 5 shows the ATR spectra of the v(CH) region that were obtained during
the interaction of LPS at different concentrations with the bilayer. Three spectra
are shown for each concentration. The lowest spectrum (sample S) is from the
bilayer in contact with LPS. The middle spectrum (reference R) is the bilayer in
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FIGURE 5 SBSR experiment revealing the interaction of a lipopolysaccharide (LPS) with a
bilayer membrane consisting of dipalmitoyl phosphatidic acid (DPPA), palmitoyl oleoyl phos-
phatidylcholine (POPC), and the positively charged hexadecyl pyridinium (HDPyr). FTIR
ATR absorbance spectra of a DPPA/(POPC: HDPyr) bilayer interacting with (a) 1 pug/ml, (b)
10 pg/ml, (c) 100 pg/ml LPS measured after 30 min of interaction with LPS in each case. Buffer:
20 mM phosphate pH 7.0, 100 mM NaCl. See the text for more details [10]. Reproduced with
the permission of Chimia [10].

contact with pure buffer. The top trace corresponds to the difference spectrum
S—R, which is the SBSR spectrum. For the R and S channels, a reference
spectrum was measured after the preparation of the bilayer. Since both the R
and S compartments could be accessed separately, the bilayer could be prepared
simultaneously and in an identical way, whereas only the S compartment was
then exposed to LPS.

The negative ¥(CH) bands in the R spectra show that the bilayer was not
completely stable during the experiment. However, interaction of LPS with the
bilayer leads to further loss of lipid, which is obviously a consequence of LPS
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interaction with the positively charged bilayer. This example shows that more
information can be obtained from a SBSR experiment than from a normal ATR
experiment as outlined in the section above.

Orientation of N-acetyl-L-cysteine on gold In order to illustrate the power of
ATR-IR spectroscopy to study particularly also the orientation of molecules and
functional groups on surfaces, we discuss the case of N-acetyl-L-cysteine (NAC)
on gold [11]. This is a special case due to the gold layer that was deposited onto
the Ge IRE. Metals are strong absorbers and equations (4)—(6) above are not
valid anymore. The electric field in this case is influenced by the metal layer and
it has been shown that the metal surface selection rule, which is well-established
for external reflection infrared spectroscopy, is also valid for this special case of
internal reflection spectroscopy [12,13]. Locally, the electric field vector is
oriented perpendicular to the metal surface, such as illustrated in Figure 3.

In order to determine the orientation of NAC on the Au surface, an ATR-IR
spectrum of the randomly oriented molecule, that is, the dissolved molecule, is
needed. Such a spectrum gives the intrinsic strengths of the vibrational bands,
which are related to the lengths of the corresponding ﬁ vectors (see Fig. 3) for
each of the vibrational modes. A comparison between the spectra of adsorbed
and dissolved NAC is given in Figure 6.

Significant differences in band intensities with respect to the solution spec-
trum are observed, which strongly implies the presence of an oriented adsorbate
layer on the gold surface. Specifically, the intensity ratios of the amide I (1665
cm™ H/amide IT (1551 ecm™") and amide 1T (1551 cm™")/methyl (1375 cm™ ")
bands change significantly upon adsorption of NAC on gold. Such a comparison
between random and oriented molecule already allows one to draw some qual-
itative conclusions concerning the orientation of some functional groups with
respect to the surface, since the orientation of the transition dipole moment
within the molecule is known qualitatively for some vibrations. The analysis can
however also be made in a more quantitative manner.

An experimentally accessible parameter directly related to the orientation is
the intensity ratio of two vibrational bands for random (solution) and surface
orientation, as expressed by the following equation [14]:

where I, ,, denotes the measured integrated intensity of vibrational bands 7 and
n, respectively, and the superscripts s and r, respectively, refer to surface and
randomly oriented (dissolved) species, respectively. The determination of the
orientation, as described in the following, relies on the comparison between
experimental and calculated R values. The calculated R values result from DFT
calculations, which yield not only the frequencies of the vibrational modes but
also the length and orientation of the corresponding E vectors. For different
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FIGURE 6 Top: ATR-IR spectrum of dissolved NAC corresponding to randomly oriented
molecules. Bottom: ATR-IR spectrum of NAC adsorbed on a gold-coated Ge IRE (oriented) in
the presence of 0.6 mM NAC in ethanol. Reproduced with the permission of the American
Chemical Society [11].

orientations of the molecule with respect to the electric field vector (the surface
normal in this case) different relative intensities of the vibrational bands are
obtained. The goal is to find a corresponding value R, analogously defined as
Rexp in equation (12), for the calculated IR (randomly oriented molecules) and
simulated ATR-IR (oriented molecules) spectra, using the orientation angles «
and 3, as defined in Figure 7, as adjustable parameters.

In principle, two values of R, (i.€., two pairs of vibrations) are sufficient to
determine the orientation angles o and 3. However, the amide I/amide II, amide
I/v(—COOH), and amide II/methyl pairs of modes were considered. The amide I,
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FIGURE?7 Optimized structure of NAC as found by density functional theory (DFT) calcula-
tions using a polarizable continuum model to take into account solvent effects. The molecular
coordinate system is depicted as a box around the molecule with its axes parallel to the
principal axes of inertia of the molecule. The fixed surface coordinate system (x,y,z) with
the x-y plane defining the surface plane and z the surface normal has the same orientation
as the molecular coordinate system for the reference orientation of the molecule. The molec-
ular coordinate system is allowed to rotate around the angles « (x-axis) and B (y-axis),
respectively, providing different orientations of the molecule with respect to the surface
coordinate system. The orientation of the amide II transition dipole moment is also given.
Reproduced with the permission of the American Chemical Society [11].
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FIGURE 8 Orientation of NAC on the gold surface (x-y plane) emerging from the orienta-
tion analysis. The orientation of the molecule is indicated by the angle y = 127.5° between the
surface normal z and the amide II transition dipole moment vector (see the inset). Reproduced
with the permission of the American Chemical Society [11].



ATR-IR spectroscopy, MES, and vibrational circular dichroism @

amide II, and methyl vibrational bands of N-acetyl-L-cysteine are located within
the N-acetyl part of the molecule, which is rather rigid and therefore serves as a
pointer for the orientation analysis. It should be noted here that the angles that
result from this analysis give an average value for the whole adsorbate layer, that
is the method cannot distinguish between a system with a unique orientation of
the adsorbed molecules and a system with molecules coexisting in different
orientations. Furthermore, the described analysis assumes that the magnitude
and orientation of the transition dipole moment vectors E within the molecule
are the same in solution and in the monolayer. The result of such an analysis for
NAC is given in Figure 8 [11].

In this orientation of NAC both the thiol and the carboxyl groups are close to
the gold surface. This is in qualitative agreement with the analysis of VCD
spectra of the same molecule adsorbed on small gold nanoparticles [15].

CONCLUSIONS

ATR-IR spectroscopy is a very powerful tool to study bio-interfaces. By
choosing appropriate conditions (number of internal reflections N, material
of IRE) bio-molecules at an interface can be probed efficiently in the
presence of water, which is otherwise a big challenge for IR spectroscopy.
The method has sub-monolayer sensitivity and is quantitative, thus allowing
one to determine the surface concentration of molecules at the interface. For
quantitative analysis, one needs to know the optical constants of IRE and
sample as well as the absorption coefficient of at least one vibrational band
of the analyte. ATR-IR is also very well suited to study kinetics on the time
scale of seconds to minutes, for example of adsorption/desorption processes
and structural changes of molecules at interfaces. By measuring spectra with
parallel and perpendicular polarized light, the orientation of molecules can
be determined, which requires knowledge of the direction of the transition
dipole moments of vibrations within the molecule, which are accessible by
DFT calculations.

One inherent disadvantage of the method is the fact that it relies on
suitable optical elements (IREs). The latter have to be transparent in the
spectral region of interest and be characterized by a high refractive index.
This combination limits the suitable materials. If one wants to study a surface
made from a specific material the IRE can be coated by a thin film of the
respective material. Although this is possible it may require special techni-
ques such a physical vapor deposition. In conclusion, ATR-IR is a powerful
tool for the investigation of bio-molecules at interfaces and especially also for
in situ studies in water. ATR-IR is a relatively straightforward technique and
the necessary equipment is affordable, which makes the technique further-
more attractive.
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Modulation Excitation Spectroscopy (MES)

Introduction and historical background

MES relies on the stimulation of the system under investigation by the periodic
variation of an external parameter, such as concentration, pH, temperature,
mechanical force, or any other parameter that influences the system. The peri-
odic system response is detected and further processed by a PSD. The latter
represents a narrow-band technique. This means that signals at frequencies
different from the detection frequency are efficiently suppressed. Modulation
techniques and PSD are widely applied in signal processing. In contrast, for
spectroscopic investigations modulation excitation schemes are not yet exten-
sively used although the technique can have striking advantages in specific
situations as outlined in this chapter. The method was extensively used by
Fringeli and Baurecht to study biological systems [16—18]. MES was however
also applied in other fields like heterogeneous catalysis [19] photocatalysis [20],
and enantiodiscrimination [21].

Description of the method

Infrared spectroscopy is not very specific. All species that are probed by the IR
beam and that have IR active vibrations will give rise to signals in the spectrum,
whether the species are involved or not in the process of interest. One may use
difference spectroscopy to partly overcome this problem [22]. However, in order
to further extract important information, such as, for example the kinetics of
surface reactions, more sophisticated techniques are needed. Time-dependent
stimulation is one of these methods that can be applied if the system under
observation responds to an external parameter, such as, for example concentra-
tion, pH, or temperature.

The external stimulation can be applied in the form of a parameter jump [16]
or a parameter modulation [17]. A prerequisite of the latter technique is a
reversible system response to a periodic stimulation. Figure 9 shows the prin-
ciple of MES.

The sample is stimulated periodically by an external parameter at the stim-
ulation frequency w (the stimulation is represented as a green sinusoidal line).
The periodic system response (reversibility provided) due to the stimulation is
shown as red line in the figure. The response can be delayed with respect to the
stimulation (phase lag), but, importantly, the frequency of the response will be
identical to the stimulation frequency (or harmonics thereof). Knowing the latter
allows one to apply a PSD, which converts time-resolved to phase-resolved
spectra.

Theory of phase-sensitive detection

If a system is disturbed periodically by an external parameter, all the species
addressed by the stimulation will also change periodically at the same
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FIGURE 9 Principle of modulation spectroscopy.

frequency as the stimulation or harmonics thereof [23]. As is indicated in
Figure 9, there may be a phase lag ¢ between the stimulation and system
response. A phase lag is observed when the time constant of a process giving
rise to a signal is on the same order as the time constant T=27w ' of the
stimulation. After reaching a new quasistationary state at the beginning of the
modulation, the system oscillates at a frequency w around this state. The
resulting absorbance variations A(7, t) are followed by measuring spectra at
different times during the modulation period 7. The signal can be averaged
over many periods. The set of time-resolved spectra A(7,?) is then trans-
formed by means of a digital phase-sensitive detection (PSD), according to
equation (13), to a set of phase-resolved spectra:

T
opsP 2 N PSD
Al (p) = T A(p, t)sin(kwt + ¢,°7)dt (13)
0
where k=1,2,3,... determines the demodulation frequency, that is, funda-

mental, first harmonic, and so on, T is the modulation period, ¥ denotes the
wavenumber, w is the stimulation frequency, and ¢kP D is the demodulation
phase angle. With a set of time-resolved spectra A(7, ), equation (13) can be

evaluated for different phase angles ¢;">” resulting in a series of phase-
PSD
resolved spectra Af" . Equation (13) is closely related to a Fourier analysis

[17]. According to the Fourier theorem, every periodic function f{#) can be
expressed as a Fourier series in the form

) =ao+ i arcos(kwt) + i bysin(kwt) (14)
l=1 k=1

where @, and by, are the orthogonal cosine and sine Fourier coefficients,
respectively, and the integer k is the frequency multiplier, that is, fundamen-
tal, first harmonic, and so on. Now the Fourier series represented by equation
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(14) can also be expressed as a sine series with an additional phase angle ¢,
according to

f(t)=ao+ i crsin(kwt + ¢y) (15)
k=1

with ¢ = Vai? + bi* and tan ¢y = aib, . The Fourier coefficients of the
periodic function described by equation (15) are given by

ap = %/f(t)dz (16)
0
= % / f(0)sin(kot + ¢;)dt. (17)

0
By replacing f(¢) with A(7,¢) and ¢, with ¢;”5" equation (17) yields the

demodulation transformation given in equation (13). In other words, a demo-
PSD

dulated spectrum A, *  represents the Fourier coefficient of the time varying
signal A(7, ) for a given frequency (usually fundamental, k= 1) and a given
user-defined phase lag ¢ >P.

What are the benefits of MES? The signals arising in demodulated spectra
are exclusively related to the stimulation of the external parameter, that is, MES
selectively highlights the species that are affected by the external parameter.
Furthermore, demodulated spectra are of much higher quality with a better
signal-to-noise ratio. The kinetic information of the investigated system is
contained in the frequency-dependent amplitude of the response and the phase
lag between stimulation and response (see Fig. 9). Consequently, species with
different kinetics can be separated by setting the demodulation phase angle
&SP accordingly. Furthermore, MES helps the detection of minor species that
are otherwise spectrally buried within the strong signals of the dominant spectral
features. This is possible by choosing the demodulation phase angle such that
the signals of the dominant species vanish. This works, provided that the
dominant and the minor species have different kinetics in their response toward
the stimulation. More information on MES can be found elsewhere [16,17,24].

Examples
Temperature modulation excitation of a hydrated poly-L-lysine film [25]

Temperature-induced structural changes are important in biological systems.
The following example describes the application of MES to study temperature-
induced structural changes in poly-L-lysine. For the study, a film of poly-L-



ATR-IR spectroscopy, MES, and vibrational circular dichroism @

lysine (PLL) was cast onto a Ge IRE for ATR spectroscopy. The film was
hydrated with D,O (80% relative humidity) and then the temperature was
modulated £ 2°C around 28°C with a period T of 14.7 min. This causes a
conformational change that can be followed by MES [25]. Figure 10 shows
the stationary spectrum of the PLL film as well as a series of demodulated
spectra that were obtained at different demodulation phase angles (see eqn.
(13)). Each species i contributing to the spectrum can be associated with a phase
angle ¢;. All the spectral bands associated with the same species will have the
same phase angle. The amplitude of the bands becomes maximum when the
difference between ¢; and the demodulation phase angle ¢,">° becomes zero,
that is, for (¢; — d)PSD) = 0°, minimum (negative) for (¢; — d)PSD) = 180°, and
zero for (¢; — d)PSD) = 90° and (¢; — ¢PSD) = 270°. Since the demodulation
phase angle ¢ can be controlled one can easily determine the angle ¢; for a
given species.

By comparison of the stationary spectrum and the demodulated spectra it
becomes clear that the latter are better resolved although the resolution of the
spectrometer was identical in both cases. In the demodulated spectra the spectral
overlap is reduced because these spectra contain only absorption bands from
species that are affected by the temperature stimulation. Furthermore, bands can
be positive and negative, depending on the phase ¢; of the associated species. It
is furthermore evident that the shape of the phase-resolved spectra (relative
intensity of bands) changes with the demodulation phase angle ¢"SP. This is
clear evidence of the existence of conformational populations of PLL with
different phase angles ¢;. Thus, there are transient intermediate species for
the structural change of PLL induced by the temperature modulation.
Through further analysis, the spectra of the different populations can be
extracted from the demodulated spectra as detailed elsewhere [25].

Enantiodiscrimination at chiral self-assembled monolayers

MES can also help to study specific interactions as described in the following
example on enantioidiscrimination. Chirality plays a crucial role in biology and
pharmaceutical sciences. Chiral structures can discriminate between enantio-
mers of a chiral molecule, which has important consequences since the behavior
of the two enantiomers can be completely different. This is particularly also true
for pharmaceuticals. At the origin of such dissimilar behavior is the different
interaction of the two enantiomers with the chiral environment, for example in a
receptor. In order to get molecular-level insight into the mechanism of enantio-
selection we have proposed a method that combines ATR-IR with MES [21] as
schematically depicted in Figure 11.

In principle, the method can be applied to any enantiodiscriminating system.
Here the interaction of a chiral self-assembled monolayer (SAM) with a chiral
(bio-) molecule is described. An IRE for ATR-IR is first coated with a thin gold
layer that hosts the SAM. The self-assembly of a chiral thiol on the gold surface
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FIGURE 10 Parallel polarized temperature-modulated ATR-IR spectra of a poly-L-lysine
film hydrated with D,O (80 % relative humidity). The film was deposited onto a CdTe internal
reflection element. A rectangular temperature modulation of +/- 2°C around 28°C with a
period T of 14.7 min was applied. The top spectrum represents the stationary part of the PLL
spectrum. In the bottom part, demodulated spectra at different demodulation phase angles as
indicated are shown. Reproduced with the permission of the American Chemical Society [25].

is then directly followed by ATR-IR. After the preparation of the SAM, solutions
of the two enantiomers of the chiral probe molecule (selectand) are periodically
flowed over the chiral self-assembled monolayer (SAM, selector) by using a
specially designed flow-through cell, as schematically depicted in Figure 11. In
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FIGURE 11 Principle of absolute configuration modulation combined with attenuated total
reflection IR spectroscopy for investigating the interaction of chiral molecules with chiral
surfaces. Left: schematic representation of time-dependent concentration of individual enan-
tiomers in an absolute configuration modulation excitation experiment. The total concentra-
tion of both enantiomers remains constant. The stimulation is sinusoidal in the depicted
example, which is however not a necessary requirement. Right: two reservoirs containing
the solutions of the two enantiomers are connected to the flow-through cell. The solutions
can be alternately flown over the sample (‘‘modulated’’) by switching two computer controlled
pneumatically actuated valves.

this way the concentration of the two enantiomers is by turns high and low,
respectively, while the total concentration stays constant throughout the mod-
ulation experiment (see concentration profile on the left in Fig. 11). During the
modulation, ATR-IR spectra are recorded. These time-resolved spectra are
subsequently demodulated, that is, transformed into phase-resolved or demo-
dulated spectra according to equation (13). Only the periodically varying signals
are thus detected and therefore no dissolved species are observed, because the IR
spectra of the dissolved enantiomers are identical. Unspecific adsorption of the
two enantiomers of the chiral molecule on the surface (on nonchiral sites) is also
suppressed in the demodulated spectra because the resulting spectra remain
identical for both enantiomers. Adsorption of the enantiomers on chiral sites
that can distinguish between them leads to diastereomeric complexes (selector—
selectand complexes) with different IR spectra. These differences might be
small but are amplified by the PSD. The advantages of the method has been
demonstrated by studying the interaction between chiral molecules and chiral
stationary phases used in chromatography [21]. The technique was also applied
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to study the enantiodiscrimination of a chiral SAM of L-glutathione (GSH,
v-glu-cys-gly) on gold [26]. The latter SAM could quite efficiently discriminate
between the enantiomers of proline. In the following, the interaction between
SAMs of N-acetyl-L-cysteine (NAC) on gold and proline is described [27].
ATR-IR spectra of the interacting species, NAC adsorbed on gold (selector,
bold solid line), and dissolved proline (selectand, thin solid line) are shown in
Figure 12, bottom. The most prominent vibrational modes for NAC are the

0.0002 -

(D) vs. (L)

absorbance

- 0.008

- 0.004

absorbance

- 0.000

| >
o
e

A
|
|
1
T

1800 1700 1600 1500 1400 1300 1200

wavenumber (cm1)

FIGURE 12 Bottom: ATR-IR spectra of N-acetyl-L-cysteine (NAC, selector, bold solid line)
adsorbed on a gold surface and proline (selectand, thin solid line, scaled by a factor of 2.7)
dissolved in ethanol. Top: demodulated, that is, phase-resolved ATR-IR spectra. In this type of
modulation experiment, p- and L-proline were periodically flowed over a chiral NAC SAM.
The two demodulated spectra highlight the signals arising due to enantiospecific interactions
between NAC and proline. The spectra were measured on two different gold surfaces illus-
trating the reproducibility of the absolute configuration modulation experiments. Reproduced
with the permission of the American Chemical Society [27].
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v(COOH) mode at 1727 cm_l, amide I at 1661 cm™!, and amide II at
1539 cm™ !, The proline ATR-IR spectrum is dominated by the v,((COQO™)
vibrational mode at 1637 cm™ ' with the 8, (NH,) scissoring mode appearing
as a shoulder at 1570 cm™~". On top in Figure 12, two phase-resolved, that is,
demodulated spectra are presented (label “(D) vs. (L)) that refer to absolute
configuration modulation experiments performed on two different gold surfaces
(gold-coated Ge IREs). These phase-resolved ATR-IR spectra highlight the
differences in intermolecular interactions between the two proline enantiomers
and the NAC SAM. Note that the demodulated spectra (Fig. 12, top) are char-
acterized by signals that are more than one order of magnitude weaker than the
ones of the static spectra (Fig. 12, bottom). The demodulated spectra show a
rather complex pattern with sharp positive and negative bands. Although the
signals are considerably above the noise level (which is about 5 x 10~ in the
spectral region around 1700 cm ') the ATR-IR signals are small revealing a
rather weak enantiodiscrimination between the NAC SAM and proline. The
dispersive bands in demodulated spectra arise due to slight frequency shifts
induced by the stimulation, that is, the change in absolute configuration of
proline. The demodulated spectra can be viewed as difference spectra between
the relevant diastereomeric complexes. The position of the dispersive bands
suggests frequency shifts of the proline carboxylate v,(COO™) (possibly also
v4(COO™)) and NH; scissoring 6(NH;) and NAC amide and carboxylate vibra-
tions [27].

Density functional theory (DFT) calculations of an NAC—proline complex
using a polarizable continuum salvation model (PCM) were also performed in
order to further understand the nature of the interaction. Among different NAC—
proline intermolecular forces, the ionic interaction between the positively
charged proline NH," group and the negatively charged NAC carboxylate
COO™ turned out to dominate the interaction. Structure optimization was per-
formed for the NAC-(p)-proline and NAC-(L)-proline diastereomeric complexes
and a pictorial representation is given in Figure 13. The difference in potential
energy between the two chiral complexes was finally found to be very small
(about 0.2 kJ mol ™).

The calculated IR spectra for the NAC-D-proline complex, denoted by
“(D)”, and for the NAC-L-proline complex, denoted by ““(L)”’, together with
the corresponding difference spectrum (bold solid line, “L-D"’) is displayed
in Figure 13, bottom. At first glance, the calculated spectra of the (D) and (L)
complex seem to be identical, but the resulting difference spectrum, scaled by
a factor 5, clearly reveals significant dispersive signals that originate from
slight frequency shifts of vibrational bands in the order of one to several
wavenumbers. This difference spectrum is directly comparable to the exper-
imental spectra shown in Figure 12, top. The calculations are in qualitative
agreement with the experiment. In particular, the observed dispersive line
pattern between 1700 and 1550 cm ™' is very well reproduced by the calcula-
tions. This example demonstrates that even such weakly enantiodiscriminating
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FIGURE 13 Top: pictorial representation of optimized structures of the NAC-L-proline (a) and
NAC-p-proline (b) complexes. The structure of the complexes is determined by ionic proline
NH," - - COO~ NAC intermolecular interactions. In (a) the charges are schematically indicated
by clouds. Bottom: calculated vibrational spectra of NAC-p-proline (‘‘D’’) and NAC-L-proline
(‘L””) complexes. The corresponding difference spectrum “‘(L)—~(D)’’, scaled by a factor of 5, is
presented at the bottom as a solid bold line. Note that the calculated difference spectrum is
experimentally accessible by ATR-IR and corresponds to the phase-resolved spectra on top in
Figure 12. Reproduced with the permission of the American Chemical Society [27].

interactions lead to detectable signals in the difference spectrum of the two
diastereomeric complexes as revealed by absolute configuration modulation
and that the technique is a sensitive tool for the study of enantiodiscrimination
at chiral solid-liquid interfaces. The PSD efficiently suppresses the signals
arising from non-specific interactions, which makes it possible to detect even
subtle spectral features of the specifically bonded species.
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CONCLUSIONS

MES combined with phase-sensitive detection is a powerful technique for the
investigation of reversible systems. It has several advantages over conventional
spectroscopy with regard to sensitivity, specificity, and resolution of overlap-
ping bands. The PSD scheme allows the separation of small varying signals from
alarge static background. Only those species give rise to signals that are affected
by the external parameter that is periodically varied. Analysis of the phase-
resolved spectra largely helps to disentangle crowded spectra. The spectrum of a
species exhibiting distinct kinetics can be unequivocally subtracted by choosing
the appropriate phase-setting. This then also allows the observation of minor
species in the system, which are otherwise buried by the dominant (most
abundant) species. Moreover, rigorous kinetic data can be gained from the
analysis of phase angles and amplitudes measured as a function of modulation
frequency, as has been shown elsewhere [16].

Experimentally, a modulation experiment is usually relatively easy to realize
and not much special equipment is needed in addition to the conventional
spectroscopy. Also, the phase-sensitive detection, that is, the application of
equation (13), is straightforward.

A prerequisite for MES is the reversibility of the system under investigation,
which may hinder the application of the technique. A critical parameter is the
modulation frequency. Ideally, the modulation period is on the same order of
magnitude as the timescale of the process of interest. In such a situation the most
information can be gained from MES, by performing experiments at different
modulation frequencies. In case the physical-chemical process is much faster
than the modulation, the system response will just follow the stimulation and the
demodulated spectra correspond to difference spectra between two states of the
system. One might think, for example of a photo-sensitive sample that switches
extremely fast and that is probed by a slow MES experiment. The demodulated
spectra then correspond to the difference spectra between the two states of the
system, that is, the light on and the light off state. In case the stimulation is much
faster than the system response, the system cannot follow the stimulation and the
amplitude of the response will be zero or at least very small.

An important issue is the maximal modulation frequency that can be realized
in an experiment. This depends of course on the concrete system. One limiting
factor is the spectrometer itself. Modern FTIR spectrometers can record up to
100 spectra per second (depending on the spectral resolution), which is limited
by the mechanical movement of the mirror on the interferometer. In a MES
experiment several time-resolved spectra have to be recorded during one mod-
ulation period. As a lower limit, 16 spectra per period can be considered. This
means that the spectrometer limits the accessible modulation frequency to a few
Hertz in the most optimistic case, 1 Hz or even less being more realistic. In the
example discussed above, a concentration modulation was in principle applied
in the presence of a liquid phase. In such a case, mass transport of the molecules
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(convection and diffusion) may be a limiting factor for the applicable modula-
tion frequency [28].

VIBRATIONAL CIRCULAR DICHROISM (VCD)
Introduction and historical background

VCD is the differential absorption of left and right circularly polarized infrared
light [29]. The signals are relatively small compared to the corresponding IR
signals. Anisotropy factors AA/A of 10~ to 107> are typical, where A is the
absorbance and AA is the difference in absorbance for left- and right-circularly
polarized light. With technological developments such as lock-in amplifiers,
liquid-nitrogen-cooled semiconductor detectors and IR polarization modulators
for the generation of left- and right-circularly polarized radiation the measure-
ment of such small signals is nowadays possible [30-32]. VCD is usually
measured in transmission mode and the sample is prepared as liquid film of
the neat compound or as a solution. However, also films of solid compounds
were measured [33].

VCD has been successfully measured in the mid seventies by Holzwart and
coworkers [34] and Stephens and coworkers [35]. At that time dispersive infra-
red spectrometers were used. Shortly after that, Nafie used for the first time a
FTIR spectrometer for VCD experiments [36]. Nowadays, several VCD spec-
trometers are available in the market.

Description of the method

The heart of the experiment is a photoelastic modulator (PEM) that modulates
the polarization state of the light usually at several tenths of kilo hertz. This PEM
generates left and right circularly polarized light, which leads to a modulated
signal at the detector provided the sample absorbs left and right circular polar-
ized light to a different extent. This modulated signal, after lock-in amplification
and Fourier transformation of the interferogram, contains essentially the VCD
spectrum.

VCD of biomolecules in aqueous environment is challenging. Water is a
strong IR absorber and therefore only very short path lengths can be used, which
means that the concentration of the biomolecule has to be quite high in order to
obtain sufficiently large signals. An interesting development for the study of
biomolecules is the extension to the near infrared region NIR [37]. We should
also mention the differential scattering analog to VCD, Raman optical activity
(ROA), which is very well suited for studies of biomolecules in aqueous solution
[38, 39]. A further challenge in VCD is artifacts originating from linear bire-
fringence due to optical elements in the beampath between the PEM and detec-
tor. A design with two PEMs and two lock-in amplifiers was demonstrated to
cancel out birefringence effects [40].
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VCD spectra contain substantial structural information. First of all, the
technique can be used to determine the absolute configuration of a chiral
molecule without the need to grow single crystals [41-43]. Enantiomers have
opposite signs for corresponding vibrational bands. Second, and perhaps even
more important, the technique yields information on the conformation of dis-
solved molecules [44—46]. This information has to be extracted from the exper-
imental spectrum through comparison with theory. For this, the possible con-
formations of the molecule have to be determined, their structure refined, and
their VCD spectrum calculated. Generally, the VCD spectra of conformers
differ significantly. This strategy for structure determination of dissolved mole-
cules obviously relies on the quality of the calculation. Today, methods are
available, notably relying on density functional theory (DFT), which have
predictive character for VCD spectra of small molecules.

VCD is also sensitive toward the secondary structure of proteins and pep-
tides [47,48]. Particularly, the amide vibrations can be used to get information
on the secondary structure as is illustrated in Figure 14, which shows the VCD
spectra of the amide regions of several polymers differing in the content of
secondary structure elements.

Example

VCD of molecules adsorbed on metal nanoparticles VCD of flat interfaces
and adsorbed molecules on such interfaces is very difficult and has not been
reported yet, to the best of our knowledge. The challenge is at least twofold.
First, VCD signals are small even for bulk samples. In the latter case AA values
of 107°~10"* are typically measured for vibrational bands giving rise to absor-
bances of A of 0.1-1. For monolayer films of molecules absorbance signals A of
1072 = 10~* are typical, depending on the method used. The VCD signals are
then expected to be smaller than 10~ for a monolayer of molecules. Second, the
interface itself may change the polarization state of the light and lead to polar-
ization artifacts. Most IR techniques to probe interfaces rely on reflection
geometries that strongly alter the polarization of the incident light. For the
investigation of chiral molecules at flat interfaces other techniques might be
more suitable, for example second harmonic generation looks promising [50].
Furthermore, on surfaces molecules are very often oriented, which can compli-
cate the analysis of (linear or nonlinear) circular dichroism spectra.

As will be shown below, VCD can still be used to study adsorbed molecules.
The trick is to use a high surface area material that can be dissolved, that is a
nanoparticle. The application of VCD spectroscopy to nanoparticles (NPs) has
been demonstrated recently by studying the conformation of the adsorbed chiral
molecules [51]. For example the cysteine derivatives N-acetyl-cysteine and N-
isobutyryl-cysteine adsorbed on gold NPs of about 2 nm core diameter were
studied. VCD spectra of gold NPs covered by the two enantiomers of N-iso-
butyryl-cysteine (NIC) were measured [51]. Whereas the IR spectra were
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identical for the two enantiomers, the VCD spectra showed mirror image rela-
tionship as can be seen in Figure 15.

In order to extract structural information from the VCD spectra density
functional theory (DFT) calculations were performed. Different conformers
and different adsorption modes of the molecule adsorbed on a small gold cluster
were considered for these calculations. The calculations showed that the
conformer of the adsorbed molecule had a large influence on the calculated
VCD spectra.

The simulated VCD spectrum of the conformer of N-isobutyryl-cysteine
adsorbed on a small gold cluster that matches best the experimental data is
shown in Figure 16[51]. This conformation is characterized by an interaction of
the carboxylate with the gold particle. Thus, the carboxylate group seems to be a
second anchoring point beside the strong Au—S bond.
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Most importantly, it has been shown that VCD is a promising tool to study
the structure of adsorbed chiral molecules on small metal nanoparticles. Such
information is relevant because the structure (conformation) of the adsorbed
molecules can have a pronounced effect on surface properties and function such
as molecular recognition. It should be noted that the system described above is
challenging for mainly two reasons. First of all, N-isobutyryl-cysteine is a quite
flexible molecule with considerable conformational freedom. Therefore, several
conformers might contribute to the experimental spectrum. Second, the particles
were studied in water. It is very likely that water specifically interacts with N-
isobutyryl-cysteine via hydrogen bonding and this will influence the VCD
spectra at least to a certain extent. This should be included in the calculation
of the VCD spectra. Taking into account this potential for improvement, the
approach for studying the structure of adsorbed chiral (bio-) molecules on metal
particles outlined above can be considered very promising although up to now
only a few examples were reported on the use of VCD for the investigation of
molecules adsorbed on metal particles.

CONCLUSIONS

VCD is sensitive toward the absolute configuration and the conformation of
molecules and the secondary structure of proteins. Molecules adsorbed on flat
surfaces and interfaces are difficult to be studied by VCD spectroscopy, due to
the weakness of the signals. However, VCD is possible for molecules adsorbed
on soluble nanoparticles, which are high specific surface area materials. One
interesting avenue to consider in future work is surface enhancement effects
similar to what is explored for Raman optical activity, where the study of the
interaction of proteins with metal colloids seems within reach [53].
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INTRODUCTION

Infrared (IR) spectroscopy forms part of ““biophotonics,” a field of research that
merges biology and optics and covers an ensemble of techniques that exploit
light or more generally all forms of photonic energy in the field of life sciences.
IR spectroscopy of biomolecules has been a very active research area over the
last 15 years or so, and it has made a tremendous impact in this branch of
molecular spectroscopy. Applications of this vibrational technique to proteins,
lipids, enzymes, nucleic acids, carbohydrates, and biomembranes are numerous
[1]. With the addition of a microscope as an accessory to conventional Fourier
Transform InfraRed (FTIR), spectrometers have brought the potential to exam-
ine tissues at cellular resolution. It has led to IR imaging, where biochemical and
spatial information are combined.
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This book is dedicated to biointerfaces, a field which is exhibiting an
increasing interest over the past few years. IR spectroscopy has become an
important approach for the characterization of biomolecule—surface interactions
at a molecular level, and several chapters of this book are demonstrating such
capabilities. Often, the sensitivity of the technique for such a complex interface
has built upon the previous knowledge and expertise of IR spectroscopy at
model systems adsorbate substrate. There have been, undoubtedly, very impor-
tant achievements using conventional spectrometers, complemented by news
ways of applying IR spectroscopy.

Apart from the sophisticated techniques associated with IR spectrometers,
exemplified in this book, the heated filament that is the IR thermal source in
spectrometers has been challenged when it was realized that synchrotron radi-
ation could be a much brighter source in the IR region [2].

Synchrotron radiation is the light produced by a beam of relativistic charged
particles, most often electrons, in synchrotron storage rings. A synchrotron
facility or center is a large machine (about the size of a soccer field, or even
bigger) that accelerates electrons to almost the speed of light. These storage
rings involve combinations of magnets that bend (and focus) the electron beam
onto an approximately circular orbit. They can accelerate and store hundreds of
milliamperes of current for hours at a time. As electrons are deflected through
magnetic fields they create extremely bright light. Replenishing the beam on a
regular basis compensates the slow loss of electron beam, due to scattering.
Nowadays, a refilling mode of the synchrotron storage ring, named top-up, is
maintaining an almost constant intensity of the electron beam over days, with
less and less beam perturbation during reinjections. The light produced is
channeled down to beamlines and to experimental workstations where it is used
for research [3].

Although most synchrotron light sources are optimized to produce X-ray and
vacuum ultraviolet radiation, they also produce broadband radiation in the IR
region. The primary advantage of synchrotron IR radiation is its brightness
(number of photons per unit area and per unit solid angle). Because the light
originates from a small bunch of electrons, the source can be treated as a point
source. Thus, IR light from a synchrotron can be easily collimated and/or
focused to diffraction limited spot sizes (~1-10 um), allowing high spatial
resolution (IR spectromicroscopy) and high spectral resolution both the far-IR
to near-IR energy domain.

IR spectroscopy and microscopy beamline end stations have flourished
during the last 10 years, and almost all synchrotron facilities worldwide have,
or are planned to have, IR beamlines. If there was a strong motivation and
scientific activity in surface science, in the 1990s, the motivation has evolved,
nowadays toward biology.

The far-IR domain has provided, undoubtedly, the strong initial boost for
exploiting the synchrotron radiation. In solid-state physics, phonons and other
collective modes have resonant excitations in the so-called far-IR and THz
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spectral range. These can involve transport phenomena and the various interac-
tions between electrons and other excitations in solid, making IR spectroscopy
an important tool for studying complex electronic systems (such as excitons in
semiconductor nanoparticles, and ferroelectricity, magnetoresistance, and
superconductivity in complex metal oxides). In many cases, the information
complements that obtained from higher energy photons (e.g., photoemission,
X-ray spectroscopy, diffraction, and scattering), yielding a more complete pic-
ture of a material’s structure and behavior.

The subject of interface bonding and intermolecular dynamics has attracted
considerable attention with much of the information about the nature of the
bonding being inferred from measurements in the intramolecular vibrational
modes in the 600—4000 cm ', With a synchrotron radiation, one can measure at
lower frequency, and study not only these intramolecular motions, but also the
bonding modes in the frequency domain 20-600 cm ™. This is crucial in any
attempt to understand the many macroscopic phenomena involving interfacial
processes such as adhesion, adsorption, desorption, friction, lubrification, catal-
ysis, epitaxial growth, and electronic properties.

The high brightness of IR synchrotron radiation is crucial for a variety of
low-throughput techniques. These include microprobes and imaging microspec-
troscopy, for micron-sized samples such as individual cells and tissues at sub-
cellular resolution. This is exemplified in this chapter. Dynamical processes can
be investigated using any of these techniques by exploiting the pulsed nature of
the synchrotron source. Though lasers can probe shorter time scales, no other
source allows for such a wide spectral coverage.

SYNCHROTRON INFRARED EMISSION

Synchrotron radiation is the light produced by a beam of relativistic charged
particles, most often electrons, in synchrotron storage rings. One of the key
parameters defining the synchrotron emission is the Lorentz factor, a convenient
way to define a relativistic quantity for the accelerated electrons (also called
relativistic mass enhancement factor):

E=7vEp (1)

where Ey = mpc> = 0.511 MeV is the rest energy of the electron and
Y= W where v is the velocity, in unit in ¢, the speed of light.

The synchrotron light is pulsed (hundreds of picoseconds) and is emitted in a
narrow cone with an half-angle of 1/y. For example, modern synchrotron
facilities are operating at energy of 3 GeV or so. This gives a value of
vy = 5871, and an emission angle of 0.170 mrad (0.0095°).

Relativistic effects cause the emitted radiation to span a large spectral range,
often reaching into the hard X-ray spectral range. In contrast to free electron
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lasers (FELs), synchrotron radiation is a spectrally continuous (i.e., ““white’”)
source of light. For a more detailed description, we report readers to [4].

Exploiting the IR energy domain from synchrotron radiation is quite recent.
IR emission from synchrotron radiation was early proposed as a useful source
for long wavelength studies of throughput limited experiments [2,5-8].

The first studies utilizing such a source were carried out at Tantalus,
Daresbury, and Bessy I, starting in the 1970s [9]. The real boost in IR experi-
mental activities in synchrotron facilities, started right after, at UVSOR [10],
NSLS VUV [11-13], later LURE SuperACO [14]. All beamlines were designed
with reasonably large apertures, in order to extract more efficiently the IR
emitted photons (see below). However, at the early time, the electron beam
motions in synchrotron facilities were generating very noisy photon beams, and
this was quite detrimental for the spectral quality. Moreover, since the emitted
IR flux is proportional to the electron beam current, and this later could be barely
made higher than few tens of millamperes, the collected flux was not as high as
originally expected due to the limited electron current in the storage rings.
Despite this, the initial science program with such IR beamlines was mostly
concentrated on the far-IR wavelength domain, and in application domain such
as gas phase, solid-state physics and surface science [15-17]. These scientific
fields have remained very active over the years and represent, even today, an
important research activity in the far-IR (also named THz) using the synchrotron
radiation.

As mentioned in the introduction, the real boost of interest in using synchro-
tron radiation as an IR source arose when it was demonstrated that the high
brilliance advantage is a key issue in microanalysis. This has led to a bigger
impact in applications, and for wide recognition of the usefulness of the IR
synchrotron source [18,19].

Infrared emission in storage rings

IR radiation is generated by electrons traveling at relativistic velocities, either
in a curved path through a constant magnetic field (i.e., bending magnet
radiation [2]) or when their trajectories encounter variable magnetic fields,
for example, at the edges of bending magnets (i.e., edge radiation (ER))
[20,21] (Fig. 1). In the latter, the ER is generated by a high-energy charged
particle when it passes the entrance or exit through the region of a rapid change
of magnetic field amplitude of a bending magnet. The photons emitted at two
adjacent bending magnets bounding a straight section appear in the same cone
and are subsequently synchronized by the electron itself. This leads to an
interference effect, which manifests itself in oscillations of radiation intensity
[20,21].

In synchrotron world, spectral flux is more traditionally expressed as
the number of photons per time unit and per relative spectral bandwidth,
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FIGURE1 Schematic drawing of the infrared emission from edge radiation (ER) and bending
magnet radiation (BM). L is the length of the straight section, and this influences the interfer-
ence effects with the upstream ER dipole emission.

while in the spectroscopy world, this is expressed in terms of the emitted
power per unit wave number. Both quantities are related by the following
formulas [22]:

dw dN
Fo. = = he 2
“=a/n) " dildaa)’ @)
where / is the Planck constant and ¢ is the speed of light.
In practical units
dw w dN Photons
— [—— ) ~2x107% . 3
d(1/x) <cm1) . dz (dA /) [s 0.1% bw)] 3)

The flux emitted by the two main sources of IR emission can be calculated using
the following equations [22].

From constant field of bending magnet

Assuming that vertical angular aperture of an IR beamline A6, is larger than the
natural opening angle of synchrotron radiation, that is, 6, > (A/ p)l/ 3, where A
is the radiation wavelength and p the magnet radius, the spectral flux of syn-
chrotron radiation can be estimated as

( dw ) V3eyl

1) ™ i e OGOA) @)

47 €
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with
o0
i

G(x) = x/ Ks/3(x) dxl,
X
where €y is the permittivity of free space, e is the charge of electron,
Y = E/moc*y >1 is the electron relativistic mass enhancement factor, / is the
electron beam current, 6, is the horizontal angular aperture, A, = 47p/(3y%) is
the critical synchrotron radiation wavelength for the bending magnet, and K5 3
is the modified Bessel function. In practical units, the above equation becomes

dw w ~ .
<d<1/A>)SR (m> ~ 4.88 x 107 E(GeV)I[A]6x(mrad)G(Ac/A) - (5)

where E is electron energy (in GeV).

Taken as example, the French synchrotron facility SOLEIL, which has a
storage ring with parameters E=2.75 GeV, I=0.5 A, A, =143 A, a beamline
with horizontal angular aperture 6,= 40 mrad, at the wavelength A= 10 um
(1000 cm ™ "), the emitted flux is

_dw x1.40x10*6£.
d(1/A) ) s cm™!

Edge radiation from extremities of bending magnets

In the near field observation region, the spectral flux per unit surface of the
radiation emitted at two edges of bending magnet limiting one straight section of
a storage ring is approximately

dw 2el . L[ wL?
— ) = 5-sin (6)
dSd(1/A) ) gr €014 2hz(z+ L)

where r, is the distance from observation point to the straight section axis
(12 = x* +?), z is distance from downstream bending magnet edge to obser-
vation plane, assumed to be r; < z K )wz, and L is the distance between
bending magnet edges (i.e., the straight section length). This intensity distribu-
tion is the result of interference of the emission from two bending magnet edges,
and the near-field effect.

Equation (6) allows us to estimate the angular size of the first interfer-
ence ring of the ER intensity distribution, as observed at a distance
z=r/z~22A(z+L)/(zL)]"*. At L=10m, z=3m, and A = 10 um,
this gives r,;/z ~ 6 mrad. This is much less than the natural opening angle of
the SR from constant field of the bending magnet. One should note, however,
that the first interference ring does not contain all the flux of the ER.
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After integration of Equation (6) over r; within a circular aperture z6,
centered on the axis of the straight section (6, is the angular radius of the
aperture, assuming the origin at the edge of the downstream magnet), we get

dw el 7zL6,>
V)~ | T )
d(l/)\) ER mEY )\(Z-FL)
o0
where H(x) = In(x) — ci(x) + C, and ci(x) = — [ cos(7)¢'dz is the cosine

integral function, C ~ 0.577216 is the Euler constant. In practical units,
equation (7) can be rewritten as

(5757) ) =570 1070 [5G0 2]

Taking the following parameters from SOLEIL synchrotron: 7 = 0.5 A,
L=10m,z=5m, 6, =10mrad, and A = 10 um, we obtain from equation (8)

d W
(—W> ~15x 1070 ——.
d(1/A) ) gr cm

Therefore, these two IR sources are almost equivalent in terms of flux as well as
in brightness. However, for completion, it is interesting to know the intensity
distribution profiles of both sources and their polarization properties.

In Figure 2, the distribution profiles at two wavelengths (10 and 100 pum)
have been calculated, using SRW [23] for an energy storage ring of 3.0 GeV and
for a prototypical opening angle of the dipole chamber of 20 x 40 mrad for the
collection of bending magnet IR emission, and 20 x 20 mrad for the collection
of the edge radiation IR emission. These profiles illustrate that, for bending
magnet emission, the angle of emission is larger than that of the ER. However, it
should be noted that bending magnet emission can be increased if the horizontal
opening angle is increased (which is the case actually in several new IR ports
at synchrotron facility, for example, 78 mrad at SOLEIL (France), 50 mrad at
DIAMOND (UK), 60 mrad at Australian Synchrotron, and even 320 mrad at
SRC, (Wisconsin (USA)).

A marked difference between the two sources is their polarization properties
(Fig. 3). Compared to bending magnet emission, which is strictly horizontally
polarized in the plane of the electron trajectory, ER has a radial polarization.
Circular right and left polarization, as well as vertical polarization can be
selected by collecting the appropriate portion of the IR beam emission, as seen
in Figure 3.

The apparent source size is usually not determined by the physical electron
beam dimensions (few tens of microns) but rather by the limits imposed by
diffraction. When diffraction is limited, the rms source dimensions are

1
Obend magnet = 1.6(pA?) /S(dipole bend source)
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FIGURE2 Intensity distribution for two wavelengths, 1 = 100 mm (left column) and 1 =10 mm
(right column). The distribution has been calculated for a bending magnet (BM) emission, and
an ER emission. This calculation has been carried out for the case of a storage ring of 3 GeV, a
vertical aperture of 20 mrad, and a horizontal aperture of 20 mrad for ER and 40 mrad for BM.

Linear Horizontal Linear Vertical Circular Right Circular left

ER

BM

FIGURE 3 Intensity distribution for various polarization states for ER and bending magnet
radiation (BM).

where A is the wavelength of interest and p is the bend radius in the dipole
magnet. Taken, as an example, a storage ring having an electron beam energy of
3 GeV (y = 5871) and a bending radius on the order of 7 m, the dipole bend rms
source size at A = 10 wm is about 1.42 mm.
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These source dimensions pertain to optical extractions limited to the natural
opening angle of the emitted light, measured in milliradians (mrad). The rms
half-angles for emission are

Opend = 0.6(A/ p)l/ 3 (dipole bend source)
Ocage = /- (edge source)

Taken, as the above example of a synchrotron facility at 3 GeV, the dipole
bend emission angle at A =10 um is 6.7 mrad while for ER the emission is
below 0.2 mrad. Either of these sources can be demagnified to produce a small
spotsize for surface science studies in grazing incidence or in the microscope,
where the rms spot size can be made on the order of A. It should be noted that the
1/y emission angle for ER depends on having the full source dimensions
extracted. In practice, the source is often truncated by the storage ring’s metal
vacuum chamber, resulting in larger opening angles that also depend on the
wavelength. A horizontal collection angle greater than these values can result
in additional horizontal source segments, turning the point-like, diffraction-
limited source into an extended source. One could imagine collecting and
extracting the entire horizontal swath of light from a bending magnet source,
but the mechanical design of the dipole magnets and the electron beam vacuum
chamber set a practical limit of ~30° or less. Note that this only pertains to the
dipole bend source as the edge source is, by definition, limited to the fringe field
region of the magnet (typically less than 1° into the dipole). Though infrared ER
by itself nearly always behaves as a point-like source; it evolves into bending
magnet radiation that can be a part of the extracted flux.

Therefore, the important characteristic of the synchrotron IR source, such as
other wavelengths, is its very high brightness, the result of the intrinsically small
source size and narrow emission angle for synchrotron radiation.

Williams [24] has shown that in the IR spectral region, where the syn-
chrotron radiation source is typically diffraction limited, the brightness is
given by

By (9)=107*1 7> W/mm? /sr/cm ™" 9)

where [ is the stored beam current in amperes and v the frequency in wavenum-
bers (cm_l).
A blackbody radiator has a brightness, which can be expressed as is

fiw? dw

By (w) = (27T)262 Phw/kT _

(10)

Assuming emission into 27 steradians (plus ignoring any obliquity factors),
substituting 7= 2000 K (the temperature of a typical thermal source), and
converting to wavenumber yields
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FIGURE 4 Brightness comparison between a synchrotron source and a thermal source
(at 2000 K).

Byy(7) = 6 x 107 9%° dv 1 W /mm? /sr/cm ™! (11)

£7/1400 _ 1

Figure 4 compares the synchrotron versus blackbody brightness according to
equations (9) and (11). Clearly, the synchrotron offers approximately three
orders of magnitude advantage over the thermal source.

It is important to note that synchrotron IR source is an absolute source since
its power depends strictly on the electron beam current stored in the ring, which
can be measured accurately. This has opened a completely new field in surface
dynamics, as will be illustrated in the next section.

Today, most synchrotron radiation facilities offer a port dedicated to IR
spectroscopy and spectromicroscopy. While early synchrotron sources had beam
stability issues, the high electron beam stability of modern third-generation
machines and/or the use of optical beam stabilizing techniques [25] provide
the required beam stability for high-quality FTIR spectroscopy.

SYNCHROTRON INFRARED STUDIES IN SURFACE SCIENCE

Most of the studies have been performed on simple molecules (CO, NO) with
few of them related to organic molecules.
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Identification of low frequency modes of adsorbed species

The main initial objective at the beginning of the exploitation of the synchrotron
far-IR photons was to study the bonding between adsorbates and substrate (mainly
metallic). Not surprisingly, the first system studied was the interaction of
the carbon monoxide (CO) with monocrystalline surfaces (Cu, Pt) [26-30]. The
C—Cu vibrational mode was found at ~340 cm ' while the C—Pt vibrational mode
appears at ~470 cm™ ', It is appealing to note that the same system was studied
using a thermal source at low temperature [31] and the C-Pt signal was recorded
after 3 days of data accumulation, (10°s) compared to the synchrotron-based
spectra obtained in 100 s in [30]. Interestingly, the C—Pt band position not only
depends on the coverage, but also exhibits an upward frequency shift at 300 K,
and indicates a temperature onset for the lifting of the surface reconstruction [32].

Perhaps the most illustrative example of the potential for synchrotron far-IR
approach for adsorbate—substrate interaction is the study of the absorption of
NO on Cu [28]. After completion of a monolayer of NO, no IR signal was
observed in the stretching mode region of NO, suggesting that the molecules
have reacted and desorbed. However, the far-IR spectra revealed one band,
which, upon isotope labeling, was assigned to N,O, bonded to the copper via
the oxygen atom, and with a N-N axis parallel to the surface (Fig. 5).

Several studies have identified the bonding nature of organic molecules on
the metallic surface [27]. Adsorption of the diketones, methylacetoacetate, and
acetylacetone, on Cu(1 1 0) yields a pure »Cu—O vibration at <300 cm ™', while
the monotartrate form of (R, R)-tartaric acid adsorbed via its carboxylate group
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FIGURE 5 Frequency dependence of the low frequency mode, for 5 L exposure of NO, on Cu
(111), at T = 90 K. The low frequency mode is downward shifted upon oxygen labeling (3%). This
has been interpreted as a Cu—ON, peak, as the Cu—O peak would have shifted by 6%. From [28].
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on Cu(1l 1 0) shows a ¥Cu—O stretching vibration at 378 cm ™!, This is almost
identical to the vCu—O stretching frequency of formate adsorbed via its carbox-
ylate unit at Cu(1 0 0) and Cu(1 1 0) surfaces. For formate, the high resolution
of the IR technique has enabled the asymmetry of the absorption band to be
detected, suggesting the presence of heterogeneity in the adlayer.

Vibrational dynamics

Low frequency vibrational modes of adsorbates are precursors to motion, about or
away from the surface, as their energies are directly related to the potential energy
surfaces of the molecule or atom bonded. Due to their low energies, they are easily
thermally populated and contribute predominantly to the adsorbate entropy.
Therefore, energy transfer through these modes is important in various processes,
such as surface diffusion and reactions. Since the beginning of the 1990s, the
interest of the study of the low energy modes was renewed when Persson sug-
gested that frustrated translational modes of molecules or atoms are the key to the
frictional force induced by the adsorbate on the metallic surface [33—-34]. A direct
relation between the lifetime of the frustrated translation and the friction coeffi-
cient, responsible for the diffuse scattering of the conduction electron of the
substrate by the adsorbate (resistivity change) has been suggested [35].
Vibrational dynamics at surfaces is manifested in two major observations in
IR spectra. First, a broadband reflectance change is observed upon adsorption,
and the overall reflectivity change provides a value of the electron hole lifetime
(which is related to the variation of the density of states at the Fermi level
induced by the adsorbate [36,37]). Simultaneous measurements of dc resistivity
and IR reflectivity changes were performed on the CO/Cu system, confirming
the model (Fig. 6). The strict dependence of the synchrotron far-IR photons on
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FIGURE 6 (a) Broadband IR reflectance change for CO adsorbed on a Cu (111) film (67 nm
thick), at T =90 K. The solid lines through the spectra are fits according to Persson and
Volokitin’s model [34]. The insert shows the change and shape of the resistance during CO
exposure. (b) C-Cu vibration band and anti-absorption mode arising for the frustrated rota-
tion of CO on the copper surface.
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the electron beam current is mandatory to record such a low reflectivity change
upon molecular adsorption, and was used to calculate the electron hole pair
lifetime for other interfaces such as Cgy on Ag(1 1 0) and Cu(1 0 0), providing
values of 480 and 602 ps, respectively, and indicating a high metallic character
of C60 on these metallic surfaces [38].

Such studies have not been undertaken on biomolecular interfaces yet.

SYNCHROTRON INFRARED APPLICATIONS IN BIOLOGY

It is well recognized that IR microspectroscopy is providing a direct indica-
tion of a sample’s biochemistry [39]. The brightness advantage of the syn-
chrotron source is being increasingly used for subcellular studies, since, with
diffraction limited spot size, the spectral are obtained with high (S/N) quality.
Armed with information on sample histology and pathology, variations in
nucleic acid, protein, and lipid content or protein secondary structure have
been scrutinized as potentially providing important details about the chem-
istry of diseased states [40].

It is therefore not surprising that, up to now, the large majority of synchrotron
mid-IR microspectroscopy studies have concentrated on isolated cell and tis-
sues, for biomedical applications. However, until recently, no spatially resolved
studies at a biomolecular interface have been carried out. The recent achieve-
ment using a synchrotron-powered IR microscope, and exemplified in this
section, is opening new avenues in the research field.

Single cells and tissues studies

It is expected that the nucleus of isolated cell might possess a biochemical
different spectra form the cytoplasm. From the changes occurring in the nucleus,
phenomena such as apoptosis, necrosis can be identified and are often charac-
terized, in an IR spectrum, by a change in a secondary structure of the protein
(Amide I band) [41] and consequently the effect of external agent, drug can be
addressed by following the biochemical signature of these nucleus [40,41]. As
demonstrated in the previous reference, synchrotron IR microscopy is manda-
tory to follow the subtle changes specifically in the nucleus. In addition, the
spectral changes have to be recorded on an important number of different cells,
in order to have a statistical relevancy. Therefore, statistical methods, such as
principal component analysis (PCA), hierarchical cluster analysis (HCA), and
K-means clustering, among others, are used routinely in biological studies using
IR microspectroscopy. Accuracy of the statistical treatment of spectra tremen-
dously relies upon the high spectral quality obtained. Figure 7(a) illustrates the
spectrum obtained from a nucleus of a cancer cell (HELA), using a spot size of
6 x 6 ].Lmz, as well as the PCA loadings of the spectra (Fig. 7(c)) recorded in the
nucleus and in the cytoplasm of isolated cells displayed in Figure 7(b). It is quite
obvious that spectra belong to two separate groups, and the PCA score displayed
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FIGURE7 Infrared spectrum of a single cell taken with an aperture of 6 x 6 mm? (16 scans,
4 cm ! resolution). The light micrograph showing the area probed inside one single cell using
synchrotron infrared microscopy. The dimension of the projected aperture on the sample was
setto6 x 6 p.tmz (represented as a dashed square), allowing analysis of either the nucleus or the
cytoplasm of each cell. (B): PCA analysis of the whole set of spectra taken inside the nucleus
and the cytoplasm of about 100 cells. There is a clear separation of the spectra into two
clusters, where the discrimination is 92% along the PC1 axis.

in Figure 7(c) shows that a different secondary structure of the proteins is
identified in the nucleus. Subsequent efficient drug treatment of cancer cells
will induce a further change in the proteome of the nucleus [42]. It should not be
ignored that the thorough analysis of single cell spectra is facing challenges,
since physical phenomena is adding on the spectral shape. This is currently a
subject of intense work, and important understanding and progresses in data
treatment is being made, to disentangle spectral variation due to biochemical
changes from those coming for physical artifacts [42].

Figure 8 illustrates the power of the synchrotron beam in imaging, with
subcellular resolution, the distribution of the main components of individual
cells. The chemical images have been generated by raster scanning a single
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FIGURE8 Chemical image of the distribution of lipids, nucleic acids, and proteins across one
individual cancer cell (HELA). The step size for analysis is 1 um. The acquisition parameters
are as follows: 32 scans, aperture =4 x 4 umz, resolution = 8 cm ™!, electron beam current=
400 mA. Courtesy: M.J. Tobin

HELA cancel cell, with a step size of 1 \wm, and with 32 scans per spectrum. One
can easily see that RNA and proteins are located in majority in the cell nucleus,
while the lipids are distributed mainly outside the nucleus. This is often
observed in cancer cells, and there is not consistent explanation yet for this
phenomenon.

Many human tissues have been studied with high spatial resolution, and
univariate (single band mapping) and multivariate (cluster mapping) imaging
has been generated: Alzheimer, bones. (For a review, see [39].)

Biomolecular interface studies should build on the actual studies on biolog-
ical cells and tissues. In a near future, with the improvement of the technical
approaches, of the sensitivity of the detection, and of the brightness of the
synchrotron source, high quality spectra can be acquired and subtle changes
in conformation could be much better determined using statistical approaches,
at biomolecular interfaces systems.

Spatially resolved biomolecular interface study

Providing that we can now benefit for a brighter IR source, in the extended
frequency domain between the far-IR (THz) and the mid-IR, one can envision
initiating spatially resolved studies at biointerfaces, in the mid- and far-IR
region. One of the limiting factors has remained, until recent years, the beam
stability, since the signal strength expected at biointerfaces is lower than that for
the model system studies, and reported in this chapter.

The first step toward the application of spatially resolved studies at bioin-
terfaces was carried out by the group of C. M. Pradier and V. Humblot at the
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FIGURE9 Grazing incidence objective (Bruker) mounted on a microscope (NICPLAN from
Thermo Fischer), for performing biomolecular interface analysis of one monolayer of GSH on
Au(111).

SMIS beamline at SOLEIL, the French synchrotron facility. The essential
motivation was the high stability of the electron beam of this facility (one of
the latest synchrotron facility made operational), who could now pave the way
for such feasibility study.

Equipped with a grazing incidence objective (Fig. 9), a better spatial reso-
lution is obtained when the synchrotron source is used instead of the thermal
source. In Figure 10, we have reported the reflectivity signal obtained, ona 1951
USAF resolution target, at two different wavenumbers (1000 and 3000 cmfl).
Clearly, the use of the synchrotron source allows achieving a much better
resolution, in the grazing incidence mode, compared to the thermal source. It
can also be noted that the resolution degrades with the lower wavenumber
(higher wavelength) frequency, due to diffraction effect.

Besides improved spatial resolution, minimizing noise is an important factor
prior to any attempt to record an IR spectrum for a biomolecule monolayer. This
was successfully achieved for the study of an adsorbed monolayer of polypep-
tide (glutathione or GSH(y-glu-cys-gly)) on Au(l 1 1) [44]. The study of GSH
was motivated by the strong affinity of the thiol group of the cystein for metal
atoms and, from the fact that GSH is the major low-molecular-mass thiol
compound in plants and animals in which it plays an important role in metabolic
mechanisms, as natural reducing and the nucleophilic molecule.
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FIGURE 10 Resolution test performed on a 1951 USAF target, at two wavenumbers: 1000
and 3000 cm ' (10 and 3.3 um wavelength, respectively), and using either the synchrotron
source (left) or the thermal source (right). The spectra have been acquired at 16 em™?!
resolution.

Little was known about the long-range scale homogeneity of the protein
layer on the gold substrate. For that purpose, IR microscopy, using a grazing
incidence objective, was performed to image its distribution. The experiment
was carried out at the SMIS beamline at SOLEIL synchrotron (France), with a
Magma 560 spectrometer to which a NICPLAN (Thermo Nicolet) microscope
was coupled. A grazing incidence objective (Bruker) was used, as well as a
liquid nitrogen cooled mercury cadmium telluride detector (50 wm). The spectra
were collected in the 4000 — 800 cm ™' mid-IR range at a resolution of 4 cm ™
with 1024 coadded scans; the signal-to-noise ratio was measured around
3 x 10~ * peak-to-peak for band height in the range of 0.05 to 0.1%. The scanned
areas obtained with the microscope objective were ~150 x 600 um?* with the
internal thermal source and 20 x 80 um” with the synchrotron light. Data
analysis of IR spectra and chemical images was performed using the OMNIC
software (Thermo Scientific).

Figure 11 reports the spectrum of a monolayer of L-glutathione or GSH on a
Au(l 1 1) surface, while Figure 12 displays the spatial distribution of the protein
over a surface of &~ 100 x 300 um? [44]. This figure shows how one can image
the heterogeneous distribution of a protein overlayer on a metallic substrate.

Armed with such equipment, spatially resolved IR spectra and imaging has
been shown to be feasible and one can expect a further development in this field
in a near future.
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FIGURE 11 Infrared spectrum of the one monolayer of GSH deposited on the Au(111)
surface. The spectrum has been recorded by the synchrotron source, as the infrared beam,
using a grazing incidence objective (512 scans, 4 cm ' resolution).

PERSPECTIVES IN SYNCHROTRON INFRARED
FOR BIOINTERFACES

Many synchrotrons worldwide have active programs involving biomedical
applications of synchrotron IR microscopy. The motivation for far-IR studies
of such biointerfaces on extended surfaces has to be revived, since the number of
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FIGURE 12 Chemical image of the spatial distribution of adsorbed GSH on Au(111). Due to
the grazing incidence geometry, the projected spot size onto the sample is ~ 20 x 80 um?. The
image has been acquired with a step size of 80 um in one direction and 20 other in the

perpendicular direction. Each spectrum has been recorded with 1024 scans at 8 em ! resolu-
tion. The synchrotron beam has remained stable during all the course of the data recording.



Synchrotron infrared interface science

surface science-dedicated station in the far-IR is reduced at the moment, after
the recent closing of the surface science station at NSLS and Daresbury. The
only operational surface science dedicated end station is located at Spring-8
[45]. A new surface science equipment is being developed at SOLEIL, for such
studies, and will be accessible to the users soon. For scientists that are not
familiar with the operation of these centers access to these facilities may seem
restrictive. However, almost all synchrotron IR beamlines worldwide offer beam
time free of charge based on a peer-reviewed proposal system. In many cases,
researchers have active programs using a conventional IR microscope, equipped
either with a single detector or an array detector.

In synchrotron IR microspectroscopy, one of the pitfalls remains the diffrac-
tion limited spot size and slow data collection rates. Nowadays, focal plane array
detectors are being implemented in microscopes that use a global source, and the
performance of these detectors has not yet been exploited with a synchrotron
source. Clearly, the size of the detector array has to be adapted to match the
projected size of the synchrotron beam, in order to keep the brightness advan-
tage of this source. Smaller detector arrays might well be available soon, and
will allow faster acquisition of data, and a slightly improved lateral resolution
using point-spread function deconvolution. Readers interested in the details of
future improvements with such a combination of bright IR sources with up-to-
date bidimensional detectors can find them in [22].This is a direction that can be
complemented by the collection of many more IR photons from a bending
magnet with much large horizontal opening angles [46].

Another upcoming area in biomolecular interface research is the use of very
intense THz beams that can be generated with so-called coherent emission.
Coherent synchrotron radiation is produced when the relativistic electron
bunches have longitudinal density variations on a scale comparable to or smaller
than the wavelength. Synchrotron and transition radiation emitted from a
bunched electron beam becomes coherent and highly intense at wavelengths
about or longer than the electron bunch length. The radiation has a continuous
spectrum in the submillimeter to millimeter wavelength range. One of the main
factors determining the intensity of the coherent radiation is the electron bunch
shape. The intensity of the coherent radiation emitted from an electron bunch is
becoming proportional to the square of the electron intensity. But very recently,
significant progress has been made toward stable operation of storage rings with
a small momentum compaction factor, which results in a short (submillimeter)
longitudinal size of the electron beam, and as a consequence, a high flux of
coherent synchrotron emission in the far-IR spectral range [47]. It is also
possible that ultrashort pulses can also be generated with the assistance of laser
slicing techniques [48]. One can expect that if this progress continues, genera-
tion of coherent SR may be possible also in the mid-IR range. If this happens, the
synchrotron sources will be much more advantageous over black-body sources
not only in terms of brightness, but also in terms of flux.
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Other exciting new directions in synchrotron IR spectroscopy are emerging.
The pulsed nature of the synchrotron source has been exploited in few cases [49]
but synchronization with external lasers will certainly see more applications in
the future. FELs are also being developed in many countries. Production of
intense IR pulses, with very short duration, is currently possible. There are new
projects combining FELs and continuous emission (synchrotron) from a storage
ring.

Therefore, synchrotron IR spectroscopy and microscopy are very attractive
for many scientific disciplines, in a wavelength energy domain extending from
the very far- to the near-IR. We hope that readers of this chapter have found
motivation to utilize synchrotron infrared beamlines for undertaking new
approaches in biomolecular interface studies.
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INTRODUCTION

Many if not all biological processes essential to life are mediated by a sequence
of individual events relying on the molecular recognition between two partners.
In a most simplistic way, these molecular recognition processes stem from a
complementarity of shape and function between the host and the guest that
associate with high affinity and specificity. For example, this kind of process
is encountered between enzymes and substrates that are then converted into
products in a chemo/stereospecific fashion. The same kind of association is
found between receptors and ligands and between antibodies and antigens.

Physical methods to detect biorecognition events have been mostly imple-
mented for bioanalytical purposes, that is, to detect and quantify one of the
partners of the association (the host or the guest) but also for more fundamental
purposes such as the study of molecular mechanisms underlying the interaction
between therapeutic agents and their biological targets.

Surface IR spectroscopy appears nowadays as a powerful technique to
characterize the adsorption and reactivity of molecules on various material
surfaces. This chapter, aiming at demonstrating the interest of using IR spec-
troscopy to monitor the functionalization of surfaces, as well as their use for
biorecognition monitoring, will be divided into two parts.

In the first part, we will describe how the immobilization of bioreceptors on
materials can be studied by various IR surface techniques for the elaboration of
biosensors and recognition of target molecules. Emphasis will be put on three of
these techniques, which benefit from a surface-enhanced sensitivity, namely,
attenuated total reflection infrared (ATR-IR) spectroscopy, surface enhanced
infrared spectroscopy (SEIRAS), and eventually infrared reflection absorption
spectroscopy (IRRAS). The last technique allows us to reach low detection
limits, thanks to the use of modulation of the polarization. Several examples
of application of these IR techniques will be presented. Recent examples of very
sensitive and selective mid-IR biosensors operating in direct or competitive
format will be given, using IR as a transduction technique to detect several
targets going from small molecules to pathogenic bacteria.

The second part will be devoted to the use of transition metal carbonyl and
some other chemical probes in conjunction with IR spectroscopy for molecular
sensing and biorecognition. Having in mind that, for biosensing applications,
analytical sensitivity is of critical importance, the use of metal carbonyl probes,
as well as some other good IR reporters, will be explained and illustrated by
some examples of biorecognition events.

PART I: SURFACE IR SPECTROSCOPY FOR THE LABEL-FREE
DETECTION OF BIORECOGNITION EVENTS

The ATR technique

FTIR spectroscopy, in the attenuated total reflection configuration, relies on the
total reflection of the IR beam within a high refraction index crystalline
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material, occurring at a certain angle of incidence; the sample which is in
intimate contact with the ATR crystal is then probed by the evanescent wave,
with a sensitivity decaying with the distance (Z) from the crystal interface [1].

E = Eje ;—zw(sinzb? —n2)"z| = Epe
1

whereA| = )‘/ n, i the wavelength in the sample, 15, is the refractive index ratio,
no/ny, 6, is the angle of incidence, and Z is the distance from the surface (all
notations are those written in Fig. 1).

The penetration depth, and thus the length of the probed sample, depend
on the sample density and on the wavenumber, which makes the sensitivity
varying with the spectral region; as an example, the probed distance is of the
order of a few micrometers for a layer of oxide nanoparticles, and equal to
1.39 um in water (at 1100 cm™"). The principle of the technique, as well as
experimental description of the setups and practical considerations, are exten-
sively described in several reviews or books [3, 4]. We only recall that, in an
ATR setup, the sample to be analyzed must be in close contact with the so-
called ATR element, and IR in the ATR mode is particularly adapted to probe
liquid media.

Flow-through cells have been built to monitor changes in adsorption or
adhesion phenomena in real time. One of the first examples of such a setup
was presented by Fleming et al. in 1995 [5]. In this very pioneer study, the
authors monitored the growth and physiological changes within a Pseudomonas
putida biofilm on a germanium ATR crystal; the four spectral regions correlate
to various functional groups and molecules; as an example the appearance of an
IR signal at 1085 cm ™' indicates the formation of exopolysaccharides (EPS)
upon toluene addition in the medium. Moreover, monitoring the adhesion and
growth of the P. putida film makes clear the progressive increase of the amide
bands and the irregular evolution of the EPS characteristic bands, showing their
complex role in biofilm growth (Fig. 2).

Importantly, since crystals with high refraction indexes are a prerequisite for
internal reflection, ATR is often used to investigate surface reactions on Si, Ge,

a
Incident radiation Reflected radiation
(wavelength %)

FIGURE1 Schematic representation of the optical characteristics for attenuated total reflec-
tion IR (taken with permission from Ref. [2]).
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FIGURE 2 Up: FTIR spectrum of Pseudomonas putida; four spectral regions have been
identified corresponding to the fatty acid, protein, mixed and polysaccharide regions, respec-
tively. Down: adhesion and development of a P. putida biofilm monitored in an ATR flow cell.
Taken with permission from Ref. [5].

7ZnS, or ZnSe surfaces. Of course, the use of FTIR in the ATR mode for
monitoring biorecognition requires the ATR optical element to be functiona-
lized with the adequate receptors. This can be easily done on Si surfaces, the
drawback being its IR opacity below 1550 cm™'[6]. The use of Ge instead of
Si not only enables a broader IR analytical range, but also changes the



IR spectroscopy for biorecognition and molecular sensing @

functionalization procedures; this was exemplified by Marchand-Brynaert et
al. who setup an original functionalization method of Ge, building a thin
organic layer made of PEG-silanes and photografting of an NHS-terminated
azide, ready for the covalent anchoring of any biomolecule; they monitored
this chemical activation of the Ge crystal surface, and then the binding and
stability of a protein by in situ FTIR-ATR analyses. The stability of the so-
functionalized Ge sensor surface was checked by performing immersion in
PBS and monitoring the amide band intensity as a function of time; no
intensity changes were observed after 5 h under a PBS flow, that is, under
conditions mimicking physiological ones commonly used for monitoring
biorecognition phenomena [7].

Detection of ligand—receptor interactions was tested and compared on two
Ge ATR crystals, having different geometries, one being trapezoidal and yield-
ing 25 internal reflections and the other using triangular-shaped crystal and
relying on one single reflection (see Fig. 3) [8].

After activation and silanization of the Ge ATR elements, a thin phospho-
lipids membrane was deposited and submitted to a specific or nonspecific
binding of coagulation factor VIII in the presence of other proteins. The authors
demonstrated that building a homogeneous lipidic layer on the second type of
the ATR element (much smaller surface corresponding to one single reflection)
is much easier than on the classical large area Ge crystals. This enables a better
control of the nonspecific interactions; in this example, the decrease in the
number of reflections being compensated by the better quality of the surface
functionalization.

FVIII flow in HSA
buffer solution FVIII

Functionalized
organic layer of
nanometric
thickness

PS or PC
membrane

Incident infrared OTS layer
beam

Germanium ATR
element

FIGURE 3 Schematic view of the Ge triangular bar used for ATR-FTIR. The principle of
FTIR sensors for factor VIII (FVIII) detection and details of the functionalized interface
(taken with permission from Ref. [8]).

Moreover, by combining FTIR spectroscopy and second-derivative analysis
of the IR spectra, the specific character of the protein—protein interaction can be
checked [9]. As an example, an immunosensor was built up on a GaAs ATR
element schematized on Figure 4.
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FIGURE 4 Optical configuration and flow cell used for the mid-IR ATR analysis (taken with
permission from Ref. [9]).

To do so, a synthetic peptide antigen was immobilized on a SiO, film
deposited on the GaAs prism; the latter configuration was preferred, compared
to the use of a pure Si prism due to the better transparency of GaAs compared to
Si [10]; the quantitative analysis of antibody recognition was then achieved by
integrating the amide I and amide II bands while specific and nonspecific
interactions were discriminated, thanks to the second-derivative analysis of
the amide I band [11]. As a matter of fact, the major fraction of B-sheets in
antibodies [12] makes them relevant targets to probe the method. Figure 5 shows
typical ATR-IR spectra recorded after interaction of the antigen-coated (a) or
uncoated (b) ATR crystal with the antiserum (containing the specific antibody)
diluted in a buffer. Bands at 1548 and 1639 cm ' indicate the binding of
antibody, in a much higher amount on the antigen-modified surface.

Moreover, the second derivative spectrum, corresponding to the upper spec-
trum, in the amide I region, exhibited one main peak at 1638 cm ™', showing the

—— antigen immobilized o [ antigen immobilized
| — antigen unimmobilized -.r_?u | — antigen unimmobilized
& amide | 2 |1690 1638

evanescent field S L amide Il 2
Ny 8 2
g F &
VAL ALK < -
IR /N A @
GaAs @ 2
[+ i -

k7<) L m L : L 1 L 1

1800 1600 1400 1200 1700 1680 1660 1640 1620 1600
Wavenumber (cm™) Wavenumber (cm™')

FIGURE 5 Left: schematic layout of the optical configuration used in this experiment.
Middle: typical IR absorption spectra of antigen-immobilized (thick line) and uncoated
ATR crystals (thin line), measured after 1 h contact with antiserum diluted 1:1000 in the
reaction buffer. Right: inverted second derivatives of the previous figure spectra (taken with
permission from Ref. [9]).
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predominance of [B-sheet-folded proteins, that is, antibodies. Conversely, the
second derivative of the lower spectrum (blue line) indicates no, or a very weak
amount of specific antibodies, thus demonstrating that specific interactions can
be discriminated via this spectral analysis. Eventually, a quantitative analysis of
the protein concentration was achieved, based on the amide II intensity, because
the amide I region is perturbed by the strong absorption of water. A detection
limit (1:36,000 dilution of antiserum), lower than that reached by classical
ELISA tests, was obtained showing the potential of this label-free IR-based
immunosensor.

A similar FTIR ATR-based sensor was setup and utilized by Reiter et al. to
monitor the specific recognition of a monoclonal antibody by human tumor
necrosis factor-a (TNFa) [13]. The latter receptor was simply adsorbed on a
Ge prism; after washing with BSA to saturate the remaining binding sites of the
Ge surface and thus prevent nonspecific interactions, a flow of anti-TNF« anti-
body was pumped over the Ge element. The resulting protein surface concentra-
tion was determined, taking into account the refractive indices, the molar absorp-
tion coefficient of the amide II band and the number of internal reflections,
following the procedure described in Ref. [14]. This analysis gave evidence that
the TNFa receptors were adsorbed as a full monolayer and one antibody molecule
was adsorbed per ca. two TNFa receptors, corresponding to a binding efficiency
of 38%. In this work, parallel and perpendicular polarized IR lights were used; the
calculation of the dichroic ratio, from the integrated absorbance of the amide II
bands corresponding respectively to parallel and perpendicular polarized incident
lights, and comparison to that of an isotropic arrangement of molecules, gave
information about a preferential orientation of some groups; this was the case for
TNFa molecules which tend to align their amide groups normal to the Ge surface,
likely favored by the interaction of the other side of the molecule with the surface.
This phenomenon was not observed with larger proteins such as antibodies.

More recently, Gosselin et al. reported results concerning the detection of a
small molecule, namely 2,4-dinitrophenol (DNP), using ATR FTIR spectros-
copy [15]. They attached a DNP-HSA (HSA: carrier protein) conjugate cova-
lently to the silanized surface of a Ge ATR element and carried out competitive
immunoreactions using several anti-DNP antibodies, in the presence of either
free or coupled DNP. To do so, solutions containing monoclonal antibodies and
DNP or DNP-HSA inhibitors were injected over the DNP-HSA-functionalized
ATR surface. The measured surface absorbance, in the amide II region, was then
converted into percentage of inhibition (see following equation):

1= 100(1 — (A; — Ao/Amax — Ao)),

where A; is the measured absorbance, A is the absorbance before contact with
the antibody solution, and A, is the absorbance measured in the absence of
inhibitor in solution.

Figure 6 displays the schematic representation of the sensors and plots of the
inhibition curves for DNP-HSA (open symbols) and DNP (filled symbols). The
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FIGURE 6 Left: schematic representation of the ATR sensor; right: percentage of measured
inhibition using DNP-HSA (open symbols), or free DNP (filled symbols) (taken with permission
from Ref. [15]).

same procedure was applied to perform antibody detection with ELISA tech-
nique, in order to compare the sensitivity of the two methods. The limits of
detection were equivalent for both techniques, ca. 10-40 pg/mL. Interestingly,
the sensitivity was significantly increased when using HSA-DNP as inhibitor.

Another type of biosensor, based on DNA recognition, may also take full
advantages of IR spectroscopy. The process of DNA immobilization and
subsequent characterization on Si surfaces was investigated in sifu by using
IR absorption spectroscopy with a multiple internal reflection setup [16]. The
technique enabled to assess the covalent binding of DNA to the terminal
amine functions of a silane, and of course the hybridization of a comple-
mentary oligonucleotide yielding a specific signal at ca. 1685 cm™'. This
signal has been attributed to the C=O stretching vibration mode which
appears due to conformational changes of the immobilized DNA molecule.
As a matter of fact, interaction of a noncomplementary oligonucleotide did
not give rise to this absorption signal. Note that, for the sake of spectral
clarity in the 1600—1700 cm ' region, all experiments were conducted in situ
in a D,O solution.

The authors presented a careful analysis of the conformation of DNA and its
relation with the IR spectra. Figure 7 shows the ATR-IR spectra of two com-
plementary DNA strands, comprising 30 bases, and yielding expected absorp-
tion bands at 1580, 1620, and 1680 cm”! (C=0 and C=N stretching vibra-
tions). These experiments clearly showed that DNA hybridization induces IR
spectral changes, in particular in the C=O0 stretch region; this has been attrib-
uted to the hydrogen bonding between A and T or G and C bases as represented
in Figure 8.

Label-free detection of proteins and other small molecules could also be
achieved by FTIR-ATR through DNA conjugation [17]. In the experiment
reported by Liao et al., the authors used 20 nucleotide-long aptamers, specific
or not to thrombin; those were covalently immobilized on hydrogen-terminated
Si surfaces; incubation with solutions of thrombin (10~% to 107° M) was then
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FIGURE 7 (a) ATR-IR spectra of DNA-modified Si surfaces before (dotted lines), and after
interaction with complementary ss-DNA (a), or noncomplementary ssDNA (b). The thicker lines
are the difference spectra (solid thin line minus dotted line) (taken with permission from Ref. [16]).
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FIGURE 8 Base paring in DNA, thymine-adenine and cytosine-guanine, showing the
H-bondings (taken with permission from Ref. [16]).

achieved; the binding of protein was monitored by the increase of the IR bands
in the 3550-2800 cm™ ! region (N-H + CH, bands); the affinity constant
between the aptamer and the protein could be determined by fitting the concen-
tration-dependant IR intensity curves using a Langmuir isotherm equation.
Note eventually that measurements on gold or other metal surfaces may also
be achieved using the ATR configuration; the metal film must be thin enough to
let a high intensity of the evanescent wave, while the reflectivity of the metal/
ATR crystal is high enough to let a significant IR intensity reach the detector. The
optimal film thickness depends on the detector and number of internal reflec-
tions; it is usually of the order of a few nm. Such an ATR setup was applied to
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studying the formation of self-assembled monolayers of chelator alkanethiols,
and subsequent binding of proteins, at the gold/water interface [18].

This configuration has also been widely exploited to combine optical and
electrochemical measurements at an electrode surface. Practical, as well as
theoretical considerations about the use of IR-ATR technique for electrochem-
ical investigations are given in Ref. [19].

The SEIRAS technique

After the discovery of surface enhanced Raman scattering (SERS) in the early
1970s, a similar enhancement effect has been observed on nanostructured
surfaces by IR spectroscopy. The enhancement factor of SEIRAS (surface
enhanced infrared absorption spectroscopy) is weaker than the one of SERS,
10-10° compared to 106—1012; however, thanks to the high IR cross-section of
IR, SEIRA, such as SERS, provides significant and well detectable molecular
information in many cases, in particular when biomolecules are targeted. Let
us recall that, like IRRAS, surface selection rules imply that only vibrational
modes involving a change in the dipole moment normal to the surface are
active [20].

SEIRA signal intensity depends on the surface roughness, on the size and
shape of nanoparticles in the case of colloids; and the SEIRAS technique may be
applied with various geometries of the optical setup.

The preparation of the surface is critical for the success of SEIRAS analyses:
SEIRA-active metal surfaces may be fabricated by vacuum evaporation at a
controlled rate. The best SEIRA effects have been reported for Au or Ag rough
films [21]. SEIRA signal enhancement has been observed on Cu or Pt. A
reproducible and thus quantifiable SEIRA effect may be obtained by using
nanolithography technique [22] or electroless chemical deposition [23] to pre-
pare the adequate rough surfaces. Colloidal gold nanoparticles may also serve as
SEIRA templates [24]. The most commonly adopted geometries for SEIRA
measurements are the internal reflection (Kretschmann attenuated total-reflec-
tion geometry) or total reflection on a metal substrate.

The sensitivity of SEIRA spectroscopy is comparable to that of Surface
Plasmon Resonance (SPR), but it has the great advantage of providing a chem-
ical identification of the detected molecules.

The signal enhancement by SEIRA effect can be seen on Fig. 9 (upper one)
which shows the IR spectrum of a layer of thymine, analyzed in two different
modes, ATR-IR or SEIRA [25].

For the former, a 50 nm thymine film was deposited on a KBr plate while, for
SEIRA experiments, a 7 nm film of thymine was evaporated onto rough silver.
Peak intensities are on an average slightly more intense on the SEIRA spectrum,
despite a much lower amount of thymine; the difference in intensities, for respec-
tively the 7 nm (SEIRA) and 50 nm (RAIRS) films indicates an enhancement
factor of at least 10 with the former technique. Moreover, some frequency shifts
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may be observed; for instance the C=0 stretch mode, at 1750 cm ! on the SEIRA
spectrum is obviously shifted to lower wave-number on the ATR spectrum; this
witnesses the loss of some intermolecular interactions (hydrogen-bonding net-
work) which exist in polycrystalline thymine deposited on the ATR crystal.

SEIR of thymine on Ag

840 1750
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Wavenumber / cm’

E1 RAIRS on smooth Sn o

) H
\_H

559

SEIR on Ag

T T I T L T T T
600 700 800 900 1000 1100 1200 1300
Wavenumber/cm-1

FIGURE9 Up SEIRA, spectrum of thymine on rough silver, compared to the ATR spectrum
of thymine powder deposited on a KBr plate; Down, transmission SEIR spectrum of thymine
on rough surface, and reflection absorption spectrum of a 50 nm thymine film on smooth tin
(taken with permission from Ref. [25]).

In Fig. 9 (lower one), the SEIRA spectrum of a thymine film on rough Ag is
compared to its IRRAS one on a smooth tin surface. Having in mind the
orientation-dependency of the IRRAS peak intensities, one observes a very
weak out-of-plane mode of the thymine cycle, at 760 cm ™', suggesting that
the thymine molecules are, on an average, preferentially oriented in an edge-on
way, as schematized on the figure.

In a second example, SEIRA spectroscopy was combined with visible
microscopy to localize bacteria on geologic material surfaces and probe
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biomolecule interactions [26]. A SEIRA-active surface was obtained by
evaporating a thin gold film on a rough rock sample, so as to acquire
SEIRA spectra in the metal-overlayer configuration. Localized different
chemical compositions were observed from the SEIRA spectra, thanks to
different spectral features in the 13001000 cm ™' region. These may be used
as biomarkers to define the spatial distribution of bacteria microcolonies on a
basalt sample. The authors noticed a special sensitivity enhancement due to
SEIRA effect around 1500 cmfl, but not below 1200 cmfl, where specifi-
cally differentiating bands were expected.

The SEIRA effect may easily be applied in the ATR configuration, by
depositing a metal film on an ATR element; the presence of the metal film
induces a SEIRA effect. Examples of characterization of redox processes in
electroactive bacteria such as Geobacter sulfurreducens or Pseudomonas fluor-
escens by combining cyclic voltammetry and ATR-SEIRA have been recently
described [27,28]. For such a device, the working electrode is made of a thin (ca.
35 nm) film of gold deposited by argon sputtering on a silicon prism, inserted in
a glass electrochemical cell; the IR spectra were recorded with p-polarized light.

As an example, Figure 10 shows the ATR-SEIRA spectra acquired during
cyclic voltammetry. Observing these two series of spectra upon potential
cycling, witnesses the two redox pairs (low and high potential redox) on the
Geobacter sulfurreducens bacteria adsorbed on gold. Observed spectral changes
resemble the electrochemical behavior of c-type cytochromes, located in the
outer sphere of the cell, suggesting their role in the electron transfer processes.
Interestingly, shifts in the amide I band reveal some conformation transition of
the cytochromes during the electron transfer.
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FIGURE 10 ATR-SEIRAS spectra of G. sulfurreducens acquired during repeated cyclic
voltammetric analysis. Taken with permission from Ref. [28] (see details in the same
reference).
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The IRRAS and PM-IRRAS techniques

The use of Fourier-transform infrared reflection-absorption spectroscopy (FT-
IRRAS or IRRAS), at grazing angle, provides a precise chemical and semiquan-
titative characterization of layers adsorbed on reflective surfaces; moreover,
they can be used in the air, sometimes in liquid environment which make them
of great interest for biointerface characterizations. The principle of IRRAS
and PM-IRRAS techniques, dedicated to adsorption studies on metal surfaces
in UHV or under low-pressure conditions, has been described in detail in
Chapter 1. The PM-IRRAS technique, applied to the characterization of molec-
ular phenomena at dielectric surfaces was the subject of Chapter 3.

In this chapter, we will first describe the experimental setups that can be used
to characterize molecular films by IRRAS or PM-IRRAS at reflective (metallic)
surfaces, either in the air or in a liquid environment. The interest of these
techniques will then be exemplified in different applications: monitoring the
elaboration of biosensors, or its use for the detection of various targets, toxins,
DNA proteins, or cells.

IRRAS to monitor surface functionalization and biointerfaces

Gold surfaces and their modification by self-assembled monolayers (SAMs) for
the immobilization of biomolecules constitute typical systems for which IRRAS
is an attractive characterization technique. IRRAS has been widely used to
characterize the growth and organization of thiol SAMs on gold [29]. Indeed,
gold reacts with alkylthiols that spontaneously form more or less ordered self-
assembled monolayers widely studied to controlling the amount and orientation
of the biological elements [30-32]. The immobilization of various types of
biomolecules can then also be controlled by IRRAS thanks to some very intense
signals in the C=O0 stretch spectral region.

A very classical example is the characterization of SAMs of acid-terminated
thiols by FT-IRRAS on Au films. The technique, performed after rinsing and
drying the substrates, was also used to monitor activation of terminal acid
groups into ester groups and the following binding of proteins [33]. Though
measurements could be easily done in the air and exploited, one has to be careful
about the background samples and possible variations in the humidity, or CO,
concentration, in the air that may induce false signals or poor baselines. We will
see later that PM-IRRAS brings much more rapid and satisfying results.

FT-IRRAS was also applied to characterize the functionalization of Si
surfaces [34]. As an example, Figure 11 shows the IRRA spectra of a Si-H
surface after immersion in solutions of 1-decene (lower spectrum) or N-hydro-
xysuccinimidyl undecyl-1-enate (NHS)-ester (upper spectrum); these results
indicate that the reaction of hydrosilylation indeed takes place via the C=C
double bond since no signal at ca 1700 cm ™' is present and, second, the presence
of the NHS ester functions is confirmed by the three characteristic C=0 stretch
vibrations at 1817, 1788, and 1745 cm_l, respectively; the position of the CH
stretches of the methylene groups, 2854 and 2926 cm ™' suggest a poor crystal-
linity of both the alkene and NHS ester-terminated monolayers [29,35].
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FIGURE 11 FT-IRRAS spectra of a pure 1-decene (lower spectrum), or N-hydroxysuccini-
midyl undecyl-1-enate (NHS)-ester (upper spectrum) monolayer on a Si surface (taken with
permission from Ref. [34]).

An IRRAS experimental system was even setup to probe solid-liquid inter-
faces for the observation of solid—solution interfaces on biosensor materials (see
Fig. 12). It consisted in a cell containing a CaF, prism which ensures a very thin
(1-2 um) layer of solution between the sample and the prism surfaces, by
pushing the sample with a spring; solution could be injected with a syringe
pump. The prism surface was precovered with PEG (2-methoxy-(polyethylene)
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FIGURE 12 (a) Schematic drawing of the cell used for the IRRAS characterization of solid—
liquid interfaces; (b) Amide I band of IgG dissolved (G) in a D,O-PBS solution, (H) adsorbed on
the nonactivated SAM layer and measured in the solution, (I) adsorbed on the activated SAM
layer, and measured in solution, and (J) adsorbed on the activated SAM layer, and measured
under vacuum; taken with permission from Ref. [36].
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oxypropyltrimethoxysilane) to avoid adsorption of proteins, which would false
the measurements. Gold-coated glass substrates were modified with a SAM of
16-mercaptohexadecanoic acid, which was activated with EDC/NHS mixture
prior to covalent attachment of IgG. All measurements were performed in D,0,
in order to avoid perturbation of the spectrum in the region of interest, and
background spectra were recorded in the presence of the protein-free solution.
An original result, obtained thanks to this in situ IRRAS setup was the evidence
that no conformational change of the protein occurs when covalently bound to
an activated thiol layer; conversely, protein denaturation clearly took place when
the cell was evacuated, that is, when the proteins were dried on the surface
(spectrum J, blue shift of ca. 27 cm ™) [36].

The performances of SEIRAS (transmission) and IRRAS were compared for
the detection of specific antibody—antigen reaction [37]. SEIRA substrates were
prepared by depositing Au nanoparticles (d = 13 nm) on a SiO,/Si wafer sur-
face. The Au Nps were then covered with one monolayer of antibody and
submitted to an antigen solution. The procedure was repeated on a smooth Au
film for IRRAS spectral analysis. Considering the accessible Au area on the
nanoparticles, compared to that of the smooth film, the SEIRA enhancement
factor was estimated to be close to 25; importantly, chemically prepared and
deposited gold nanoparticle films were shown to be efficient SEIRA substrates.

PM-IRRAS to monitor the elaboration of biosensors
and biorecognition events

For the molecular characterization of surfaces of silicon, gold, or any reflective
material, using PM-IRRAS brings the great advantage of easy and rapid anal-
yses in the air, without requiring a perfect repositioning of the sample or control
of the surrounding atmosphere. As an example, Figure 13, left, shows the
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FIGURE 13 PM-IRRAS spectra of a gold surface. Left: after MUA chemisorption; right:
after chemisorption of mixtures of MUA and mercaptohexanol, molar fraction of MUA equal
to 0.25 (a), 0.5 (b), 0.75 (c), and 1 (d). Figure taken from Ref. [38] with permission.
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PM-IRRAS spectrum recorded upon chemisorption of a carboxylic acid termi-
nated thiol, mercaptoundecanoic acid (MUA), on a gold thin film, providing, in
a few minutes, the following information

*  The vy vibrations at 2854 and 2923 cm ™', proving the presence of the alkyl
chains in a rather ordered state.

+ The COOH signature at 1712cm™' and those of COO at 1604 and
1410 cm ™! indicating that protonated and nonprotonated forms of the car-
boxylic groups coexist on the surface.

Moreover, if dilution of the active terminal functions is desired, mixed SAMs
can be built and PM-IRRAS used for a semiquantitative characterization of the
SAM composition, as well as of the layer crystallinity. Figure 13, right, displays
the vcy region of mixed layers of MUA and mercaptohexanol. One observes an
increase of the vy bands intensity when the MUA fraction increases, as expected
from the number of methylene groups, and a progressive shift of the amide I band
toward lower wavenumbers, suggesting that the layer crystallinity gets better and
better when the fraction of long chain thiols increases. The progressive ordering of
the layer was correlated to its further reactivity when antibodies were grafted;
antibody interactions were then probed on these layers [39].

By combining PM-IRRAS and DFT calculation, characterization of mixed
thiol SAMs on Au(1 1 1), constituted of mercaptohexanol and MUA, of varying
concentrations, segregation was made clear; namely, the most stable surface
configuration results in the coexistence of separate domains, some rich in
alcohol functions and some rich in acids; the main information came from the
IR feature in the C=O0 stretch region, the vc—¢ frequency being very sensitive to
the existence of H-bonding with neighboring groups [40].

Activation of the terminal groups of a thiol, for example, activation of acid into
ester groups, is a classical way to covalently attach proteins or DNA probes. As an
example, Figure 14 shows the evolution of the IR spectra upon chemical activation
followed by protein A immobilization. Spectrum a shows bands at ca. 1410 and
1720 cm™ ! confirming the presence of acid-terminated thiols; on spectrum b, one
can see the three C=0 ester bands at 1745, 1788 and 1817 cm ™!, and spectrum ¢
proves the efficient binding of a protein, by reacting with the ester groups.

Measurement of the amide band intensities provides semiquantitative infor-
mation on the amount of adsorbed proteins, and thus on immunosensor effi-
ciency when, for instance, antibodies and other proteins or cells are used as
capture probes and target molecules, respectively. Plotting the IR band intensity
has been used to calculate the affinity constant between an antibody and a
target (see Fig. 15). Let us take the example of an allergen in milk, namely,
B-lactoglobulin (B-LG), which was immobilized on gold transducers in order to
build up a biosensor to detect allergen antibodies.

Two different SAMs were explored: an amine-terminated SAM and an
acid-terminated one. B-Lactoglobulin was grafted via its acid or amine groups
on the amine or acid-terminated layers, respectively. Even though both acid and
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FIGURE14 PM-IRRAS spectra of a gold surface (a) after mercaptoundecanoic acid grafting,
(b) after its activation, and (c) after B-lactoglobulin immobilization.
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FIGURE15 (A) PM-IRRAS spectra obtained on amine terminated layers on which B-LG was
covalently bound upon interaction with rabbit antiserum, with increasing concentrations of
anti-BLG IgG, from bottom to top: 0, 0.2, 0.6, 2.5, 12.7, and 63.3 pg/mL. (B) Amide band area
as function of rabbit IgG concentration, also shown are experimental data fit to the Langmuir
isotherm equation. Figure taken from Ref. [41] with permission.
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amine grafting led to a similar amount of B-lactoglobulin, an interesting influ-
ence of the immobilization technique on the molecular recognition of specific
rabbit anti-B-LG IgG was observed. Immobilization of B-LG via its acid func-
tions led to a better affinity, 2.5 times higher, than immobilization via its amine
groups with respect to the recognition of its specific antibody. In both cases, the
affinity constants were deduced from PM-IRRAS and SPR experimental data. A
very good agreement between the two techniques was observed [41].

Interestingly, a similar system was then used to detect a small chemical
molecule, benzo[a] pyrene (BAP), a carcinogen pollutant representative of the
polyaromatic hydrocarbons (PAH) contaminants, whose detection at trace
amount level is a current challenge. IR is a perfect technique to detect these
PAH compounds thanks to their specific vcy aromatic signals at ca
3050 cm ™! [42,43]. The PM-IRRAS-based sensor was able to detect the target
with a limit of detection slightly below 5 uM (Fig. 16).
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FIGURE16 PM-RAIRS spectra recorded after immunodetection of benzo[a]pyrene at 1, 3, 5,
7,and 10 x 10~® M for a, b, ¢, d, and e, respectively; taken with permission from Ref. [43].

PM-IRRAS to monitor DNA hybridization

DNA hybridization on gold surfaces can be also characterized by PM-IRRAS,
implying the preliminary binding of a single-stranded DNA to the surface;
detection of DNA hybridization by PM-IRRAS was described for the first time
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by Brewer et al., the target was the exact complementary ssDNA of an immo-
bilized SH-modified ssSDNA [44]. The difficulty was, in this type of experiment,
to find the right compromise between the optimal temperature for hybridization
(60-80°C) and the possible desorption of thiolated ssDNA from the surface.
Note that the spectrum of the gold surface after ssDNA immobilization exhib-
ited signals characteristic of the DNA phosphodiester backbone (broadband at
1188 cm_l), and the asymmetric PO, stretching mode at 1238 cm ! (Fig. 17).
Here again, the hybridization was made clear from the appearance of a new band
at ca 1670 cm ™', attributed to changes in hydrogen bonding between comple-
mentary bases, that is, conformation changes in the adsorbed ssDNA. DFT
calculation permitted to assign the position of this signal to a blue shift of the
NH, bending mode, which becomes more constrained upon base pair formation.
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FIGURE 17 PM-IRRAS spectra of a mixed monolayer of mercaptohexanol and ssDNA
before (dashed line) and after (solid line) hybridization with the complementary DNA; taken
with permission from Ref. [44].

The hybridization IR signature was fully interpreted using DFT, by cal-
culating the vibration frequencies for each individual nucleotide and model-
ing the difference spectrum obtained by subtracting the ssDNA from the
dsDNA spectra (see Fig. 18) [45]. These DFT calculations confirm that the
signals in the 1550—1780 cm ™' region are mainly due to the shifts of the NH,
bending and C=O0 stretch, involved in Watson—Crick hydrogen bonds formed
upon base pairing.

Base-pairing between DNA strands was also detected by PM-IRRAS, by
using oligonucleotide-derivatized nanoparticles self-assembled onto gold films,
thus reaching an enhancement of the sensitivity [46]. Au and Ag nanoparticles
were decorated with oligonucleotides by reaction with disulfide-protected oli-
gonucleotides. In parallel, thiolated oligonucleotides were self-assembled on a
gold film and then exposed to the Au or Ag nanoparticles functionalized by the
complementary oligonucleotide; note that a mixed monolayer of DNA



Biointerface Characterization by Advanced IR Spectroscopy

T T T T T T T T ]
__ 200f i
T 4
(=3
= 100} 4 = i
= ! o
1]
g 0 \_.r—/:\\ /] ~ N - [ v A é =
a8 A V - =
2 T \/ _
2-100f v/ \ 1 4
< !
I 1 1 1 1 L L L 0 - 1 1 L »
1620 1640 1660 1680 1700 1720 1740 1760 1550 1600 1650 1700 1750
Wavenumbers (cm™) Wavenumbers (cm™)

FIGURE 18 Left: difference obtained by subtracting the PM-IRRAS spectra of ssDNA from
that of dsDNA ; The solid and dotted lines correspond to measurements performed at 25°C and
45°C respectively. Right: DFT-calculated spectra of SSDNA (solid) and dsDNA (dotted line)
(taken with permission from Ref. [45]).

(containing only adenine bases) and mercaptohexanol was formed in order to
block direct interaction of the complementary DNA with uncovered gold areas.
Figure 19 shows the PM-IRRAS spectrum of the single strand oligonucleotide
(thymine only) coadsorbed with mercaptohexanol on gold (spectrum 1), after
hybridization of the complementary DNA (adenine only) (spectrum 2), or after
hybridization of the same complementary DNA, but grafted on either Au or Ag
nanoparticles (spectra 3 and 4).

Important to note are the spectral changes observed upon hybridisation,
(i) the hybridisation signature at 15501650 cm ! and (ii) the signal enhance-
ment when complementary DNA is coupled to nanoparticles. An increase of the
bands characteristic of the DNA backbone, between 800 and 1300 cm s also
observed.

PM-IRRAS is thus capable of detecting the formation of thin films of
ssDNA, but also the hybridization with complementary DNA.
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FIGURE 19 PM-IRRAS spectra of a 12 mer ssDNA (spectrum 1), after hybridization with
complementary DNA (spectrum 2); after hybridization with complementary DNA grafted to
Au (spectrum 3) or Ag (spectrum 4) nanoparticles (taken with permission from Ref. [46]).
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Another efficient way of detecting DNA hybridization consists in immo-
bilizing peptide nucleic acids, PNAs, on gold surfaces; and this was advan-
tageously done by using by PM-IRRAS and taking advantage of the PNA/
DNA IR specific signatures [47]. Cysteine-derivatized PNA fragments were
grafted onto gold surfaces, leading to intense bands at 1549-1270 cm™';
those have been attributed to the in-plane ring vibrations, thus supporting
the idea that the PNA chains stand upright, almost normal to the surface,
favorable to the hybridization with complementary DNA [48]. Hybridization
of complementary DNA implies the presence of new phosphate chemical
groups, not present on the PNA backbone, yielding indeed the characteristic
IR signature of the PNA-DNA heteroduplex formation (P—O stretch vibration,
in PO, ™, at 1237 and 1081 cm_l) [49]; the PNA-based biosensors, coupled to
the PM-IRRAS technique enables the detection of label-free nucleic acid
targets in biological solutions (Fig. 20).

PNA
i S -
BH®
R
_% Hybridization
w
© PNA-DNA
s 3V &
& Rig &
= Q
. g "'sym(POE)
0.1% = "asym(PO2)
L] " ) : kel L) v L]
3000 2500 1500 1000

Wavenumbers (cm™")

FIGURE20 PM-IRRAS spectra of gold surface modified by PNA (upper spectrum) and after
hybridization with complementary DNA sequence (lower spectrum) (taken with permission
from Ref. [49]).

Conclusion

FTIR, spectroscopy can be setup in various configurations, making the tech-
nique sensitive to very low amounts of molecules adsorbed on solid surfaces; it
can be advantageously used to characterize biomolecular recognition phenom-
ena. Taking advantage of the enhanced electric field in the vicinity of a reflective
surface (IRRAS effect), or on a rough surface (mostly of Au or Ag; SEIRA
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effect), IR signals can be enhanced by one or several orders of magnitude;
experimental setups have been optimized including cells for measurements
under flowing conditions; some examples have been reported showing the
successful detection of protein binding or DNA-DNA pairing, for example.

In the case of protein binding, FTIR also provides an accurate way to
discriminate specific and nonspecific interactions by performing a second deriv-
ative spectral analysis and thus analyzing the secondary structure of the targeted
proteins. Thus, in addition to their sensitivity, FTIR-based, label-free, sensors
have indeed the great advantage in allowing the differentiation of bound
molecules.

PART II: TRANSITION METAL CARBONYL (TMC) PROBES
IR spectroscopy of metal carbonyls

Transition metal carbonyls (TMC) complexes are among the longest known
classes of organometallic compounds. Carbon monoxide bonds to transition
metals at low oxidation states (< +2) via three modes of coordination, that is,
terminal, doubly bridging (u?) and triply bridging (1) (Fig. 21).

The metal-CO bond is classically described as a resonance hybrid leading to
a bond order between 1 and 2 for the M—C band and 2 and 3 for the C—O bond
(Fig. 22).

The most important contribution to M—CO bonding is provided by the
o-donor interaction where the less electronegative carbon atom donates
lone pair electron density to a c-oriented metal orbital. It is completed with
one m-donor interaction where electrons from a filled m-orbital of the CO are
transferred to an empty d-orbital of the metal. Additionally, another w-bonding
interaction occurs in which filled metal orbitals back-donate electron density to
the available m*-orbital of the carbonyl group (Fig. 23).

M M
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(CO) 2143cm™ 1850-2120cm™  1750-1850 cm™ 1620-1730 cm™

FIGURE 21 Modes of coordination of carbon monoxide to transition metals and IR frequen-
cies of v(CO) vibration modes.
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FIGURE 22 Resonance forms of the M—C-O bond.
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FIGURE 23 Bonding modes in M-CO.

The most informative technique to characterize metal carbonyls is IR spec-
troscopy. Carbon monoxide itself gives rise to a band at 2143 cm ™' assigned to
the stretching mode of the C—O bond. Because m-bonding effects result in a
weakening of the C-O bond, the v(CO) vibration modes of metal carbonyls
undergo a red shift of their position. Indeed the position of the v(CO) bands is
inversely correlated with the strength of the w-bonding between M and C. The
position of the v(CO) bands also depends on the bonding mode (see Fig. 21) and
the 6-donor and m-acceptor properties of the other ligands surrounding the metal
(s). Most importantly, the number and intensity of carbonyl stretching bands
largely depend of the local symmetry. Therefore, the symmetry of the TMC
complex is simply determined by counting the number of v(CO) bands. Indeed
the expected number of IR bands derives by means of group theory (Table 1).

Interestingly, v(CO) bands can be up to 40 times more intense than saturated
ketones [51]. This has been explained by the fact that stretching of the C—O bond
lowers the energy of the ©* antibonding orbital which acts as an acceptor of
metal electron density (see above). This results in a transfer of the charge to the
carbonyl groups.

Detection of biorecognition events by IR spectroscopy
with TMC labels

In homogeneous media
Steroid hormonal receptor assay

To be used as a biological label, a chemical species must display the following
features. It must be easy to introduce onto any kind of biological species by
simple chemical means. Its presence must not disturb (or at least minimally
disturb) the biological event under study; its detectability must be as high as
possible in complex media. These characteristics were entirely fulfilled by
radioisotopic labels. However, these species suffer from several drawbacks,
such as high cost, health hazards, instability, and issues associated with their
disposal. These limitations have prompted scientists to look for nonisotopic
substitutes and given the features recalled above, TMC entities appeared as
potentially attractive, especially with the simultaneous advent of Fourier trans-
form IR apparatuses that tremendously increased the sensitivity of IR spectros-
copy with respect to dispersive spectrometers.
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Estrogen and progesterone hormones (Fig. 24) are considered to play an
important role in the development and progression of breast cancers.
They are associated to estrogen receptor (ER) and progesterone receptor
(PR), respectively, both being cellular proteins binding the hormones with high
affinity (K; = 0.05-15 nM for the estradiol — ER association) and specificity. In
normal breast cancer tissues, the level of ER and PR binding sites is low but for
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FIGURE 24 Structure of steroid hormones and mifepristone.
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some of the primary breast cancer tumors, the level becomes measurable (40—
600 fmol ER/mg protein in the cytosol of breast tissues), [52] indicating that the
tumor will respond to hormonal therapy [53]. Indeed, the level of ER and PR in
tumor cells is one of important criteria of decision in the choice of the thera-
peutic strategy for breast cancer treatment.

In the 1980s, measurement of ER and PR levels in clinical samples was
exclusively carried out by radioligand assays involving hormones labeled by
tritium isotope. To demonstrate the usefulness of metal carbonyl entities as
labels for ER assay, a tricarbonyl chromium entity was introduced into the
skeleton of estradiol (E2) by complexation of the A ring with Cr(CO)4. For
stability reasons, the phenolic group was converted to an ether group yielding
E2-Cr(CO);. Alternatively, alkyne dicobalt hexacarbonyl and alkyne dimo-
lybdenum tetracarbonyl dicyclopentadienyl entities were introduced at the
17B-position of estradiol. To assay the progesterone receptor, the alkyne
group of mifepristone, a potent antagonist of the progesterone and glucocor-
ticoic receptors was complexed with Co,(CO)g to yield mifepristone-
Co,(CO)¢ (Fig. 25).

The relative binding affinity (RBA) of the TMC derivatives determined by a
competitive ligand binding assay showed that despite the presence of bulky
substituents on the skeleton of the hormones, the TMC derivatives were still able
to bind to ER and PR (Table 2) and may be suitable to carry out ER and PR assay
in biological samples.

The assay was carried out by incubating the TMC derivatives at 10 nM level
with lamb uterine cytosol as a source of ER and PR and proteins were precip-
itated with protamine sulfate. The precipitate was collected by centrifugation,
washed and lyophilized to yield a powder that was pressed into a pellet and
analyzed by FT-IR in the transmission mode.

The IR spectrum of lamb uterine cytosol treated by estradiol shows a window
of absorption around 2000 cm ™! (Fig. 26, (A)) whereas the IR spectrum of
cytosol treated with E2-Cr(CO); showed small by distinct band in this window
that were indisputably assigned to the TMC label (Fig. 26, (B)). Furthermore,
the IR spectrum of cytosol treated with E2-Cr(CO)j; in the presence of a large
excess of the nonsteroidal estrogen diethylstilbestrol (DES) lacked the 2 v(CO)

0
) E2-M0,Cps(CO)s M=Mo,L=Cp,R=Me  mifepristone-Co.(CO

E2 2lpa ifepristone-Cos(CO)
Cr(CO)s E2-Co,(CO)g M = Co, L= CO, R= H e

FIGURE 25 Structure of some TMC derivatives of estradiol and mifepristone.
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TABLE 2 Relative binding affinity (RBA) values of TMC derivatives of
estrogens and mifepristone (RBA(E2) = 100% and RBA
(progesterone = 100%) and position of the detected v(CO) bands in
the IR spectrum of the protamine sulfate fraction of cytosol treated by the
complexes
Molecule RBA (%) V(CO) (cm™) Reference
E2-Cr(CO)3 28 1957 (Ay) [54]-[56]
1880 (E)
E2-Co,(CO)q 12 2049 (B4) [57]
2021 (A + By +B,)
E2-Mo,Cp,(CO)4 16 1999 58]
1920
1893
mifepristone-Co,(CO)s 13 2090 (A) [59],[60]
2050 (B,)
2025 (A + By + B»)
\_ J

bands of the label, indicating that binding of E2-Cr(CO); to ER was fully
inhibited by DES. Similar results were obtained with the other estradiol deri-
vatives and the mifepristone derivative (Table 2).

On similar lines, iron tricarbonyl derivatives of the flavanone naringenin
(Fig. 27) were synthesized in view of detecting proteins involved in nod ABC
gene expression induction in Rhizobium leguminosarium when legume roots are
formed.

The compound depicted in Figure 27 was shown as the most potent inducer
of nodABC gene expression of the series [61]. It was therefore tentatively used
to detect the regulator protein nodD in cell lysates of R. leguminosarium bac-
terial strains expressing or lacking nodD. Unfortunately, the characteristic
v(CO) bands of the TMC label were present in the IR spectrum of both strains,
indicating a high level on nonspecific binding of naringenin-Fe(CO)s.

Carbonyl metallo immunoAssay (CMIA) [62]

Immunoassays are widespread bioanalytical methods that are used to measure
the concentration of substances in complex mixtures such as biological fluids
(serum, plasma, and urine). They rely on the ability of an antibody to bind its
antigen with high affinity and specificity. Most of the time, detection of this
binding event requires the addition of a label that serves for quantification of the
antigen—antibody complex concentration formed at equilibrium. Historically,
the labels were radioisotopes such as “H, '*C or ''T and subsequently the
immunoassay was called radioimmunoassay (RIA) [63]. The advent of immu-
noanalytical analysis tremendously improved the management of some
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[54,60] with permission.
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FIGURE 27 Naringenin and one of its TMC derivatives.
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diseases, in particular endocrine disorders as they provide a simple and rapid
means to measure the concentration of endocrine hormones that are present at
low levels in blood (10-100 nmol/l). The assay principle is schematized in
Figure 28. The sample containing the analyte Ag (acting as the antigen) is mixed
with a fixed concentration of antibody Ab and a tracer Ag*. The tracer is a labeled
molecule that shares some structural similarities with the antigen/analyte and
will be recognized equally by the antibody. Both the analyte and the tracer
compete for binding to the antibody, so that, at equilibrium, the concentration
of antibody-tracer complex will be inversely related to the initial concentration of
analyte in the sample (Fig. 28). The free fraction of tracer F is separated from the
bound fraction of tracer B and B is measured by radioisotope counting.

For the same reasons recalled above, radioisotopic labels have been grad-
ually replaced by nonisotopic species. By analogy with RIA, the term
Carbonyl Metallo ImmunoAssay (CMIA) was coined to designate a compet-
itive assay involving metal carbonyl labels and FT-IR spectroscopy for quan-
titative analysis of the labels. The question to address was whether and what
conditions, FT-IR spectroscopy was sufficiently sensitive and reliable to
achieve quantitative analysis in the concentration range required for immu-
noanalysis. IR spectroscopy being an absorption technique, Beer’s law (1)
applies for dilute solutions.

A=exlxc=exlxn/v=exnxl/v (1)

Thus, for a given quantity n of compound, the absorbance A is propor-
tional to the molar absorptivity € which is an intrinsic feature of the molecule
and to the optical pathlength 1. But it is inversely proportional to the sample
volume v. From this relationship, a light-pipe cell (Fig. 29) with a fill volume
of 30 ul and a physical pathlength of 20 mm was designed [64].

With this cell in hand and an FT-IR spectrometer equipped with a liquid
nitrogen cooled InSb detector, a linear relationship between the concentration of
E2-Co0,(CO)¢ in CCly and the absorbance of the B; vibration mode (see Table 2)
was observed in the 10"*~107° M range and the limit of detection was equal to
1 nM within a scan time of 3.5 min [65].

Metal carbonyl tracers of the three main anticonvulsants drugs, namely
phenobarbital (PB), carbamazepine (CBZ), and diphenylhydantoin (DPH) were
synthesized in the aim of implementing CMIA for therapeutic drug monitoring.

Ag +Ab +Ag* Z= Abe-Ag + AbeAg*

[Ab+*Ag"]

log([Ag])

FIGURE 28 Principle of competitive immunoassay and resulting standard curve.
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FIGURE 29 Schematic drawing of the IR light-pipe cell.

Some drugs, particularly anticonvulsants, have a narrow therapeutic index
(Table 3), requiring their monitoring in blood of patients under treatment to
avoid side effects due to overdoses. Polyclonal antibodies against the three drugs
were produced in rabbits by immunization with suitable immunogens.
Heterogeneous immunoassay schematized in Figure 30 was set up for each of
these analytes, employing the corresponding tracer and antibody. In a typical
assay, a series of tubes containing the antibody and the tracer (at fixed concen-
tration) and standard concentrations of analyte was prepared. After incubation,
the separation of the free and bound fractions of tracer was conveniently
achieved by extraction with diisopropyl ether. The organic phases were evapo-
rated under reduced pressure and redissolved in CCl, or CHCI; and injected in
the light-pipe cell for IR measurement.

The percentage of bound tracer for each standard was calculated from the
height of the analytical v(CO) band and plotted as a function of analyte quantity.
Standard curves were plotted from which was deduced the half-maximal inhib-
itory concentration ICs,, which gives an indication of the assay range for each
analyte (Table 3).

Given the therapeutic index of each drug, 1-10 pl sample volume is suffi-
cient to carry out an assay. In the same line, CMIA was applied to the endoge-
neous steroid hormone cortisol [70] and to the herbicides chlortoluron [71] and
atrazine [72].

One of the most attractive features of TMC labels as compared to traditional
labels such as fluorophores or enzymes is the possibility to simultaneously detect
and quantify mixtures of different metal carbonyl species by IR spectroscopy
thanks to their narrow absorption bands [73,74]. This is illustrated in Figure 31
depicting the superimposition of the IR spectra of PB-Mn(CO)3, CBZ-Co,(CO)g,
and DPH-Cr(CO); and the IR spectrum of a mixture of the three tracers.
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TABLE 3 Anticonvulsants, therapeutic indexes, TMC tracers, and ICs, values
measured by CMIA

Analyte Therapeutic Tracer ICsp  Reference
index (nmol)
P HN
_ HN
HN— Ph 437172 o ©  co 02 [66]
o nmol/ml N M CO
pe-Mn(co), H [} co
phenobarbital (PB)
o 17-51 NHOC co
carbamazepine (CBZ) nmol/ml (\3600 0.015 [67]
0c-C5 °H
oc Co

Ph 0.25  [68]

,(Iir\co o]
OCCo  ppH-crco),
H__o
(e}
:<N Ph 20-99 OC CO
H Ph nmol/ml Cp- Fe

phenytoin (DPH)

N O
O 0.025 [69
=<N Iph “
H Ph

DPH-Fe(CO),
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FIGURE 30 Principle of CMIA.

analyte
antibody

This feature was exploited to set up simultaneous multi-CMIA of two
[76,77] and even three [75] anticonvulsant drugs involving the three TMC
tracers. The analytical performances of the double and triple CMIA were iden-
tical to those of the mono-CMIA.

Mid-IR imaging

Osmium carbonyl derivatives of the fatty acid capric acid CA-Os;3(CO);( and
phosphatidylcholine PC-Os;3(CO); (Fig. 32) were synthesized and tested as
mid-IR tracers for living cell imaging [78].

Oral mucosa cells soaked in aqueous solutions of these metal species were
mapped with an IR microscope equipped with a 64 x 64 pixel PCT focal plane
array detector at one of the tracer frequencies of absorption (2013 cm™"). The
resulting 2D-image (Fig. 7.13 (b)) was closely correlated with the optical image
of the cells (Fig. 33 (a)), indicating that CA-Os3(CO);o was a useful tracer for
cell imaging.

Nevertheless, subcellular localization of the mid-IR tracers could only
be achieved after cell fractioning. It resulted that the fatty acid like com-
pound was found in the organelles and the membrane fractions while the
phospholipids derivative was located in the cytoplasm and the membrane
fractions.

Subcellular resolution with a TMC probe was very recently achieved by
Raman microspectroscopy using [Mn(TMP)(CO);]Cl (TMP = tris(1-pyrazo-
Iyl)methane) as tracer on living cancer cells. This compound gives rise to a
band at 1963 cm ™' in Raman spectroscopy owing to the asymmetric vibration
mode of the Mn(CO)j; entity. Images reconstituted from the integration of this
band allowed to localize unambiguously the tracer in the cell nucleus and the
nucleus membrane [79].
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FIGURE 31 Left: superimposition of the IR spectrum of PB-Mn(CO)3;, CBZ-Co,(CO)¢, and
DPH-Cr(CO)3; Right: IR spectrum of a mixture of the same compounds. Pictures taken from
Ref. [75] with permission.

At the solid-gas interface
In the transmission mode

Most conventional immunoassays rely on the immobilization of the analytical
reagent (antibody or antigen depending on the assay format) onto a solid phase
in order to allow separation of bound and free fractions by simple washing steps.
Antigen—antibody recognition steps are thus carried out at solid-liquid inter-
faces. Therefore, it was of great interest to examine whether CMIA could be
transposed to a solid phase. The first attempt using classical polystyrene (PS)
microtiter plates and transmission IR spectroscopy was unsuccessful because PS
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FIGURE 32 TMC derivatives of capric acid and phosphatidylcholine.
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FIGURE 33 Normal optical image (a) and false-color IR image taken at 2013 cm ! (b) of oral
mucosa cells treated with CA-Os3(CO)q¢. Pictures taken from Ref. [78] with permission.

is almost completely opaque in the mid-IR region and the sensitivity too low
[80]. Nitrocellulose (NC) appeared as a more promising solid phase because it is
rather transparent in the 2000 cm ™' region and it displays high protein binding
capacity (80-100 pg/cm?) compared to PS (0.2 ug/cm?). Simultaneously, the
metal carbonyl entity was introduced onto the antibody (rather than onto the
analyte analog) to increase the number of labels in the tracer. Furthermore,
instead of directly conjugating the TMC labels to the antibody, which may result
in a loss of immunoreactivity, the labels were attached to a synthetic polymer
called PAMAM dendrimer (Fig. 34) by its terminal primary amine functions and
the labeled dendrimer was attached to the antibody via its carbohydrate residues
(Fig. 34).

The IR solid phase detection of antigen—antibody recognition was demon-
strated by coating various amounts of rabbit IgG onto NC membranes then
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FIGURE 34 Structure of generation 2 PAMAM dendrimer and Ab-PAMAM-Fe(CO),

tracer.

expose them to anti-rabbit IgG labeled by the Fe(CO), probes. The v(CO) bands
of the TMC label were observed by IR analysis of the membranes. Moreover, the
intensity of the signals could be related to the quantity of spotted rabbit IgG in
the range between 0.7 and 270 pmol [81].

In the specular reflection mode (IRRAS)

Infrared reflection—absorption spectroscopy (IRRAS or RAIRS) is a specially
useful spectral technique to study ultrathin organic films at the surface of
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reflective materials. It not only provides information on the molecular groups
of the thin film but also about their orientation relative to the metal surface
(see, section, detection of biorecognition events by IR spectroscopy with
TMC labels ). It is particularly well suited to the analysis of self-assembled
monolayers (SAMs) chemisorbed onto noble metals such as gold. These
SAMs are readily obtained by exposure of metal surfaces to solutions of
thiols or disulfides [82]. In a preliminary step, a disulfide derivative carrying
two Mn(CO)5 units was synthesized and chemisorbed on planar gold chips
(Fig. 35).

The IRRAS spectrum of the gold chip displayed two intense v(CO) bands at
2041 and 1968 cm™', confirming that IRRAS was an adequate technique to
detect chemisorbed TMC species at the surface of gold [83].

Next, the interfacial high affinity recognition between biotin derivatives
chemisorbed on gold substrate and avidin in solution was detected ex situ by
IRRAS thanks to the labeling of avidin with a dicobalt hexacarbonyl label (Av-
Co,(CO)s, Fig. 36). The presence of a set of three v(CO) bands on the IR spectra
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0.004 - 2041
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s 0.003 /1958
F:
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k-]
2
& 0.001
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3000 2500 2000 1500 1000
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FIGURE35 TMC entity chemisorbed on a planar gold-coated chip and IRRAS analysis of the
surface (spectrum taken from Ref. [83] with permission).
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FIGURE 36 Structure of the TMC tracers of biotin BTN-Mn(CO); and avidin Av-Co,(CO)g.
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provided undisputable evidence that avidin was bound to gold by affinity for
biotin [33,84, 85]. Furthermore, capture of a TMC derivative of biotin (BTN-Mn
(CO)s, Fig. 36) by the avidin layer was also detected ex situ by IRRAS thanks to
the two v(CO) bands of the Mn(CO); entity.

Exposure of a series of gold chips coated with biotin to solutions of Av-
Co,(CO)¢ at various concentrations followed by plotting of the integrated
area of the v(CO) bands versus the concentration of Av-Co,(CO)g yielded the
curve shown in Figure 37, the form of which being reminiscent of a Langmuir
isotherm [33]. Curve-fitting of the data according to the Langmuir isotherm
equation

K xc¢
X—
1+K xc

yielded a equilibrium constant K of 3.2 0.9 x 10’ M.

In a similar fashion, interfacial selective recognition between an antigen
(rabbit IgG) immobilized on gold substrates and its antibody (goat antirabbit
IgG) labeled with the same TMC label in the presence of nonbinding proteins
was detected ex situ by PM-IRRAS. A Langmuir isotherm curve was also
obtained by plotting the integrated area of the v(CO) bands versus the concen-
tration of labeled antibody which yielded a Langmuir equilibrium constant K of
1.3 £0.12 x 10’ M~'[39].

On the basis of these last results, an IR optical immunosensor was set up for
the detection of the herbicide atrazine (ATZ). A derivative of ATZ (OVA-ATZ)
was chemisorbed to gold substrates that were further exposed to solutions
containing a fixed quantity of anti-ATZ and a variable quantity of ATZ. The
presence of ATZ in solution inhibited the binding of anti-ATZ to the
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FIGURE 37 Left: binding curve of Av-Co,(CO)¢ to immobilized biotin. Right: binding curve
of antirabbit IgG-Co,(CO)s to immobilized rabbit IgG.
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immobilized ATZ derivative, which resulted in lesser antibody on the surface as
the concentration of ATZ in solution increased. The amount of bound anti-ATZ
antibody (of the rabbit IgG type) was revealed by exposure to antirabbit [gG—
Co,(CO)g followed by detection of the TMC label by PM-IRRAS (Fig. 38, left).
A standard curve was established by plotting the integrated area of the v(CO)
bands as a function of atrazine concentration (Fig. 38, right) characterized by a
ICs0 of 11 £ 2 nM [86].

Very recently, a metal carbonyl probe was employed to detect ex situ by PM-
IRRAS the hybridization between an oligonucleotide chemisorbed on gold
substrate and its complementary oligonucleotide in solution. Conversely to
the previous examples, the TMC tag is not chemically attached to the oligonu-
cleotide in solution but to a naphthalene diimide entity (Fig. 39) that binds
specifically to double strand DNA by threading intercalation [87].

In the diffuse reflectance mode (DRIFTS)

The molecular recognition between avidin covalently bound to acrylic beads
and biotin labeled by a Fe(CO), tag via generation 5 polypropylenimine
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FIGURE 38 Left: PM-IRRAS of sensor chips coated with OVA-ATZ. Spectra recorded
after sequential exposure to mixtures of anti-ATZ antibody and atrazine (0 nM (a), 6.4 nM
(b)), 64 nM (c), 640 nM (d), and 6400 nM (e)) and antirabbit IgG-Co,(CO)4; expansion in
the v(CO) spectral range. Right: standard curve for atrazine established by the IR optical
immunosensor.
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FIGURE 39 Naphthalene diimide threading intercalator labeled by a TMC probe.

dendrimer was qualitatively detected ex situ by diffuse reflectance Fourier
transform IR spectroscopy (DRIFTS). Although acrylic resin beads are a highly
absorbing material, it displayed a window of absorption in the 2000 cm ™' region
where the two expected v(CO) bands of the Fe(CO), entity were observed after
treatment of the beads with a solution of biotin tracer [88].

Molecular sensing by IR spectroscopy

For all the results reviewed above, the spectral properties of the TMC tracer once
bound to its biological target were undistinguishable from those of the free tracer.
In other words, the biorecognition event had no influence whatsoever on the IR
response of the label, so that a separation step between the bound and free
fractions of TMC tracer was necessarily included in the analytical procedure.
Conversely, a molecular bioprobe is a functional molecule that, upon recognition
and binding of its biological target, sees its spectral properties change in accor-
dance and can thus sense the binding event directly. More generally, a molecular
sensor is a device for which the binding of an analyte provides a response owing
to the presence of a signal transduction component [89].

Several investigators have explored the ability of TMC molecules to act as
molecular sensors, given the fact that IR signals resulting from the vibration of
the carbonyl ligands have long been known to be solvent sensitive [51] and that
high affinity molecular associations involve an ensemble of noncovalent inter-
actions (Van der Waals, m-stacking, H-bonds etc.) that contribute to the tight
binding of the molecules to one another and place both partners in an environ-
ment different from their “free” state.
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In homogeneous media (transmission mode)

As a starting point, Anson and Stephenson rationalized the solvent influence on
the symmetric (A,) and asymmetric (E) vibration modes of Fe(CO); units. They
confirmed that the v(CO) bands of (n4-cyclohexadiene)Fe(CO)3 complexes
were sensitive to the solvent polarity both in their position (solvent-induced
shiftsupto38 cm™ 1) and width [90]. More specific interactions were transduced
by IR spectroscopy of TMC probes. For example, the two v(CO) bands of (°-
benzene)Cr(CO); in cyclohexane underwent a significant negative shift upon
addition of 1,2-dimethoxybenzene as a result of mt-stacking interaction between
the arene groups (Fig. 40). Spectral analysis and decomposition by a least-
squares fitting program allowed to identify component bands assigned to ‘““free”’
and “bound” probe states [91].

In the same line, metal carbonyl complexes including ionizable groups (COOH,
OH, NH,) were shown as IR-active pH probes. The position of the v(CO) bands
was related to the pH of the solution in a certain range according to the pK, of the
ionizable group. pH-induced shifts up to 26 cm ™' were observed [92].

More sophisticated IR-active molecular probes were designed for the detec-
tion of alkali metal cations 15-crown-5/18-crown-6 ethers were combined with
an arene chromium tricarbonyl entity (Fig. 41) to provide probes that respond to
Na™ and K* by positive shift of the v(CO) bands in a concentration-dependent
fashion. This shift was attributed to reduced back donation from the metal to the
7* antibonding orbitals of the CO ligands [93].

Peris et al. designed two TMC molecular probes for H-bond donors
(Fig. 42). Both complexes include an uncoordinated N atom that served as
H-bond acceptor. Association between several H-donors and the TMC
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FIGURE 40 mr-stacking interaction between a TMC probe and 1,2-dimethoxybenzene. FTIR
spectra of TMC probe in cyclohexane (a), an in 39 mM (b), 79 mM (c), 392 mM (d), 785 mM
(e), 1.57 M (f), and 3.92 M (g) solutions of 1,2-dimethoxybenzene in cyclohexane (figure taken
from [91] with permission).
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FIGURE42 TMC molecular probes for H-bond and H-bond donors. FTIR spectra of the 1,2-
dipyridyl-4-ethene tungsten complex with different amounts of diphenylamine (figure taken
from [94] with permission).

probes resulted in a positive shift of the most intense E vibration mode of
the M(CO)s entity up to 20 cm ! (Fig. 42). Binding constants were
deduced from Av versus H-donor concentration plots and ranged between
0.08 and 1.1 mol™' [94].

More recently, TMC probes (Fig. 43) were designed for selective molecular
recognition of acetate anion in ethanol. Addition of AcO™ to a solution of the
probes induced a negative shift of the 2 v(CO) vibration modes of the Cr(CO);
unit of up to 10 cm™'. The association constant derived from the binding
isotherm was found equal to 6.8 X 10* M~ [95].
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FIGURE 43 TMC probes for acetate anion sensing.

In conclusion, all the individual forms of interaction typically encountered in
high affinity biomolecular associations have successfully been probed by suit-
able TMC complexes.

At the solid-liquid interface (ATR)

For evident convenience reasons and to allow their reusability, molecular sensors
should be best attached to a solid support. Therefore, Creaser and Stephenson
have reported the chemisorption of (n4-cyclohexadiene)Fe(CO)3 species to silica
gel and fumed silica particles via organosilane chemistry (Fig. 44).

These immobilized sensors were successfully used to probe the polarity of
solvents environment by ATR-IR giving similar responses as the probe in
solution [96]. Two immobilized TMC probes were combined to assay dodecane
in cyclohexanol in the range between 0% and 5% [97]. A very convenient setup
called optical optrode (Fig. 45) was proposed for pH and solvent-environment
remote sensing based on v(CO) shifts of the immobilized probe [98]. The optical
optrode is based on a ATR accessory including a ZnSe reflectance element
coupled to a bifurcated optical fiber bundle made of chalcogenide. The device
is interfaced to the FT-IR spectrometer through a launch system. The ZnSe ATR
element is coated with the TMC probe immobilized on 7 nm fumed silica

FIGURE 44 TMC probe attached to silica.



Biointerface Characterization by Advanced IR Spectroscopy

ZnSe ATR crystal snd cap

VWAAANAA S

/

seal fibre-optic bundle

FIGURE 45 Diagram of the ATR optical optrode.

particles by dip coating. As observed by transmission measurements in solution,
the probe was able to sense the solvent environment with a similar efficiency and
also the pH between 10 and 12 thanks to the amine function of the silyl linker.

Non-TMC probes for molecular sensing and
biomolecular interaction studies

Within the last 10 years, two other molecular groups, namely the cyano/nitrile
group (CN) and the azido group (N3) were proposed as vibrational probes for
molecular biosensing and biorecognition event studies (see Ref. [99] for a recent
review on the cyano probes). They share several similarities with the TMC
entities as they give rise to intense vibration bands in a spectral region relatively
free of any other absorption (2200-2260 cm ™' for v(CN); 2080-2135 cm ! for
V.(N=N=N) and 2140-2175 cm™ ! for V(CN) in SCN). Moreover, these vibra-
tion modes have been shown to be sensitive to the environment, which can
provide useful structural information at the local scale, that is, at close proximity
of the vibrational probe. But, conversely to the TMC groups, they are both of
small size and should not be prone to alter the global nor the local structure of the
biomolecule they are attached to, particularly in the case of proteins and DNA.

Cyano probes

Cyano groups were historically the first vibrational probes used to sense local
environments. Indeed, cyanide anion’s ability to coordinate to Fe** in hemes of
several hemoproteins was evidenced by IR spectroscopy that also provided
useful information on how the cyanide was actually coordinated to the metal
and characteristics of the ligand binding site [100]. Conversely to CO (another
strong ligand of hemes) that can only be used to probe the environment around
the metals they are coordinated to, the cyano/nitrile group appeared as a much
more versatile label as it can be attached to carbon and sulfur atoms and
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furthermore, many compounds with biological activity contain a CN substitu-
ent. Indeed a two-step strategy was developed to chemically introduce a nitrile
group to proteins’ accessible cysteine residues based on thiol-disulfide
exchange with 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) followed by reac-
tion with potassium cyanide (Fig. 46) [101].

Alternatively, unnatural aminoacids derived from Phe and Trp and including a
nitrile group (Fig. 47) have been included in polypeptide sequences in a site-
specific manner by peptidic synthesis [102—105] or genetic incorporation (amber
codon suppression technology) [106] as a more general approach. Using simple
IR spectral measurements, it has been shown that the vibration frequency of the
CN group in Phecy (and to a lesser extent in Trpcy) was sensitive to the polarity of
solvent environment with a positive shift of 10 cm™"' observed when THF was
replaced by H,O [102]. Consequently, the interaction of several polypeptides
including a cyanylated aminoacid with proteins [102] and model membranes
[103,105,107] was successfully probed by IR spectroscopy of the v(CN) band.

The sensitivity of the V(CN) vibration mode was also exploited to probe
conformational changes as a function of temperature (from a-helix to random
coil) in peptide models including a cyanylated cysteine residue [108]. Figure 48
depicts the IR spectrum in the CN stretching region of one of the model helical
peptides, illustrating the effect of temperature on the position and shape of the
V(CN) band. Both a shift to the red and band narrowing were noticed, indicating
that changes in peptide conformation could be probed by IR spectroscopy of the
nitrile group chemically attached to cysteine.

DTNB 0

j scw
UCOOH UGOOH S\@:COOH
NO,

FIGURE 46 Cysteine cyanylation.

COOH COOH COOH H:N__ _COOH

=L

PhECN TrpCN AIaNa PheN3

FIGURE 47 Unnatural amino acids carrying a nitrile or an azido group.
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FIGURE 48 Temperature dependence of IR absorption spectra in the CN stretching region
for Ac-AC*AAK-(AAAAK),-NH,; C* denotes cyanylated cysteine. Figure taken from Ref.
[108] with permission.

The change of polarity at the heme cofactor of myoglobin upon coordination
of water, NO, CO, and O, to the central iron atom was probed spectroscopically
by replacing the distal His64 residue (Fig. 49) by Phecy [106].

ATR-IR using polarized light source was used to study the reversible inter-
action between the inhalational anesthetic halothane and an anesthetic-binding
model ion-channel protein including Phecy in its sequence deposited as a
Langmuir-Blodgett film at the surface of a Ge ATR crystal. Formation of the
halothane-protein complex led to a blue shit of the v(CN) band by 6 cm ! [104].
Polarized ATR-IR was employed to shed light on the binding of the well-studied
membrane-binding peptide mastoparan x to a phospholipid bilayer. Seven ana-
logues of this peptide including Phecy at various positions along the sequence
were synthesized. Information on the hydration state of specific sites of

FIGURE49 Heme pocket in myoglobin depicted the proximal His93 residue, the distal His64
residue and a water molecule coordinated to the iron atom (PDB file 1VXH).
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mastoparan X upon binding to the membrane model was deduced from the
position of the V(CN) band. Spatial orientation of individual side chains was
uncovered from polarization measurements [103]. Boxer et al. made use of the
vibrational Stark effect on CN molecular groups to study electric fields in
proteins. IDD743 (Fig. 50), an inhibitor of human aldose reductase (hALR2)
containing a nitrile substituent was used as a local reporter to probe the elec-
trostatic environment within the active site of hALR2. Stark shifts were used to
measure changes in electric fields caused by mutations in the enzyme’s active
site [109].

2D IR spectroscopy is a relatively new technique that provides information
about structural dynamics as a result of the coupling between a vibrational mode
and its surroundings [110]. A very interesting work in this field dealt with the
study of the interaction between HIV-1 reverse transcriptase and the nonnucleo-
side inhibitor TMC278 that contains two cyano groups (Fig. 50). 2D IR experi-
ments not only shed light on the dynamics of the interaction between the enzyme
and its inhibitor but also indicated that both CN groups are located in different
protein environments [111].

Krummel and Zanni showed that IR spectroscopy could be used to probe the
distance and the angle between coupled nitrile groups carried by deoxyuridine
(5-CN dU, Fig. 50) and brought to close distance by DNA hybridization [112].

Azido probes

Comparatively less work has been published so far on the use of azido groups as
IR probes of environment, although the spectral features of the v,((N=N=N)
vibration mode are even more meaningful than those of the v(CN) mode. Indeed
the dipole strength of the v,,(N=N=N) mode is found to be up to 19 times larger
than that of the v(CN) mode. The v,((N=N=N) vibration is also sensitive to
solvent polarity as it is blue shifted by 14 cm ™' upon replacing water by DMSO
(Fig. 51) [113].

CN

(o N CN o

OJ\OH © NC 7NH

F H\/Q\ HN._N__NH %NAO
N

NC T NO, L\N( o

IDD743 TMC278 5-CN dU

FIGURE 50 Some nitrile probes.
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FIGURE 51 (a) Normalized IR spectra of Ac-Alan;-NHMe in DMSO/H,O mixtures for
varying water mole fraction X,,. (b) Plot of the v(N3) wavenumber versus Xy,; the solid curve
is a fitted exponential function. Figures taken from Ref. [113] with permission.

As an example, B-azidoalanine Alays (Fig. 47) was incorporated by peptide
synthesis in the AB(16-22) peptide of the Alzheimer’s disease amyloid B-protein at
position Ala21. The peptide aggregate displayed an azido band at 2104 cm ™' in
water, that is, at the same position as the peptide monomer in DMSO. This indicated
that the azido group was in a less polar environment in its aggregated form [113].

Using the amber codon suppression technology, Phens; was incorporated at
different target sites into rhodopsin, a G-protein coupled receptor involved in the
first events of light perception and three of the mutant proteins were analyzed by
IR spectroscopy. Upon light irradiation, this receptor underwent a change of the
position of the azido group in two mutants out of three, as observed by the shift
of the v(N3) band in FT-IR difference spectroscopy. Simultaneously, the posi-
tion of the V(N3) of the free Pheyns was seen to undergo a downshift by 13 cm!
by switching form water to isopropanol. Thus, it was concluded that the acti-
vation of rhodopsin by light irradiation led to significant structural changes.
Residue 250 (valine in the native structure) went from a very polar to a less polar
environment, while residue 227 (valine in the native structure) translocated to a
more polar environment. No change of the environment around residue 102
(tryptophane in the native sequence) was noticed as this residue is located in the
extracellular domain of rhodopsin [114].

Conclusion

A large variety of high affinity association processes between two biological
partners can be efficiently transduced, thanks to IR spectroscopic probes either
present or intentionally introduced on one of the two partners. In some cases, the
IR probes operate as molecular sensors, that is, their signal is affected by the
association. While most of the published work involved transition metal car-
bonyl probes, the use of other chemical species with close spectral features
(nitrile and azide groups) has been recently reported that shed light on various
important biological processes.
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INTRODUCTION
Overview

One of the main advantage or IR spectroscopy is the noninvasive and nonde-
structive nature of its probing mechanism. This is particularly relevant for the
characterization of live microorganisms which can then be continuously mon-
itored with minimal disturbance to their metabolism. The spectral range of IR
spectroscopy allows one to probe the vibrational fingerprint of biomolecules and
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to collect spectral information of high specificity with no observable damage to
the target molecule. This technique has therefore been applied to the character-
ization and identification of many microorganisms including human and micro-
bial cells [1-4]. However, with a conventional infrared spectrometer, the
measurement is typically performed in transmission and the sample has to be
extracted and introduced inside the spectrometer between the light source and
detector (Fig. 1(a)). This might not be a possible or desirable approach for the
characterization of many samples such as live skin tissues or cell cultures grown
on substrates that are not transparent to infrared light. In these cases, remote
FTIR methods are required in order to bring the light signal to the sample instead
of bringing the sample into the analytical instrument. One of these methods is
fiber evanescent wave spectroscopy (FEWS) which makes use of infrared
transparent fibers probes to guide the light source to the sample and collect
the resulting signal onto a detector (Fig. 1(b)). This technique has recently
gained much interest, thanks to the development of high-quality infrared trans-
parent fibers [5—7] and has found applications in a wide range of fields, includ-
ing biomedical sensing [8], cancer diagnosis [9,10], in vivo monitoring of cells

(a)

SAMPLE

(b)
Infrared Fiber

Sensing zone

SAMPLE

FIGURE 1 (a) Conventional FTIR set up allowing measurements of vibrational signals in
transmission. (b) Fiber evanescent wave spectroscopy setup allowing remote IR sensing with
the use of an infrared transparent fiber.
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and bacteria [11,12] as well as environmental and industrial chemical monitor-
ing [13-15]. Mainly two types of materials are currently used for the design of
high-quality IR optical fibers, chalcogenides such as TeAsSe glass [16] and
silver halides such as AgCIBr polycrystals [17]. Both materials have advantages
and drawbacks. Chalcogenides are easy to shape into complex optical compo-
nents and have excellent chemical resistance to biological materials [12,18,19];
however, they have fairly poor mechanical resistance. On the other end, silver
halides posses outstanding mechanical properties but suffer from poor chemical
resistance to biological fluids [20,21]. This chapter intends to review the use of
FEWS for the characterization of biological materials; hence, we will focus on
the use of chalcogenide fibers and their application in biochemical sensing. An
extensive review of the use and applications of infrared fiber sensors can be
found in Refs. [5-7].

Development and historical background of FEWS

The development of optical grade infrared glass fibers dates back to the early
1980s. Both chalcogenide [22-24] and silver halide fibers [25] were produced
for various optical applications such as radiometry. Optical attenuations below
1 dB/m could be obtained but these were limited to fairly small spectral ranges
[22], therefore, limiting their use for remote spectroscopy.

The early development of FEWS occurred in the early 1990s and grew
rapidly to a mature advanced technique throughout this decade. Early demon-
strations of FEWS involved monitoring of chemical reactions [26] as well as
quantitative analysis of chemical substances [20,27]. These were quickly fol-
lowed by the development of surface functionalized fibers aimed at improving
the selectivity of the sensors [28,29].

Meanwhile, a theoretical analysis of light propagation in FEWS was
performed by Katzir [30,31] who modeled the effect of instrumental para-
meters such as fiber diameter, launching conditions, etc., on the absorption
coefficient. It was shown that the evanescent wave intensity increases with the
decreasing fiber diameter, therefore, providing greater detection sensitivity in
fibers with a smaller diameter. This led to the development of fibers with
tapered geometry aimed at improving the detection limit of FEWS sensors
[32].

Following these developments and the design of optimized FEWS instru-
mentation, the technique was increasingly applied to biomedical applications
such as blood monitoring [8,33] or cancer diagnostic [9,34]. Indeed, the
possibility of remote detection using flexible fibers provided a convenient
approach for medical analysis such as urology [35] or monitoring of skin tissues
[36]. It was shown that significant spectral differences could be observed
between malignant and healthy bladder and liver tissues therefore demonstrat-
ing the potential of this technique for in vivo monitoring using endoscopic
probes.
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However, while infrared spectral analysis provides outstanding detection
selectivity due to the highly specific vibrational signatures of molecules, the
detection sensitivity of FTIR is not optimal in comparison to other analytical
techniques. This limitation lead to the development of FEWS coating aimed at
enriching the evanescent wave region with specific analytes for improved
detection resolution [37, 38]. This type of coating was shown to provide detec-
tion limit down to the ppb level and appeared to function reversibly to be
regenerated upon removal of the analyte. This type of sensitized fibers therefore
combined high selectivity with high sensitivity.

More recently, remote fiber sensors have found applications in environmen-
tal monitoring of both water supplies and atmospheric pollutants [14, 15]. It was
shown that these fiber sensors could effectively monitor the presence of chlo-
rinated hydrocarbons in water wells, in sifu and in real time at concentrations
down to 1 ppm. Additionally, similar fibers were used as gas sensors to monitor
the concentration of CO, gas held in geological storage in an effort to reduce
greenhouse effects.

Finally, chalcogenide fibers have recently been applied to the monitoring
and study of live microorganisms such as human cell cultures and bacteria
[11,12]. It was shown that these fibers have good chemical resistance toward
biological materials and aqueous environments [18,19] and could be used
to monitor the dynamics of biofilms or the metabolism of live human
lung cells. Chalcogenide infrared fibers indeed constitute a very promising
technique for the study of biological systems as will be shown in the
following.

INSTRUMENT DESCRIPTION
FEWS principle

The detection principle associated with the present technique is based on
attenuated total reflection. When a light wave propagates in a material of
higher refractive index than the surrounding air (such as a glass fiber), the
light is trapped within the material through total internal reflection. The light
wave can then propagate through a fiber without energy loss other than that
associated with intrinsic absorptions due to impurities (Fig. 2). However,
during total internal reflection, a part of the electric field of the light is
evanescent above the fiber surface and can couple with an absorbing medium
in contact with the fiber (Fig. 2). If the light wavelength is resonant with a
vibrational mode of the medium, energy transfer occurs and the light inten-
sity decreases as its energy is dissipated. This absorption mechanism is
identical to that of conventional ATR crystals, but occurs with greater
frequency in a fiber.

When a broadband IR source is coupled into the fiber (Fig. 1) the resulting
absorption spectra is essentially identical to that of a conventional transmis-
sion measurement except for a slight wavelength dependence of the peak
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Total Internal Reflection Attenuated Total Reflection : ATR
without energy loss wave attenuation by absorption

FIGURE 2 Principle of evanescent wave absorption of a lightwave confined in an optical
fiber. The electric field evanescent upon total internal reflection can couple with an absorbing
molecule such as a microorganism. The wave intensity decreases as its energy is dissipated in
the absorbing medium.

intensity due to a lower penetration depth of the evanescent wave at longer
wavelengths. However, the peak position is not affected and normal spectral
analysis tools can be used to interpret these spectra. The experimental set up
for FEWS makes use of a standard FTIR spectrometer where the broadband
source from a glow-bar is coupled into one end of the fiber using gold-coated
concave mirrors and the resulting light signal is collected on a mercury
cadmium telluride (MCT) detector on the other end of the fiber. High sensi-
tivity detectors such as MCT are required due to the low total light intensity
propagating through the fiber. Fiber coupling attachments are now commer-
cially available from several companies.

Fiber sensor design

Based on the absorption mechanism described above it is expected that an
increasing number of total internal reflections will lead to greater absorption
and higher detection sensitivity. Following simple geometrical optic considera-
tions, it can be shown that a decrease in fiber diameter leads to an increase in the
number of absorption events (Fig. 3).

— i
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FIGURE 3 Correlation between the fiber diameter and detection sensitivity based on geo-
metric optics. A smaller fiber diameter leads to an increasing number of absorption events
along a given section of fiber.
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The number of reflections over length L is given by equation (1),

. @an(90 —9)
where d is the fiber diameter and 6 is the angle of incidence of a light ray on the
fiber surface.

Assuming identical launching condition in the fiber, and identical taper
reduction gradient, the sensitivity should have an inverse dependence on the
diameter. The use of fiber taper for increasing detection sensitivity is therefore
widely applied in FEWS technology. Figure 4(a) shows the image of a tapered
Ge-Se chalcogenide fiber whose diameter was reduced from 300 to 100 pum.
Tapers can be produced by simply reheating the glass above the glass transition
and applying a tensile stress [39] but also through etching [32] or using photo-
induced fluidity [40]. The production of tapers have several advantages includ-
ing limiting the signal collection to a small section of the fiber called the sensing
zone therefore enabling probing of very small spatial areas. However, the main
advantage is the considerable increase in detection sensitivity as described in
Figure 4.
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FIGURE 4 (a) Microscope image of the tapered fiber-sensing zone. The original fiber diam-
eter is 300 wm and the taper length is less than 2 cm. (b) Increase in sensitivity of the detection of
acetone after reduction of the fiber diameter from 300 to 120 um. (c) Increase in sensitivity of
the detection of water for decreasing fiber diameters. (d) Rapid increase of the main water
absorption peak at 3300 cm ! with the decreasing fiber diameter.
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The detection sensitivity can be increased by several orders of magni-
tude through tapering and shows a rapid increase with decreasing fiber
diameter as expected from equation (1) (see Fig. 4(d)). The fiber diameter
reduction is only limited by the decreasing mechanical resistance of the
fiber at diameters below 50 um which can become problematic for handling
the sensor.

It should also be noted that the tapering process has a significant effect on the
extent of the penetration depth of the evanescent wave above the fiber surface. It
can be shown that the electric field E of the propagating wave decreases expo-
nentially above the fiber surface according to equation (2). The penetration
depth d,, is then defined as the depth at which E drops to 1/e of its original value
at the fiber surface:

E = Epexp(—zY). (2)

Conventional principles of total internal reflection show that d,, is a function
of both the refractive index of the glass n, and the index of the surrounding
medium 7, as well as the angle of incidence 6; of light rays on the fiber surface
according to equation (3) [41].

d, = A . 3)

27/ m3sin6; — n?

Considering the high index of chalcogenide glasses (1, = 2.8), the correspond-
ing lower index of a surrounding aqueous solution (77; = 1.3) and the index of the
air (n = 1), it is predicted from Snell’s law that the critical angle for light
propagation is ~69° due to the light coupling limitations in the fiber; therefore,
light rays with arange of angle 69°< 0; < 90° can propagate in the fiber. Figure 3
shows qualitatively that the incident angle 6; decreases with the decreasing fiber
diameter therefore increasing the penetration depth d, and consequently the
intensity of the detection signal. It is then clear that the fiber tapering has two
beneficial effects on the detection sensitivity, one due to the increasing number
of attenuated reflections and the second due to an increase in penetration depth
of the evanescent wave.

Additionally, equation (3) indicates that the penetration depth is directly
proportional to the wavelength of the incident light. It is therefore expected that
the detection intensity should increase at longer wavelength, and this effect is
shown to be responsible for the wavelength dependence of ATR and FEWS
spectra in comparison to standard transmission spectra as mentioned in the
FEWS principle section. The penetration depth d, can then be estimated for
the mid-IR range using equation (3) and is shown to be lower than 1 um as
displayed in Figure. 5. The signal collection can therefore be restricted to a small
spatial region near the fiber surface and this characteristic offers attractive
potentials for the study of biointerfaces such as cell membranes since the main
signal can be limited to the region of interest without significant interference
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FIGURE 5 Penetration depth of an evanescent wave as a function of wavelength pre-
dicted for a chalcogenide glass fiber of index n = 2.8 immersed in an aqueous solution of
index n = 1.3.

from other components of the cell [11]. Figure 5 also shows the range of
penetration depth probed by light rays of different incident angles. Again, lower
incident angles resulting from fiber tapering lead to higher absorption and
improved detection signal.

IR materials for FEWS

There are three main requirements for a good infrared fiber material aimed at
biosensing. (i) Good rheological properties that allows shaping of the glass
into a fiber without risk of recrystallization, (ii) a wide transparency window
in the infrared region that allows for collection of relevant spectral signatures,
and (iii) a good chemical stability toward biological fluids and aqueous
environments to maintain the integrity of the optical element during signal
collection.

Rheological properties

Many crystalline infrared materials such as Ge, ZnSe, or CaF, are available for
designing optical systems. However, one of the major benefits of a glass versus a
crystal is the ability to shape complex optical elements by simply reheating the
material above it softening point. This characteristic enables the production of
molded lenses at relatively low cost in comparison to single crystals lenses and
also allows the production of unique shapes such as optical fibers that would not
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FIGURE 6 Examples of optical elements made of chalcogenide glass. The outstanding rheo-
logical properties permit to produce large optics or to shape the glass into fiber and molded
lenses.

be available from a crystalline material. In that respect chalcogenide glasses
offer a unique advantage due to their excellent resistance to crystallization
which allows shaping of large optics such as lenses or complex optics such as
fibers without risk of crystallite formation. Indeed, the presence of crystallites
in the glass matrix is very detrimental to the optical properties as they act
as scattering centers and would effectively ruin the transparency. Figure 6
shows several examples of optical elements produced from chalcogenide
glass. Large blocks of glass can be safely prepared without crystallization,
or fibers with diameter of a couple hundred um can be drawn in a dedicated
fibering tower. These materials are now becoming widely commercially
available for applications ranging from night vision cameras to driving assis-
tance in the automobile industry [42]. Chalcogenide fibers are now also
becoming commercially available [43] due to their potential applications
for infrared laser delivery such as CO, laser at 10.6 um used for surgery or
their use for defense application due to their transparency in the strategic
atmospheric windows at 3-5 and 8-12 pm.

Optical window

While the vast majority of glassy materials are made out of silicate and have an
outstanding chemical and mechanical resistance, oxide-based glasses are not
transparent in the mid-infrared spectral region (Fig. 7). Fluoride glasses such as
ZBLAN [44] have an optical window extending further out in the mid-IR up to
~7 um but this spectral range does not cover the most important ‘‘signature
region”’ of biological molecules between 6 and 12 um. Hence, chalcogenide
glasses emerge as the ideal materials choice for designing optical fibers in the
long wavelength range.

The wide optical window results from the large mass of the components
elements in comparison to oxide and fluorides. The multiphonon cutoff is a
direct function of the mass of the elements and can be tuned to fit specific
applications. Sulfide glasses cutoff around 10 um and would be inappropriate
for many bioapplications, while selenides extend to 16 um and are suitable
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FIGURE 7 Transparency window of glasses based on oxide (silica), fluoride and chalco-
genide elements. The heavier the component element, the wider the optical window in the
infrared.

candidates [12]. Telluride glasses have recently been the subject of much
research and are shown to extend down to more than 22 um [45-47]. They
have excellent chemical resistance and are therefore adequate for biosensing
and have also found application in sensing long IR molecular vibrations
such as CO, at 16 um for space exploration [47]. It should also be noted that
these glasses are amorphous semiconductors with bandgap ranging from 1 to
2 eV; hence, most chalcogenides are opaque to visible light as shown in
Figure 6.

In order to maintain high transparency, it is essential that the glasses be
synthesized in very high purity [48, 49]. In particular, all traces of low-mass
impurities such as carbon, oxygen, and water must be carefully removed as
they would generate absorption within the optical window which would alter
the optical quality. This is a particularly significant problem in glass fibers
where the optical path is very long and where even traces amount of impu-
rities would generate unacceptable losses and render the fiber opaque in the
spectral region of interest. Hence, extreme care must be taken during synthe-
sis of these glasses to remove all contaminants through multiple purification
steps. The full synthesis must also be performed under high vacuum or
controlled atmosphere in order to avoid contact with oxygen. When these
purification steps are followed, fiber losses as low as 0.05 dB/m can be
reached [48, 49].

Chemical stability

Chalcogenide glasses are composed of divalent atoms such as S, Se, or Te that
generate structures based on chains of atoms. In order to improve the thermal
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FIGURE 8 AFM topography of the surface for Ge;pAs;sTe;s glass before (a) and after (b)
being soaked in tap water for 120 h.

and mechanical stability of the glass, these chains are typically cross-linked with
higher valence atoms such as Ge, As, or Sb. The presence of elements such as As
or Sb has raised some concern of toxicity for sensitive applications such as
biomedical sensing. However, it was shown that these glasses are chemically
very stable and can be safely used in aqueous environment or in contact with live
microorganisms granted they have not been previously oxidized [12, 18, 19].
While a chalcogenide glass can slowly oxidized upon extended exposure to air,
the oxidation is limited to a very thin surface layer which progress at a rate of
about 20 A per year [18]. In addition, this oxide layer is very soluble and can be
readily removed by rinsing with water. Fresh glasses on the other end are fully
insoluble and do not degrade or dissolve in the aqueous solution. Figure 8 shows
an atomic force microscopy (AFM) image of the surface of a Ge—As—Te glass
before and after immersion in water for 120 h. The polishing scratches on the
glass surface remain unchanged after immersion therefore indicating that no
substantial dissolution occurs. Similar tests performed on Te—As—Se glasses
have shown the same behavior. The quantity of As that leached out of a Te—
As—Se fiber immersed in water for 50 h was measured by inductively coupled
plasma mass spectroscopy and shown to be negligible, below 0.05 uM/1. This
concentration did not evolve measurably with time therefore confirming the
glass stability [18]. These results were also confirmed by cyclic voltammetry,
which showed that no measurable oxidation process occurred during immersion
in the aqueous solution.

For extended storage, it is best to conserve chalcogenide fibers away from
oxygen in order to prevent surface oxidation. An X-ray photoelectron study
showed that the initial oxide layer develops within a few months; however, this
layer has no visible effect on the optical quality of the fiber. Figure 9 shows the
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FIGURE9 Evolution of the absorption peak associated with the As—O vibration as a function
of time during exposure to air for up to three months.

evolution of the attenuation peak associated with the As—O vibrational mode in a
Te—As—Se fiber. It is shown that the peak does not evolve significantly with time.
This indicates that the absorption results mainly from intrinsic oxygen impuri-
ties in the glass and that the surface oxidation has no detrimental effect on the
optical quality of the fiber.

Chaclogenide fibers are also stable in contact with biological material and
are biocompatible with live microorganisms. Figure 10(a) shows a fluorescence
micrograph of a layer of human lung cells coated on a Te—As—Se fiber and
stained with two different dyes revealing dead and viable cells. A confluent
monolayer of live cells is visible while few dead cells are present. Additionally, a
viability tests performed with a colorimetric assay after 24 h of incubation shows
that washed fibers have no toxic effect on the Iung cells while the oxidized fiber
and the soaking solution do (Fig. 10(b)). The oxide layer on the oxidized fiber
surface dissolves readily and releases As, whereas the glass is stable against
dissolution.

In conclusion, chalcogenide fibers are shown to have sufficient chemical
stability for biochemical sensing although care must be taken to avoid the use of
oxidized fibers in order to prevent the release of toxic elements. Regardless,
several glass compositions devoid of toxic element are available to produce high
quality optical fibers [49].
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FIGURE10 (a) Fluorescence micrographs of a lung cell monolayer attached to a chalcogenide
fiber. Viable cells stained with green SYTO 10 dye are shown in the top-right micrograph, and
nonviable cells stained with Dead Red dye are shown in the bottom-right micrograph. Each
image shows the same field. (b) Viability of lung cells exposed to oxidized Te—As—Se fibers, and
after soaking for 2 and 24 h in solution, and to the soaking solution.

APPLICATION OF FEWS TO BIOSENSING
Hydrophobic fiber surface for sensing in aqueous environments

An added advantage of chalcogenide fibers is that the glass surface displays a
hydrophobic character that promotes stronger interactions with organic mole-
cules than with water. This provides a notable benefit for IR sensing due to the
strong water signal that often overlap with the signature of target molecules.
The water signal can indeed mask some important spectral features of bio-
logical molecules, in particular near the amide region. Measurements per-
formed in transmission do not permit to separate the two signals; however,
FEWS measurements allow us to minimize the effect of water by maximizing
the surface interactions with organic materials and increasing their concen-
tration within the evanescent wave region. This results in an overall stronger
signal of the target molecule. Figure 11 illustrates this phenomenon for a
mixture of ethanol and water. A comparison of the water (1600 cm™") to
ethanol (1050 cm™") peak ratio clearly shows an intensity enhancement of the
organic peak in the FEWS spectra relative to the transmission spectra. In fact,
measurements of the spectral enhancement performed with organic solvents
ranging from polar to highly nonpolar show a linear correlation between the
spectral enhancement and the dielectric constant of the solvent. The origin of
the enhancement is therefore clearly associated with the surface hydropho-
bicity of the glass fibers.
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FIGURE 11 Comparison of the peak intensity between water and ethanol when collected in
transmission versus FEWS. The ethanol peak is more intense in FEWS.

A series of contact angle measurements between drops of solvent and a glass
disc also confirm the direct correlation between the strength of the solvent—glass
interaction and the spectral enhancement (Fig. 12) [50]. The fiber surface
selectively attracts the nonpolar solvent molecules in the vicinity of the glass
surface where the evanescent wave is the most intense. This results in a net
increase of the target molecule signal.
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FIGURE 12 (a) Contact angle measurements as a mean of quantifying the strength of the
interaction between the solvent and the glass surface. (b) Correlation between the contact angle
and the specral enhancement.
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Monitoring of live cells

The selective sensitivity of chalcogenide fiber sensors toward organic material
versus water makes them interesting candidate for monitoring microorganisms
in aqueous environment. Figure 13 shows two optical micrographs of human
lung cells coated on the surface of a clean Te—As—Se glass fiber. The A549 type
IT alveolar epithelial cells used in this study were an anchorage-dependent
immortalized lung cell line that form strong attachments to surfaces. The strong
interaction of the cell with the sensing zone of the TAS fiber is very beneficial
for the FEWS experiment as it increases the cell signal intensity.

Figure 14 shows the spectrum of a monolayer of epithelial cells collected by
FEWS. The spectrum underlines the validity of the technique for studying
biological compounds. The common spectral features expected for biological
samples are assigned as follow: O—H elongation of water (A), amide A and B of
proteins (B), CH, and CHj; of lipids (C), amide I and II of proteins (D), fatty
acids and amino acids (E), phospholipids and nucleic acids (F), and polysac-
charides (G). The ability to observe these spectral features offers the possibility
of monitoring the cell integrity as a function of time and environments. The
response of the live cells to different toxins can then be detected through changes
in specific spectral features [51, 52]. This allows not only detecting the presence
of a toxin but also provides information on the way the toxin affects the cell
metabolism and therefore can help identifying its nature. Toxin concentrations
in the UM range can be detected that way [11]. Such low concentrations are
below the detection limit of a conventional FTIR measurement; hence, the cell
layer also serves as a mean of sensitizing the fiber sensor.

Figure 15 shows an example of cell response upon exposure to a surfactant.
The cells were exposed to 1 mM of Triton X-100 and their signal was monitored
for up to 4 h. The cell spectra show a rapid decay of two absorption peaks near
2920 and 2850 cm ™" and the response is complete in less than 20 min. These two

FIGURE 13 Optical micrographs of epithelial human lung cells coated on the surface of a
Te-As-Se glass fiber.
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FIGURE 14 FEWS spectrum of human lung cells from a TAS fiber. The figure exhibits
several spectral regions as follow: (A) O-H elongation of water, (B) amide A and B of proteins,
(C) CH,, CH; of lipids, (D) amide I and II of proteins, (E) fatty acids and amino acids, (F)
phospholipids and nucleic acids, and (G) polysaccharides.

peaks are associated with the symmetric and asymmetric CH, vibrational modes
of the membrane phospholipids bilayer. The surfactant Triton X-100 is a model
toxic agent that disrupts cell membranes and causes rapid cell death when
present at sufficiently high concentrations, but at levels below those used for
total solubilization of cellular matter. Hence, the observed spectral response is
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FIGURE 15 FEWS spectra of human lung cell coated on a Te-As-Se fiber collected form
5 min up to 4 h. The spectral features correspond to the CH, and CHj; vibrations of the
membrane phospholipids bilayer. (a) Cells in a 0.9% NaCl solution. (b) Cells exposed to
Triton X-100 surfactant.
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consistent with the disruption of the cell membrane expected from Triton. The
FEWS technique therefore permits to monitor and identify the presence of a
toxin in situ and in real time.

Since the cells are attached at the surface of the sensing zone, the cell
membranes are in the immediate vicinity of the fiber surface and are expected
to be most intensely probed by the evanescent wave. Using Figure 5, the
evanescent wave penetration depth is estimated to be approximately 200 nm.
The intensity of the evanescent electric field will decrease exponentially
across that distance and in the case of strong absorption; the field is expected
to decrease even faster. Considering that the lipid membrane is about 10 nm
thick we can then consider that most of the signal is collected from the cell
membrane in this wavelength range. This study therefore illustrates the
capacity of FEWS for highly localized probing and emphasizes the potential
of this technique for monitoring the IR signal of biointerfaces with high
spatial resolution.

Monitoring the dynamic of biofilms

FEWS is also an ideal technique to monitor the dynamic of live microorganism,
thanks to the high spatial resolution and good sensitivity in the aqueous solution.
For example, bacteria are known to colonize surfaces through the formation of
biofilms. Swarming bacteria can propagate over large areas in a matter of hours.
It was shown that a FEWS sensors placed along the migration front of a
swarming colony can permit to monitor their dynamic as well as differentiate
vegetative and swarming phenotypes [12, 53]. Figure 16 shows the setup used
for monitoring the biofilm’s dynamics. The center of a Petri dish is initially
spotted with a Proteus mirabilis culture (inoculums) and the dish is maintained
at a constant temperature of 37°C. IR spectra are then periodically recorded for a
period of 5 h as the bacterial front progresses isotropically through the Petri dish.
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FIGURE 16 Set up for monitoring the dynamic of a bacterial biofilm. The fiber is in contact
with a Petri dish colonized by Proteus mirabilis bacteria. The Petri dish exhibits terraces
formed by the periodic swarming of bacteria.
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FIGURE 17 Proteus mirabilis spectra recorded in situ and in real time during swarming as
they propagate through a Petri dish containing gelose.

Figure 17 shows a series of spectra acquired successively while the edge of
the colony migrated across the fiber-sensing zone. The initial signal is domi-
nated by a water peak from the gelose at 1636 cm ™" that overlap with the amide I
of bacteria. As the bacterial front migrates and reaches the probe, the amide II
and polysaccharide signal increases progressively and the water line is replaced
by amide I at 1650 cm ', It is known that the edge of the colony is composed of
motile swarmers cells which are localized along an annulus approximately 3
mm thick [53]. On the other end, the inner area of the biofilm disc is instead
composed of dormant cells of the vegetative phenotype. Interestingly the active
swarmer cells exhibit spectra distinguishable from vegetative cells at wave-
lengths dominated by polysaccharides. Indeed, swarming bacteria massively
secrete exopolysaccharides slime used as lubricant.

Figure 18 shows the second derivative spectra of the spectral region associ-
ated with polysaccharides. The shift in spectral signature correspond to the
change in bacterium phenotype as the swarmer cells migrate across the sensing
zone and are later replaced by vegetative cells. While the spectral differences
between the two phenotypes are not exceedingly strong, it is clear from the
second derivative spectra that they can be differentiated. In addition, advanced
spectral analysis techniques such as principal component analysis (PCA) can
also be used to effectively identify the different bacterium phenotypes [53] as
will be shown in the following. Overall, this demonstrates that the FEWS
technique is sufficiently versatile to permit dynamic measurements in situ and
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FIGURE18 Second derivative spectra in the range of polysacharide vibrations with time. The
band at 1086 cm ! corresponds to vegetative cells while the band at 1076 cm ™! corresponds to
swarming cells.

at the same time sufficiently sensitive to permit identification of different
phenotypes.

PERSPECTIVES AND CONCLUSIONS

The field of IR sensing is constantly evolving and a great deal of research is
ongoing to optimize sensitivity and selectivity of various sensing techniques.
This can be achieved either through advances in spectra analysis techniques or
through new instrumental developments. In the following, we emphasize one
example of each, which are relevant to the FEWS technique and should lead to
further improvement in the future.

Statistical Spectral Analysis

Infrared fingerprints of biomolecules contain much information on cells metab-
olism, which can help distinguish between healthy and altered tissues. In that
respect, FEWS combined with adequate statistical analysis can yield sufficient
spectral fingerprints to perform a rapid classification of patients with metabolic
dysfunctions. This can provide relevant information for the diagnosis of specific
diseases. To achieve this goal, one has to carry out some unsupervised statistical
analysis method such as PCA or partial least square (PLS) regression.



Biointerface Characterization by Advanced IR Spectroscopy

For PCA, each initial spectrum Sp; is viewed as a vector and the n-recorded
spectra constitute a matrix X. After that, the diagonalization of the X X matrix
provides n eigenvalues and n eigenvectors ev?;. Each eigenvector also corre-
sponds to an IR factor spectrum. Then, one can demonstrate that each initial
spectrum Sp; can be rewritten as a linear combination of the eigenvectors:

Spl. = cj1 evty +cpeviy + - -+ ¢cip evey,

The weight of a particular factor spectrum is given by the corresponding
coefficient (c;;) of the combination, called score. During a PCA analysis, com-
puter software automatically arranges the factor spectra according to these
scores: the first few ones are the most significant and the higher indexed ones
represent very noisy factor spectra, which do not contain any useful information.

The results of this analysis are then plotted along a PCA map where the Sp;
initial IR spectra are represented as points in two or three dimensions spaces.
The axes correspond to the factor spectra and the coordinates are the corre-
sponding scores. Generally, the first factor spectra of the combination are the
most relevant to discriminate the initial spectra into nonoverlapping clusters of
points. Note that generally the PCA is not implemented from the whole infrared
spectra, but rather restricted to frequency ranges which present large intersam-
ple variances.

As an example, this analysis was applied to the differentiation between obese
and normal mice [54]. The infrared spectral alterations related to metabolic
deregulations were collected from serum of obese and normal mice using
FEWS. Animals included in this study were reported to have developed obesity
related to a homozygous mutation in the leptin gene, leading to hyperphagia and
diabetes. In addition mice heterozygous for the mutation that did not develop
obesity were used as control. After anaesthesia, blood samples were obtained by
intracardiac puncture and the serum was separated by centrifugation. For infra-
red analysis, 10 pl of fresh serum was deposited along a few millimetres of the
fibre and the spectrum then acquired.

Figure 19 displays spectra of an obese and control mouse. No evident
spectral signature, such as line shifts or variation in intensities enables us to
readily differentiate between both mice. PCA was then implemented in the
1100-1000 cm ™' range corresponding to the sugar rings vibration bands. The
corresponding two first factor spectra are depicted in Figure 20(a) and the PCA
map obtained by considering the two first factor spectra is presented in Figure 20
(b). The points corresponding to the control spectra were well localized, show-
ing that the spectra are very homogeneous. This results is consistent with the fact
that glycemia were similar in all these animals. On the other hand, the obese
spectra were localized in a very different area. This point could be related to the
various level of glycemia found in those animals. Taken collectively our results
demonstrate that FEWS experiments coupled with unsupervised methods of
analysis like PCA are an efficient tool to distinguish serum from obese and
control mice.
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Most recently, a PLS logistic method has been applied in a clinical trial to
identify patient affected with four metabolic dysfunctions including hemochro-
matosis, iron depletion, cirrhosis, and dysmetabolic hepatosiderosis [55]. FEWS
was used to analyze serum from a large group of patients and it was shown that
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FIGURE 20 PCA analysis of mice spectra shown in Figure 19. (a) Plot of the two first factor
spectrum used to generate linear combinations for each initial spectrum. (b) PCA map of 16
mice serum spectra. Eight spectra are localized in the area corresponding to ‘‘normal’’ mice
and eight are localized in the area corresponding to ‘‘obese’” mice.
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PLS logistic could provide an effective mean of discriminating patients from
each group. This statistical analysis method indeed appears to be very promising
for medical diagnostics.

Biosensing through electrophoretic capture of charged molecules

Latest improvements in IR sensing are also driven by the development of novel
instrumental approach for collection and detection of target molecules. For
example it was recently shown that low bandgap telluride glasses can display
fairly high electrical conductivity while retaining their transparency in the
infrared [56, 57]. This unique feature has opened the way to the development
of a new class of sensing probe that can simultaneously act as an electrode and as
an infrared collection element. This set of properties permits to attract charged
molecules at the surface of a sensing element in order to collect their infrared
signature. Figure 21 shows an example of a Ge-Te—As optical element and a
schematic of its use in an electrophoretic setup. A voltage is applied between an
ITO counter electrode and the glass element in order to generate an electric field
that induces the migration of charged molecules. The target molecules are then
captured on the surface of the optical element and their infrared signature can be
collected.

This type of sensing device is particularly useful in biosensing experiments
because many biological molecules such as viruses, bacteria, and proteins carry
a net surface charge that varies depending on solution pH. This net electrical
charge is dictated by the isoelectric point, or pl, of the virus or protein. The pl is
the pH at which the studied molecule carries no net charge. In a solution with pH
below the pl of the molecule, the molecule carries a net positive charge.
Conversely, in a solution with pH greater than the pl, the molecule carries a
net negative charge.

Figure 22(a) shows an example of electrophoretic collection for a solution of
bovine serum albumin (BSA). The spectra shows a rapid increase in the amide
I and II peaks as well as the amino acids at 1400—1500 cm™~'. The migration is
virtually complete within 20 min. Figure 22(b) shows that the migration rate is a
function of voltage as expected from the columbic force, which drives the
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FIGURE 21 (a) Photograph of a Ge-Te—As ATR element. (b) Schematic of a two-electrode
electrophoretic sensing device.
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particles. The greater the voltage, the higher the electric field, and the faster the
molecules diffuse.

In order to ensure that the signal increase is not due to the effect of protein
sedimentation under gravitational attraction, the voltage was kept off for 30 min
before initiating the experiment. Figure 23 shows that no significant signal is
visible until the voltage is turned on, but as soon as the voltage is applied the
signal raises rapidly. The signal eventually reaches saturation once the entire
population of particles has migrated to the glass surface. It can be shown that
the saturated signal intensity is a linear function of the BSA concentration
therefore indicating complete migration. What is more, the BSA molecule can
be repealed off the surface of the optical element by simply reversing the
voltage. This offers a simple way of removing the target molecules and
replenishing the optical element.
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FIGURE 23 Electrodeposition of a solution of BSA with no voltage for 30 min, 1.5 V applied
voltage for 90 min, and reversed voltage for 40 min.
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Similar experiments have been performed with MS2 viruses, E. coli bacteria
as well as various proteins. These experiments show the same migration profile
and demonstrate the potential for electrophoretic capture of these biomolecules
and their detection. Significant spectral differences can be observed between
these molecules; hence, this technique permits the detection as well as the
identification of the target biomolecule.

CONCLUSION

The FEWS technique is a recent but promising analytical method for the study
of biointerfaces. It combines the advantages of FTIR with the versatility of fiber
sensing. This provides high selectivity of FTIR as well as the ability to probe
biointerfaces in situ and in real time. Moreover, the design of appropriate
sensing probes can lead to notable increase in sensitivity and the hydrophobic
nature of the glass surface promotes the signal of biomolecule versus water,
making this technique a great candidate for biosensing in aqueous environ-
ments. As described in section 4, the field of FTIR is in constant development
and new improvements are regularly reported. In most cases these new advances
can be directly applied to FEWS technique and should further increase its
sensitivity and detection limit in the future.
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INTRODUCTION

In the infrared range, the coupling between microscopy and spectroscopy, called
microspectroscopy, is one of the most powerful techniques to enable chemical
identification and localization of particular compounds. A number of applica-
tions in different domains of science, such as chemistry, biology, agronomy, and
medicine underline the usefulness of infrared analysis. The main advantage of
infrared spectroscopy is to provide direct information about molecular vibra-
tions. Further, the intensity of light used for an IR analysis is generally weak
enough to avoid sample damage [1-5] and photo bleaching that is common with
organic fluorophores in the visible or UV-range.
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However, any microspectroscopy technique is limited by diffraction, as is
the case in classical optical microscopy. In the IR-range from 4000 to 500 cm ™",
a maximum resolution of 2 to 20 um is attainable. One can easily understand
that this resolution is not sufficient for subcellular studies. Fortunately, lots of
optical near-field techniques have been investigated and different ways to
achieve high-resolution imaging can be suggested. Among those, the most
known is developed by Keilmann et al. using apertureless near field optical
microscopy with continuous infrared lasers [6, 7]. Unfortunately, the lack of CW
laser tunability renders the analysis of infrared spectrum difficult and limits the
potential application in biology. Moreover, the optical signal is not easy to use as
the near field is convolution between dispersion effect and absorption [8].

Another issue in infrared biology studies is the similarity of infrared bands.
As vibrational spectra reveal the local structure (chemical functionality), most
biological samples show the similar infrared signature (OH, CH, or amide I and
phosphate bands, see Fig. 20). It is thus not easy to identify subcellular structures
and accurate investigations such as deconvolution method or PCA analysis are
needed for unambiguous identification [9, 10]. Conventional infrared micro-
spectroscopy does not currently allow the ability to follow or study the distri-
bution of a specific protein or macromolecule. As a result, the best solution is
often to use fluorescence microscopy after tagging of the molecule of interest.

In this chapter, we propose to expose a new approach based on a combination
of atomic force microscopy (AFM) and infrared spectrsoscopy. This technique
(AFM-IR) is used to enable high-resolution imaging by using a near-field
photothermal technique coupled with specific infrared probes to go over the
limits of optical resolution and allow specific molecular identification. We will
first present the formal concept in physics to describe how the technique works.
Then, we will explore the potential of such a technique by describing some
applications in microbiology. To finish with, we will explain how the coupling of
the AFM-IR with IR-probes, namely metal-carbonyl probes, is a powerful tool
to eukaryotic cell studies.

CONCEPT AND TECHNIQUE DESCRIPTION

The principle of the AFM-IR technique is to use the tip of an AFM to detect
absorption of IR radiation using the photothermal effect. When an object is
illuminated by an IR light source at the wavelength corresponding to a maximum
of its absorption bands then most of the energy is absorbed. This energy absorbed
by the object will produce a local increase in temperature inside the object; this is
the photothermal effect. At the same time, the stress induced by the temperature
field inside the object will be relaxed by mechanical expansion of the object, that
is, thermal expansion. This thermal expansion can be readily detected with the
AFM. The AFM-IR technique uses a pulsed IR laser to produce rapid heating and
thermal expansion within the sample. Each time the laser pulses, the AFM records
a signal that is directly proportional to the sample absorption. The main advantage
of this sort of technique is to use the sensitivity and the high spatial resolution of
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the AFM to overcome the spatial resolution limits of conventional optical micro-
spectroscopy. While the focused spot of the IR laser is still limited by optical
diffraction, the thermal expansion of the sample varies on much smaller length
scales, and these variations can be observed by the tip of the AFM.

In this chapter, we will present the concept of AFM-IR beginning by a review
of relevant issues in optical spectroscopy and thermomechanics. Then a com-
plete model of AFM in contact mode will be proposed to explain the way that
how the absorption is measured. At the end, we will demonstrate the propor-
tionality between AFM detection and infrared absorption.

AFM-IR setup description

The AFM-IR technique was developed to go beyond the characteristics of
conventional infrared microspectroscopy and reach resolutions in the nanometer
range [11]. A commercial instrument based on this technology was introduced
by Anasys Instruments in 2010. It is a benchtop setup with an IR laser covering
the 3600-1000 cm ™! range.

‘We have chosen to use a total reflection setup to light the sample (Fig. 1). The
idea is to illuminate the sample only and avoid absorption coming from the tip or
the cantilever of the AFM. The infrared laser beam is aligned to be in total
reflection at the prism—air interface. The angle of the prism is chosen to maintain
IR light propagation into samples having an index of refraction higher than 1.2,
allowing us to illuminate most of the organic samples. The tip of the AFM is in
contact with the sample to study. At each laser pulse the sample’s thermal
expansion induces a brief force impulse on the tip, inducing ringing of the
AFM cantilever’s resonant frequencies. The oscillations signal of the cantilever
are recorded by the 4-quadrant detector of the AFM and stored into an oscillo-
scope or other data acquisition system. The signal can also be simultaneously
analyzed by fast Fourier transforms (FFT) to determine the amplitudes and
frequencies of the cantilever vibration modes.

Finally, we can create absorption spectra by plotting the cantilever amplitude
as a function of wavelength. Spatially resolved chemical images can also be
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FIGURE1 AFM-IR Set-up scheme. The IR beam is incident on a ZnSe prism in total reflection.
The AFM tip is in contact with the sample and the 4-quadrant signal is recorded by an oscilloscope.
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created by mapping the amplitude at one or more fixed wavelengths while
scanning the AFM tip over the sample surface.

Infrared absorption and spectroscopy

By definition, spectroscopy studies interactions of a material with an incident
wave, through excitation and de-excitation phenomena, as its function of the
energy. In the midinfrared range (4000500 cm '), the energy of waves usually
corresponds to molecular vibrations.

In an optical point of view, materials are characterized by their optical index:

i) = n(A) + ix(A), (1)

where A is the wavelength, n is the refractive index, represents the dispersive
effect, and « is the extinction coefficient, corresponds to the absorption.

When an infrared radiation excites a molecule, the electric field of the
electromagnetic wave produces a variation on the dipole moment of a chemical
bond if radiation frequency matches a natural vibration frequency of the chem-
ical bond. In this condition, the molecule will absorb the radiation resulting in
oscillation of the chemical bond. The molecular vibrations also involve damping
and this damping leads to the absorption of a portion of the incident radiation
and this absorption is converted to heat. The degree of absorption comes from an
imaginary part of the dipolar susceptibility of the molecular bond.

The principle of spectroscopy is to measure the intensity of the radiation
transmitted through the sample as a function of the wavelength. In infrared
domain, it is more common to use ‘‘wavenumber,” (a measure of the radiation
frequency) instead the wavelength. If we consider a homogeneous layer of
medium with thickness z and optical index 72(A ), illuminated by an electromag-
netic plane wave, the transmitted intensity can be given by the Beer—Lambert
law (neglecting the index mismatch reflections at the interfaces):

I, = incei4mmz (2)

with [, being the incident intensity, o being the wave number, and « being the
extinction coefficient, function of the wave number.
The transmittance T coefficient is defined by the ratio of the transmitted and

the incident intensity:

1
T:7726747m';<z. (3)

I inc
It is convenient to convert this to an absorbance coefficient A, which directly
gives the variation of the absorption bands:

1 47z

A zlogm?:ma‘K(U). (4)

This simple expression shows that the absorbance is in fact the representa-
tion of the extinction coefficient multiplied by the wave number.
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FIGURE 2 Absorbance spectrum of bacteria Rhodobacter spheroides (in gray) and eukary-
otic cells (in black). All bands are identified by their chemical function and type of vibration.

Figure 2 illustrates an example of the absorbance spectrum obtained on bio-
logical samples, bacteria, and cells, with a Fourier transform spectrometer (FTIR).

One can note that both bacteria cells and eukaryotic cells display similar
bands. There is no real spectral signature to identify these two different biolog-
ical samples. But accurate studies purchased by the group of D. Naumann have
demonstrated the ability by chemometrics analysis, the way to perfectly identify
different bacteria strain based on their infrared spectra [12]. Indeed, small
differences can be observed in the shape of the bands and revealed by a
second-order derivation analysis.

Photothermal effect

When the sample or material absorbs the energy of the incident wave, an
increase in temperature occurs, which will be driven by the Fourier law:
or (1)
C— — kAT ==—+, 5
P& 1% )

where p is the density, C is the heat capacity, k is the heat conductivity, V is the
volume, Q(t) is the absorbed power, and A is the Laplacian operator.

Let us consider that the sample illumination is produced during the time 7,,.
In this case, the expression of Q(7) is

Q(t) = H(tp)*Pabs (6)

with IT being the box function and * the convolution product, and P, is the
power absorbed by the sample.
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Using the electromagnetic laws, it is possible to express the absorbed power
Py in function of the optical parameters of the sample:

Paps = / waty Im(i)|Ey,[* dV (7)
v

with 77 being the optical index, o being the wave number, €, being the vacuum
permittivity, and E),. being the local field in the sample.

In the case of AFM-IR setup configuration for cellular imaging, for the sake
of simplicity we consider that the sample is small compared to the wavelength.
The following expression gives a good estimation of the energy absorbed:

i?—1
Pabs = 7T€0C0'Im (fﬂ—H> |Einc|2V (8)
with Ej,. being the electric incident field.

In the case of weak absorption (where organic k is about 10™* to 107%), it is
useful to make the following approximation:

Re(ﬁz) > Im(ﬁz). 9)
This leads to a simplified expression of Ppg:

6mce
Paps = Lo”z |Einc|*Vok (o) < Absorbance. (10)
(n* +2)

As the absorption is weak for organic material, the relative variation of n(o’)
is really small compared to k(o). For example, for polystyrene, the value of # at
the C-H band (2950 cm ™) is 1.4 and the value of k is 5 x 10~*. In that case, we
can consider that the value of 7 is constant as a function of o, showing that the
absorbed power P, is finally proportional to the extinction coefficient «
multiplied by o, that is to say the absorbance.

In the following, we consider that the period of heat relaxation inside sample
takes place instantaneously during the illumination. This approximation is
validated by the fact that the samples we study are of micrometer or nanometer
sizes, so the time to diffuse the heat is really short generally under 1 ps, and the
usual laser pulse is around 10 ns to 10 us [13]. In these conditions, the equation
of heat is really easy to solve. The temperature inside the sample is considered
constant (no gradient inside), and the power absorbed is equal to the heat flow
going outside the sample at the stationary state. If, for the sake simplicity, we
consider the sample as a sphere of radius a, the expression of P,,s becomes

Pyps = _47Ta2k.\‘ % r—a, (11)
where a is the radius of the sample and k, is heat conductivity outside the
sample.
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To know the temperature inside the sample (sphere) it is necessary to solve
the heat equation outside the sample. As there is no heat source outside, we
apply the stationary state of the Fourier law:

*(rT)
or?

The solution taking into account the boundaries conditions 7(ee) = 0 and
T(a) = Tpax 1S

=0. (12)

T(r)= . (13)

Finally the temperature increase T into the sample gets instantaneously the
value T,,.x as the laser illuminates and go back to 0 when it stops. Substituting
(13) into (11) we find the expression of 7(z):

P
Tspn(?) = Tinax = 47:;;( when 0<1<7y,
5 .
Tsph(l) =0

(14)

when 1, <t

Finally, we find that the sample heats at a constant temperature T;,,, during
the illumination and the temperature is directly proportional to the absorbed
power P, and so to the absorbance. This result is really interesting in terms of
concept because it shows that the temperature is also a way to make the
absorption measurement. The idea is to use a thermometer and record the
temperature changes when illuminating the sample with the infrared light.
Many experiments have been developed in this way, and more particularly
Pollock et al. have shown the possibility of having quite good infrared spectra
with the thermal detector [14—16].

Thermoelasticity

The main idea with AFM-IR is to use, not the temperature measurement, but the
consequence of the heating. We have seen previously that if the sample absorbs
the infrared illumination then the temperature will increase. This increase will
then produce a mechanical stress inside the sample. The stress will also be
combined with a strain. The temperature field is similar to the force field inside
the sample, resulting deformations taking into account mechanical properties.
The expression which links the displacement in function of the increase in
temperature is given by Nowacki [17]:

(1 —=20)V?*u +V(V.u) = 2(1 + v)aVT (15)

where v is the Poisson coefficient, u is the displacement vector, and 7 is the
increase in temperature.
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The boundaries conditions are given for a body free of tractions on its surface
bounding:

aijnij =0

(1 +v)(1 —2v)oy; = (1 —2v)Ee;; + (vEgi — (1 + V)EO[T)&,:,‘ (16)

where E is the Young modulus, » is the Poisson coefficient, « is the thermal
expansion coefficient, o is the stress tensor component, €;; is the strain tensor
component, and €, is the sum of the normal strains.

Taking into account the spherical geometry of our sample model the differ-
ential equation leads to

B () =122
or r

Considering the spherical symmetry, we assume that the expression of the
displacement vector u, at the center of the sphere is

= aT. (17)
1—v

u.(r=0) =0. (18)

By solving equation (17) and using the limit condition (18), we obtain the
expression of the thermal displacement:

1
vl (19)

u,(r)—l_y 3

Finally, the thermal expansion at the surface of the sphere can be written as

u(a) 1+wval
a 1-v3°

(20)

The relative thermal expansion of the sample is directly linked to the
increase in temperature. This shows that the relative expansion parameter is
also a way to measure the absorption. The photothermal displacement expres-
sion due to a pulsed illumination is given by substituting (14) into (20)

1+ 14 Pabs
Ur=oll) = T Tk, Mhen 0515t (21)
U—q(t) =0 when ¢, <t

AFM-IR formalisation

To detect the thermal expansion on the surface of the sample (sphere in our
model), we use the AFM tip in contact. Under the effect of expansion, the tip will
lift up and push the cantilever that begins to oscillate. We are interested here only
in the flexion deformation modes of the cantilever and neglect the torsion effect
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of the expansion. The cantilever is model like a mechanical beam and satisfies
the flexion equation of motion [18]:

o'z 2z 0z
El— A — — = 22
o TPAGE Y =0 (22)

where E is the cantilever Young modulus, / is the area moment of inertia, p is the
density, A is the cross section of the beam, and 7 is the damping in the beam.
The cross sectionis A = we and the area moment of inertia / = we? /12 in the
case of a rectangular beam, where w and e are, respectively, the width and
thickness. The x coordinate describes the longitudinal direction and z represents
the deflection of the cantilever (Fig. 3). The cantilever length is L with the
clamped extremity at x = 0 and the tip positioned at x = L—6x (Fig. 4).

-

N\ip

FIGURE3 AFM cantilever scheme. The lever is embeded at x=0 and the length is L. The tip is
positioned at x = L—dx. The contact stifness is represented by two springs, one for the vertical
displacement and the other for the lateral.

A =

FIGURE 4 Scheme of the AFM tip in contact with the surface.
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The general harmonic solution of equation (22) is:

z2(x, 1) = g(x)h(2) (23)
with
g(x) = A(cos(Bx) + cosh(Bx)) + B(cos(Bx) — cosh(Bx)) + C(sin(Bx)+
sinh(Bx)) + D(sin(Bx) — sinh(Bx)) and A(r) = exp(iwt), B being the wave
vector, and w being the complex angular frequency.
The boundary conditions of the cantilever imposed by the clamped end and
the tip contact can be cast in the form

x=0 x=L
0°g(x)
§(x) =0 EIEE =M (24
dg(x) og(x)
0 EI F.=0
o o e

where M is the bending moment and F is the reaction force at the lever end. The
expression of F, is found if we consider the deflection g(L) at the end of the
lever. The reaction force of the surface is opposite to the displacement at the end
of the lever, leading to F. = —k.g(L) where k_ is the vertical spring constant
associated with the linear approximation for the small vibrations amplitude. The
bending moment M = —kaz% +—z, can also be found in relationship with the
moment induced by the lateral displacement of the tip and knowing the lateral
spring constant k, and the tip height H (Fig. 4). Substituting the expressions of
F. and M into equations (22), and using the modal expression of g(x), we obtain
the eigenvalue equation of the vibrations modes:

—1+cosX coshX — VX3(cos X sinh X + sin X cosh X)

—UX(sinX coshX — cos X sinh X) — UVX*(1 + cos X coshX) = 0 (25)

where U:;(,;—L;ﬁ V:;‘T“Z; X = BL.

This eigenvalue equation is the most general equation of vibration of the
cantilever. If the tip is free (k, = 0 and k. = 0), we find the well-known equation
of modes [19]1 + cos X cosh X = 0. In the AFMIR technique, the cantilever tip
is kept in contact with the sample by the initial load force. The usual values of
the cantilever spring constant k. employed in contact mode are very small (from
0.03 to 0.2 N/m) compared to the spring constant k. of the tip contact (around
10° N/m), so that the parameter V tends to 0. Moreover, we have checked that if
we suppose no indentation (V = 0), the calculated values of frequencies by finite
element method were in good agreement with those measured experimentally
[20]. We will denote this specific configuration by “contact resonance.” This
approach is similar to that used by Yuya et al. on contact resonance for visco-
elasticity [21], but in our case the tip can move laterally and is not allowed to
produce indentation into the sample.
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As a result, the general eigenvalue equation for the AFMIR configuration
reads

—1 +cosX coshX — UX(sinX coshX — cos X sinhX) = 0. (26)

The spatial distribution of mode 7n in the case of contact resonance is
described by

8x(x) = (cos(B,x) — cosh(B,x))
3 (cos(BnL) — cosh(B,L)
sin(B,L) — sinh(B,L)

)<sin<ﬁnx> Cdnh(B). (27)

where 3, is the wave vector of the modes solution of the eigen equation (26).
One can note that the value of the mode depends on the value of the lateral
stiffness. This property is interesting in a mechanical point of view, because the
frequency of the mode will give us the stiffness of the sample [22]. This sort of
analysis is equivalent to the phase imaging of the AFM tapping mode [23].
Combining chemical and mechanical analysis seems attractive to improve the
sensitivity or the resolution of the technique.

In our case, the cantilever is excited by a source of motion which is the
thermal expansion. The corresponding equation of motion can be written as

oz %z
El — + pA—
* or?

p +ygt S(x, 1) (28)

where S(x,¢) is the mechanical source of motion, and where the general solution
can be expanded as a sum over eigenmodes: z(x, 1) = Y P,g,(x)h(¢), with P,
being the amplitude coefficient of the mode n.

The source term S(x,?) describes the variation of the force induced on the tip
by the expansion of the object. We suppose that the tip is rigid and transmit this
change of force to the cantilever. The tip contact can be characterized by the
spring constant k., which depends on the impedance of the Young modulus of
the tip and the sample, and the radius of the tip (neglecting the sample curvature
compared to the tip) [24]. The force received by the tip reads

l+va

F(t) = katty—o(t) = k. —v3

aT(1). (29)

The beam modes have a vanishing amplitude at x =L (eqn. (27)). In this
model, under the expansion of the object (sphere), the tip is not able to induce a
direct displacement but creates a bending of the lever at x = L. Moreover, the
angle between the lever and the surface is usually not null (Fig. 4). In order to
account for this behavior in the source term, we split the force into two (normal
and lateral) components, that are applied at a point x = L-0x, with 6x < L. The
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normal component iS Fpom(?) = F(f)cos(a), and the lateral one is
Fiy (1) = F(1)sin(a) £ Therefore, the source term reads

S(x,t) = 8(x — L+ 8x)F(t) = BS(x — L+ 8x)T(1) (30)

with B = (cos(a) + Bxsm( a)) }*”ak =

Replacing the expression of the source term (30) into equation of motion
(28) using Fourier transformation and modal orthogonality properties we finally
find [21]

(%) (sin(w,,t)e’g’) *T(1) (31)

x=L

z(x,t) = nggg—fcx)

7 @n

C = —(cos(a)dx + sin(a)H )k 1+~ 4L Qsph and *

with wy, = ’%:8112’ pA’
denotes the convolution product.

The signal obtained by the 4-quadrant detector, Q(?), is not a complete
deformation of the cantilever but only its extremity deflection. It can be
expressed as the integrated cantilever slope along the diameter D of the laser

diode spot on the cantilever [25]:

x=L
L—

00 =3 1 €l lx / ) e (sin(@ue ¥ )10, (32

As the diameter spot of the laser diode spot is small compared to the length of
the cantilever, the final expression of the 4-quadrant detector is:

(1) = Z%f (aggix) N

YL>2<sin(w”t)eg’)*T(t). (33)

Most of the time, the duration 7, of the laser pulse is short (8-10 us)
considering the time response of the cantilever (15—40 us). Taking classical
cantilever parameters used to make contact imagery and polymer stiffness to
model the sample, the theoretical oscillation of the lever is showing Figure 5. We
clearly see several oscillations of different periods that decrease until 600 ps.

The analysis of the AFM-IR signal is easier to perform in the Fourier
domain, revealing the different excited modes and their amplitude (Fig. 6).
Usually the analyzed signal is the Fourier transform amplitude, that is, the
modulus of the Fourier transform of Q(1):

Q(w) = Fourier Transf(Q Z 0,(w

=zn:D|C|<aggx ) ‘x—L\/ |T5ph )| : (34)

SN
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FIGURE 5 Temporal response Q(t) of the cantilever excited by a temperature increase
generated by pulse laser of 1 us.

FFT {(Q(t)) (a.u)

! -

0 50 100 150 200 250 300 350 400
Frequency (kHz)

FIGURE 6 Fourier transfomation representation of the temporal signal Q(t). By this
approach, the cantilever modes and their amplitudse are directly pointed.

The Fourier analysis shows that the response of the cantilever is the product
of its modes response multiplying by the energy induced by the photothermal
effect. In fact, following expression (34) the behavior of each modes are the
same in the function of the temperature increase. Most of the time, to measure
the absorption signal it is easy to study the amplitude change of the fundamental
mode because it possess most of the energy. The expression of the maximum
amplitude of mode # (at its resonance) is

S',,(w,,7 0) = HyHapmH opHinok (o) (35)
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with H,,, = k.aa,

H (cos(a)dx + sin(a)H) D_(%8(x) 2
= o (63 —_— |
ARM Tw, pAL \ 0x |x=L
Hopt - (I’l2 T 2)2 C€0|Emc|
4ara?® [ sin(222
- (5
k, W,

Even if expression (35) seems complex, most of the parameter are constant
and do not change during the study. The final expression of the amplitude of the
mode demonstrates the direct proportionality between the absorption of the
object (k) and the signal recorded by the AFM tip S,. As mentioned above,
the idea to get an infrared spectrum of the sample is to record the variation of the
detector signal (fundamental mode) in the function of the wave number o.
Considering the size of the tip apex in contact with the sample (a few nanometer)
we clearly see the interested of such a method to make ultralocal spectroscopy.
The other possibility of the AFM-IR is to perform chemical mapping by fixing
the wave number at a frequency corresponding to the chemical function band
and recording the amplitude in the function of the space (surface scan). The
resolution of such a mapping is close to the resolution of the AFM topography
(10 nm) but will also be limited by the thermal expansion and mechanical
properties of the object.

APPLICATIONS IN MICROBIOLOGY: BACTERIA STUDIES

The AFM-IR technique has been used in our research center (Laboratoire de
Chimie Physique, Orsay, France) for 5 years now [11]. This experiment was
setup and conducted at the Centre Laser Infrarouge d’Orsay (CLIO, http://clio.
Icp.u-psud.fr/clio_eng/clio_eng.htm) and now constitutes a beam line labeled
AFMIR (http://www.lcp.u-psud.fr/rubrique.php3?id_rubrique=115). CLIO is
conducted in a rather unusual way, which allows us to offer our systems to
outside users, from other research groups. The particularity of the laser source is
to be a free electron laser tunable from 3 to 150 um. The accessibility is
managed by a program comity like in all synchrotron centers. It is in this context
that we have not only been able to collaborate on several projects in different
areas, particularly in biology [26-29], but also in nanophotonics [30, 31]. To
illustrate the main features of the AFM-IR technique by a range of experimental
results, we have chosen to present here only the results obtained in biological
samples.


http://clio.lcp.u-psud.fr/clio_eng/clio_eng.htm
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Experimental demonstration on E. coli

The test sample that we have chosen to illustrate the characteristic of the AFM-
IR experiment is the bacterium E. coli. This is because the size of these objects
are well calibrated (2-6 um long, 1 um wide, 500 nm high), and also the
absorption bands are known (idem Rhodobacter Fig. 2) and assigned — for
example, amide I at 1650 cm™!, amide 1I at 1550 cm ™', and DNA (phosphate
backbone) at 1080 cm . To prepare the surface of the prism, a large amount of
bacteria are centrifugated and washed with distilled water to eliminate their
nutritive environment; a suspension of bacteria is then deposited and heated at
30°C to slowly evaporate the water. The final concentration of bacteria on the
surface is typically 10-20 bacteria over 100 x 100 um. Using this method, we
obtain intact bacteria, which keep their original shape. The absorption bands in
the mid-IR are still present even if the bacteria are dried. After an AFM scan on
the prism surface, we can select a single bacterium and make different analysis
in function of tip position and laser wavelength.

Case I: The AFM tip is positioned on the bacterium and the laser wavelength
is centered on the amide I band (Fig. 7). We observe oscillations with an
amplitude of 30 nm that decreases within a time constant close to 200 us. The
periods of these oscillations are around 16 us, effectively greater than the time
scale of the laser pulse (around 8 ps). Under these conditions, the observed
oscillations are evidently oscillations of the cantilever recorded by the
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FIGUREZ7 (a) AFM topography picture of the bacterium; the position of the tip is indicated in
blue. (b) FTIR spectrum, the bacterium absorption bands is drawn in green and the wave
number of the CLIO laser is indicated by the red arrow. (c) Oscillations recorded by the
4-quadrant detector (in gray) in function of time superposed to the CLIO pulse laser (black).
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FIGURE8 (a) AFM topography picture of the bacterium; the position of the tip is indicated in
blue. (b) FTIR spectrum, the bacterium absorption bands is drawn in green and the wave
number of the CLIO laser is indicated by the red arrow. (c) Oscillations recorded by the
4-quadrant detector (in gray) in function of time superposed to the CLIO pulse laser (black).

4-quadrant detector, as calculated in concept and technique description section.
This signal is usually called deflection. The oscillations are centered at the zero
value. This value corresponds to an applied static force of 10 nN (300 nm
deflection) useful to make the AFM scan. The amplitude of oscillations is
always smaller than the static deflection of the cantilever, allowing us to be
sure that the tip stays in contact with the bacterium. We can remark here how this
experimental oscillation is similar to the theoretical one (Fig. 5) confirming the
approximations used in the model.

Case 2: In order to be sure that the signal is not due to direct heating of the tip
or other thermal or acoustic artifacts, a control measurement (Fig. 8) was
recorded outside the bacterium keeping the laser wave number at the same
value. The detector signal shows only noise. This proves that the cantilever
oscillations are only excited by the bacterium expansion and not by absorption
and heating of the cantilever. We clearly see here the efficiency of the total
reflection configuration, allowing heating sample only, which is not the case of
other configuration explored by Reading et al. [32].

Case 3: To test whether the expansion of the bacterium is really related to the
absorption, we have tuned the laser wave number out to the amide I band, at
1800 cm ™' (Fig. 9) and put the tip again on the bacterium. The signal shows us a
small oscillation not more than 3 nm, which is in good agreement with the
relatively small absorption of the bacterium.

All these experiments have shown that the oscillations recorded by the four-
quadrant detector correspond to the cantilever deflection excited by the
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FIGURE9 (a) AFM topography picture of the bacterium; the position of the tip is indicated in
blue. (b) FTIR spectrum, the bacterium absorption bands is drawn in green and the wave
number of the CLIO laser is indicated by the red arrow. (c) Oscillations recorded by the
4-quadrant detector (in gray) in function of time superposed to the CLIO pulse laser (black).

photothermal expansion of the bacterium. As demonstrated in the theoretical
part (concept and technique description section), the amplitude of the cantilever
oscillations is proportional to the absorption. To quantify these oscillations, the
best way is to perform a Fourier analysis of this temporal signal.

FFT amplitude (a.u.)

b
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FIGURE 10 FFT representation of the temporal signal corresponding to case 1 (in red) and
case 3 (blue).
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FIGURE 11 FTIR spectrum (in black) of E. coli culture and AFMIR spectrum (in gray) of a
single E. coli bacterium.

The Fourier transform of the temporal signal from case 1 and 3 is depicted in
Figure 10. It is easy to note that this analysis shows us immediately the different
modes of the oscillations. The intensive one is the fundamental and has its
resonance frequency around 62 kHz. By looking at the maximum of the first
mode we can quantify the amount of absorption in the two different cases. As we
have demonstrated in our theoretical section the variation of the maximum of
one mode (e.g., fundamental) is related to the infrared absorption (eqn. (35)).

Then to obtain an infrared spectrum by the AFM-IR technique one just needs
to record the change of the mode maximum in function of the wave number of
the laser. Figure 11 shows the AFM-IR spectrum obtained with the previous
bacterium compared with the FTIR spectrum obtained with a complete culture
(millions of bacteria). The AFM-IR spectrum is quite similar to the FTIR
spectrum, which is in good agreement with the theoretical hypothesis (concept
and technique description section). The small differences probably come from
the water vapor absorption, which is not eliminated during the AFM-IR
measurements.

As mentioned previously chemical imaging is also possible with the AFM-
IR technique. The laser wave number is fixed at a value corresponding to a
specific band characterizing a chemical function (1240 cm ™' P=0 band, 1660
cm~ ' C-0, and C-N, etc.) and the tip is scanned over the sample. Figure 12
shows different chemical maps of E. coli for two different bands, amide I (at
1660 cm ") characterizing proteins and phosphate bands (at 1240 cm ') related
to the DNA backbone. In the case of E. coli, protein and DNA are distributed
homogeneously into the bacterium showing a signal directly proportional to the
AFM topography signal (i.e., related to the sample thickness). The amide I
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FIGURE 12 (a) AFM topography picture of a single bacterium E. coli; (b) corresponding
chemical mapping of the amide I band (1660 cm™1); (¢) corresponding chemical mapping of
asymmetric phosphate band (1240 cm™").

absorption is globally more intense than the phosphate (ratio 7/5), which is in
good agreement with the spectroscopy too. When the tip is close to the border of
the bacterium without touching it, there is no signal that means the expansion is
about less than 10 nm. This result illustrates the sensitivity and spatial resolution
of the technique. With the AFM-IR technique it seems possible to detect the
object with the size of around 10 nm. The resolution limitation in the case of an
isolated object on the surface is in fact the resolution of the tip itself and the
sensitivity of the thermal expansion detection.

T5 bacteriophage detection inside E. coli

(collaboration L. Letellier, IBBMC, UMR 8619 Paris Sud, Orsay)

The bacteriophage T5 is one of the best-characterized viruses. Over the past
20 years the chemical composition and the developmental cycle of this virus
have been extensively studied. The interest of using AFM-IR to detect such
small objects and to follow its evolution when infecting bacteria appears to be
great, since it should be possible to track it in vivo. Before reaching this final
step, we have tested whether AFM-IR technique was able to detect the virus
inside and outside of the bacterium [26].

The sample was composed of Escherichia coli bacteria and phage T5.
Bacteriophages T5 st(0) were produced from Escherichia coli F and purified
[33]. The final concentration of the phage stock was evaluated to 1.8 x 10"
infecting phages/ml. Bacteria E. coli F were grown in LB medium to the expo-
nential growth phase (3 x 10® cells/mL) and infected by phages with an average
multiplicity of 60. The infection was stopped 20 min after the beginning by adding
chloramphenicol at a final concentration of 50 mg/mL. Chloramphenicol is an
antibiotic inhibiting bacterial protein synthesis, and consequently, blocking the
phage replication. Infected bacteria were centrifuged and the pellet was washed
three times in pure water and resuspended to a final concentration of
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approximately 1.5 x 10® cells/mL. A drop of the solution was deposited on the
ZnSe prism and dried at room temperature. For the infected bacteria, as the
infection was stopped by chloramphenicol addition after only 20 min, various
stages of the virus development can be found inside the cells [34].

To detect the bacteriophage T5, we have studied the bacteria on the prism at
two different wave numbers: 1660 cm ™' (amide I) characterizing the proteins of
the capsid and 1080 cm_l, which is the maximum of the DNA symmetric
phosphate band. The idea is to localize mature phages (DNA inside the capsid).
After studying many bacteria, we have detected a small amount of bacteria
completely destroyed (broken membranes) revealing complex DNA signature
and numerous clean bacteria (without specific signal). Whatever, we have found
a beautiful specimen showing one isolated spot of DNA (Fig. 13).

The DNA mapping reveals the position of one hot spot of DNA surrounded
by homogeneous distribution of the bacterium. This hot spot is probably a
mature TS (close to the membrane) but it seems difficult to conclude with only
this first experiment. The fact that the DNA signal is not null around the phage is
probably link to heat diffusion of the other part of the bacteria or also could be
from other mature T5 buried deeper. The amide I mapping also reveals good
indication about the presence of the phage. By looking closely to distribution of
the amide I (protein) we can note that there are some localized signals with small
amplitude and one is coincident to the DNA signal. This sort of contrast has
never been detected with uninfected E. coli. All these results strongly suggest
the presence of one mature phage.

This event is really rare in our sample probably for two reasons. First, the
time of incubation is too short to produce enough mature TS5 inside bacteria. The
second comes from the AFMIR detection that is only sensitive to what is close to
the bacterium membrane. Preliminary calculus has shown if the TS is buried at
distance more than its diameter (90 nm) then the detection is not really possible
because the total expansion at the surface is so weak that the technique is not
able to detect.

y (pm)
y (pm)

2 3 4 2 3 4 o 1 2 3 4
X (pm) X (pm) X (pm)
—— = |
0 250 500 0.000 0.0012 0.000 0.0020
topography (nm) absorption (a.u.) absorption (a.u.)

FIGURE 13 (a) AFM topography picture of a single E. coli; (b) corresponding mapping of the
DNA (at 1080 cm’l); (c) corresponding mapping of amide I (at 1660 em™Y).
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FIGURE14 (a) AFM topography of E. coli; (b) corresponding chemical mapping of the DNA
(at 1080 cm ™ Y); (¢) numerical simulation of the phage thermal expansion inside the bacterium.

The size of the thermal expansion profile can be larger than the actual object
size. Figure 14 shows a zoom scan of 1 x 1 um of the DNA mapping. The
measured width at the half maximum is around 200 nm and is greater than the
real size of the phage (90 nm). This value is directly due to the elastic property of
the dry bacterium and specifically the Poisson ratio that affects the transfer of
stress between spatial dimensions. Figure 14(c) shows a finite element calcula-
tion (using COMSOL software) to show how the matter is displaced when the
object is buried even close to the surface. The figure plots the cross section of
the thermal expansion displacement with the local temperature indicated by the
rainbow color table. (The deformation is magnified by more than 100 x to make
it visible in the plot.) We clearly see in this model that a heated object with a size
of 90 nm, appears with a surface deformation extending over roughly twice this
distance, as measured at the half maximum.

To check that the hot spot is really due to DNA condensation, we obtained
infrared spectra with the AFM-IR setup and compared this to the classical
phosphate band of bacteria (Fig. 15). However, the phosphate band of the hot
spot is very similar to the DNA signature of the bacteria and one admitted issue
is that we do not have a differentiated spectral signature in the IR range to
distinguish the viral DNA from the bacterial DNA.

Our next step is to make other TS AFMIR studies jointly with transmitted
electronic microscopy to know perfectly the statistic of mature phage inside the
bacteria and to know more about the distribution of DNA in the case of infected
bacteria.

PHB location into Rhodobacter capsulatus

(collaboration P.Sebban, LCP, UMR 8000, Univ Paris Sud, Orsay)
Rhodobacter capsulatus is a purple nonsulfur photosynthetic bacterium,
which produces a polymer, the polyhydroxybutyrate (PHB), for its energy
storage [35-37]. PHB belongs to the class of polyesters and has been used for
several years for the production of plastics having similar mechanical and
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FIGURE 15 Comparison of AFM-IR spectrum of TS5 phosphate band (in gray) with classical
FTIR phosphate band (black).

thermoplastic properties as those of polyethylene and polypropylene but with
the advantage to involve renewable resources. In bacteria, PHB is contained in
granules (vesicles) with variable size and it can be used by the bacterium when
its nutritive resources become limiting. The presence of PHB can be probed in
the midinfrared domain by the presence of specific absorption bands, in partic-
ular around 1740 cm ™! (C=0s of ester) [38], easily distinguishable from other
bacterial bands (amide I at 1660 cm ™', amide II at 1550 cm ™' [38]). Many
studies have already been achieved on the characterization of PHB involving
different vibrational spectroscopic techniques (Raman, FTIR). However, these
methods often require prior extraction of PHB [39] and do not allow an in situ
study. Our photothermal technique allows us to study PHB directly in the cell
without extraction or complex sample preparation.

Rhodobacter capsulatus wild type were grown in Erlenmeyer flasks filled to
50% of the total volume with malate yeast medium supplemented with kana-
mycin (20 mg/ml) and tetracycline (4 mg/ml). The cultures were grown in
darkness at 30°C for 48 h on a gyratory shaker (140 rpm). The cell suspension
was spun down by centrifugation at 1000 rpm for 15 min. The supernatant was
removed and the pellet was diluted in distilled water. A drop of the solution was
deposited on the ZnSe prism for AFMIR studies or on ZnSe glass for FTIR one
and dried at room temperature for 20 min.

The top panels in Figure 16 display the topography of bacteria obtained by
classic AFM. Registered variations in height give us the shape of objects; the
maximum being represented in yellow. The bottom panels show the amplitude
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FIGURE16 (a) AFM topography of one single Rhodobacter capsulatus. (b) AFM topography
of two seperated bacteria Rhodobacter. (¢) AFM zoom on the lowest bacterium localized on (b).
(d) Chemical mapping of PHB (at 1740 cm ) of the corresponding topogaphy (a). (¢) Chemical
mapping of PHB of (b). (f) Chemical mapping of PHB of (c).

distribution of the fundamental mode of the cantilever on the surface when the
laser is set at 1740 cm ™', which corresponds to the chemical cartography of
PHB. The scale indicates an increasing absorption when the signal shifts from
purple to red. On all maps, we have localized round areas where the signal is
more intense (red domains). These domains correspond to PHB granules inside
bacteria (Fig. 16 (d-f)). On each map, we can estimate the size of granules by
taking the width at half height (this is justified by the simulation with the finite
element method described in the previous and next section). For a dozen mea-
surements, we obtained for the round shape sizes in the range 100-400 nm, that
is consistent with the MET studies made jointly [28].

Figure 16(d) reveals a big round granule of 210 nm diameter and long shape
one of 50 nm (top of the image). This long shape is very likely the result of small
spherical PHB vesicles lined up close to the membrane [40]. Figure 16(e) shows
a bacterium without PHB vesicle. This suggests that under these growing con-
ditions, all Rhodobacter capsulatus bacteria do not necessarily produce PHB.
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FIGURE 17 (a) Comparison between local (A in red, B in orange, C in violet) AFMIR
spectrum and FTIR spectrum (in green) of the bacteria culture. (b) bacterium chemical
mapping of C=0 of the ester band with corresponding position (A, B, C) of the spectra
measurements.

The PHB/proteins mass ratio is low which is in good agreement with the FTIR
study (Fig. 17(a) green curve). Figure 16(f) (zoom of Fig. 16(e)) reveals that the
absorbing area is in fact composed by two adjacent vesicles of different sizes.
The estimated size and separation distance will be studied in the simulation
coming next.

One must be careful interpreting AFM-IR chemical images alone because
the contrast can not only come from IR absorption but also thermomechanical
properties of the sample. To check that the observed contrast results from
chemical differences, we have studied the spectroscopy response of the one
vesicle and compared with the FTIR spectrum of the bacteria culture (Fig. 17).

The spectrum on a single bacterium (in red Fig. 17(a)) was measured by
positioning the tip of the AFM directly on the maximum of the signal using the
chemical mapping of PHB (as pointed by A Fig. 17(b)). We observe an intense
band of PHB (centered at 1740 cmfl) whereas the amide I band at 1660 cm !
appears weaker and noisy. As the tip is perfectly positioned on the vesicle this
should lead to no amide I signal. But there are many proteins surrounding the
vesicle and a part of the bacterium that respond to the amide I absorption. This
external heating (out from the vesicle) probably creates an impulse to the vesicle
of PHB resulting in a nonzero AFM-IR signal. However, concerning the C=0
band of ester, we obtained a clear signal demonstrating the PHB nature of the hot
spot mapping from Figure 16. The second spectrum was recorded by positioning
the tip at point B (Fig. 17) at the border of the absorption vesicle. The spectrum
shows a better signal for the amide I that is similar to the FTIR spectrum of the
bacteria culture (Fig. 17 in green). The intensity of the PHB in that case has
decreased compared to the previous position, which is consistent with the PHB
chemical mapping. When the tip is positioned at C (Fig. 17), out of the vesicle,
the AFM-IR spectrum does not show the C=0 band (in violet Fig. 17).
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In order to determine the vesicles diameter and to estimate the resolution of
our technique, we decided to study in more detail a zoom of Figure 17(b), where
two PHB granules of different size and close to each other seem to be observed.
We made a cross-section of this absorption image, previously converted in a
gray scale, shown with a green dashed line in Figure 18(a) and obtained the
corresponding thermal expansion curve (green curve on Fig. 18(e)).

We used finite element analysis (using the commercial software COMSOL)
to make all our absorption simulations. The bacterium is modeled by a cylinder
in which two spheres of different sizes are included in order to represent the two
PHB vesicles (Fig. 18(b)). We simulated the PHB absorption by the heating
these two spheres. The thermal expansion is calculated during the laser pulse
considering that the heat diffusion after the pulse is negligible (eqn. (35)). The
3D calculation (Fig. 18(c)) shows the bacterium expansion resulting from the
spheres heating. For an easy comparison with the experimental mapping,
we represent the calculated expansion projected on 2D (Fig. 18(d)). We can
note that this simulated picture is really similar to the experimental chemical
mapping making us confident about the way of modeling. From this calculating
picture, we extracted as previously the thermal expansion curve and compared it
to the experimental one (Fig. 18(e)). We have adjusted manually the vesicles
sizes and distance parameter to obtain the best fit between the two curves.
Finally, the best fit is obtained for vesicles of 280 and 100 nm in diameter
respectively and distant of 110 nm with an uncertainty of 10 nm on each value.
The vesicles are also 10 nm under the surface of the bacterium. This example
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FIGURE 18 (a) chemical mapping zoom of PHB vesicle same as Figure 17(b) converted in a
gray scale, the green dashed line indicates the position of the cross section represented in (e).
(b) The model structure of the bacterium with the two vesicles. (c) 3D photothermal simulation
of the two vesicles expanding. (d) 2D projection mapping corresponding to the 3D simulation,
blue dashed line indicates the position of the cross section represented in (e). (¢) Comparison
with experimental vesicles thermal expansion (Fig. 18(a)) and the corresponding COMSOL
numerical simulation (Fig. 18(d)).
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demonstrates that the AFM-IR technique possesses a very good resolution,
probing buried object of 100 nm with a high sensitivity. We clearly see that
the 100 nm resolution is not the limit of this technique. But it seems difficult to
make samples test with controlled size objects to reach the limit.

MAPPING EUKARYOTES USING AFM-IR

Imaging eukaryotes require the mapping of the subcellular structures and their
content. For that purpose, the AFM-IR technique is very attractive for several
reasons. IR-excitations concern vibrational levels and, as no electronic excited
state is involved, no photo-bleaching is induced on the contrary to what is
observed with organic fluorophores excitation in the visible or UV-range.
Vibrational spectroscopies, such as IR, but also Raman or CARS (coherent
antistokes Raman scattering), are already used for topological analyses of
tissues [41-43] and in a few cases for cellular mapping, but always with
resolution above several wm, using FTIR [44] or Raman microspectroscopy
[45-49]. However, in classical optical microscopy, submicrometric resolutions
are not attainable in the IR-range as the Abbe limit imposes a resolution higher
than A/2 (i.e., 2.5 um at 2000 cm™ ) [50]. Due to cellular dimensions (a few wm),
this limit renders IR-optical spectroscopy not well suited for intracellular map-
ping. But submicrometric resolutions are possible using near-field techniques
such as AFMIR [51-53].

Detection of exogenous molecules and the determination of their localiza-
tion in subcellular structures are of great importance in biology both for funda-
mental studies and for the development of novel drugs. It requires localization of
both the subcellular structures and of the exogenous molecule of interest. In this
part of the chapter, we will first exemplify the possible use of AFMIR for label-
free imaging of a subcellular structure, namely the nucleus. In the second place,
we will describe the application of AFM-IR to the mapping of an exogenous
molecule.

Localization of the endogenous structure by AFMIR

IR spectroscopy is a powerful technique for simultaneous analysis of lipids,
proteins, carbohydrates, and phosphorylated molecules. Chemical function pre-
sents vibrational modes that can be identified in an infrared spectrum. For exam-
ple, as shown in Figure 20, phosphate from the DNA shows symmetric and
antisymmetric stretching bands of the P=O bond are, respectively, absorbing
around 1080 cm ™! and 1240 cm ™!, amide from proteins show two characteristics
signals with amide I at 1650 cm ™! and amide II at 1550 cm~ !, and C—H bonds
from lipids around 3000 cm™'. As exemplified previously (note for page about
E. coli), DNA can be located by irradiation in the phosphate symmetric band.
Subcellular structures do not present the univocal single FTIR signature, and
differences in the FTIR-spectra of isolated organelles (mitochondria, nucleus)
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FIGURE 19 MDA-MB231 cells. AFM-topography and chemical mapping by AFM-IR under
irradiation at 1240 cm ™! (phosphate) and 1650 cm ! (amide) [55].

and cytosol are subtle [54]. However, it has been shown possible to identify
nucleus, cytosol, and organelles by a fine comparison of the relative intensities
of the IR-bands in different regions of the IR-spectrum (lipids, amide I and 1II,
phosphate) and to map them using SR-FTIR [41]. One interest here is the access
to label-free subcellular imaging. Based on these previous studies in classical
optical IR-spectroscopy, we have recently shown AFM-IR enables the label-free
imaging of the nucleus in human cells [55].

Example of localization of an endogenous structure, the nucleus

MDA-MB-231, hormone-independent breast cancer cells obtained from the
human tumour cell bank were used for the experiments. They were grown under
usual conditions, and then they were suspended in NaCl (0.9% solution) and ca.
10000 cells were deposited onto the ZnSe prism [55]. They were allowed to
settle for a period of 15 min before the excess saline solution was removed by
careful blotting with paper towel and then allowed to air-dry. AFM showed cells
dispersed between NaCl crystals. The first step was to locate cells and record
their topography using the AFM (see Fig. 19). The nucleus was located using
irradiation at 1240 cm ™' (antisymmetric PO, vibration) and at 1650 cm ™!
(amide I), as a high phosphate and amide content is characteristic for the nucleus
(phosphate for DNA and amide I for histones) [41]. A region with a high
AFMIR-signal at 1240 and 1650 cm ™" can be seen in Figure 19.

Example of the localization of exogenous compounds

The next challenge of this technique is the intracellular detection and mapping
of exogenous diluted compounds. Their signature needs to be revealed out of the
strong signals of concentrated endogenous components. Figure 20 shows the IR-
window for which cells are transparent and where exogenous compounds can
easily be detected.



Biointerface Characterization by Advanced IR Spectroscopy

FTIR Cells
— e SR
:
[
o
§ [
E lipids
E [Transparency
& window phosphate (vas)
" am)ifje| amide |l

3600 3100 2600 2100 1600 1100 <]

FIGURE 20 FTIR of human cells (MCF7) showing the transparency window where exoge-
nous compounds can be easily detected.

To test the potentiality of the AFMIR microspectroscopy to map exogenous
compounds inside cells, a metal-carbonyl derivative has been selected. As a
matter of fact, metal-carbonyl compounds have been developed in the literature
as IR-probes for their many advantages (foremost, stability in biological envir-
onments, and intense absorption in the 1800-2200 cm ™' region where biolog-
ical samples are transparent) (RENVOI Chapitre M. Salmain). Moreover, organ-
ometallic compounds are known to be lipophilic [56, 57], thus ensuring a good
intracellular pénétration [58].

(collaboration A. Vessieres, ENSCP)

The selected reorganometallic conjugate 1 (see Fig. 21) with a cyclopen-
tadienyl rhenium tris-carbonyl (CpRe(CO); or cyrhetren) in a hydroxy-
tamoxifen-like structure is robust in biological media, and has been shown
to inducing a proliferative effect on hormone dependent breast cancer cells
(MCF7) by interaction with estrogen receptors [58]. The organometallic
moiety Re(CO); presents a C3, symmetry (ref Salmain, Chapitre and [59] )
and the elongation vibration, symmetric (A;) and antisymmetric (E) bands,
are IR-active. Intense IR-signal are recorded in the desired area, respectively
at 2020 and 1925 cm™'

As a proof of principle, the cellular uptake of 1 and its distribution have
studied in nonhormonal dependent breast cancer cells (MDA-MB-231). The
cells were incubated for 1 h with 1 at concentrations in the micromolar range
(10 uM) typically used for biological studies [58]. They were then washed,
suspended in a NaCl solution (0.9 % solution), and ca. 10000 were deposited on
the ZnSe prism. Cells were first located at the surface of the ZnSe prism using
the AFM (see topography and black contours showing the AFM topology in
Figs. 21-23) and were then mapped using the AFMIR setup at several wave-
lengths. The mappings were compared with those of control cells processed in a
similar way (see above, localization of the nucleus). Figure 21 displays a series
of chemical mappings both for a control cell (C) and cell treated with 1 (T). The
AFMIR-signal is shown in color (increasing from blue to red).
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FIGURE 21  Structure of 1, FTIR spectrum and AFMIR mappings of MDA-MB-231 cells. C:
control cells; T: treated cells for 1h at 37°C with 10 uM of 1. AFM topography and AFMIR-
mappings at different wavelengths, with the AFM contours superimposed as black lines [55].

We will first consider the images recorded upon irradiation at 1925 and
2017 cm™"' (IR-bands of 1). The control cells showed a weak AFMIR-signal
at these three frequencies (Fig. 21), which was assigned to residual water. In
the case of the treated cells, clear AFMIR-signals were recorded at 1925 and
2017 cm™'. The mappings recorded at the two bands from 1 correspond to
each other, further confirming that they are due to 1. Interestingly, the cell
showed an uneven distribution of the signals at 1925 and 2017 cm™ !, reveal-
ing an uneven distribution of 1, with a spot showing an intense AFMIR-signal
(hot spot). Figure 22 presents a cell that has been mapped at 1925 cm ™" at
several magnification scales: these two images show that the same pattern is
observed.
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FIGURE 22 Localization by IR of metal carbonyl moiety of 1 in MDA-MB-231 cancer
cells after a 1 h incubation at 37°C with 10 uM of 1. AFMIR mappings at 1925 cm . In black:
AFM contours showing individual cells. (a) First view (b) New image after zooming at the
squared cell.

This uneven distribution within the cells is of interest. The hot spot at 1925
and 2017 cm ™" for the treated cells T is co-localized with the hot spot at 1240
and 1650 cm ™, strongly suggesting a nuclear localization of 1. This is consis-
tent with previous observation suggesting that the presence of the organome-
tallic moiety in the conjugate may favour nuclear accumulation [60-62].

Microspectroscopy using AFM-IR

The AFM-IR setup gives an access to local IR spectra through spectromicro-
scopy experiments: it is possible to record a spectrum at a well-defined location,
that is, the location of the AFM tip on a sample surface. This is of utmost
importance to validate the chemical images and to verify that the AFM-IR
signal corresponds to the molecule of interest, and not due to background
sources. This is exemplified in Figure 23. Spectra were recorded at two loca-
tions. Spots A and B are respectively inside the hot spot at 1925 cm ™' and
outside. At spot A, a spectrum clearly showing the band at 1925 cm™' was
recorded (see arrow), whereas at spot B no such band was observed. This
observation unambiguously indicates that the AFMIR signal at spot A is due
to 1. This is also shown in Figure 24 on a broader energy scale (2200—1200
cm_l).

These experiments suggest an accumulation in the nucleus. It should be
noted that the presence of the organo-metallic moiety in the conjugate may
favor nuclear accumulation, as evidenced for some other organometallic bio-
conjugates [61, 62].



AFM-IR: photothermal infrared nanospectroscopy @

0 10 20 3N 40
x (pm) % (pm)
! 1] 1 q
[ 1 3 0 0.4 0.8 1.2
topography (pm) absorption (a.u.)

AFM-contours PTIR mapping at 1240 cm"'

Absorbance (au)

v {em™)
1800 1850 1900 1950 2000

Inred : PTIR spectrum recorded at spot A 34
In blue : PTIR spectrum recorded at spot B

X (pm)

_—
0 035
absorption (a.u.)
PTIR mapping
at 1650 cm' and at 1925 cm'

FIGURE23 Localization of IR-metal carbonyl moiety of 1/ MDA-MB-231 incubated 1 h at 37
°C with 10 uM P89. On the right: AFM contour and AFMIR mappings at 1240 cm ' (DNA),
1650 cm ! (amide I), 1925 cm ™! (probe). On the left: microspectroscopy in the 2050-1880 cm "
region at position A or B.

4 00 08 16

topography (um)

2050 2000 1950 1900 1850,

PTIR-Signals (arbitrary units)

] 5 10 15 0 5 10 15

X {um) X (pm) ()

B B 1 & T~ v(cm™)
[ ———___|
0.000 0.006 0.000 0.001 P  m— ad s 1 . 1
absorption (a.u) absorption (au) 2200 2000 1800

b c d

1600 1400 1200

FIGURE 24 Zoom at the nucleus of a cell treated with 1 (T) and spectromicroscopy. (a) AFM
topography. (b,c) PTIR(/AFMIR)-mappings with the AFM contours superimposed as black
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1850-2050 cm ' region; the two ticks indicate the position of the characteristic peaks of 1[55].
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CONCLUSION

These successful examples, imaging procaryotes and eukaryotes, endogenous
component, and exogenous compound, illustrate the wide possibilities that
AFM-IR offers to answer biological questions with regard to topology.
Nanoscale chemical mappings allow for the intracellular localization of both
substructures and exogenous compounds. AFMIR was used in this example to
localize the nucleus without the use of any nucleus-tracker: label-free mapping
is possible in the IR-range. This is an important breakthrough in IR-based
microspectrosocpy. It should be noted however that the different organelles,
besides the nucleus, are difficult to distinguish based on their IR-signature [41,
54]. This limitation is due to the close similarity of IR-spectra of most biomo-
lecules. But the success of the mapping of compound 1 opens the possibility of
using metal-carbonyl probes, already used for labels [63—65], for immunoassays
[59, 66, 67], or as local pH probes [66], to be designed as trackers to tag
organelles [68, 69] and map their distribution inside cells. More generally, the
development of metal-carbonyl IR-probes may be of interest for use in tagging
other molecules for AFM-IR imaging, as they are small stable units.

These results are of utmost interest as AFM-IR is a noninvasive technique
that can be applied directly to single cells. Thanks to this technique, nanoresolu-
tion is now attainable for imaging using IR radiation. This renders possible IR
imaging at the subcellular scale, a breakthrough in IR-mapping.
Spectromicroscopy represents a powerful tool to determine ultralocal compo-
sition in cellulo.
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INTRODUCTION

Infrared absorption spectroscopy directly measures the absorption of the inves-
tigated materials, and the previous chapters have illustrated how difficult it is to
extract information from an interface surrounded by overwhelming amounts of
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bulk material. Discriminating between surface/interface and bulk requires addi-
tional sensitivity. The usual way to overcome this problem is to perform a
differential spectroscopic study in order to subtract the disturbing signals from
the bulk and keep only the key information from the surface. Infrared-visible
sum-frequency generation (SFG) vibrational spectroscopy offers another solu-
tion as it directly extracts the vibrational information from the surface or the
interface with no, or only minor, perturbation from the surrounding bulk. As a
consequence, SFG analysis does not require the use of a blank sample or
material, but absolute information can be readily obtained. This becomes par-
ticularly interesting in the case of biointerfaces in an environment of water and
salts, where the amounts of matter involved may become very small so that the
signals extracted from differential procedures drop below the noise level. Other
common applications of SFG cover in situ interfacial electrochemistry, surface
heterogeneous catalysis and self-assembly processes of monolayers.

SFG is a nonlinear optical probe that aims at describing in situ the surface
properties of materials or molecules at an interface between two media, includ-
ing specific adsorption processes, chemical evolution, and molecular organiza-
tion as a function of time or externally tuned parameters. As the other techniques
based on infrared, it relies on the excitation of vibrational transitions. SFG
spectroscopy is generally used to afford complementary or specific structural
information when IR absorption or Raman spectroscopies become inadequate or
not sensitive enough in a demanding environment like those encountered at the
interface between two interacting media.

The spectroscopic tool borrows its name from the nonlinear optical process
that it uses. As the name suggests, the SFG process requires two input light
beams to create a third one, which energy (i.e., frequency or color) is the sum
of the two incoming energies. In other words, two photons are destroyed in the
process to produce a new one with the same total amount of energy. Ordinary
optics, called linear by reference to the formal relations between the quantities
which define it, deals with the propagation and interference of light waves, but
does not allow changing the colors of photons. SFG therefore belongs to the
world beyond classical optics, which is referred to as nonlinear optics. It was
performed for the first time in 1987 by Shen group (Berkeley) on a Langmuir
film of pentadecanoic acid deposited on water under various compression, from
the liquid expanded (LE) phase to the liquid condensed (LC) phase in order to
evidence the structural reordering of the molecules at the air/liquid interface [1].
As all nonlinear optical processes, SFG has a low yield and accordingly requires
a high density of photons, both in time and space, in other words short-pulsed
lasers. Its history is therefore correlated to the invention of the laser in the last
century [2]. In fact, the first nonlinear optical effect was ultraviolet (347 nm
wavelength) second harmonic generation (SHG) by the passage of the intense
red beam of the ruby laser (694 nm) through a quartz crystal [3]. From that time,
it has been quickly demonstrated that the laser could provide the power neces-
sary to reach the magnitude of the Coulombian electric field reigning in the
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atoms between the nucleus and the electrons, leading to an enhancement of
anharmonic (hence nonlinear) effects inside the matter. Subsequently, theoret-
ical and experimental developments were established by N. Bloembergen who
described the interaction of light at the boundary of nonlinear media. In this
manner, he became the most famous contributor to the development of laser
spectroscopy in the nonlinear optics field as he shared the 1981 Nobel Prize in
Physics with A. L. Schawlow, the father of the optical maser theory (now called
laser in common language), for their contribution to the development of laser
spectroscopy [4]. Fifteen years prior to the first experimental evidence of SFG
spectroscopy, the submonolayer sensitivity of nonlinear optics to the interface
between two media was demonstrated in 1973 by the enhancement of a SHG
signal of Ge(1 0 0) and Ge(1 1 1) surfaces covered by Na atoms [5]. During this
period, SHG spectroscopy developed and applied to the study of monolayers
adsorbed on surfaces in order to probe molecular adsorption or desorption
because, contrary to SFG, it does not provide the vibrational fingerprint of an
interface but enlightens rather the modifications of its surface electronic prop-
erties. The SHG signal (wsyg = 2w) from an interface is detected through the
visible photons generated in reflection or transmission by the incident laser
(usually in the green at 532 nm for a Nd:YAG pump at 1064 nm) as illustrated
in Figure 1. The following interfaces have been investigated with SHG spec-
troscopy: metal and semiconductor surfaces, liquid and electrochemical inter-
faces, and biological systems to which one must add surface microscopy. In
particular, a current research field in SHG relates to the imaging of biological
systems upon, or even without, excitation of chromophores with a submicrom-
eter resolution [6].

Thereafter, SFG spectroscopy was achieved thanks to the development of IR
tunable picosecond-pulsed laser sources with sufficient peak-power to excite
nonlinear effects. SFG spectroscopy can be regarded as the generalization of the
particular case of SHG by the simultaneous use of two pump laser sources
differing in energy to probe an interface (wspg = w; + ;). Infrared-visible
SFG becomes a vibrational spectroscopy as the incident IR frequency is scanned,
whereas SHG is confined to remain an electronic spectroscopy [7]. Historically,

) ®,
® ©,

FIGURE 1 Energy-level diagrams for the second harmonic generation (SHG) and sum-
frequency generation (SFG) nonlinear second-order processes.
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w refers to a tunable IR frequency (wr = 2500-4000 cm™ 1Y) and w5 to a fixed
visible frequency (wv;s), in the earliest times the green 532 nm doubled YAG. In
these conditions, SFG spectroscopy allows us to probe the chemical signature of
OH, NH, and CH bonds. These features constitute the basic technical require-
ments encountered in the SFG setups present in the major part of the laboratories
performing SFG spectroscopy worldwide. Contrary to IR spectroscopy based on
thermal black body sources, SFG requires the use of intense pulsed IR tunable
laser sources, which rapidly increases the cost of the setup. Nevertheless, where
IR spectroscopy requires the use of IR sensitive cooled detectors, SFG spec-
troscopy only requires photomultipliers which easily detect the SFG photons.
With the continuous development of tunable IR laser sources, SFG spectroscopy
extends its IR spectral range from the near-IR to the mid-IR (w;g = 10004000
cm ") in more and more laboratories, giving access to the chemical signature
of CO, CN, Si-H, Pt-H, NO,, amide, amine and ring bonds. SFG spectroscopy
at or <1000 cm ™' is restricted yet to a few research groups working with
complex and expensive top IR tabletop laser sources or with the intense IR
beam delivered by a free electron laser (FEL) in a large-scale facility. The
highest IR wavelength for which SFG spectroscopy was performed to date is
24 um (~420 cm ") by the probing of the C-S stretching mode of thiophenol
adsorbed on Ag(1 1 1)in 1999 [8]. Theoretically, with FEL radiation, it should
be possible to reach ~100 cm ™" but the experimental constraints related to the
filtering of the SFG photons from the large diffusion of the incident visible beam
limit, in practice, SFG spectroscopy down to 250 cm ™" for the moment.

With the gradual lifting of the limitations inherent to tunable IR laser
sources, SFG spectroscopy has progressively extended in the last 20 years to
the study of the chemical and electronic fingerprints of any interface from the
molecular microscopic scale (SAMS, Langmuir films, electrochemistry, and
catalysis) to the biological scale (biomolecular recognition, DNA strands, chro-
mophores, and biosensors) and at present to the nanoscale (functionalized gold/
silver/platinum nanoparticles and quantum dots). In fact, another supplementary
specific advantage of SFG with respect to IR spectroscopy is the routine use of a
tunable visible laser source [9], in the optical range from 420 (violet) to 700 nm
(red), in order to also probe the electronic structure of various systems and its
coupling to the vibrational signature: Soret band of porphyrins, surface plasmon
of metal nanoparticles, excited electronic states of chromophores, metal inter-
band transitions, electron-hole excitations in semiconductors, and surface states
in catalysis and electrochemistry.

Eventually, in the last decades, SFG spectroscopy has experienced a spec-
tacular evolution, becoming a more versatile technique thanks to the develop-
ment of femtosecond (fs) laser sources. In fact, SFG spectroscopy, confined
hitherto mostly in frequency-domain studies, becomes at present also efficient
as a probe of temporal evolution of vibrations, which leads to the implementa-
tion of multiple scanning techniques aimed at probing selected surface proper-
ties. This fs broadband SFG tool allows studying either the structure and kinetics
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of interfacial molecules (as does a picoseconds setup) or their dynamics as
reported in a recent comprehensive review [10]. In the latter case, for instance
in a pump-probe experiment, the thermal equilibrium is disturbed by an addi-
tional ultrashort laser pulse (infrared or visible) and the chemical dynamics
(chemical transformation), substrate—adsorbate coupling dynamics (energy
transfer) and vibrational dynamics (vibrational energy and phase relaxation,
vibrational inter- and intra-adsorbate coupling) can therefore be probed by SFG
at the fs scale.

THEORETICAL BACKGROUND, RELEVANT PROPERTIES, AND
EXPERIMENTAL SETUPS FOR SFG SPECTROSCOPY

A complete and comprehensive description of the numerous phenomena span-
ning the wide scientific domain of nonlinear optics can be found in the books of
Boyd and Shen [11, 12]. We detail in this section the principles of SFG vibra-
tional spectroscopy at an interface as far as necessary to understand how to
probe a biointerface with this tool and which information one may extract.

SFG basics

The photonic description of the SFG phenomenon is rather straightforward.
Considering a molecule lit by two monochromatic laser beams, one in the
infrared and one in the visible, several processes involving vibrational transi-
tions may occur. An infrared absorption (Fig. 2(a)) is depicted as the annihila-
tion of an infrared photon and the excitation of a vibration mode of the molecule.
Another way to excite a vibration mode is through a Raman Stokes process. Less
favored is the desexcitation of a vibration mode through an anti-Stokes Raman
process (Fig. 2(b)). The SFG process (Fig. 2(c)) combines an infrared absorption

a) IR absorption b) Anti-Stokes Raman c) Sum-Frequency Generation
Visible Visible
(‘)Rilrr.an:(‘)'.-’:s-'.(l). 3 (!JSFCr:('I\:._r\-i-(‘}R
\ / \ S
\ / \ /
\‘ ll \\ ;!
W PR U T A : BT B R
L= 4 .

FIGURE 2 Molecular energy schemes of the infrared absorption (a), anti-Stokes Raman (b),
and sum-frequency generation (c) resonant processes. v and g are two vibrational levels of the
molecule.
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to an anti-Stokes Raman process, with an overall outcome of two photons
destroyed and one higher energy photon created. The resonance of the IR and
Raman transitions with a vibration mode of the molecule enhances the SFG
response as compared to the nonresonant process (which always exists but is
hardly measurable by usual SFG spectrometers). As a consequence, when the IR
energy is tuned to that of a vibration mode, the measured SFG signal goes from
zero to a measurable value. The simplest SFG spectra correspond to the SFG
intensity plotted as a function of the tunable IR wavenumbers and is made of
peaks corresponding to the energies of vibration modes. The quantum calcula-
tion of the SFG response (see below) shows that the simple picture described
here accounts rather well for the actual process. As a consequence, a vibration
mode must be both IR and Raman active to become SFG-active and the SFG
cross-section is proportional to the IR and Raman amplitudes of the vibration
mode involved. In addition, IR and Raman selection rules apply, which has
consequences on the symmetries allowed for the molecule. It is easily checked
[13] that a molecule with inversion symmetry has no vibration mode, both IR
and Raman active. As a consequence, IR-resonant SFG is forbidden for such
molecules. This important symmetry rule applies in fact to any SFG process and
is intrinsic to all second-order nonlinear processes. In order to understand its
origin, we shall first present the macroscopic description of SFG.

In the previous paragraph, the IR-resonant SFG response of a molecule was
briefly described. In a general manner, it must be emphasized that all processes
must be mediated by matter. In other words, the transformation of two photons
(wyis, w1r) Into one (wsgg) fully relies on the interaction of light with matter and
may not happen without it. In the electromagnetic theory of optics, the conve-
nient frame to describe the interaction of light with matter is through the
polarization. This quantity describes the response of matter to the excitation
of light, represented by an oscillating electric field (frequency w). In return, the
polarization acts as a source of electromagnetic radiation. In linear optics, the
polarization response is proportional to the excitation (i.e., linear) with coeffi-
cient y'" called susceptibility. The light emitted by the polarization has the same
frequency as the excitation; it therefore interacts with the incoming light.
Interaction processes include absorption and give birth, among others, to refrac-
tion. For an isotropic medium, Pjjpeqr = 80)((1)E, with X(l’ =1 — n?, where nis
the complex refractive index, in which real and imaginary parts quantify refrac-
tion and absorption, respectively. For a generic medium, x"is a 3 x 3 matrix,
that is, a two-dimensional tensor.

Higher order terms in the polarization response give birth to nonlinear
(NL) optics. The lowest order of nonlinear interaction is quadratic in the
electric fields (second-order nonlinear optics): P = Piipear + Pn%m“near =
eoxV : E)yis + eox? : Eir vis © Eirjvis» Where subscript IR/vis means that
all combinations of IR and visible beams must be used. The contraction
sign (:) is more easily understood when expressing the above quantities in
Cartesian coordinates in a given referential: Pl@) =& X,(','ZZEjEk for i, j, k = x,
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y, or z. Restricting to the SFG process, P; may oscillate at the sum-frequency
WSFG = Wyis + iR and generate a new beam (i.e., new photons) at this fre-
quency. Quantity x?, a third-rank tensor with 27 components, is called the
second-order nonlinear susceptibility. Similarly to the linear susceptibility, it
contains the response of matter to the electromagnetic excitation, as a func-
tion of the three frequencies involved. For the SFG user, it quantifies the SFG
process and its resonances; it is therefore the key quantity to monitor. We may
note at this stage that the generated photon has a frequency wsgg, which was
not present in the incoming beams. Thus, contrary to linear optics, the col-
lection of the light emitted at this frequency gives an absolute measurement of
the response of matter to the excitation by beams (wy;s, wir), namely the SFG
intensity /srg(wyis, @r)- This explains why, as soon as SFG becomes mea-
surable, information can be obtained for very low amounts of matter, opti-
mally far less than a molecular monolayer. We mention here the existence of a
twin beam at the difference frequency (DFG), which gives birth to a similar
spectroscopy. DFG is often neglected experimentally because, having less
energy than the incident visible, its detection competes with fluorescence. In
addition, for most fs experimental setups (see below), it is simply not acces-
sible. The information brought by DFG is often redundant with SFG, but in
some cases the comparison of both techniques helps extracting additional data
[14].

Before describing the macroscopic SFG intensity, we focus on an important
point: the relation between the symmetries of a sample and its x®. Suppose that
the sample possesses inversion symmetry of its electronic properties. Then y®
tensor, which is characteristic of the sample only, remains unchanged under the
inversion transformation. On the contrary, E and P fields change sign under such
a transformation. According to equatlon P( ) = €0X;; +E;Ex above, component
P; and its opposite both equal € X( k)E iEr, leadmg to the consequence that y'»
vanishes. The SFG process is forbldden in a medium with inversion symmetry.
This property is thus not limited to the resonant case with vibration modes, but a
very general property of second-order nonlinear optics. As a consequence,
considering two media with inversion symmetry (either gas, liquid, or solid),
the only source of SFG radiation is the interface between them, where the
inversion symmetry is broken. In such systems, SFG spectroscopy represents
an intrinsically interface-specific tool providing information through an abso-
lute measurement. At an interface, the number of nonzero components of y®
depends on the additional in-plane symmetries.

In the following, we treat the most-encountered case of an isotropic inter-
face. In-plane anisotropy is seldom needed apart from very specific cases [15],
which are irrelevant to the biointerface issue. The typical experimental setup
appears in Figure 3. It may be interesting to tune the incident angles in order to
gain more information on the geometry of the interface [16], but most setups use
fixed angles around 60°. Incident beams are linearly polarized, that is, their
electric fields are either parallel to the interface (s-polarization) or parallel to the
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FIGURE 3 Classical SFG spectroscopic configuration of an interface within the three layers
model for p-polarized electric fields. R and T refer to the reflected and transmitted SFG beams,
respectively. The incidence angles of the visible and infrared beams are tilted from 55° and 65°
with respect to the surface normal (z-direction).

plan of incidence (p-polarized). Combinations of these states of polarization
(e.g., 50% p- and 50% s-polarized) may also prove useful but shall not be
described here [17]. SFG is emitted either in a reflection or transmission
geometry at the point of the interface where the two incoming beams overlap
spatially and temporally. Reflection geometry is mandatory when the lower
medium is opaque to visible light (e.g., metal), and mostly preferred at the
surface of liquids.

Vibrational SFG consists in recording the SFG intensity as a function of the
IR wavenumber. The practical way to perform such measurements shall be
described later. The reflected intensity of the SFG signal reads therefore for
an azimuthally isotropic medium [18]:

2 2
8T wipg

2
2
Iskg = — ‘Xéff)‘ IvisIir

3y (wseg )1 (ovis)n1 (o1r ) cos?Oskc
where Iv;, and 1 are the intensities of the incident visible and IR laser beams,
respectively; fsgg is the reflection angle of the SFG beam with respect to the
surface normal; 72;(w) is the refractive index of the upper medium at frequency
w; Xﬁf) is the effective nonlinear second-order susceptibility of the probed
interface. The latter consists of a combination of the nonvanishing components
of x'?, weighted by optical factors (Fresnel factors) describing the different
reflectivities (resp. transmittivities) of the beams as a function of polarization.
Their contribution has to be taken into account in the case of metallic or highly
reflecting surfaces, or in the need of an accurate quantitative description of the
SFG intensity. In most of the SFG publications on liquid surfaces and biological
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systems, however, they are neglected or considered as constant with the involved
energies.

At this stage, it is convenient to keep in mind that there are roughly two levels
of analysis of vibrational SFG spectra: the first one, essentially macroscopic, is
rather straightforward, and the other goes deeper into the microscopic organi-
zation of the molecules at the interface and often requires additional steps:
complementary experiments (IR absorption and Raman scattering), hypotheses
on the molecular organization and order, molecular modeling and calculations
(ab initio, DFT), careful analysis of optical factors (Fresnel factors, local field
effects, and dipole—dipole couplings).

At the first level of analysis, the practical modeling of the SFG signal only
depends on the square of the nonlinear second-order susceptibility of the inter-
face depicted in Figure 3:

2
2

IspG(wR) o

on which we shall focus now. The complex quantity ng) separates generally into

a term resonant (R) with the IR wavenumber and a second one called nonres-
onant (NR), as it remains constant within the probed infrared range. The term
nonresonant is rather misleading and the full expression nonresonant with the IR
in the probed range should be preferred. As a matter of fact, this term is seldom
not resonant, because it would be hardly measurable. It originates from the
substrate or sometimes from the molecules themselves and becomes measurable
because resonant processes in the visible range enhance it: intraband and inter-
band transitions in metals [14], bandgap transitions in semiconductors, and
HOMO-LUMO transitions in molecular systems. SFG users concentrate mostly
on the resonant term, as it carries the vibrational information on the molecules at
the interface:

a,e 1<pn
Xéff) =Xk X = ’X ‘ M Zwm —nwn +il,

The resonances with vibration modes appear as Lorentzian contributions
described by four parameters: position (resonance energy) w,,, amplitude (oscil-
lator strength) a,, phase ¢,, and line width (damping constant) T,. In the
harmonic model of vibration modes, phases ¢,, only take values 0° or 180°, in
other words a,, is either positive or negative. However, experience shows that it is
sometimes difficult to adjust data within such a constraint. An originality of SFG
as compared to RAIRS appears here: the intensity being proportional to the
square modulus of )(gf), the resonant and nonresonant terms do not simply add
but rather interfere with each other. Depending on the relative phases and
amplitudes, the interference pattern may produce peaks, dips, or a derivative
shape [14] in the spectrum. This represents sometimes a drawback. A classical
example shows that if ¢ngr and ¢, equal 90° and 0° respectively, then the
interference produces a strict flat line for a, = 2I', )(1(\,1)( and the vibrational
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information disappears from the spectrum. DFG provides the solution in such a
case. In most cases however, this interference is an advantage as it allows
determining the sign of the oscillator strength «,, and the phase of the NR term,
which are usually not experimentally measured. In addition, the interference
pattern is a local proof that both contributions (R and NR) originate from the
same interface and accordingly that the molecules are adsorbed indeed on
the substrate. A fit of the experimental spectrum is usually sufficient to obtain
the values of the parameters, which gives the following elements: position w,,
allows assigning the vibration mode; amplitude a, is directly related to the
product of its IR and Raman activities, whereas the sign contained in the phase
¢, relates to the orientation of the molecule. Finally, width I, gives an image of
the order inside the molecular layer.

The second level of analysis aims at linking the macroscopic measure-
ments of the first level to the microscopic and molecular SFG response.
Sum-frequency generation of an individual molecule is depicted in the
same way as before: the interaction of the two laser beams with
the molecule generate a second-order dipole moment p§2> = BxE/Ek,
where 3 is the hyperpolarizability, a three dimension tensor equivalent to
the second-order susceptibility, evaluated in a molecular frame (X,Y,Z).
The local electric fields felt by the molecules differ from the macroscopic
fields as a consequence of screening and dipole—dipole coupling, but
such effects are often omitted. Strictly speaking, only the hyperpolarizability
(i.e., the individual molecule) relates to the photonic processes described at
the beginning of this section. It is possible to show [19], using standard
approximations in molecular physics (Born-Oppenheimer, harmonic vibra-
tions, small vibration amplitudes, and SFG energy far from molecular elec-

tronic transitions), that
(17011./) (51*1()
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In other words, for a given vibration mode #n, the IJK hyperpolarizability
component is proportional to the IR transition moment along K and the
Raman anti-Stokes polarizability tensor component 1J, proving the intuitive
rule deduced from the photon diagrams above. This relation is often trans-
ferred in the literature to the macroscopic level and applied as is to the
second-order susceptibility; although not rigorously grounded, this method
justifies the first-level approximation described above. All the dipole
moments emit light at the SFG frequency, which sum up coherently to
produce the macroscopic signal. The macroscopic surface polarization is
defined as an averaged dipole moment per surface unit. However, the aver-
aging encompasses the various configurations adopted by the molecules at a
given time. The most disturbing effect of the averaging lies in the geometric
factor, which sums up the distribution of molecular orientation and has to be
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taken into account. As a consequence, the macroscopic and microscopic
levels relate by

Yo = No D _(TRBk
1K

where N; is the surface density of molecules. Transformation T relates the
coordinates in the molecular frame to that in the laboratory frame; it usually
makes use of the three Euler angles. The bracket denotes averaging as a conse-
quence of orientation distribution of molecules, that is, averaging over Euler
angles. At this step, hypotheses must be introduced on the molecular distribution
of orientations. Shallow hypotheses make the analysis rather cumbersome [20],
and the usual hypothesis is: a uniaxial molecule with full isotropy in the plane
perpendicular to its principal axis. In this way, only the tilt distribution (6) of
molecules remains unknown, for which either a single discrete value or distri-
bution (Gaussian, rectangle) may be considered. Determination of the orienta-
tion of a simple molecule at an interface by comparing SFG intensities of several
vibration modes under various polarization combinations is therefore a rather
well-established procedure. For complex biological systems however, a deeper
data analysis is required and several usual approximations drop. We emphasize
here, as a fully investigated example, the case of the amide I mode of the a-helix
for a protein/peptide in interaction with a lipid bilayer. The full hyperpolariz-
abilities of the amide I vibrations must be taken into account, and a completely
unknown tilt angle 6 distribution must be considered. Z. Chen group performed
a theoretical analysis of this complex problem and set out a rather generic
method to extract the orientation parameters from the SFG polarization analysis.
The orientation averaging on the tilt angle 6 implies that the distribution function
for 6 is only indirectly known by its moments (averaged values of successive
powers of its cosine). Combining several spectroscopic methods gives access to
different moments (orders 2 for FTIR, 2 and 4 for Raman and CARS, 1 and 3 for
SFG). In particular, SFG provides the key odd-order moments. The orientation
function is then reconstructed from its moments through the maximum entropy
function method, which provides the most probable distribution function for a
given set of moments [21].

Having related the molecular hyperpolarizability to IR and Raman activities,
and the susceptibility to the hyperpolarizability, the last step is to sum the
susceptibility components into the effective susceptibility. For an isotropic
achiral surface in the (X, y) plane as depicted in Figure 3, only four independent
components of y® remain. In details, xxz = yyz , xzx = yzy , zxx = zyy, and
zzz. In Figure 3, s-polarized light has an electric field along y while p-polari-
zation projects onto X and Z. By choosing correctly the polarization combina-
tions of the three beams, it is possible to separate the four components. For
example ssp, sps, pss, and ppp are enough for that respect (the classical notation
for polarizations, respectively SFG, visible and infrared, will be used throughout
this chapter).
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Despite several levels of approximations and hypotheses, such a detailed
analysis allows us to correlate the IR transition dipole orientation, which may be
known from experiment, molecular modeling, or DFT calculations, to the
polarization-dependent SFG intensities. The simplest use of such a work is to
guess the orientation of molecules inside a molecular monolayer. This has been
applied by several teams on various kinds of layers for more than a decade [18].

Experimental SFG setups

A spectrometer dedicated to SFG spectroscopy is made of several stages: laser
sources, SFG photons production, and detection. It is possible to define three
families of setups, which differ mostly in their first stage, more precisely in their
temporal structure. As explained in Introduction section, nonlinear optics requires
short-pulsed and high-power lasers. The first family (broadband SFG) works in
the fs time domain, and the two others in the picosecond range. SFG has also been
demonstrated with nanosecond lasers [22], but the relatively long nanosecond
pulses deposit a lot of energy on the surface in order to reach the SFG production
threshold, which usually leads to the alteration or destruction of the sample. In
any case, biomolecules cannot stand nanosecond SFG spectroscopy.

Laser sources

All families rely on a laser chain composed of an oscillator delivering a funda-
mental radiation with specific characteristics (wavelength, repetition rate, pulse
width, and peak power), which pumps subsequent devices in order to produce
the two beams necessary for the production of SFG photons. The delicate step is
the production of infrared radiation in the fingerprint region of molecules (2.5—
10 um < 4000-1000 cm ™ "), which always relies on an optical parametric pro-
cess. Such a frequency conversion takes advantage of the properties of a non-
linear crystal to split the fundamental beam in two beams of lower energy (called
idler and signal). Depending on the fundamental frequency, the output of the
optical parametric device is either used directly or further frequency converted.
The tuning parameter is the phase matching between the three beams, which
depend on the relative orientations of the three wave vectors with respect to the
optical axes of the nonlinear crystal. In other words, wavelength tuning is
obtained by changing the angles of propagation of the light waves inside the
crystal, or much better by rotating the crystal around one of its axes.

A typical fs broadband SFG setup of the first family relies on a Ti:sapphire
oscillator, which produces a fundamental beam around 800 nm with a repe-
tition rate in the kHz range (or lower) and a pulse duration of several tenths of
fs (10-200 fs). Due to the relation between time and frequency, such short
laser pulses carry a broad frequency spectrum. Part of the fundamental beam
is used after amplification and spectral narrowing (i.e., temporal stretching)
as the visible source for SFG. This explains why DFG spectroscopy is
unreachable in this case, as DFG energy goes far out of the visible range
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and is not as easily detected as SFG. The remaining amplified fundamental
beam is used to pump an optical parametric amplifier (OPA) or generator
(OPG) to produce idler and signal in the near-infrared range. A last stage
mixes both beams by DFG in a second nonlinear crystal to generate the IR
light. The IR beam still possesses the broadband characteristics of the source
and usually covers around 100 cm ™' in one laser pulse. Mixed with the
narrowband visible beam, this pulse generates a broadband SFG pulse, which
carries all the necessary spectral information. It is necessary to narrow the
visible pulse in order to avoid a convolution of the two spectral distributions,
which would result in a loss of resolution. In other words, the infrared spectral
range is ensured by the infrared beam, whereas the visible beam carries the
spectral resolution. The spectrum contained in the SFG pulse must be dis-
persed by a grating monochromator, which converts spectral range into angu-
lar dispersion. After proper filtering of the fundamental beam, this allows the
recording on a CCD camera, in which each pixel corresponds directly to a
given infrared spectral range, whose width (i.e., spectral resolution) depends
on the characteristics of the grating, the spectral width of the visible beam,
and the range of infrared source. As the spectrum is produced in one pulse,
such broadband setups may allow for a short acquisition time of SFG spectra
(in favorable case as low as 0.2 s [23]) and consequently monitor fast dynam-
ics. Finally, the fs structure matches a high peak power with a low mean
energy, which makes it possible to work on rather fragile systems with
minimal damage (e.g., the surface of a liquid and, obviously, biological
systems) due to laser-induced infrared heating, even if damage due to the
visible beam is still possible [10]. The interest of using a 800 nm visible pump
resides in the ability to minimize the nonlinear contribution from most of
solid substrates when a weak and specific molecular response of the interface
has to be selected: only constructive interferences, that is, peak-shaped vibra-
tion modes, are observed on a zero baseline in SFG spectra.

The second family works in the picoseconds range. The source is usually a
mode-locked Nd: YAG (or equivalent) delivering high-energy single-pulses of a
few tenths of picoseconds at 1064 nm. The repetition rate is lower than that with
fs lasers. Two main differences arise from the time scale and energy range of the
fundamental beam. First, the latter may not conveniently be used as the visible
beam, which is preferentially obtained after frequency doubling to reach
532 nm. As a consequence, SFG is produced in the blue—green region of the
spectrum, whereas DFG reaches the green—yellow region. Both are measurable
within a common spectrometer and photomultipliers. The second difference
relates to the picoseconds time scale, which in turn implies a high resolution on
the spectral dispersion (i.e., all beams are monochromatic). Therefore, broad-
band methods are not usable. The fundamental beam pumps an OPA/OPG/DFG
system as before, whose output is a monochromatic IR beam. Therefore, SFG
radiation is produced for one IR wavenumber at a time, and SFG spectra result of
a point-by-point scan over the desired wavenumber range. The IR wavenumber
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is tuned in the OPA/OPG/DFG system for each point in a calibrated way.
Detection in that case does not need dispersion onto a CCD detector, but rather
high-yield photomultipliers after filtering of the residual visible incoming beam.
The great advantage of picoseconds technology is therefore the high sensitivity
of detection, the narrow spectral resolution, and large tunability of the IR source.
On the other hand, spectra require more time than in the broadband case, and
consequently a high stability of the lasers during a scan. This kind of setup is
well adapted to probe liquid, aqueous, and more generally soft matter interfaces
because an efficient thermal relaxation is possible between their enlightening by
the successive giant single pulses, which have a sufficient temporal separation.

The third family also belongs to the picosecond world. The main difference
lies in the repetition rate of the Nd: YAG 1064 nm source in the MHz range, with
shorter pulse length (between 5 and 15 ps). This very high-repetition rate implies
that each pulse carries less energy than in the previous case and needs ampli-
fication. In order to optimize amplification, only a few pulses are sent to the
amplifier. The temporal structure therefore bears two levels: individual micro-
pulses at high-repetition rate (up to 100 MHz) grouped in bunches (macropulses)
containing from several tenths to several thousands of micropulses (depending
on the MHz rate and the length of the macropulses). Finally, macropulses
repetition rate is of a few tenths of hertz. The visible line is again a frequency
doubler. The specific temporal structure makes it possible to pump a synchro-
nous optical parametric oscillator (OPO). Contrary to the OPA/OPG case, the
OPO delivers a new laser beam after its pumping by the fundamental beam.
The nonlinear crystal is installed in a laser cavity (i.e., two mirrors) in which the
signal beam oscillates. The synchronicity imposes that a signal micropulse
produced in the nonlinear crystal by one fundamental micropulse oscillates
exactly once in the OPO cavity before the next pump micropulse arrives. The
oscillating signal stimulates the splitting of the pump into signal + idler, leading
to a progressive growth of the signal and idler output until the laser threshold is
reached. The idler is extracted from the cavity and may be used as the IR beam
for SFG. There is no need of a DFG stage as the IR idler is directly produced at
the required wavenumber. As above, tunability is obtained by rotating the
nonlinear crystal and changing the phase-matching conditions. An OPO relies
on a cumulative optical parametric process; therefore, it may not be pumped by
single-pulse picoseconds sources. The detection part is very similar to the one
dedicated to the single-pulse picosecond family. Although this is not mandatory,
this high-repetition rate family of laser sources has the same temporal structure
as [R-free electron lasers [24]. Therefore, it may synchronize with such a source,
which replaces the IR OPO, and offers two assets: the first one is the high power
(around a hundred times more peak power) and the second one the wide
tunability: a typical FEL may cover in principle an extended range, only limited
by the electron energy provided by its electron accelerator and the designs of its
undulator and laser cavity which produce the laser light. As an example, the
CLIO FEL [25] is able to produce light from 6 to 150 pm, from which the range
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FIGURE 4 Sketch of the picosecond SFG setup tunable both in the infrared and visible
spectral ranges from 2.7 to 150 um and 420 to 700 nm, respectively, coupled to the CLIO free
electron laser.

spanning from 6 to around 40 pum is available for SFG analysis as mentioned in
the Introduction section. A complete SFG setup of this family is described in the
Figure 4 above.

A summary of the advantages and constraints for each family of SFG
setups presented in this section is given in Table 1. The damage threshold

TABLE 1 Main characteristics of the three kinds of experimental setups
for SFG spectroscopy of biointerfaces
Broadband Single pulse Pulse train
(fs) (ps) (ps)
World diffusion High Medium Medium
IR range 2.5-20 um 2.5-20 um 2.5-150 um
Usual visible wavelength 800 nm 532 nm 532 nm
Tunable visible Possible Possible Yes
Biological damage threshold ~ High Medium Low
Kinetics Yes Yes Yes
Time-resolved dynamics Yes No No
Pump-probe SFG Yes (fs) Not favored Yes (ps)
DFG No Yes Yes
Liquid interfaces Yes Yes Not favored

.
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remains a key characteristic to check for applications to biomaterials. The
main drawback in using SFG spectroscopy lies indeed in the principal
characteristics of nonlinear optics: the evidence of higher order optical
effects in matter requires the use of powerful laser sources. Such lasers
may have serious consequences on the damages to the samples when prob-
ing a thin molecular monolayer at an interface. As for biointerfaces, liquid—
aqueous solutions or cell membranes are fragile materials and photon
absorption, for instance by water molecules in the bulk, may disturb their
structural integrity as a consequence of a high-repetition rate of energy
deposition. In summary, the SFG process is a permanent competition
between the damage threshold of the sample and the detection threshold
of the nonlinear effects.

SFG photons production and detection

We detail hereafter a picosecond SFG setup having mandatory characteris-
tics to perform most of the user-specific applications (Fig. 4) from the
nanoscale to the biological scale. A diode-pumped Nd:VAN laser source
(1064 nm) delivers continuously 7.5 ps micropulses at a 62.5 MHz repetition
rate with an average power of 5 W. An acousto optic modulator (AOM)
diffracts a small part of this intense beam to generate a pump beam with a
similar temporal structure for the micropulses but constituted of 1.25 us
macropulses at a 25 Hz repetition rate in order to be synchronized with
the IR-FEL of the CLIO (Centre Laser Infrarouge d’Orsay) European
Facility [25]. The weak pump beam is therefore amplified by double passage
through two Nd:YAG amplifiers in order to have sufficient energy for the
simultaneous generation of tunable IR and visible laser beams. As depicted
in the scheme, while one part is used as a pump in an IR OPO by passage of
the fundamental beam through a LiNBO; or AgGaS, nonlinear crystal, the
other part is frequency-doubled (532 nm) and frequency-tripled (355 nm)
through BBO and LBO nonlinear crystals, respectively. The latter UV beam
acts as a pump of the visible OPO built around a BBO nonlinear crystal. The
pump beams (1064 nm; 355 nm) allow generating the IR 2.5-8 um (~3
cm~ ! spectral resolution) and visible 420-700 nm (~6 cm™ ' spectral reso-
lution) domains, respectively. The CLIO FEL generates IR beam from 6 to
150 um (~2 cm~ ' spectral resolution) and can be used instead of the IR
beam of the OPO by just moving a mirror.

The production of the SFG photons requires the spatial and temporal
coherent mixing of the IR and visible beams at the same point of the probed
interface. Their incidence angles are 65° and 55° with respect to the surface
normal. An optical delay line is added on the visible path in order to ensure
temporal matching between the picoseconds micropulses of the IR and visible
beams. As we deal with a coherent process, the experimental energy and
direction of emission of the SFG beam are easy to calculate from the energy
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and momentum conservation rules. The conservation rules write, neglecting
dispersion:

WSFG = Wvis T WIR

+ k‘I‘R < wsEGSINOspg = wvisSinfyis + wRrSINOR.

ngG =k,

A part of the IR and visible beams is sent through a reference ZnS crystal
to generate in parallel bulk nonresonant SFG in order to take account of
potential laser fluctuations or absorption during the point-by-point IR scan
of ~20 min for ~300 cm ' spectral range. The role of this reference is
therefore quite different from the bare reference used in IR spectroscopy
for differential absorption. As the weak SFG beam is geometrically close to
the intense visible beam, especially in the mid- and far-IR region, it has to be
spatially and spectrally filtered through a double-grating monochromator
before detection by a photomultiplier. The SFG spectrum intensity of the
sample is usually recorded and displayed as a function of the IR frequency.

EXAMPLES OF APPLICATIONS TO BIOLOGICAL INTERFACES

In its early years, SFG spectroscopy was adopted by chemical physicists to help
improve their understanding of planar interfaces in scientific fields like hetero-
geneous catalysis or interface electrochemistry. Besides such fundamental stud-
ies involving mostly simple molecules, interest has grown in time for more
complex systems (thin films, self-assembled monolayers), while experiments on
molecules adsorbed at the surface of water appeared. Finally, recent years have
seen an increase in direct addressing to questions about biological objects and
their interactions at the molecular level. In such issues, the assets of SFG
summarized in the previous part are often put forward in order to get information
complementary to other experimental techniques. We therefore present below a
few examples which emphasize the specificities and complementarities of IR-
visible SFG spectroscopy as compared to conventional IR techniques. The novel
aspects of dynamic studies at the subpicosecond time scale introduced by
broadband SFG will be overviewed in Prospects section.

In biology, the cell is the fundamental component of life. The cell membrane
acts as a barrier: on one side, it protects the nucleus and the organelles from
external intrusion while on the other side it permits the matter and energy
exchanges required to sustain cell-life and reproduction. These transfers are
monitored through membrane proteins (channel proteins) located inside the
lipid bilayers constituting the frontier between two aqueous environments.
The hydrophilic head groups face the inside and outside of the cell while the
hydrophobic interactions of the acyl chains of each lipid layer maintain the
membrane cohesion. SFG spectroscopy is well suited to challenge and complete
the description of specific mechanisms related to membranes with respect to
their overwhelming surroundings (water molecules and proteins/peptides in
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solution) because of its intrinsic interfacial sensitivity, as underlined in the
previous sections. It has naturally extended over the years to several other
specific issues related to biomolecules. The investigated mechanisms include
at present the dynamical structural properties of lipid layers as a function of
pressure and temperature, the molecular recognition processes, the interfacial
protein/peptide interactions, the analysis of protein secondary structures
(a-helix and B-sheet), and the molecular chirality. Recently, SFG has addition-
ally started investigating biological interactions in complex materials such as
DNA (hybridization and biosensors).

Lipid mono- and bilayers

Lipid monolayers: sensitivity boosted

Lipid monolayers, as elemental building blocks of cell membranes, have been
extensively investigated in various environments. Practically, biological model
membranes are built from Langmuir films deposited on water or transferred
onto a solid substrate (by Langmuir-Blodgett or Langmuir—Schaeffer methods).
The substrate includes silicon, glass, mica, quartz, and calcium fluoride. We
focus here on the air—water interface, for which the low reflectivity and high
absorption of the liquid phase limit the sensitivity of conventional techniques.
PM-IRRAS has however proved able to tackle such complex issues (see Chapter 2).
In addition to absolute sensitivity, SFG has added to previous characterizations
its capability to measure order and disorder inside the monolayer, allowing
quantifying the disturbance induced in a Langmuir monolayer under pressure
by various parameters: layer composition, ionic content of the subphase, coad-
sorbants, and molecules in interaction.

The lipid layers constituting the building blocks of membranes are made of
polar heads interacting with water molecules and bound to tail moieties contain-
ing alkyl groups. As a consequence, the 25004000 cm ' IR spectral window of
the OH and CH stretching vibration modes provides information on the main
constituents [26]. Some efforts have been made to extend the range to the mid-
infrared by probing OD and CD stretches around in the 2000-2500 cm ™' region
[27, 28], and phosphate groups around 1100 cm ™ '[29]. More recently, SFG was
also applied in the spectral range of NO, stretching (12751375 cm™ ') and CH
bending (1000-1100 cm™") vibration modes [30] of antigenic polar heads.
Schematically, considering a lipid monolayer at the air/water interface, the
CH region probes on one hand the structural evolution of the hydrophobic tails,
first in static mode (for example as a function of the surface pressure induced by
the moving barriers of the Langmuir trough), and then as a consequence of an
interaction with a molecule (salt, acid or more complex, up to proteins, as shown
below). On the other hand, information is gained in the OH stretching range
from the structural evolution of the water molecules in contact with the hydro-
philic side of the monolayer. Specifically, the first spectroscopic study of the top
layer of water-free surface has become an archetype of the power of SFG
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spectroscopy [31], evidencing the direct measurement of the dangling (free) OH
bonds. A natural evolution leads to the study of the variation of the signal from
water (and thus of its structure) when the free surface is covered by a monolayer,
among which amphiphiles like phospholipids play a specific and strategic role.

As for pure DPPC lipids in a Langmuir layer under compression, Bonn [32]
has evidenced an unknown phase transition, sharp and reversible, at very low
compression, which could not be seen by usual tools (Langmuir isotherms and
fluorescence imaging). Following the Langmuir isotherm by SFG in the CH,
and CHj spectral range from the LE (molecularly disordered) phase to the LC
(highly ordered and oriented) phase, they enlightened this new transition at low
compression where the surface density and chemical content of the monolayer
remains undisturbed, but the hydrophobic alkane chains uncurl upon compres-
sion, creating a first stage of order in the LE phase. Revealing such a behavior
requires a method, which directly quantifies order/disorder properties.

The behavior of water below a compressed Langmuir layer of lipids also
appears more complicated than expected. For simple surfactants, electrostatics
governs the orientation of water molecules, which remain in the subphase. For
more complicated molecules like phospholipids, a debate has arisen on this
orientation. The determination of their absolute orientation requires extracting
the sign of the SFG resonant contributions from the spectra, which is not
straightforward. Using different kinds of SFG apparatus and data analysis,
two teams first disagreed on their conclusions. For [29], water molecules strictly
obey the electrostatic rules and orient their dipoles as a consequence of the
charge of the lipid head groups. On the contrary, a second group first stated that
the orientation of the top layers of water was not simply related to the electric
charge of the head group, orienting their dipoles in the same direction whatever
the charge of the head group [28], which appears contrary to electrostatic laws.
The debate ended when it was shown that their conclusions were attributed to an
incorrect data analysis. Beyond this controversy, SFG proves its selectivity to a
low amount of oriented water molecules, which in fact carry the most precious
information at the interface. However, this case also illustrates the difficulty to
correctly interpret SFG data, which, for tricky situations, requires care and a
tinge of specific know-how.

Of course, SFG may also follow more conventional phase transitions in lipid
monolayers. Ordering upon compression, condensation or fluidization effect of
additives in the subphase (SCN[33] and Ca2+[34]), or of coadsorbants inside
the layer (SDS [27], palmitic acid [29], cholesterol [35]) has been addressed by
several teams. In particular, Allen [36] have analyzed a model layer for lung
surfactant, composed of a mixture of up to three lipids (DPPC, POPG, and
palmitic acid PA) and a model peptide. They have shown the condensation
effect (i.e., ordering) of PA on the DPPC layer, the opposite fluidization effect
(i.e., disordering) of POPG in the DPPC layer, and displayed the balance
between both in the ternary mixture as a function of molar ratios.
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Lipid bilayers: symmetry properties

Lipid bilayers provide one of the most striking applications of symmetry prop-
erties of second-order nonlinear optics to investigate structural properties. As
explained in Theoretical Background section, SFG is interface-sensitive
because the inversion symmetry is broken at the interface along the normal.
However, if the molecules at the surface adopt a configuration which creates
additional symmetry along the surface normal, their specific SFG signal
vanishes. A bilayer of a single amphiphilic molecule is an archetype of such a
geometry and early studies have illustrated the fact that it is indeed transparent to
SFG as a consequence of its up-and-down structure [37]. On the contrary,
asymmetric bilayers may be studied by SFG spectroscopy, in an IR spectral
range adapted to the chemical groups breaking the symmetry. It is therefore
possible to choose by construction whether to see the lipid bilayer or not, as a
function of the property one wants to investigate. Bilayers in the following
examples are supported by a substrate. We emphasize two research thematics
as examples: the first one relates to the flip—flop mechanism in a homogeneous
bilayer, and the second one tackles the gel to liquid crystal phase transition in a
hybrid bilayer.

One of the important structural parameters to monitor in the behavior of lipid
molecules in cell membranes is their movements, that is, lateral translocation or
interleaflet displacement, the latter (also called flip—flop) being involved in cell
growth and intercellular signaling [38]. To address this issue, one of the two
leaflets constituting the membrane is perdeuterated to break the inversion sym-
metry of the lipid bilayer. The SFG signal of the CH; moieties is therefore
measurable. When complete flip—flop is achieved, the symmetry has been
regained as the bilayer comprises two layers of 1:1 mixture of perhydrogenated
and perdeuterated molecules, and the CHj signal vanishes. Therefore, by fol-
lowing in time the decrease of methyl group SFG intensity, one obtains direct
information on the flip—flop kinetics, as illustrated in Figure 5, and by extension
its thermodynamics.

Several parameters can be tuned to measure their effects on the flip—flop
process: temperature, layer pressure during LB transfer [38], as well as the
influence of membrane proteins. In the latter case, it has been shown that
inclusion of small proteins inside the layer hardly changes its symmetry prop-
erties, implying that the method still applies in this situation. In fact, both
hydrophilic and hydrophobic proteins may facilitate the flip—flop process, with
a greater efficiency for melittin (hydrophilic). Therefore, scenarios for the
action of the proteins inside the lipid bilayer can be proposed [39].

In this study, SFG was applied to follow the gain of symmetry inside an
asymmetric bilayer. Accordingly, it is possible to monitor the symmetry appear-
ing and disappearing inside a symmetric bilayer. The same group has followed
in this way the temperature-induced transition from the gel phase to the liquid
crystal phase in a planar supported lipid bilayer. The bilayer is totally symmetric
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FIGURE5 (Left) SFG spectrum of an asymmetric DSPC/DSPC-d70 bilayer at room temper-
ature (black points). Individual vibrational contributions, as determined by data fitting, are
shown in gray. The observed peaks correspond to CH, and CHj; vibrations. The sample was
held at 46.8 °C until the SFG signal reached a minimum following the flip—flop process, and
then returned to room temperature (dashed line spectrum). For comparison, a symmetric
bilayer consisting of a 1:1 ratio of DSPC and DSPC-d70 was prepared and a spectrum
obtained at room temperature (solid black line). The spectra are offset for clarity. (Right)
Representative decays of the SFG intensity for the CH; symmetric vibration at 2875 cm ™.
The above decays were collected for DSPC/DSPC-d70 bilayers at 46.8 °C. Data are shown in
black. Gray lines represent the fit to the data for deposition pressures of 40, 33, 27, and 20
mN/m. From [38].

before and after the transition, but during the transition the symmetry is broken
by the asymmetric distribution of domains of the two phases inside each layer.
By following again the intensity evolution of the stretching modes of the fatty
acid methyl groups as a function of the temperature, the transition temperature is
easily determined for several lipid chains [40], with values comparable to DSC
measurements. A strong correlation is noted with the transition temperature for
a supported monolayer in water. Similar research work was performed on hybrid
bilayers membranes (HBM) as an alternative to lipid bilayers. The asymmetric
HBM is made of one single lipid layer deposited on top of a hydrophobic self-
assembled monolayer (SAM) adsorbed on a metal substrate (gold). In the gel
phase, the disordered alkyl chains exhibit many gauche defects, leading to a
measurable CH, signal; on the contrary, a perfectly straight alkyl chain is said to
show no methylene SFG signal for local symmetry reasons, although this point
is still debated [41]. The phase transition temperature 7, is therefore measured
by the steep variation of the ratio of CH, over CHj stretch intensities. The
temperatures appear higher by an average of 10 °C to those evaluated in vesicles
for several lipids with phosphocholine heads [42]. To account for this result, the
crystallinity of the SAM is tuned, and it is shown that the transition temperature
decreases toward values analogous to those in vesicles when the SAM under-
layer becomes disordered. The high 7, is therefore correlated to the interaction
of the top lipid layer with the underlying SAM [43]. Finally, the same method
allows monitoring the phase transition in binary mixtures of phospholipids and
cholesterol as a function of cholesterol content. This leads to the evaluation of
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the size of ordered and disordered coexisting domains during the transition,
which are proved to remain small for planar layers as compared to vesicles, as
confirmed by AFM measurements [44]. Nevertheless, HBMs are not suitable to
perform studies including processes related to the inner leaflet (flip—flop, inser-
tion of interfacial proteins). Fundamental mechanisms modifying the biomi-
metic lipid bilayers are induced by membrane proteins or peptides. Their mutual
interaction as investigated by SFG is presented below.

Peptides and proteins

The sensitivity of SFG combined to the transparency of lipid symmetric bilayers
to the technique makes it an interesting tool for the study of membrane proteins
in situ. However, proteins are much more complex than lipid layers, and in
particular exhibit no overall specific symmetry properties. Their study by vibra-
tional spectroscopy is therefore less straightforward. As above, the energy
region comprising the CH stretches of proteins and OH stretches of water are
focused on, whereas some groups tackle the more delicate, but more informa-
tive, domain of amide vibration modes [45]. We illustrate here the typical
analysis of protein conformation in various environments, at liquid interfaces,
solid interfaces and inside lipid bilayers. Prior to studying these complex inter-
actions within membranes, SFG works are performed on peptides/proteins alone
in contact with a liquid/aqueous or liquid/solid interface. In this case, the
structural effect of protein adsorption is investigated either on pH-dependent
water surface (salt ions and electrochemical potential) or on biocompatible
materials (biopolymers).

Liquid-air and liquid-liquid interfaces: protein conformation

We choose to illustrate three types of environment and molecular interactions
involving amino acids, peptides, and proteins. Again, the high sensitivity of SFG
makes it possible to tackle difficult issues in various geometries and to access
orientation parameters of molecules. The Richmond group has a long-time
speciality in analyzing the behavior of various molecules at the water/CCl,
interface. Such a liquid-liquid interface, although not relevant for biological
systems, is a model for water-hydrophobic liquid systems. Specifically, L-forms
of phenylalanine, lysine, leucine, isoleucine, methyonine, tryptophan, threo-
nine, and tyrosine have been under study [46]. Although the complexity of
molecules and functional groups in the CH and OH stretching region makes
the analysis difficult, the results show that threonine and tyrosine do not adsorb
at the interface, whereas tryptophan does not produce enough SFG signal. On
the contrary, polarization effects bring some information about the orientation of
the symmetry axes of the molecules (or the chemical moieties under study) with
respect to the surface normal. At the air/water interface, a more detailed study of
a leucine monolayer was performed in [47]. A more complete analysis allowed
to calculate the tilt and rotation angles of the alkyl part of the amino acid



Sum-frequency generation spectroscopy of biointerfaces

(pointing out of the water subphase) as a function of concentration (hence
surface density) and pH. The dependence in both parameters is rather low,
whereas the structure of interfacial water under the leucine layer is strongly
modified by the pH as a consequence of electrostatic interactions. Finally, it is
possible to study by SFG the interaction of a small molecule with a monolayer
of protein at the air/water interface. The case is illustrated in [48] with urea
interacting with the well-known bovine serum albumine (BSA). Urea is
known to denature proteins but the interaction between them is partly unclear.
SFG sensitivity to low concentrations and orientation allows us to study the
way urea orientates when interacting with a protein, as a function of pH
(hence protein surface charge). The analysis of CH stretches from the hydro-
phobic BSA amino acids, OH stretches from interfacial water, and NH
stretches of urea prove that urea and water tend to remain oriented in the
same direction at the surface of the BSA molecules, with a random orientation
at the isoelectric point of the protein.

Liquid-solid interfaces: protein interaction with surfaces

Immobilization of proteins at a solid interface may appear less compatible with
biology. However, for fundamental studies, it may be a way to work on a sample
of better-known structure and reproducibility. In addition, controlled adsorp-
tion on a dedicated surface may boost the sensitivity of the detection technique.
Finally, some processes are inherently linked to the presence of a solid, like
fibrinogen adsorption or interactions linked to biomolecular recognition.

We stress the huge work performed by the Chen group on the analysis of
protein adsorption through SFG spectroscopy. This group has pioneered the use
of SFG as a probe of the key amide I band [45], whose position and intensity is
strongly related to the secondary structure of a protein (e.g., a-helix, B-sheet,
and random coil). To reach that purpose, an original SFG setup was developed,
near total reflection through a CaF, prism and taking advantage of the high
optical reflectivity favored by optimizing the Fresnel factors. Amide I band is
routinely used in IR absorption spectroscopy for secondary structure analysis in
the bulk. Coupled to ATR-IR absorption spectroscopy, SFG allows performing
the same kind of studies on a monolayer at an interface [49] because, as before,
the randomly dispersed proteins in solution are not SFG-active while highly
oriented interfacial proteins are easily detected. As for a-helices, the relation
between orientation distribution and SFG spectrum requires a careful calcula-
tion of the hyperpolarizability of the helix. With proper analysis and the help of
coupled ATR-IR measurements, valuable information is extracted from polar-
ization combinations about the structural changes of peptides and proteins upon
adsorption [50, 51]. In addition, chiral-specific SFG signals from B-sheet struc-
tures have been evidenced in [52]. An analogous analysis of the hyperpolariz-
ability of the anti-parallel B-sheet is under way, with promising applications to
the interaction of peptides and proteins with lipid bilayers and surfaces by SFG
spectroscopy of the Amide I modes [53].
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Fibrinogen is a key blood protein involved in coagulation through its trans-
formation into fibrin. It has been extensively used as a model protein for
adsorption studies by SFG on solid surfaces like polymers or SAMS, for fun-
damental purposes [54, 55] as well as biocompatibility issues (in the case of
synthetic implants in contact with blood) [56]. Fibrinogen is also the model
protein used to rationalize the extraction of a-helix orientation of a protein
adsorbed onto a surface from spectroscopic data in the amide I infrared range,
using the fact that the molecule in its linear conformation has a rather symmetric
shape, which disappears upon molecular bending. On polystyrene, fibrinogen
adsorbs along a bent configuration, with a broad distribution of tilt angles [50].
The conversion to fibrin in the presence of thrombin enzyme results in a strong
conformational change [55].

In a general way, the behavior of amino acids, peptides, and proteins upon
adsorption on a solid substrate strongly depends on numerous factors: pH, ionic
strength, orientation, charge distribution, chemical nature of the adsorbing
surface, and protein size. SFG may help investigating the effects of several of
them, bearing in mind the applications to molecular recognition or biosensing.
To reach that purpose, it is proposed to use model short synthetic peptides with
designed properties. The Somorjai group has investigated the adsorption of such
model peptides with classical a-helical residue pattern (regular alternation of
hydrophilic and hydrophobic residues) on hydrophilic silica and hydrophobic
polystyrene. With a 14-residue lysine-leucine peptide (LK4), the adsorption
processes appear very different. CH stretch modes show up on hydrophobic
substrate, independently of the ionic strength of the buffer. On the contrary, only
a NH mode attributed to amide A can be measured on polystyrene. This mode
depends indeed on the ionic strength, which is to be related to the secondary
structure of the peptide: at high ionic strength, LK, adopts an a-helical struc-
ture and the mode is present. On the contrary, when the peptide takes the form of
arandom coil at low ionic strength, no amide A signal is measurable (although
quartz microbalance data show that proteins adsorb in all cases onto the surface).
This evidences a different adsorption geometry in each case, with stabilizing
interactions between the substrate and the peptides involving hydrophobic
leucine on polystyrene and hydrophilic lysine on silica, respectively [57, 58].
The behavior is confirmed by a similar study on analogous synthetic 14-residue
peptides showing the same repetition scheme with various natures of hydropho-
bic (leucine, alanine, and phenylalanine) and hydrophilic (lysine and arginine)
residues. On hydrophobic surfaces, the vibration modes of the hydrophobic
residues are all detectable. On silica, the only measurable signal comes from
the LK 4 peptide, which is also the only one stable in solution as an a-helix. This
proves in a different way the behavior evidenced above: when peptide adsorp-
tion is driven by hydrophobic interactions, the SFG response does not depend on
the secondary structure, whereas adsorption driven by hydrophilic interaction is
associated in SFG with a secondary structure signature, thus to a well-ordered
geometry [59].
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Interfacial proteins in lipid bilayers: in situ behavior revealed

Proteins have been shown above to play a facilitating or inhibiting role in the
flip—flop process in lipid layers. In the present part, we focus on the interplay
between the peptides/proteins and the model membranes, the way they inter-
act and modify their mutual structures and ordering. In order to have a
comprehensive view of the numerous biological interactions related to pep-
tides/proteins within membranes studied by SFG, the reader can refer to
reviews [60, 61].

Interactions between lipid layers and proteins/peptides are in a first step
carried out in the CH and OH spectral ranges. In this region, vibration modes
of both lipids and peptides coexist, which allows us to monitor in parallel
their evolution during interaction. For example, in a partially deuterated
Langmuir monolayer of lipids with deuterated alkyl tails, reference [62]
follows the effect of the insertion of the gramicidin A model peptide when
orientation processes take place upon layer compression. At low peptide
concentration, peptide and lipids orientate together, whereas the peptide
remains unchanged at high concentrations. For intermediate concentrations,
it is interesting to note that the peptide does not orientate as a whole,
probably starting by its tryptophane rich C-terminal part. As for bilayers,
studies take place on planar supported lipid bilayers or hybrid bilayers in
contact with water. For example, the highly reversible perturbation of a
hybrid bilayer (deformation and loss of order) by a signal peptideless protein
is evidenced in [63]. The literature proves that it is possible to monitor in real
time the interaction of peptides with supported lipid bilayers and determine
their orientation in the layer through their distinctive secondary structures:
a-helix [64], B-sheet [61], and even 3;¢-helix [65].

In order to illustrate the possibilities opened by SFG on complex lipid/
peptide interactions, we develop here the melittin case, which is one of the most
studied membrane proteins for its anti-microbial properties, on supported DPPG
bilayer on CaF,. The issue of the process of melittin-induced pore formation
inside the lipid bilayers has been much debated and investigated [66]. A sum-
mary of this rather complete study can be found in [60, 61, 67]. It uses the state-
of-the-art SFG data collection and analysis: three spectral windows contribute to
the data (CH/OH, CD for perdeuterated lipids, amide I stretching ranges). Both
symmetric (perdeuterated dDPPG/dDPPG) and asymmetric (perdeuterated/per-
hydrogenated dDPPG/DPPG) lipid bilayers are investigated in order to access
the symmetry properties while differentiating the structures of the distal (in
contact with the peptide solution) and proximal (in contact with the substrate)
lipid leaflets. A careful analysis of amide I vibrations leads to the orientation of
a-helices inside the lipid layers. The time evolution of CD and CH stretches
monitors in time the melittin-induced order and disorder, symmetry breaking,
and recovering inside the distal and proximal leaflets. We summarize below the
information on the interaction collected from the SFG experiments (Fig. 6),
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FIGURE 6 (a) Cartoon illustrating model suggested for membrane permeation. The peptides
reach the membrane either as monomers or oligomers, and then bind to the surface of the
membrane with their hydrophobic surfaces facing the membrane and their hydrophilic sur-
faces facing the solvent (step A). When a threshold concentration of peptide monomers is
reached, the membrane is permeated and transient pores can be formed (step B), a process that
can lead also to membrane disintegration (step C). From [68]. (b) SFG intensity of the CD and
CH symmetric stretches of the system DPPG/DPPG bilayer in interaction with a melittin
solution at intermediate concentration. Left: symmetric perdeuterated DPPG bilayer, CD
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along with the way they have been extracted from the analysis of various kinds
of SFG data with the help of scenarios from the literature.

4 N

Scenario Evidence by SFG

« At low concentration in melittin « The amide I signals proves the adso-
(below 0.5 uM), the peptide switches rption of the peptide in an a-helix
from its solution structure (random conformation (Fig. 6(c)). The amide
coil) to an ordered conformation A signal also appears while the water
(involving two bent a-helices) while OH stretches disappear, indicating a
adsorbing onto the distal leaflet par- vanishing of surface charge leading
allel to the surface (carpet model). to the disorientation of the previously
This creates disorder inside the layer dipole-oriented water. Disorder in
as the number of adsorbed peptides the perhydrogenated distal leaflet is
increases, and screens or neutralizes evidenced in asymmetric bilayers by
the surface charge of the leaflet. The its CH drop of intensity, while the
proximal leaflet remaining mostly change in CD stretches of the proxi-
undamaged, the cell survival does mal leaflet are limited. In symmetric
not seem endangered (Fig. 6(a), layers, the CD stretch signal slowly
step A). increases in time [67].

« Increasing the concentration of melit- « A careful analysis of the amide |
tin in solution (between 0.5 and 3 uM) signals (Fig. 6(c)), coupled to ATR-
allows us to reach the critical surface FTIR data, evidences a dual orien-
concentration above which the pep- tation for the a-helices: three quar-
tides dig into the distal leaflet while ters remain parallel to the surface
reorienting perpendicularly to the sur- while one quarter adopts a perpen-
face. Perturbation of the distal leaflet dicular orientation. At this stage,
increases. The next step is a distur- the proximal leaflet disturbance is
bance of the proximal leaflet by the evidenced in asymmetric layers by
peptides dug into the layer and forma- a drop in the CD intensity (Fig. 6
tion of melittin pores inside the (b)). In symmetric perdeuterated
bilayer. At this stage, the flip—flop pro- layers, the CD stretch first increases
cess starts: this implies that the pores when the distal layer is perturbed,

(continued)

stretch, melittin injected at t = 0 s. The intensity rises from zero (full symmetry) to a maximum
(symmetry breaking through perturbation of the distal leaflet, step A) and then drops (disorder
induced in the proximal leaflet, step B). Right: asymmetric perdeuterated (proximal leaflet)/
perhydrogenated (distal leaflet) DPPG bilayer, melittin injected at t =200 s, both signals
normalized to the same starting value. Intensity drops first from the distal layer (step A),
and then from the proximal layer (step B) as a consequence of leaflet disorder. Both intensities
vanish as a consequence of flip—flop induced symmetry (step B). From [67]. (c) Top: ATR-IR
(left) and SFG (right) spectra in the amide I region of the melittin/DPPG symmetric bilayer
complex. Polarizations are indicated on the curves. Bottom: the maximum entropy function
analysis on the intensity ratios from the spectra lead to the dual peaked distribution function
(left). This function matches the carpet scenario for the peptide/lipid interaction (right, step B).
From [64].
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(continued)
Scenario Evidence by SFG
facilitate the rapid lipid transfer from and then decreases when the per-
one leaflet to the other, favoring a turbation reaches the proximal
toroidal pore model (porous to lipids) layer. The formation of pores is evi-
as opposed to the hermetic barrel denced by the start of the flip—flop
stave model. The time constants of process, which leads to a symme-
these processes depend on the peptide trization of asymmetric bilayers
concentration in solution. This sce- and a fast decrease of CD and CH
nario is illustrated in Figure 6(a), stretch signals. Flip—flop is also
step B. proved by the comparison of abso-

lute intensities of CD stretches after
melittin interaction in the symmet-
ric and asymmetric cases: without
it, intensities should always be
stronger for the latter. On the con-
trary, flip—flop reduces its deuter-
ated lipid content in the proximal
layer by 50%, which should lead to
a fourfold CD stretch intensity
decrease. The experimental factor
(around 3) evidences a strong but
incomplete flip—flop.

« At higher concentrations (above 3 uM), « The time constants characteristic of

the previous processes take place much the vanishing of the CD and CH
faster as the critical surface concentra- stretches drop with concentration,
tion is reached sooner, leading to a from a few tenths of minutes to a
strong perturbation and eventually dis- few minutes for concentrations
location of the bilayer (step C). above 3 uM [67].
N /
Biosensing

In the previous paragraphs, we have seen that SFG spectroscopy could address
fundamental biological processes in vitro. As it is able to probe selectively the
chemical fingerprint of the thin molecular barrier between two biological media,
it should naturally be used as a noninvasive optical probe in biosensing-related
applications: characterization of the biosensors efficiency to track pollutants,
protein-ligand recognition, antigen-antibody recognition in medical applica-
tions, and DNA strands hybridization. The application of SFG is even more
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straightforward in such applications, as most of them require, and are already
performed on, flat solid surfaces with designed surface properties, either in a gas
or liquid environment. However, the number of studies on such subjects remains
surprisingly scarce, even if one may expect a growth in the forthcoming years.
We present below two aspects on biosensing: specific biomolecular recognition
and hybridization of DNA strands attached to surfaces.

Specitic biomolecular recognition

In the case of biosensors, the recognition process is often performed at liquid/
solid interfaces because the ligand—receptor biomolecules are naturally present
in an aqueous phase. While surface plasmon resonance or fluorescence techni-
ques detect the recognition process, only IR-based spectroscopy (FT-IRRAS,
PM-IRRAS, SFG) provide chemical information. The unique advantage of SFG
over other techniques is that it does not require fluorescent labels, controlled
surface roughness, or IR markers to be efficient: it allows remaining as close as
possible to realistic biological conditions.

A first significant biomolecular recognition process put in evidence by SFG
coupled to FT-IRRAS was carried out on the ligand-protein archetype model of
biocytin/avidin [69] as described below (Fig. 7). The specificity is proved by
comparing the changes in vibrational resonances due to several interacting
protein and checking that only avidin provokes a specific SFG response. The
signature of the recognition appears in two ways: a reordering of biocytin
molecules as a consequence of interaction with avidin and the appearance of
specific signals from the protein/biocytin complex (therefore partially ordered
at the interface). This proof of interaction is in fact very close in its principle to
that observed above in the melittin/dDPPG-DPPG case [67].

In more details, a biocytin (C;¢H,5N40,4S) self-assembled monolayer is
adsorbed onto the base of a CaF, prism closing a Teflon cell. The latter is then
filled with a HEPES buffer solution containing test proteins: avidin, avidin
presaturated with biotin (PSA), or bovine serum albumin (BSA). After 16 h
of contact with the biocytin film, the cell is emptied from the solution and the
prism base is rinsed with the HEPES buffer and dried before the SFG measure-
ments. SFG experiments could have also been performed in situ (i.e., in contact
with the solution), but it would have required some experimental modifications
[45]. In these conditions, significant specific spectral changes in the SFG signal
of the interface in the 2800-3400 cm ' spectral range are only observed in the
Biocytin + Avidin case (Fig. 7(B)), whereas the changes are not protein-specific
in the other situations (even if they prove that proteins perturb the monolayer).
Interaction with avidin causes ordering of the sloppy biocytin monolayer, evi-
denced by a drop in the intensities of CH, vibrations modes of the biocytin
backbone due to symmetry cancellations in an all-trans chain, as explained
previously. The most striking feature is the appearance of a sharp CH band
(3050 cm ') and a broad NH band (3150 cm ™), the former being related to the
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FIGURE 7 SFG spectra of a biocytin monolayer on CaF,. (A) bare monolayer; (B) after

interaction with avidin; (C) after interaction with avidin presaturated with biotin; (D) after
interaction with BSA. From [69].

ring CH groups of the biocytin molecules and/or to the aromatic CH entities of
the avidin amino acid residues Tyr33, and the latter to the amine/amide vibration
modes of all amino acids implied in the docking process. It is an indication of a
reorganization of all the molecular groups in the binding pocket, especially with
strong H-bonding environment, which favors coherence in orientation and thus
SFG activity. Complementary FT-IRRAS measurements used as reference in the
amide I and amide II spectral range allow refining the interpretation. They also
enlighten the presence of the nonspecific amide A band at 3330 cm ™' whatever
the protein in solution. They reveal the presence of a protein at the surface (i.e.,
proteins stick to the biocytin monolayer) while SFG detects the specific bio-
molecular recognition process.

In the case of common biosensors based on a gold substrate, the excitation of
s-d interband electronic transitions by the visible or SFG beams may mask the
molecular response because it generates a strong nonlinear response from the
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metal, as underlined in Theoretical Background section. It becomes embarras-
sing indeed if destructive interferences dominate and hamper the molecular
vibrational nonlinear response. More generally, this problem exists for any
interface built on a substrate having a strong optical activity in the visible
spectral range. Solutions are at present developed to skip these potential pro-
blems. The use of nanostructured interfaces in biosensing affords an original
solution. With spherical gold nanoparticles, SFG acts as a powerful local probe
at the molecular scale [70] as a consequence of the excitation of their surface
plasmon resonance (SPR) by the incident visible beam. It favors indeed the
molecular response of the interface to the prejudice of the s—d interband con-
tribution. Moreover, when combined to SFG-ATR geometry, the unique asso-
ciation of the SPR excitation of gold nanoparticles with visible and/or SFG
evanescent fields at the probed interface enhances the molecular response with
respect to the nanoparticle one by at least two or three orders of magnitude. This
has recently been demonstrated in the biomolecular recognition process of the
biotin/avidin on a closed-packed array of gold nanoparticles in SFG-ATR
geometry, constituting the first step toward a new and extremely sensitive
platform for biosensing [71]. The main advantage of such nanostructured
devices and SFG-ATR experiments resides in the use of label-free biosensors:
no IR or fluorescent marker is required to have a great sensitivity to the biomo-
lecular recognition process, even with a low amount of matter on a biochip.

DNA conformation and pairing at surfaces

From the previous experiment, it is rational to consider that SFG spectroscopy
must apply to characterize in situ biosensors based on olignucleotides or DNA
strands. Several available commercial biosensors consist for example of single-
stranded DNA (ssDNA) covalently attached to glass or silica surfaces. The key
process in medical, material, photonic, and electronic applications and devices
related to DNA is the hybridization, that is, the fundamental molecular recog-
nition process in which base paired double-stranded DNA (dsDNA) is formed.
Hybridization efficiency and selectivity at interfaces depends on molecular
orientation, packing density, and electrostatic interactions. Knowledge still
misses on the detailed molecular mechanisms of hybridization. SFG could give
a boost to this field, as other label-free methods suffer from low sensitivity to the
few amounts of matter used. Few teams have successfully tackled this issue in
the past 5 years; most of the published results are summarized in [72].

Two different kinds of DNA strands have been used in the literature. In the
first scheme, films of deposited oligonucleotides mixing the four types of
bases are studied in air. Even if such objects are close to real DNA strands,
their lack of repeated patterns and the absence of solution buffer represent a
severe drawback. Internal disorder in the DNA strands and low specificity to
vibrational signals from the bases prevent from measuring a signal either from
the backbone or from the bases. As a consequence, only the signal from the
linker, intercalated between the DNA strand and the surface, can be seen.
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However, this already provides information on the structure of the DNA layer
(inferred from the order in the linker layer) after immobilization on the
surface. The single DNA strands appear rather disordered in most cases
[73], but their structural organization is better when the buffer contains
monovalent rather than divalent cations [74].

Another approach relies on designed model oligonucleotides with uniform
base content. Again, one may compare this situation to the use of model
peptides with periodic amino acid sequences as detailed above [58, 59].
The right choice for the bases makes it easier to study pairing processes while
keeping individual signals from each strand. Examples in the literature focus
on thymine (T) and adenine (A) oligonucleotides [75]: thymine possesses a
distinct CHj vibrational signature, absent in the chemical structure of its
fellow adenine and of the backbone, but easily accessible to conventional
SFG setups. The most illustrating study [76] shows that it is possible to extract
several kinds of information on the hybridization process of a surface bound
DNA strand. First, on T;5 ssDNA surfaces, no specific CH; signals can be
measured. After hybridization forming T;s/A 5 dsSDNA, the CH; signals come
out, even though the amount of CH; species remains constant. This is again a
proof of ordering in the surface strands upon hybridization, hinting at the
formation of the DNA double helix. In a second step, the dsDNA is analyzed
with a different polarization combination, which allows extracting only the
chiral contribution in an isotropic surface. Two contributions appear (Fig. 8),
attributed to the thymine bases (asymmetric CHjy stretch) and the backbone
(deoxyribose CH stretch). The thymine contribution changes sign when
switching from 3'-T;s/5'-As to 3'-T3A2/5'-A3T >, which means that the
thymine moieties reverse their direction upside down and is therefore a direct
proof both of the existence and of the antiparallel character of the double
helix. The thymine moiety being chemically achiral, this chiral-specific sig-
nal originates from the helical structure of its local environment. On the
contrary, the deoxyribose signals do not change sign when reversing the
direction of the helix, because they are equally part of both strands. Such
an analysis thus allows us to prove the reordering of the strands upon hybrid-
ization, while directly evidencing the senses of the DNA single helices
involved. This example perfectly summarizes the interest of SFG as a
label-free investigation technique in biosensing for biological applications,
giving access not only to binary responses over hybridization or recognition,
but additionally to ordering, orientation, and chiral-specific information on
the processes at the molecular scale.

As a conclusion to this section, we would like to stress the high versatility of
SFG spectroscopy applied to biological objects. However, whatever the mole-
cules under study, its originality (in addition to chemical assignation through
vibration modes) relies on the strengths summarized in Theoretical Background
section: sensitivity to low amounts of matter; recording of absolute spectra;
specificity of surfaces and interfaces (including buried, liquid/gas, and liquid/
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FIGURE 8 Chiral-specific SFG spectra of 15-mer double-stranded DNA bound to a glass
substrate. The base sequence is indicated above each curve. Thymine signal (2960 cm ')
change sign when the corresponding helix is reversed, whereas backbone signals
(2900 cm’l) don’t. From [76].

liquid interfaces); high yield to molecular and supramolecular symmetry, order
and orientation; extraction of chiral-specific information; and label-free sensing
method. We enlighten in the next part how these characteristics have been
recently boosted by bringing the technique to a higher level through doubly
resonant spectroscopy, SFG microscopy, and time-resolved spectroscopy.

PROSPECTS
Dynamics and kinetics: from fast to ultrafast time resolution

SFG has been used rather early to measure the evolution and dynamics of
chemical systems over various time scales (from picoseconds to minutes)
[77]. Nevertheless, at that time, the subpicosecond level of chemistry was still
unreachable, whereas acquisition times made it difficult to record successive
spectra in a short time. Additionally, the signal-to-noise ratio was not optimal
because of laser intensity fluctuations during wavelength scans. The emergence
of fs broadband SFG setups has opened an era where both problems have been
overcome. An extensive report on technical properties and applications of fs-
broadband SFG spectroscopy is given in [10, 26]. In fact, the major part of the
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works on biointerfaces cited in the present chapter is based on fs-broadband
SFG.

Firstly, acquisition times are shorter, as the whole spectrum is recorded for
each laser pulse; longer acquisition times improve the signal-to-noise ratio and
the sensitivity to weak resonances. As an illustration, impressive rates of five
spectra per second have been published [23]. Such rates allow kinetic studies of
the order of seconds by following over time the evolution of spectral features,
caused by a perturbation at 7 =0 s or by continuous tuning of an external
parameter (pressure, temperature, and electrochemical potential). Such studies
remain scarce on biological samples at the second time range; as an example in
the minute time scale, the hydrolysis of a planar supported-bilayer catalyzed by
an enzyme is described by [78].

Secondly, the fs duration of the IR pulses (~100 fs) allows performing
ultrafast spectroscopy at this scale. Several experimental procedures may be
reviewed in [10], for which pulse lengths, and accordingly frequency domains,
are smartly tuned as a function of the information sought. We focus on the
time-resolved SFG and pump-probe SFG spectroscopies, from which two
vibrational relaxation times may be measured. In a time-resolved experiment,
the usual SFG configuration is used, but the visible pulse is delayed with
respect to the infrared one. The IR-resonant SFG process is only possible
when the visible excitation applies to a system excited by a vibrational quan-
tum provided by the infrared photon. Such a vibrational excitation has a finite
lifetime, also known as the dephasing time T». For a given vibration mode, the
maximal SFG signal is therefore measured for a vanishing delay, whereas an
exponential decay quantified by 75 follows for positive delays. Another char-
acteristic lifetime may be measured for the same vibrational mode by an IR
pump-SFG probe experiment. In that configuration, an additional intense IR
pump beam is sent to the interface prior to the simultaneous probe IR and
visible pulses. As a result of the pump, IR absorption occurs and the ground
state is partially bleached while one vibration state is populated. When the
resonant SFG process takes place, its intensity has decreased as compared to
the unpumped situation as a consequence of the depopulation of the ground
state. Delaying the SFG process allows the system to recover the ground state
population from the vibration state and the SFG signal increases with the
delay. The signal recovery is a function of the population differences between
ground and vibration excited states: the time constant measured in such a
scheme is therefore the population relaxation time 7. Finally, measuring both
lifetimes allows evaluating the pure dephasing time 7,* through the relation:

L1
T, 2Ty T,

Applying these new techniques to biological interfaces is still rare, but
we mention two distinct studies, one on water bound to a lipid monolayer at
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the surface of water and the other on the vibrational dynamics in the lipid
monolayer itself. As previously mentioned, SFG is able to extract vibrational
properties of the top monolayer of water at the air/water, solid/water, and
lipid/water interface. Apart from the signal from dangling OH bonds, which
disappears when the surface is covered by a monolayer, the water SFG
signal is made of two broad maxima from OH stretches involved in hydro-
gen bonding network. Specific dynamics of such water molecules, per-
formed at four different wavelengths of excitation inside the maxima
(between 3100 and 3500 cmfl) reveal that their vibrational relaxation
schemes differ between the air/water and lipid/water interfaces. For the
former, vibrational relaxation occurs through ultrafast energy transfer (res-
onant vibrational relaxation and thermalization) from the top layer to the
underlying bulk water, leading to time constants essentially identical
between surface and bulk and wavelength independent. On the contrary,
when the surface is covered by a monolayer of lipids, the vibrational and
thermal contact with bulk water is lost (or at least greatly slowed down)
[79]. As a consequence, T time constant varies strongly with the wave-
length, and vibrational relaxation decays to a heated ground state, from
which thermal relaxation takes much longer times. More precisely, T, raises
with the vibrational energy in a way which matches models of hydrogen
bonded water molecules: the stronger the H-bond, the lower the vibration
frequency and the faster the vibrational relaxation. Such results confirm that
water bound to a lipid monolayer is engaged in a privileged chemical
relation with the lipid polar headgroups, and that vibrational relaxation
relies only on its local H-bonding network. Inside the lipid layer, vibrational
dynamics of CH; and CH, groups as a function of lipid structural organi-
zation and of polarization of the photon pump evidences a quicker relaxation
for antisymmetric CH; than for symmetric CH; (respective 1.2 and 3.6 ps
lifetimes) implying two distinct deexcitation pathways for both modes,
contrary to the bulk situation, either by a preferential coupling of the
antisymmetric CH; to CH, vibrations or as a consequence of a coupling
to the rotational motion around the C—C bond). Such results hint at energy
transfer to/from CH; excitations from/to other vibration modes [80]. In order
to put such a phenomenon in evidence, it is necessary to perform two-color
pump-probe SFG experiments.

Playing with colors and excited states: 2D-IR SFG, DR-SFG

Extracting multidimensional information on a system requires additional levels
of complexity (technical, experimental, and theoretical). We have just seen that
time could constitute one of the new dimensions added to surface-specific
spectroscopy. However, it is possible to go beyond and mix in a single exper-
iment time, infrared frequency-domain, and visible frequency-domain.



Biointerface Characterization by Advanced IR Spectroscopy

As a straightforward extension of the previous study on dynamics of CH, and
CHj; groups, it has been shown that the vibrational energy transfer between two
moieties may be experimentally measured in situ [26, 80]. For that purpose, the
same pump—probe scheme as before is employed, except that the pump and
probe spectral ranges differ. Specifically, water molecules are pumped in a first
place, and then SFG probes the CH groups from the lipids as a function of the
delay between pump and probe. Vibrational energy acquired by water molecules
is transferred to the lipid monolayer under the form of incoherent thermal
excitation, which results in a decrease in the total SFG signal from CH moieties.
Data are consistent with ultrafast energy transfer from water to lipids with time
scale less than a picosecond (0.95 ps).

In this study, the infrared range was fixed and time varied in order to
extract dynamic information on vibrational coupling. Inversely, it is possible
to access full frequency-domain vibrational coupling by fixing the time-delay
between pump and probe at an optimal value (e.g., for maximal bleaching)
and scanning the narrow-bandwidth infrared pump frequency. The result is
the surface-specific 2D-IR SFG spectroscopy similar to two-dimensional
infrared absorption spectroscopy and multidimensional NMR spectroscopy.
The decrease of the SFG spectrum is plotted as a function of the frequency of
the pump in a 2D-IR SFG chart (Fig. 9). Diagonal peaks relate to the exci-
tation of a vibration mode by light of its own frequency, whereas off-diagonal
peaks illustrate the excitation of a vibration mode by absorption of a photon
with another frequency, evidencing vibrational energy transfer from one
mode to the other. At the time of writing, no such study was performed on
biological material. However, a detailed study on a dodecanol monolayer on
water has been the subject of several publications [81, 82]. Figure 9 shows its
main result: the pump and probe band structures relate to the IR absorption
spectrum (left) and SFG spectrum (top), respectively. The graphical chart
illustrates the mutual vibrational coupling between antisymmetric/Fermi and
symmetric stretching CH; modes, and an additional strong vibrational energy
transfer from antisymmetric CH, to symmetric CH3 vibration. It must be
noted that the technique benefits from the differences in selection rules for
both processes involved (IR absorption pump and SFG probe). As a conse-
quence, it is possible to probe the coupling from CH, modes, which are
essentially SFG inactive but dominate the IR spectrum, to CH; modes specific
from the interface but undetectable by infrared absorption alone. These
results complement the time-resolved study detailed in the previous section,
which hinted at a transfer from antisymmetric CH3 to CH, modes that could
not be probed here as the CH, cross-section was too low.

As a summary, the recent literature evidences that the up-to-date SFG setups
make it possible to access the dynamics of individual vibrations, as well as their
specific one-to-one couplings, while maintaining the originality of SFG spec-
troscopy: sensitivity to small amounts of matter, surface/interface specificity. It
seems reasonable to consider that such time-resolved techniques will lead to
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FIGURE 9 2D-IR SFG spectra of a dodecanol monolayer on water. Dark denotes a pump-
induced decrease in SFG intensity. (a) IR spectrum of crystalline dodecanol at 150 K. (b) SFG
spectrum of the monolayer, polarizations: SFG/VIS/IR, s/s/p. (c) 2D-IR SFG spectrum, p-
polarized pump, t = 0.7 ps. (d) Same as in panel ¢, with s-polarized pump, for which the in-
plane CH, modes are efficiently excited, leading to the dominance in the 2D spectrum of the
cross-peak between the CH, as and CH; ss modes. Lines indicate the diagonal; arrows point to
off-diagonal peaks indicative of vibrational coupling. From [82].

advances in complex processes involving energy transfers and ultrafast dynam-
ics in biological material involving for example model lipid membranes and
proteins.

As for the interplay between colors and excited states, we have focused so far
on the infrared colors. The promising prospects in multidimensional SFG spec-
troscopy of biointerfaces also lie in another way to mix excitations by varying
independently the visible and infrared frequencies of the two input beams. This
becomes interesting when each beam excites a molecular transition, as it opens
the door to experimental determination of couplings between excited states of
different origins. As for the infrared beam, excitations relate as before to
molecular vibrations. As for the visible frequency region (visible and SFG
beams), several kinds of excited states and transitions may be at stake, either
of molecular (e.g., electronic transitions) or extramolecular origin. When both
the visible/SFG and infrared beams excite molecular transitions, the SFG pro-
cess is called doubly resonant (DR) and leads to a strong enhancement of the
measured signals. In such experiments, the SFG intensity may be drawn as
above on a 2D graph as a function of the IR and visible/SFG frequencies
to enlighten the couplings [83]. As outlined on Figure 2(c) (Theoretical
Background section), the upper virtual states involved in the SFG process
become real excited states, which belong to the vibrational structure of the
electronic excited state. In fact, DR-SFG probes the molecular vibronic struc-
ture and allows in principle to extract electron-vibration coupling constants [84].
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However, a full data analysis remains a rather delicate task. This, together with
the low number of independently infrared and visible tunable SFG setups,
accounts for the very few examples in the literature of such studies on biological
samples (excluding the particular case of some optical chromophores com-
monly used in biological applications). We point out the evidence of a doubly
resonant enhancement of the SFG process with the electronic structure of an
adsorbed layer of Green Fluorescent Proteins mutant 2 (GFPMut2) on a plati-
num surface [85]. The GFP chromophore builds up the electronic excited states
of the protein, among which only one of the two states active in absorption,
related to the anionic native form, was reachable in the probed visible range
(400-600 nm). An intermediate form of the chromophore, involved in photo-
isomerization processes, is responsible for its fluorescent properties. Double
resonance and enhancement of the SFG spectra from the chromophore in the
CH, and CHj stretching region was evidenced, as a consequence of resonance
not only with the electronic excited state related to the stable anionic form, but
also with the intermediate fluorescent state. The rapid energy transfers between
excited electronic states, associated with the picosecond (rather than fs) time
scale of the SFG setup, account for these findings, which prove that doubly-
resonant processes may even probe the electronic structures hardly reachable by
the direct absorption of a photon.

This rapid overview shows the high potential of the very recently developed
optical methods exposed here. In particular, extending the infrared range for
time-resolved and 2D-IR SFG spectroscopy, and mixing time-resolved studies
with doubly resonant processes should lead to a deeper understanding of molec-
ular couplings in the vibrational and electronic structures, including dynamics,
of biological materials.

SFG microscopy: toward high-resolution imaging of biointerfaces

Recent gains in sensitivity or resolution in time and frequency domains rely on
heavy experimental developments. In parallel, this technological boost also has
implications on the space domain. Reliable laser sources with high-quality
profiles open the door to effective optical microscopy based on nonlinear
processes. SHG microscopy is now well established, opening the way to SFG
microscopy. Apart from the surface and interface sensitivity, SFG microscopy
possesses another key asset in terms of lateral resolution for chemical imaging.
Relying on the Rayleigh criterion, the resolution is limited to distances of the
order of the wavelength of the probe radiation that is a few microns for IR
microscopy. However, the resolution limit for SFG is imposed by the SFG
wavelength, not the IR. In other words, as for Raman microscopies, resolutions
below the micron, giving access to details inside entire cells, are reasonably
accessible while still providing chemical information through infrared excita-
tion of vibrational properties. A review of the various methods developed in the
past to perform SFG microscopy can be found in [86]. In such microscopies, it is
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possible to mix imaging and spectral analysis on various points of the sample
[87]. An example of SFG microscopic image of onion cells, with a resolution of
the order of one micrometer (i.e., around three times below the Rayleigh limit),
is presented in Figure 10.

The ultimate resolution of far-field SFG microspectrometers lies around
400 nm. However, near-field optics does not rely on the diffraction limit
and, even if it is not possible to define a universal resolution for a given
setup, its ability to separate two objects on an image goes far below the
Rayleigh criterion. Near-field SFG microscopy is therefore a privileged way
to mix high-resolution imaging and chemical fingerprint. Although the
application to biological samples seems at present still out of reach, the
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FIGURE 10 (a) Vibrational (V) SFG image with 610 nm visible and 3472 nm (2880 em D) IR
beams. One scale division corresponds to 10 um. (b) Emission spectrum of the VSFG signal of
the cells shown in (a); the transverse axis indicates the blue shift from the incident visible beam.
(c¢) Time evolution of the VSFG signal of the cells shown in (a) (filled circles). The delay time of
the visible beam relative to the IR beam was scanned from -7 to 7 ps. The best fitted Gaussian
curve is shown by a solid line. (d) The intensity profile of the VSFG signal along the white line in
(a) (solid line). The fitting curve calculated by the convolution of a Heaviside-step function and
a Gaussian point spread function is shown by the dashed line. FWHM of the point spread
function was estimated to be 1.1+ 0.3 um. From [86].
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technological progress witnessed in the last decade in the field of nonlinear
spectroscopy, as illustrated in [88], makes us confident that this goal is
accessible.

CONCLUSIONS

In this presentation of infrared-visible SFG spectroscopy, it has been empha-
sized that this noninvasive optical probe could be considered as a versatile
technique with various applications to biointerfaces. We have underlined that
SFG is more than a complementary probe to classical IR and Raman spectro-
scopies. It possesses specific assets, which make it a fully original tool:
sensitivity to orientation, order and symmetry; absolute intensity measure-
ments; ultrashort temporal resolution; vibrational microscopy below the
Rayleigh limit; possibility to study couplings between molecular levels at
identical or different energy scales. Dedicated to analyze the vibrational
fingerprint of interfaces, its peculiar and strict selection rules lead to sub-
monolayer sensitivity from molecular to biological scale, in various kinds of
environments and external constraints. However, SFG remains a spectro-
scopic tool among others, and we point out that original and reliable infor-
mation often results from its coupling with IR spectroscopy, Raman spectros-
copy, or chemical imaging.

While IR-visible SFG spectroscopy is a rather young optical probe of matter,
it has proved mature enough to study complex interfaces and tackle delicate
questions mainly related to in vitro biology. We have illustrated the most
prominent to date in this chapter: structure, kinetics, and dynamics of model
membranes; conformation of proteins at interfaces; interaction mechanisms
between peptide/proteins and model membranes; biosensing at the molecular
scale and the nanoscale including DNA hybridization; time, space, and energy
mapping of vibrational and electronic properties of biological molecules and
tissues.

Considering the speed at which this technique spreads worldwide and tech-
nically develops, it seems reasonable to believe that it should continuously
evidence in the future new details on various mechanisms involving biological
matter, while still experiencing new developments to improve its power of
investigation. Scientific content described in the present chapter should there-
fore be considered as a beginning of a long relationship between SFG spectros-
copy and biological materials.
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Numbers and Symbols
a -helix, 296, 298, 301-303, 305

«a -helix, 296, 301, 303

B -sheet, 3940, 42-43, 4647

2D IR, 48

(Bio) sensors, 168, 174, 179-182, 186

A
Absorbance, 173, 194
Absorption, 6, 58-60, 64-66, 69, 73-77
Adenine, 310
Adsorbate-substrate interaction, 155
Adsorbed molecules, 2, 8
Adsorbed species, 14
Adsorption, 924, 96, 102—4, 106-7
Adsorption geometry, 1, 13
AFM, See chapter 9
AFM-IR, See chapter 9
Ag(110), 1, 8-9
Air-water interface, 296, 300-301
Alkyl, 286, 299-300, 303
Amide (band, bands)
amide A, 302, 305, 308
amide bands, 58, 69, 70, 74, 77, 79-80, 102,
110, 169, 171, 172, 178, 182
amide I, 289, 301-305, 308
amides I and II, 20-4
Amino acid, 12, 300, 301-302, 308, 310
Amino groups, 89
Aminopropyltriethoxysilane, 8890
Amyloid beta-protein, 212
Anhydrous, 103-4, 107
Anionic form, 23
Antibacterial peptides, 38, 43
Antibody, 78, 79, 168, 172, 173, 174, 181, 182,
184, 192, 194, 195, 198, 199, 202, 203
Antigen, 168, 172, 181, 192, 194, 198, 199, 202
Aptamer, 174, 175
APTES / APS, see Aminopropyltriethoxysilane
Formation, 92-3
Stability, 93-8
ATR (Attenuated Total Reflection), 168, 169,
170-174, 178, 207, 210, 238, 301, 305, 309

Index

Atrazine, 195, 202, 203

ATR-IR, see attenuated total reflection infrared
attenuated total reflection infrared, 116-121
Au(110),21-4

Avidin, 201, 202, 203, 307-308

Azido, 208, 211, 212

B

Bacteria, 168, 177, 178, 192

Bending magnet, 149

Bessel function, 28, 35, 150

Beta-lactoglobulin, 182, 184

BGTC, 49

Bilayer (asymmetric, symmetric), 298-300,
305, 306

Bilayer, 37, 51, 232

Biocytin, 307-308

BiofilmS, 169, 233-235

Biolayer, 87

Biomedical applications, 157, 162-3

Biomolecular interface, 157-62

Biomolecule monolayer, 160

Biomolecule-surface interaction, 146

Biorecognition, 168, 170, 181, 189, 201, 204,
208

Biosensing, 834, 87, 98, 112, 168, 174, 179,
180, 182, 187, 279, 302, 306-307,
309-310, 318

Biotin, 201, 202, 203, 204

Biotin N-hydroxysuccinimide ester, 100

Biotin-NHS, see biotin N-hydroxysuccinimide
ester

Biotin—streptavidin (SA) coupling system,
834, 86, 110

Biotinylation, 100-105

preparation conditions, 102-5
solvent, 102-5

Blackbody brightness, 153—4

Bovine serum albumine (BSA), 301, 307

Brewster’s angle, 63-67, 69, 72, 75, 77

Broadband (spectroscopy), 282, 290-293,
311-312

BSA, 238-239

323



C

Carbon monoxide (CO), 9-11, 155-156

Carbonyl metalloimmunoassay (CMIA), 194,
195, 197, 198

Carboxylate group, 155-7

Catalysis (heterogeneous), 280, 282, 295

Chalcogenide fiber, 219

Chalcogenide glass, 224-228

Chemical images, 158

Chemisorption, 84, 100-1

Chiral surface, 133

Chirality, 269, 301, 310-311

Cholesterol, 297, 299

Coadsorbant (in a Langmuir monolayer), 296297

Coherence, 288, 294, 308

Condensation effect (in a monolayer), 280, 297

Contact angle, 230

Critical angle, 116-117

Cu(110), 11-21, 155-157

Cytochrome, 178

D

Damage (sample), 291, 293-294

Dendrimer, 199

Density functional Theory (DFT), 287, 290

Dephasing time, 312

Deprotection, 99

Depth of penetration, 117

Detector (MCT), 8

Deuteration, 298, 303-306

DFT calculation, 182, 185

Diamond, 59, 70-80

Dichroic ratio, 119

Dielectric, 27-30, 32, 33, 54

Difference-frequency generation (DFG), 288,
290-293

Diffuse reflectance Fourier transform IR spec-
troscopy (DRIFTS), 203, 204

Di-peptides, 21

Dispersion, 57-59, 66-71, 73, 77

DMPC, 37, 38, 43, 44

DNA (hybridization), 49, 64, 174, 179, 182,
184, 185, 186, 187, 188, 203, 208, 211,
263-265, 270-276, 282, 296, 306-307,
309-310, 318

Dodecanol, 314

DOPE, 49

Doubly Resonant (spectroscopy), 315-316

DPPA, 48

DPPC, 297

DPPG, 303, 305, 307

DSPC, 299

Dynamic dipole moment, 111

Index

E

E. coli, 258-265

Edge radiation, 150

Effective thickness, 118-119, 121

Electric field, 4

Electrochemistry (interface), 280, 282, 295,
300, 312

Electron beam current, 150

Electrophoretic sensing, 238

Ellipsometry, see (spectroscopic) ellipsometry

Energy transfer (thermal vibrational), 283, 313

Estradiol, 190-192

Estrogen, 190, 191

Eukaryote, 270-276

Evanescent electric field, 116-118

Evanescent wave, 169, 221

F

Factor spectrum, 236

Far infrared, 148, 159, 295

Fatty acids, 35

Femtosecond (fs), 282-283, 290-291, 293,
311-312

FEWS, 218, 220-223

Fiber toxicity, 227-229

Fibrinogen, 57-58, 68, 72, 77-80, 301-302

Flip-Flop process (in a lipid membrane), 298,
300, 303, 305-306

Flow-Through cell, 169

Fluidization effect (in a monolayer), 297

Formate, 155-6

Fresnel Equations, 3, 6, 59-62, 67-79

G
Gaussian, 100-101
Germanium (Ge), 169, 170, 171,
173, 210
Glass, 58, 73, 75-77
Glutamic acid, 11, 18-9
adsorption geometry, 19
amino acid functionnality, 18
anionic moieties, 19
dimmers, 19
Gluthatione, 160-2
Gly-pro, 21-2, 24
Amide I and II, 21
Gold, 175, 178, 179, 181, 182, 184,
185, 186, 187, 201, 202, 203, 282,
299, 308-309
Gold nanoparticles, 175, 181
Gramicidin A, 303
Grazing incidence, 160-2
Green fluorescent protein (GFP), 316



Index

Growth mode, 234
GSH, 21, 234
Zwitterionic form, 23

H
HELA cancer cells, 157, 159
lipids, 159
nucleic acids, 159
proteins, 159
Heme, 208, 210
Hybrid bilayer membrane (HBM), 299-300
Hybridization, 174, 184, 185, 186, 187,203,211
Hydrogen Bond, 313
Hydrogen-terminated surfaces, 98
Hydrophilic (chemical group), 295-296, 298, 302
Hydrophilic (surface), 24
Hydrophobic (chemical group), 295-296,
298-301
Hydrophobic (surface), 302
hydrophobic fibers, 229
Hydrosilylation, 98-9
Hyperpolarisability, 288-289, 301

I
IGF, 214
Image dipole, 61, 63, 77
Immunoglobulin G (IgG), 176, 181, 184, 199,
200, 202, 203
Index of refraction, 59, 60, 66
Infra red light, 1
Infrared absorption, 2, 279-280, 283-284,
287, 294-295, 301, 305, 312, 314, 316
Infrared Free Electron Laser (IR-FEL),
281-282, 286, 290-294, 316
Infrared glass, 224-228
Inorganic substrates, 84
Interaction (between lipid layers and peptides),
11, 19, 23, 25-28
Interference (optics), 280, 287-288,
291, 309
Internal reflection, 116, 121, 124
IR beamlines, 148
IR Imaging, 145
IR Microscpectroscopy, 157-62
IR spectroscopy, 87
In situ, 90
IRRAS, see PM-IRRAS
(FT)- IRRAS, 168, 176, 179, 180, 182,
184-186, 200, 201, 202, 203
(PM-)IRRAS, 168, 179-184, 187
Isoelectric point, 238
Isolated cells, 157

325

K
Kinetics, 293, 298, 311-313, 318
Kramers-Kronig, 59, 66, 77

L
Label-free, 307, 309-311
Langmuir monolayer, 280, 282, 296-297, 303
Langmuir, 28, 34, 35, 37, 48, 49, 54
Langmuir-Blodgett, 296
Langmuir-Schaeffer, 296
Laser (short pulse), 280-283, 290-294, 312
Leucine, 300-302
Ligand-receptor interaction, 171
Light-pipe cell, 194, 195
Limit of detection, 173, 174, 194
Linker (DNA), 309-310
Lipid bilayer, 121-122, 289, 295, 298, 300—
301, 303-306
Lipid monolayer, 296-297, 312-314
Lipopolysaccharide, 121-123
Liquid condensed phase (LE), 280
Liquid expanded phase (LC), 280
Liquid-liquid interface, 300
Live cell sensing, 231-233
LO phonon, see longitudinal optical phonon
Local probe, 288, 309
Longitudinal optical phonon, 88, 90-1, 95
Lorentz factor, 147
Low frequency mode, 155-6
Lung cells, 231-232
Lung surfactant, 19
Lysine, 11-5
adsorbed species, 14
adsorption geometry, 13
amino acid radical, 12
intermolecular hydrogen bonds, 15
zwitterionic form, 13

M

Matrix method, 61

MDA-MB-231, 270-276

Melittin, 298, 303-307

Membrane, 295-300, 303, 315, 318
Membrane protein, 295, 298-300, 303

MES, see modulation excitation spectroscopy
Metal-carbonyl, 270-276

Metallic substrates, 2

Microarrays (DNA, Protein), 87, 112
Microbiology, 258-270

Microscopy, 281, 316-318

Modulation excitation spectroscopy, 128—131
Molecular recognition, 282, 301-302, 306-309



Monolayer, 122, 127, 131, 132, 139, 281, 285,
290, 294-301, 303,
307-308, 312-315, 318

N

Nanoparticle (metal), 139-142, 282, 309

Nanospectroscopy, See chapter 9

Near-field, See chapter 9

Negative absorbance, 59, 63-66, 69, 72-73, 77

Negative bands, 95, 109

Nitrile, 208, 209, 211, 212

Nitrocellulose, 199

Nonlinear Optics, 280-281, 283-285, 290,
294, 298

Nucleus, 270-276

(0]

Oligonucleotide, 174, 185, 186, 203, 309-310

Optical window, 225

Order (in a monolayer), 280, 288, 296-299,
302-305, 307, 309-311, 318

Orientation (averaging over), 288-289, 301

Orientation (molecular), 288-290, 297,
300-303, 305, 308-311, 318

Orientation measurements, 119, 124-127

Oxide-free silicon surfaces, 98-100, 107-10

P

Palmitic acid, 19

PCA, 235-237

P-component, 3

Pd(110), 9-11

Peak shifts, 58-59, 66, 70, 72, 77, 80

Peak symmetry, 59-60, 66—69, 73, 77

Pentadecanoic acid, 280

Peptide, 289, 296-297, 300-306, 310, 318

Peptide nucleic acids (PNA), 187

Phase shift, 4

Phase-sensitive detection, 128—-131

Phosphate, 50, 296, 297

Phospholipid, 232

Photothermal effect, 249-251

Physisorption, 87, 98, 100-1

Picosecond (ps), 281, 283,290-295,311,314,316

Plasma treatment, 95-6

PLS, 237

PNA, 187

Polarization (of light), 285-286, 289-290,
300-301, 310, 313

Polarization (vector), 284, 288

Polarized light, 4

Polyhydroxybutyrate (PHB), 265-270

Polypeptide, 19-24, 160

Index

POPG, 19

Population relaxation time, 312

Probes (infrared), 270-276

Protein A, 176, 182

Protein conformation, 58, 59, 76-79

Proteins, 57-59, 68, 78-80, 106-7, 109, 157,
171,173,174, 175,179, 181, 188, 190, 191,
192, 199,202, 208-210, 211, 289, 295-296,
298-303, 306-308, 315-316, 318

secondary structure, 157
PSD, see Phase-sensitive detection
Pump-probe (spectroscopy), 283,293, 312-314

R

Raman (anti-Stokes), 283-284, 288

Raman (spectroscopy), 280, 284, 287-289,
316, 318

Raman (Stokes), 283

Reflectance, 6

Refraction index, 116-117, 127, 168, 169

Reverse transcriptase, 211

Rhodobacter capsulatus, 265-270

Rhodopsin, 212

S

SA, see streptavidin

SAM, see Self assembled monolayer

SBSR, see Single beam sample reference

S-component, 3

Second derivative, 173

SEIRA(S), 168, 176, 177, 178, 181, 187

Selection Rule (for vibrations), 2, 6, 36, 40

Self-Assembled Monolayer (SAM), 85-86, 179,
181, 182,201, 280, 282, 295, 299, 302, 307

Sensing zone, 221-222

SFG-active (vibration), 284, 301, 314

Shift (red/blue), 90, 103-4

Signal-to-noise, 58, 64, 69, 76, 77

Silane, silanization, silanized, 88-98, 171, 174,
181, 207

Silica, 207

Silicon (Si), 67, 58, 61-64, 67-72, 74-80,
178, 181

Silicon oxide surface, 88-98

Single beam sample reference, 121-122

Single-bounce external-reflection, 58-59, 61,
64,73,79

Solid-liquid interface, 117, 136, 180, 207

Sonication, 100-1, 111

Spatial distribution, 161

Spectral deconvolution, 100

Spectroscopic ellipsometry, 90-1, 93, 96, 110



Index

SPR, see Surface Plasmon Resonance

Stark effect, 211

Storage rings, 148

Streptavidin, 83-7, 106, 111

Subcellular resolution, 158

Supported bilayer, 298, 303, 312

Surface activation, 90-2

Surface concentration, 121

Surface functionalization, 88, 168, 171, 179

Surface plasmon, 282, 307, 309

Surface Plasmon Resonance, 176, 184

Susceptibility (optics), 284-289

Swarming cells, 234-235

Symmetry (geometry), 284-285, 298-300,
303-307, 311, 313, 318

Symmetry (stretch), 310, 313-314

Synchrotron brightness, 154

Synchrotron infrared, 145, 147

Synchrotron IR microscopy, 162-3

Synchrotron radiation, 146

T
Tags (infrared), 270-276
Tapered fiber, 221-222
Tartaric acid, 11, 15-18, 155
acid dimmers, 17
acid monomer (free), 17
bitartrate species, 18
hydrogen bonds, 15
monotartrate species, 16
Tetracycline, 48
Thermoelasticity, 251-252
Thin film, 57, 58, 60, 70-80
Thiol, 177, 179, 181, 182, 185, 201, 209
Third generation synchrotron, 154

327

Thymine, 310
Tilt angle (molecule), 289, 300, 302
Time-resolved (spectroscopy), 293, 298, 303,
305-306, 311-314, 318

TO phonon, see transversal optical phonon
TO-LO splitting, 32, 33, 40
Transition Metal Carbonyl, 188
Transversal optical phonon, 88, 91, 95
Tri-alanine, 19-21

amide I and II, 20

H-Bonds, 20
Triton, 231-232

U

UHV chamber, 8, 11
Ultrafast Dynamics, 312-315
Urea, 301

\Y

VCD, see Vibrational circular dichroism
Vibrational circular dichroism,

138-139
Vibrational dynamics, 156-7
Vibrationnal modes, 4
Vibronicstructure, 315
Virus, 263-265

%%

Water (interaction with molecules), 296-297,
301, 305, 312-314

V4

ZnSe, 170, 207
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