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ABSTRACT

Surface nanostructuration was successfully achieved by binding the polyoxometalate (POM)
(NBuy)3[PW11030{(SiC¢H4NH,},0)] covalently onto planar gold surfaces. To do so, POMs,
functionalized with two terminal amino groups, were synthesized and let react with a
mercaptoundecanoic acid self assembled monolayer adsorbed on gold. These amine-terminated
POM macroanions proved to be remarkably efficient as nanostructuring agents. Using Polarization
Modulated- Infrared Reflection Absorption Spectroscopy (PM-IRRAS), Photoelectron Spectroscopy
(XPS), as well as Atomic Force Microscopy (AFM), conditions were optimized to elaborate a dense
and well-dispersed layer of POMs, leaving a “free” amine function for the further linkage of
proteins. Anti-rabbit immunoglobulins (anti-rlgGs) were thus grafted on the POM-structured layer
and the recognition of their specific target, rabbit immunoglobulin (rlgGs), was tested by using
Quartz Crystal Microbalance with dissipation measurement (QCM-D). The recognition was good
and highly specific, indicating that an efficient, nanostructured, biosensor has been constructed. The
method reported herein can be easily applied, not requiring any sophisticated experimental setup,
and is promising for the patterning of any molecular probes bearing amine groups.

Key words: Polyoxometalate, Surface nanostructuration, XPS, QCM-D, AFM, Biosensors.



1. INTRODUCTION

In the competitive context of detection and quantification of biological targets, biosensors are
promising alternative to conventional analytical techniques.® However, while biosensors enable rapid
and low cost analyses, their selectivity and sensitivity still require improvement. Due to its
conductive and reflective properties, gold is often used as a transducer surface, allowing
electrochemical and/or optical detection. The biological receptor is often immobilized on gold via
alkylthiols >* or diazonium*® attachment layers. The control of the chemistry and organization of
this interface at the nano-level is of crucial importance for the number, the orientation, and the
accessibility of the bioreceptors.®’® Surface nanostructuration is a way to optimize these parameters.
Typically, lithographic techniques enable surface patterning with a resolution below 50 nm.**™ Tips
of atomic force microscopes, or electron-beam lithography are very elegant, but rather sophisticated
tools to modify self-assembled monolayers with a precision at the nanolevel.'**’ Eventually, the use

of colloids, either gold **'° or oxide ¥

nanoparticles has also proved to be an efficient
nanostructuration method in the 5 to 100 nm range. There is thus a crucial need for versatile and
easily applicable methods to enable patterning and controlled reactivity of surfaces at the nanometric
resolution.

For this purpose, the potential of polyoxometalates (POMSs) as nanostructuring agents deserves to
be addressed. POMs are discrete nano-scale oxo-clusters of the early transition metals, which display
a great variety of molecular structures.’’** These molecular oxides are unmatched in terms of

23,24

properties and related applications.”~" POMs synthesis and characterization have reached a level of

25,26
7. Due to

maturity that should enable their integration in more elaborated materials and devices
their anionic character, they have generally been dispersed or immobilized on various supports
through electrostatic interactions.”’>" Several types of POM-based sensors have been described
often relying on the redox properties of POMs.?**!"? On the other hand, very few results have been

reported on the covalent immobilization of POMs on surfaces.’**>>’

This work thus reports some
surface organization of organic-inorganic hybrid POMs, opening new possible functionalities. On
the other side, deposition of POMs on HOPG or metallic surfaces have proved to lead to self-
assembled 2D-ordered arrays of POMs,’®* with well-established applications in electro-assisted
catalysis.*' In a very recent publication, it was even shown that 3D nanostructures could be obtained
by drop casting of POM-based compounds and fine control of surface wetting conditions.*” In this
context, the covalent approach should improve the formation of stable, dense and well ordered
monolayers, with increased processability; it however requires the controlled functionalization of
POMSs, namely the availability of some organic-inorganic hybrid POMs, that some of us are

26,43-45

thoroughly investigating and that display appropriate reactive residues to be subsequently

grafted to the surface.*®* In view of application in the biosensor field, bifunctionalized POMs,
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with suitable geometry, are required both to achieve surface nanostructuration and to act as
anchorage platforms for biological receptors. A single example of heterobifunctionalized POMs is
described in the literature, but their separation is not trivial®® We have thus chosen to tether the
homobifunctionalized [PW11030{(SiCsHsNH,),0}]* anion to gold surface substrate pre-covered
with mercaptoundecanoic acid. Characterization of the sequential steps of immobilization has been
carried out by PM-IRRAS, AFM, and XPS. Eventually, a protein (an antibody) was bound to the
nanostructured layer via pending amine groups; the covalent binding mode was interrogated by PM-
IRRAS and XPS surface analysis and the bioactivity of the so-immobilized antibodies was checked
by measuring the molecular recognition of their specific antigen using QCM-D. Figure 1 shows the

successive steps of surface nanostructuration using POMs, and the model biosensor elaboration.

Figure 1

2. EXPERIMENTAL SECTION
2.1. Materials
a) Chemicals
For SAM formation and activation: 11-mercaptoundecanoic acid (MUA), N-hydroxysuccinimide
(NHS) and 1-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) were purchased

from Sigma Aldrich and used as received.

(NBuy); [PW11039((SiC¢HsNH;),0)] was prepared following the procedure we previously
described.”® p-Aminophenyltrimethoxysilane and tetrabutylammonium bromide were purchased
from Acros Organics and used as received. Solvents and acids were obtained from various

commercial sources.

Protein adsorption and reactivity: Secondary anti-rabbit IgG’s (anti-rIgG) were kindly provided by
P.G. Marnet from INRA-Rennes. PBS (phosphate-buffered saline, pH=7.4), Bovin Serum Albumin
(BSA) and rabbit IgG (anti-rIgG) were purchased from Sigma Aldrich.

All solvents were reagent-grade, used without any further purification. Experiments were carried out

at room temperature if not specified otherwise.

For spectroscopic analyses and AFM images, the surfaces, constituted of glass substrates (11mmx11
mm) coated successively with a 5 nm thick layer of chromium and a 200 nm thick layer of gold,
were purchased from Arrandee (Werther, Germany). The gold-coated substrates were annealed in a

butane flame to ensure a good crystallinity of the topmost layers and rinsed in a bath of absolute
4



ethanol during 15 minutes before adsorption. After annealing, these substrates are expected to
display large (111)-oriented large terraces. Quartz Crystal Microbalance measurement were done
using AT-cut 5 MHz quartz crystals coated with a 3-100 nm thick layer of gold (Lot-oriel, Massy,

France). Before use, they were cleaned by ethanol and dried under nitrogen flow.

b) Self assembled monolayer formation and POM grafting
- Acid terminated layers: Gold substrates were immersed in 10 mL of 1 mM solution of MUA in
absolute ethanol for 18h and were rinsed in absolute ethanol (2x5 min). Then substrates were dried

under a flow of dry nitrogen.

- Activation procedure: The substrates were treated by depositing a 150 uL drop of a solution of
NHS (2.4 eq) and EDC (1.2 eq) in Milli-Q water for 2 hours, were rinsed with milli-Q water and

were dried under a flow of dry nitrogen.

- POM immobilization: POM immobilization was achieved through the reaction of its amine group
with the previously activated layer of MUA. To establish the best experimental conditions of POM
immobilisation, the activated substrates were immersed in a 10 mL solution of POMs in different
solvents (acetone, acetonitrile or dimethylformamide), and rinsed three times in the same solvents.
Various concentrations of POMs, in the range 0.5 to 5 mM and various immersion times (from 2 to

18 hours) have been tested.

c¢) Protein grafting and molecular recognition
Secondary monoclonal antibodies, anti-rIgGs, (50 mg.L"' in PBS) were activated for 1h30 by a
solution of NHS (2.2 eq) and EDC (1.1 eq) in PBS buffer. Substrates (IR and quartz sensors) were
treated for 20 min (time taken to the QCM curve stabilization) with the activated antibody solution
and rinsed with a PBS (phosphate-buffered saline, pH = 7.4) buffer. The immobilized antibody was
then contacted with a 50 mg.L™' solution of BSA for 20 min and rinsed with PBS. Eventually,

sensors were exposed to a 50 mg. L™ solution of rabbit IgG in PBS.

2.2. Techniques

PM-IRRAS: PM-IRRAS spectra were recorded on a commercial Thermo-scientific (France)
Nexus spectrometer. The experimental setup has been described previously.*’

XPS: XPS analyses were performed using a PHOIBOS 100 X-ray photoelectron spectrometer
from SPECS GmbH (Berlin, Germany with the monochromatic Al-Ka X-ray source (hv = 1486.6
eV) operating at 10" Torr or less. The conditions for high-resolution XPS were determined for a
“Fixed Analyser Transmission” analysis mode, i.e., a 7x 20 mm entrance slit, leading to a resolution
of 0.1 eV for the spectrometer, and an electron beam power of 150 W (12.5 kV and 12 mA). The

angle of collection was 90° with respect to the sample plane. Element peak intensities were corrected
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by Scofield factors and spectra were fitted using the Casa XPS Software (v.2.3.13, Casa software
Ltd. UK). A pseudo-Voigt function with a Gaussian/Lorentzian ratio equal to 70/30 was used to
decompose photopeaks.

AFM: AFM measurements were done using Veeco NanoScope® Multimode VI using oxide-
sharpened microfabricated SizsN4 cantilevers (Microlevers, Veeco Metrology LLC, Santa Barbara,
CA) with a spring constant of 0.36 N/m. Images were recorded under air, at room temperature, in
Peak Force Tapping™ mode, newly developed and described in reference.?’ All images shown in
this paper are flattened raw data.

QCM-D: Piezoelectric measurements were carried out with a dissipative quartz crystal
microbalance (QSense, Sweden). Experiments were carried out in dynamic conditions using a
peristaltic pump operating at a flow of 50 puL/min. Data were simultaneously acquired at the
fundamental frequency F of 5 MHz (N = 1) and several overtone frequencies (15, 25, 35, 45, and 55
MHz, i.e. N=3, 5,7, 9 and 11) For clarity, only the fifth harmonic data are shown. Two physical
parameters are discussed: the frequency of oscillation and the dissipation that increases with the
adsorbed mass when the adsorbed layer is not rigid. The dissipation evolution was used to check the
validity of the Sauerbrey model, that enables to correlate the frequency change to the mass of the
adsorbed layer when the dissipation change is low, using the following equation'®:

AF=-NAm/Cy,

where C; (= 17.7 ng em™>-Hz at F = 5 MHz) is the mass-sensitivity constant, and N is the overtone

number.

3. RESULTS AND DISCUSSION

- Optimizing POM grafting on the acid terminated layer

The nanostructured layer was built stepwise, starting with an acid-terminated self assembled
monolayer (SAM) of mercaptoundecanoic acid (MUA) on gold, followed by its activation prior to
the covalent grafting of the (NBuy); [PW11030{(SiCsH4sNH),0}] polyoxometalate (POM). The
interest of using a POM bearing two amine functions is twofold: first, it enables the covalent grafting
of the POM on the acid-terminated SAM; second, it is expected to lead to a regular pattern of amine
functions distributed over the surface, available for the further grafting of biomolecular probes. The
risk is obviously the grafting of the POM through both amine functions preventing further reaction
with biomolecules, thus reinforcing the relevance of PM-IRRAS characterization to check the
presence of free terminal amine functions. Several experimental parameters (solvent nature,
immersion time and concentration of the POM solution) have been explored. Among the tested

solvents, acetonitrile led to the most efficient grafting compared to acetone or dimethylformamide.



The results discussed below have all been obtained using acetonitrile as solvent for POM- involving

reactions, and rinsing.

Figure 2

The PM-IRRAS spectra obtained at each step of gold surface functionalization are shown in Figure
2. The formation of an acid-terminated SAM on gold surfaces (Figure 2.a) is evidenced by the
appearance of the asymmetric and symmetric COO" stretching vibrations bands at 1585 and 1440
cm™, together with a shoulder to the former one, associated to the C=0 stretching vibrations at 1715
cm™. The asymmetric and symmetric CH, stretching and deformation vibrations bands of MUA are
also present at 2927, 2853 and 1457 cm™. After activation of the terminal acid groups by N-
hydroxysuccinimide (NHS) and 1-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC), new IR absorption bands appear (Figure 2.b): the carbonyl stretching vibration of the O=C-
O-NR group at 1741 cm™ and the carbonyl stretching vibrations of the succinimide at 1817 and 1787
cm™. Simultaneously, the carbonyl vibration band of the carboxylic acids decreases. All these
features confirm the activation of the O=C-OH, or COO" terminal functions into O=C-O-NR group,
highly reactive towards amine groups. The spectrum obtained upon reaction of the activated SAM
with a solution of POMs is shown in (Figure 2c). Several spectral features prove the successful
grafting of POM: first, the decrease of the ester bands, at 1741, 1787 and 1817 cm™ which indicates
their reaction with POMs; second, the presence of characteristic amide bands at 1655 cm™ (amide 1)
and 1545 cm™ (amide 11) indicates the formation of an amide bond between the activated surface
acid groups and POM amino groups. The signatures of the POMs are also observed at 970 cm™
(VW-0), 1067 cm™ (vP-0), 1110 cm™ (vSi-0), 1598 cm™ (vC=C ,), and 1630 cm™ (8N-H). It is
worth noting the presence of an IR absorption band at 1630 cm™, reasonably attributed to the N-H
deformation vibration, which indicates that part of the amine groups have not reacted with surface
acid functions. These amine groups of POM are therefore left available for further grafting; this will

be subsequently confirmed by their reaction with the biomolecules.

On the other hand, the band at 1741 cm™ due to the carbonyl stretching vibrations of the activated
acid groups is still visible, showing that some acid groups from the MUA SAM have not reacted.
This result can be easily explained by the relative sizes of MUA (a few tenths of nm distance
between two successive MUA) and the selected POM (1 nm approx. in diameter), which, upon
reaction with one activated MUA will “cover” its neighbors hindering their reaction with another
POM,; this will be discussed in detail and quantified further below, on the basis of XPS data.

Varying POM concentration in the acetonitrile solution (from 0.5 to 5 mM) led to similar PM-
IRRAS signatures, peak intensities increasing linearly with the POM concentration, not enabling to
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determine the optimal concentration for POM grafting. Therefore, the dispersion of POMs adsorbed
on gold surfaces starting from various concentrations was studied by AFM. The images of the acid-
terminated layers obtained before and after immobilization of the POMSs, using either 1 mM or 0.5

mM solutions, together with the MUA layer prior to POM grafting, are shown in Figure 3.

Figure 3

Images of the MUA layer are very flat with a sub-nanometric roughness indicating the formation of
a dense and relatively ordered monolayer of MUA. Upon POM grafting, starting from a 1 mM
solution (Figure 3-b), images show a dense and well dispersed layer of POM clusters on the surface.
In some regions, few aggregates can be observed. The cross section indicates that these aggregates
(~ 3 nm in height) correspond likely to clusters of 2 ~ 3 POMs, however, we can consider that the
overall dispersion was satisfying. Using a less concentrated solution (0.5 mM) improved the
dispersion of POMs on the gold layer (Figure 3-c). Indeed, the formed layer is still dense but very
few aggregates can be observed. On the cross section, the maximum height of 1.5 nm proves the
presence of a single layer of organized POMs; even though the lateral resolution of AFM did not
enable discriminating clusters from single POMs, the 2D arrangement seems regular. Therefore, one
can assume that only the covalently grafted POMs were retained on the surface. Note that the
presence of ligands (see XPS data) may also explain the POM dispersion.

On the basis of these results, the concentration of 0.5 mM was chosen for POM immobilization on

the acid activated SAM, and further immobilization of proteins.

- XPS characterization of the POM layer
Once the optimal conditions of POM grafting established, from AFM and PM-IRRAS data, the

layers were fully characterized and the surface coverage estimated using XPS. The results are shown
in Figure 4.

The POM grafting is evidenced by XPS features at 37, 248, 428, and 400 eV, easily attributed to
W4f, W4d, W4p, and Nls levels, respectively (Fig.4a). This is confirmed by an attenuation of the
Audf and S2p peaks (not shown). The W4f peak (Fig.4a) is composed of a well resolved spin-orbit
doublet (36.2 and 38.4 eV for W4f;, and W4fs,, respectively) typical of W(VI) atoms and in
agreement with literature data on deposited Keggin-type POMs.* Note that, when recording the W4f
signals again, at the end of the XPS analysis, the W4f peak displayed additional contributions at 35.2
and 37.2 eV (Fig.4b), that we have attributed to a partial reduction of tungsten under X-ray
irradiation. Such a split of the W doublet has already been observed for Keggin-type molybdenum

heteropolyacids (H3PMo,,049) and ascribed to two different molybdenum states.*”. Similar



shoulders have been attributed by other authors to tungsten atoms in direct contact with the surface,”
or explained by the presence of water.”' Since it is time dependent, we rather think that it is simply
matter of reduction during X-ray irradiation. It is thus essential to record the W 4f peaks prior to the

other ones.

Figure 4

Figures 4-c and d show the Ols peaks of the MUA and MUA+POM/Au. The entire XPS analysis of
the MUA/Au layer is in agreement with that reported in literature.”> The Ols peak after POM
grafting could be reasonably decomposed into 3 components. The contribution at lower binding
energy, 531.4 eV, is attributed to oxygen bound to W, P or Si (Si-O-Si, W-O-W, W-O-P and W=0
bonds); there is probably a subtle distinction between these several types of oxygen, which we prefer
not to assess from the measured XPS peak. The components at 532.7 and 533.7 eV can be attributed
to the oxygen atoms of the activated MUA terminal functions (C=0, and C-O-N respectively). These
binding energy values are slightly higher (+1 eV), than the values observed for MUA or similar
organic compounds; we tentatively explained it by a lowering of the electron density in C=0O and C-
O-N bonds in the vicinity of the electron-rich POMs. Note also that there may be some residual
water, which would contribute to a high energy shift. From the Ols peak, it is also possible to
determine the number of MUA molecules that have reacted with POMs. The Opom/Omua ratio,
determined by dividing the contribution at 531.4 eV by the sum of the contributions at 532.7 and
533.7 eV, is equal to 0.9 (expected Opom/Omua ratio equal to 10 for one activated MUA per one
POM). Thus, about one out of 11 acid functions has formed an amide bond with a POM anion.

A bilayer model has been used to determine the MUA (d1) and POM (d2) layer thicknesses. The
equations correlating photopeak intensities (Au4f and Ols) to the two thickness values are given

below (equations 1, 2 and 3) >

[ (POM) = 19/ (POM)0i015Tor 52534 (1 = exp (3703 (1)

015

015 O1s

dq —-d
Io(MUA) = ng (MUA)O'OlsTom/V(‘)/IlUsA (1 — exp ( MUA)) exp (APO?VI> (2)

dq
[Au = nAuUAu4fTAu4f/1Au4fexp </1MUA) exp (Apom> 3)

Au4af Au4af

where Io(POM), Io(MUA) and 14, are the intensities of the corresponding components of the

Ols peak and the Au4f peak intensity, np and ny, are the oxygen and gold mole numbers per cm”,
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Go1s and G ausr are the photoionization cross sections of the Ols and Au4f electrons, T, and 74,4 are

the transmission factors, A59M, ANVA /153%:, A%%‘c and A4, s are the attenuation lengths of the Ols

and Au4f electrons in the POM, MUA and substrate layer respectively’’. The thicknesses of the
POM, and of the activated MUA layers have been estimated to 0.9 and 1.5 nm respectively,
consistently with the formation of successive monolayers.

3536 and with the above

The estimated thickness of the MUA layer is in agreement with the literature
AFM results. As for the POM layer, the calculated thickness is lower than the size (1.0 - 1.2 nm) of
H,XW 1,04 (X=P, Si, B, Co) determined by X-Ray crystallography.’’ This could be explained either
by taking into account that the calculated thickness is an average, comprising the surface areas free
of POMs, or considering that the POM can be tilted when grafted to the MUA layer. However, our
results tend to indicate that a complete, or almost complete, monolayer of POMs has indeed been
formed.

Last but not least, the N 1s peak, displayed on Fig. 4-e, shows three contributions at 398.9, 400.5 and
402.6 eV, reasonably attributed to nitrogen in C-N, NH, and C-N" groups respectively. The first one

is obviously originating from the just created amide groups, the second one from the amine groups

of the POM, while the last one is related to the tetrabutylammonium conterions.

- Protein immobilization and recognition test

The POM-based nanostructured surface was eventually applied to the elaboration of a
nanostructured biosensor, whose efficiency was then tested. In a first stage, a secondary anti-rabbit
immunoglobulin (anti-rlgG) was reacted with the free amine groups of the bifunctional
polyoxometalate, in order to link them in a covalent way. Then the specific recognition of rabbit
immunoglobulin (rIgG), and the non specific binding of BSA, were assessed. The successive steps
of protein grafting and recognition were monitored ex-situ by PM-IRRAS, and in-situ using quartz
crystal microbalance with dissipation measurements (QCM-D). The presence of intense amide bands
on the PM-IRRAS spectra (not shown) proved the efficient grafting of proteins. QCM-D curves, i.e.,
the frequency and dissipation changes measured at the fifth harmonic, are shown in Figure 5.

Injections of protein solutions and of PBS buffer are indicated with arrows on the figure.

Figure 5

The frequency variations measured by QCM after rinsing and the corresponding mass values,

calculated by using the Sauerbrey equation, are presented in the Table 1.

10



Table 1: Measured frequency variations after rinsing and calculated equivalent mass

Frequency variation (Hz) Equivalent mass (pg/cm?)
Anti IgG 29.1 0.52
BSA 0.6 0.01
IgG 324 0.58

Upon injection of an anti-rlgG solution, one observes a frequency decrease of 29.1 Hz. This
indicates the strong binding of anti-rIgG to the surface. The corresponding dissipation (upper curve
in Figure 5) was very low suggesting the formation of a densely packed layer of proteins, thus
validating the Sauerbrey equation to determine the mass uptake. The estimated mass of bound anti-
rlgG, is 515 ng/cm?, corresponding to 3.4 pmol/cm?. The expected value for a full monolayer of anti-
rlgG is comprised between 1.2 and 2.5 pmol/cm?(ref® and references therein) We thus assume that
the surface is indeed fully covered by the antibodies. The excess in the experimental mass could be
explained by water molecules trapped within the layer, which may indeed double the estimated mass

of the protein layer **°

. Upon BSA injection, a slight decrease in frequency (0.6 Hz) was recorded,
indicating that non specific adsorption is very weak. The quality of the anti-rIlgG layer, allowing
very little unspecific interactions confirms the full coverage of adsorption sites, probably due to the
regular organization of POMs on the surface. Eventually, injection of the specific target, rIgGs,
induced a decrease of the frequency to 32.4 Hz. At this step, the dissipation increases as expected
upon forming a second layer of protein, but the changes are still weak (2.5 10®) and enabled to apply
the Sauerbrey equation, leading to a mass uptake of 573 ng/cm?, which corresponds to an rIgG/ anti-
rIgG molecular ratio equal to 1.1. Taking into account the geometric hindrance very likely to occur
within a dense anti-rIgG layer, this value is more than satisfying ®* and proves the efficiency of the
POM-structured biosensor for both recognizing a specific target and avoiding non specific
interactions. At this stage, we must admit that a rather large protein has been chosen for testing the
new nanostructured surface with the objective of comparing its immobilization and recognition
capacities to those we previously used.® Of course, once validated, more relevant results will be
expected when we graft a small molecular probe, such as a toxin on a surface, whose structuring
scale is of the order of some tenths of nanometers. Such experiments are in progress. For this kind of
target, the detection is often done in a competitive or indirect format.*”*° In this format, the target is
immobilized on the surface and its presence in a media is evidenced by a decrease in the number of
bound proteins. Therefore, the accessibility and reproducibility of the immobilized species are even

more crucial.

4. CONCLUSION
A densely packed, nanostructured surface has been elaborated by coupling an activated acid-

terminated alkylthiol self-assembled monolayer on gold with an organosilyl-derivatized POM,
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bearing two pendant amine functions oriented in opposite directions. The conditions enabling the
formation of a well dispersed layer of amine terminated-POMs were determined using PM-IRRAS,
AFM, and XPS. The covalent binding of POM to the surface was successfully achieved and led to a
structured layer bearing organized amine functions. The resulting POM-nanostructured layer was
then successfully used to immobilize proteins, resulting in a highly specific biorecognition reaction.
This new, simple route of surface functionalization has wide applicability in view of the diversity of
organically derivatized POMs that can be produced and will be of great interest to build ordered
arrays of molecules or proteins to control the efficiency and reproducibility of biorecognition

phenomena.
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FIGURES CAPTIONS

Figure 1: Schematic drawing of nanostructured surfaces with polyoxometalates and protein grafting

and recognition

Figure 2: PM-IRRAS spectra of the gold substrates after: MUA grafting (a), MUA activation (b),
POM immobilization (20 h, 5 mM in acetonitrile) (c)

Figure 3 AFM images (Peak Force Tapping™ mode, in air; z scale 15 nm) of gold surfaces covered
by MUA (a), POM at 1 mM (b) and 0.5 mM (c).

Figure 4: High resolution W4f spectra of the gold surface after POM immobilization, at the
beginning (a), and at the end (b) of the XPS analysis, high resolution Ols spectra of the gold surface
after MUA grafting(c) and POM immobilization (d); high resolution Nls spectrum after POM

immobilization (e)

Figure 5: Frequency (bottom curve) and dissipation (upper curve) variation measured during

biosensors elaboration and recognition of a rigG on a POM-functionalized gold quartz surface.
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Figure 1: Schematic drawing of nanostructured surfaces with polyoxometalates and protein grafting

and recognition
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Figure 2: PM-IRRAS spectra of the gold substrates after: MUA grafting (a), MUA activation (b),
POM immobilization (20 h, 5 mM in acetonitrile) (c)
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Figure 3 AFM images (Peak Force Tapping™ mode, in air; z scale 15 nm) of gold surfaces covered
by MUA (a), POM at 1 mM (b) and 0.5 mM (c).
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