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Abstract An approach is introduced for studying the
adsorption and recognition mechanisms of biomolecules,
without using any markers. We show for the first time, that
the sum frequency generation spectroscopy performed in
the total internal reflection (TIR-SFG) geometry, combined
with a regular close-packed array of gold nanoparticles
allows to probe with a high sensitivity the changes in
conformation and orientation induced by the recognition
process of avidin by biocytin. This approach represents a
new platform with potential use in biosensors, diagnostics
and bioactive layers.

Introduction

The adsorption of proteins onto solid surfaces has been the
subject of continuing interest and investigations over recent
years due to its applications in many areas such as the
medical or food industries [1-5]. Interfacing proteins with
metallic substrates precisely, with retention of their bio-
logical activity, are critical in a number of fields. For
example, biosensor applications using surface plasmon
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resonance as detection system or biomolecule delivery
system using metallic nanoparticles, are promising appli-
cations needing a better understanding of the biomolecule
(i.e. proteins) surface interactions [6-9].

Unfortunately, such systems are facing problems due,
amongst others, to non-specific binding and detection
system limitations. Indeed, previous studies have shown
that non-specific protein adsorption is a complex phe-
nomenon depending on the substrate surface characteris-
tics, on environmental conditions (pH, ionic strength...) or
protein properties (charge, structure, orientation,...)
[10-14]. Of particular interest is the effect of protein
surface density. Indeed, it was previously demonstrated
that molecular recognition efficiency in antigen-antibody
complex is decreasing with increasing surface density as a
consequence of the combination of steric hindrance and
electrostatic effects between proteins and between proteins
and surface [15]. It is therefore expected to decrease non-
specific binding through minimization of such effects. By
the way, recently, Asuri et al. [16] have discovered that the
use of curved surfaces enhances protein stability compared
to flat surfaces by decreasing the lateral interactions
between adjacent molecules. Therefore, one way to avoid
or to minimize surface density effect, through minimiza-
tion of the above-mentioned interactions, would be to use a
high density array of metallic clusters, each one designed
to immobilize one protein molecule [17]. In this case, gold
nanoparticles—AuNPs—appear to be excellent candidates
for many reasons: (i) they are relatively inert, (ii) they can
be easily functionalized through thiolate groups and (iii)
the synthesis of size controlled AulNPs is quite easy and
can be tuned to match the selected protein dimensions
(5-20 nm).

Concerning detection systems, many methods have been
used to study the adsorption and recognition of proteins on
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surfaces including surface plasmon resonance (SPR), fluo-
rescence techniques [18-20], atomic force microscopy
(AFM) [21, 22], UV-visible absorption spectroscopy [23,
24], Raman spectroscopy [25, 26] and Fourier transform
infrared reflection absorption spectroscopy (FT-IRRAS)
[27]. However, these techniques face difficulties in
addressing detailed molecular properties of the ad-layer.
Hopefully, in recent years, sum-frequency generation
vibrational spectroscopy (SFG) has become a very powerful
spectroscopic tool for studying surfaces and interfaces [28—
31] but also in analysing proteins systems [32-37]. Indeed,
SFG is a spectroscopic technique where two laser beams (a
visible and an infrared one) are focused on the sample sur-
face. This gives rise to an optical process which generates a
third beam at a frequency which is the sum of the frequencies
of the incident beams. This spectroscopic tool is very
sensitive to inversion symmetry modification occurring at
surfaces and interfaces. This particularly interesting char-
acteristic makes it also highly sensitive to molecular con-
formations. Up to now, despite its applicability to various
systems, SFG spectroscopy was mainly applied, except in a
few papers [38, 39], to planar geometries. However, recently,
Yeganeh et al. [40] demonstrated that the Total Internal
Reflection (TIR) configuration reduces the destructive
interferences associated with non-linear optical spectros-
copy of small particles making possible SFG studies of
powders. In a similar way, the SFG spectroscopy in TIR
geometry was successfully applied to study the adsorption
and oxidation of CO on monolayer films of platinum cubic
nanoparticles [41]. Moreover, we have just shown that SFG
spectroscopy performed in the TIR configuration provides
excellent signal-to-noise ratio and high signal to background
ratio compared to the external geometry traditionally used
for studying the conformation of adsorbed molecules [42].
Therefore, combining SFG spectroscopy in TIR mode with
high-density array of gold nanoparticles is expected to
overcome some problems encounter in biomolecular rec-
ognition and biosensors applications, i.e. increasing signal-
to-noise ratio. In our case, this is done through minimization
of non-specific binding and increasing detection system
capabilities.

Herein we show, for the first time to the best of our
knowledge, that the SFG spectroscopy in TIR geometry,
combined with a regular close-packed array of AuNPs, can
be used to probe with a high sensitivity the changes in
conformation and orientation induced by a molecular rec-
ognition process. The interaction of avidin with biocytin
has been selected as a model system of ligand-receptor
biomolecules because a direct comparison of our results
with those already published can easily be done.

Precisely, biocytin (C;¢H,3N404S) is the product of the
covalent bonding of biotin (a vitamin H) to the amino group
of a lysine (C¢H 4N,0,) residue. Avidin is a tetrameric
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protein (15800 Da per monomer) which is found as a minor
constituent in egg white [43]. Its four binding sites offered
to the biocytin are oriented in two opposite directions, two
sites facing upward and the other two downward. Hydro-
gen bonding is mainly responsible for the strong affinity of
avidin to biocytin. In order to check the selectivity of the
interaction, avidin pre-saturated with biotin and bovine
serum albumin (BSA) was also used. BSA (66430 Da) is a
protein playing an important role in maintaining the pH
value of the blood [44]. It has a heart-shaped structure and
a size of about 7 nm. BSA is known for its ability to bind to
a wide variety of ligands but has no particular affinity to
biocytin. Biocytinilated thiol (BioSH) was used because,
like for metallic substrates, the bonding to the AuNPs
should proceed through the thiol group and self-assembly is
expected.

The SFG data clearly reveal that the BioSH molecules are
well aligned normal to the AuNPs surface, whereas struc-
tural disorder is observed on a flat one. This difference can
be explained by a decrease in the lateral interactions between
adjacent biocytin molecules due to the curvature of the
nanoparticle surface. The drastic evolutions of the SFG
spectra induced after immersion in avidin solution illustrate
our ability to detect the recognition of avidin by biocytin.
The specificity of the recognition process is confirmed by the
fact that no modification of the SFG characteristics is
observed after an immersion in bovine serum albumin—
BSA—or avidin saturated biotin solutions.

Experimental section
Materials

The following reagents were used: chloroauric acid (HAuCly -
3H,O 99.999%, Aldrich), trisodium citrate (Aldrich),
methanol chromasolv (Aldrich), trichloromethane chro-
masolv (Aldrich), chlorhydric acid (Aldrich), nitric acid
(Aldrich), sulfochromic acid solution (VWR), dodecane-
thiol (DDT-Aldrich) and aminophenyltrimethoxysilane—
APhS (ABCR). Methanol chromasolv was used for wash-
ing. Water was Millipore purified with specific resistivity
not lower than 18.2 MQ cm.

Synthesis of dense AuNPs monolayer

The main steps of the AuNPs attachment procedure to an
equilateral quartz prism have been described elsewhere
[42]. Briefly, the surface of the prism was cleaned by
successive immersion in an aqua regea medium and sul-
fochromic acid solution, then rinced with pure water and
dried in N, flow. The fresh cleaned surface was covered by
an aminophenyltrimethoxysilane—APhS—monolayer and
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Fig. 1 AFM image of a quartz disc surface covered by an APhS
monolayer after immersion for 12 h in a gold colloidal solution,
showing the formation of a close-packed AuNPs array on the quartz
surface

dipped in a gold nanoparticle suspension for 12 h. The
colloidal gold nanoparticles—Au NPs—were prepared by
the citrate reduction process, following the method pro-
posed by Frens [45]. The nanoparticles are well spherical
with an average size of 11 & 1 nm as confirmed by TEM.
The UV-visible absorption spectra of the AuNPs solution
or of a quartz surface coated with AuNPs exhibit a maxi-
mum at 520 nm characteristic of the surface plasmon of
10 nm size non-interacting AuNPs [46]. The AFM image
(Fig. 1) clearly shows that the citrate-capped negatively
charged AuNPs were immobilized onto the amine-termi-
nated surface (through the protonated amine groups)
forming a close-packed array of gold nanoparticles which
is a key parameter for tailoring the adsorption process of
biomolecules. Moreover, the size distribution of the gold
nanoparticles deduced from the AFM image is centred at
12.8 & 2.5 nm (after tip size deconvolution as described
elsewhere [47]), which is in very good agreement with that
obtained by TEM.

Sample preparation

Biocytinylated thiol (BioSH) is the product of the reaction
between biocytin (0.01 M in trifluoroethanol—TFE) and
an equimolar amount of 2-iminothiolane hydrochloride
(0.01 M in TFE) in the presence of triethylamine for 2 h at
room temperature. The AuNPs modified surfaces were
immersed in a 1072 M trifluoroethanol (TFE) solution of

BioSH for 12 h, rinced with TFE and methanol and dried
under N, flow. The prism was mounted on a special sample
holder and the SFG spectrum was recorded. For the study
of the BioSH-protein interaction, the BioSH sample was
then immersed for 1 h in a HEPES buffer solution con-
taining one of the three under study proteins (avidin, avidin
pre-saturated with biotin, BSA; 107° M, pH = 7.4), rinsed
with the buffer solution and pure water.

SFG setup

A detailed description of the SFG setup can be found
elsewhere [48]. Briefly, the infrared and visible laser beams
required to perform SFG spectroscopy were generated by
two optical parametric oscillators (OPOs) built around
LiNbO; and BBO non-linear crystals, respectively. The
infrared OPO was pumped by one-third of the fundamental
beam of an all-solid-state Nd: YAG pulsed laser operating
at 25 Hz and delivering around 100 single pulses (duration
~12 ps) per laser burst (duration ~1 ps). The infrared
beam is tuneable from 2.5 pm to 4.2 um with an average
power of 25mW and a resolution of 2cm™'. The
remaining part of the fundamental beam generated by the
injection laser was frequency-tripled and used to pump the
visible OPO. The visible beam was set at 532 nm with an
average power of 15 mW and a resolution of 3 cm™".

The visible and infrared beams (diameters ~ 1 mm)
were p polarized and focused on the base of an equilateral
quartz prism in such a way that the angle of incidence of
the visible beam is just larger than the quartz critical angle
(43°). With this particular value, the infrared incidence
angle is close to 50° and therefore both beams are in the
total internal reflection conditions. The SFG photons were
detected by a photomultiplier tube after spatial and spectral
filtering by means of Raman filters and a double-grating
monochromator.

Results and discussion

The TIR-SFG characteristics in the C—H vibration domain
of the close-packed array of AuNPs and of BioSH mole-
cules adsorbed on this array are presented in Fig. 2 curve a
and curve b, respectively.

The spectrum of the AuNPs array (Fig. 2 curve a) is
completely flat, evidencing no vibration contribution at all
in contrast to that of BioSH (Fig. 2 curve b) which is
composed of four main peaks (labelled A, B, C and D)
located at 2882, 2942, 2975 and 3079 cm™! and of one
shoulder (E) at 2859 cm™ ', respectively. The latter can be
assigned to the symmetric methylene stretching vibration
mode coming from the CH, groups along the molecular
chain [49] and should be associated to the asymmetric
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Fig. 2 TIR-SFG spectra of a close-packed array of AuNPs (a),
BioSH molecules adsorbed on AuNPs before (b) and after immersion
in an avidin solution (c), pre-saturated avidin (d) and BSA (e). The
spectra ¢, d and e have been shifted each by an offset of 0.3 from
spectrum b, for clarity. For the assignment of the vibration bands, see
the text

stretch expected around 2917 cm™' that is hardly obser-
vable on Fig. 2. For a perfectly ordered chain, the methy-
lene groups are in an “all trans” conformation and thus
symmetrically distributed along the longitudinal axis of the
molecule. They should therefore be SFG inactive. The very
low intensity of band E demonstrates that the molecules are
well organized on the AuNPs, being oriented close to the
normal of the surface. The CH bands, labelled A and B, are
assigned to the symmetric and asymmetric stretching
vibrations of the single CH, group of the tetrahydrothio-
phene ring. Their higher frequency values compared to
those of the methylene groups of the chain are due to the
strain induced by the ring structure [50], in good agreement
with the results obtained for biocytin molecules adsorbed
on a CaF, prism [51]. The other vibration, labelled C, is
related to the stretching mode of the two CH bonds
attached to the tetrahydrothiophene ring [52-54]. Finally,
the last broad structure at 3079 cm_l, labelled D, could be
associated to a Fermi resonance-enhanced overtone of the
1550 cm™! band coming from the amide II entities [50].

@ Springer

The detection of the CH vibration modes of the tetrahy-
drothiophene ring confirms that the BioSH molecules are
anchored normal to the AuNP surface in such a way that
the vibrations of the CH bonds located on the ring have
non-vanishing dynamic dipole components perpendicular
to the surface, being thus SFG active.

The SFG measurements are indicative of the building of
a well ordered self-assembled ad-layer on the close-packed
array of AuNPs. This is indeed in great contrast with the
results obtained on flat metallic surfaces [55] or on a CaF,
substrate [51] where chain disorder was observed, espe-
cially on Au, Pt and Ag surfaces. Two plausible explana-
tions may be put forward to explain these differences. The
first one is that structural defects in the ad-layer are gen-
erated by the interactions of multiple functional groups of
BioSH with the flat metallic surface, which is disfavoured
on a curved AuNP one. The second hypothesis is that lat-
eral interactions between adjacent adsorbed molecules
induce modifications in the molecular conformation, which
are suppressed on highly curved substrates. If BioSH-sur-
face interaction is the main parameter, the recognition
process of BioSH for avidin should not be observed on a
flat substrate which is evidently not the case [51, 55]. On
the contrary, varying the distance between two gold
nanoparticles during the attachment process, just by
changing the immersion time of the prism in the AuNPs
solution, should enhance or disfavour the lateral interac-
tions. A well oriented BioSH ad-layer is obtained on a
close-packed array of AuNPs (shown before) while struc-
tural disorder is observed on a low coverage one (data not
shown).This phenomenon can be understood by consider-
ing the size of the metallic nanoparticle and the size of the
BioSH molecule which are in both cases in the range of a
few nanometre. By tailoring the lateral distance of the
close-packed array of AuNPs, one BioSH molecule can
match one nanoparticle, minimizing the lateral BioSH—
BioSH interactions.

After immersion in an avidin solution (1076 M; HEPES
buffer), the SFG spectrum undergoes drastic modifications
as illustrated in Fig. 2 curve c. The intensity of bands A, B
and C, directly connected to the CH and CH, vibrations of
the tetrahydrothiophene ring, is greatly reduced which can
be viewed as a reorganisation of the BioSH conformation
in order to match the bonding pocket of the avidin. The
interaction between the two biological species through
hydrogen bonding should induce a change in the tilt angle
of the ring, leaving the CH and CH, bonds more parallel to
the AuNP surface and consequently, SFG inactive. On the
contrary, the intensity of band D, associated to a Fermi
resonance-enhanced overtone of the 1550 cm™' band
coming from the amide II entities, increases due to the
reorientation process during the recognition process of
avidin by the BioSH ad-layer. The band E connected to the
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methylene groups is quite similar to those observed before
the immersion treatment. These characteristics clearly
indicate that the BioSH molecular chains are still oriented
normal to the AuNP surface when the apex ring has to
change its conformation for matching the bonding pocket
of avidin. Finally, we notice an increase in the SFG non-
resonant part which could be due to the electronic prop-
erties of avidin and/or to water molecules inside the layer.
An unambiguous assignment of this non-resonant part is
difficult and requires calculations which are out of the
scope of this study. To address the specificity of the
molecular recognition by TIR-SFG, we performed two
other experiments. The first one consists of immersing the
BioSH layer in an avidin pre-saturated with biotin solution
(10_6 M, HEPES buffer). In this case, the four binding
pockets are blocked by biotin, making them insensitive to
further interactions with the adsorbed BioSH molecules.
The second experiment consists of an immersion in a BSA
solution (10_6 M, HEPES buffer). The SFG spectra cor-
responding to both experiments are displayed in Fig. 2
curve d and curve e, respectively. These spectra reveal the
same main features as those obtained in Fig. 2 curve b,
recorded previously to any treatment attesting the speci-
ficity of the process.

Conclusions

In conclusion, we have shown that the sum frequency
generation spectroscopy in total internal reflection (TIR-
SFG) is a powerful tool for probing, without target
amplification or the use of markers, the changes in con-
formation and orientation induced by the recognition pro-
cess of avidin by BioSH molecules adsorbed on AuNPs.
Two main parameters play a crucial role in getting SFG
data with an excellent signal-to-noise ratio and high sen-
sitivity: (i) the TIR geometry and (ii) the use of a regular
close-packed array of AuNPs. The TIR geometry, by
reducing the destructive interferences associated with non-
linear optical spectroscopy of small particles [35], increa-
ses the SFG signal by at least a factor to 15 compared to the
reflection geometry, consequently the detection level is 10
times higher than that of the “classical” configuration. The
second key parameter concerns the use of AuNPs, highly
curved substrate, which minimizes the lateral interactions
between adjacent adsorbed biomolecules and thus leads to
their deactivation. Moreover by tailoring the size and the
lateral distance of the AuNPs arranged in a close-packed
array, one protein molecule can match one nanoparticle
leading to self-assembling of the protein layer. Another
interest of AuNPs for SFG spectroscopy, using a 532 nm
visible laser beam, comes from their very low contribution
to the non-resonant background in comparison to a flat gold

surface which induces quite frequently destructive inter-
ferences with the vibrational resonances [56], making dif-
ficult the studies of adsorbed molecules. This difference is
directly connected to the specific electronic properties of
each surface: electrons from the d band of the flat gold
surface can be optically excited which is not the case with
the AuNPs (maximum of absorption at ~528 nm). SFG
experiments at different visible wavelengths are under way
to precise these phenomena. Our experimental results
suggest that the observed enhancements in protein orga-
nization, recognition process and stability are not restricted
to AuNPs but should be common to nanomaterials as
already obtained with single wall carbon nanotubes
(SWNTs) [16]. The association of the TIR-SFG spectros-
copy with a regular close-packed array of nanoparticles (or
nanomaterials) represents a new platform with potential
use in biosensors, diagnostics and bioactive layers.
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