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This work is focused on studying the grafting of gold nanoparticles (Np) on a cystamine self-assembled
monolayer on gold, in order to build sensitive immunosensors. The synthesis and deposition of
gold nanoparticles, 13 and 55nm sizes, were characterised by combining Polarisation Modulation
Infrared Reflection—-Absorption Spectroscopy (PM-IRRAS), X-ray Photoelectron Spectroscopy (XPS) Sur-
face Enhanced Raman Scattering (SERS), and Atomic Force Microscopy (AFM) which all indicated the
formation of a dispersed layer of nanoparticles. This observation is explained by the compromise between

Keywords: . the high reactivity of amine-terminated layers towards gold, and interparticle repulsions. Nps were then
Gold nanoparticles R R ; . .. .

MMUNosensors functionalised with antibody probes, and the recognition by an anti-rIgG was assayed both on planar and
AFM Np gold surfaces.

PM-IRRAS The important resultis that nanoparticles of 55 nm are preferable for the following reasons: they enable
SERS to build a denser and well dispersed layer and they increase both the number of receptors (IgGs) and

their accessibility. Beside these geometric improvements, a net enhancement of the Raman signal was
observed on the 55 nm nanoparticle layer, making this new platform promising for optical detection

based biosensors.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The use of gold nanoparticles (AuNps) is particularly attractive
in biological and medical fields for imaging or optical detection
enhancement thanks to the unique properties of surface plasmon
resonance (SPR) and resonance light scattering, while they are bio-
compatible and easily chemically modified [1]. After recalling the
principle of bioconjugate chemistry on gold, as well as of AuNp-
based techniques like SPR and SERS, Astruc and Boisselier describe,
in a recent review, the fantastic interest of AuNps for medical
diagnosis and therapeutic applications [2]. As an example, AuNps,
conjugated to antibodies, may be used as cancer biomarkers; alter-
natively, they may be stabilized by dendrimers thus leading to
supramolecular properties applicable to encapsulation or specific
substrate-specificinteractions [3]. Recent developments in the syn-
thesis and optical properties of gold nanoparticles are given in
reference [4].
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Gold nanoparticles have been used for improving the sensitiv-
ity of biosensors thanks to their optical properties or because they
enable easy electrochemical detection of biomolecular recognition
phenomena [5]. Various procedures to modify electrodes by gold
NPs have been implemented and compared, showing the interest of
immobilising AuNp on thiol monolayers [6,7], or using Nps assem-
bled on a polymer grafted on an electrode [8]. Another example
reports the construction of an amperometric immunosensor on a
mixed NH3*/SH-terminated SAM layer, modified with gold Nps,
taking advantage of the high affinity of gold to either of these two
functions [9]. Antibodies are subsequently directly immobilised on
the gold Nps, by simple incubation in an antibody solution, resulting
inan efficientimmunosensor for a-fetoprotein; the enhanced num-
ber and accessibility of probes were mentioned but not measured
in this case [6].

In a very pioneer work, Natan and co-workers demonstrated the
possibility to take advantage of the electronic coupling between
gold planar films and gold nanoparticles to obtain larger changes
in reflectivity and, thus, amplified SPR signals [10]. More recently,
gold nanoparticles were immobilised on a dithiol layer or within a
protein-polymer mixture, both methods resulting in the enhanced
sensitivity of surface plasmon resonance biosensors [11,12]. The
interest of building an immunosensor on gold nanoparticles, in
particular the increase of the number of molecular receptors
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Scheme 1. Schematic representation of the 3D immunosensor built on a cystamine layer or gold nanoparticles; for sake of clarity, the respective sizes of the nanoparticles

and chemicals are not at the right scale.

and of their accessibility, was also mentioned in reference
[13].

Gold Nps, combined with a SiO, interface were shown to
enhance plasmon coupling and thus SPR sensor sensitivity [14].
Even the gold Np colour change, when aggregated, was used for
assaying DNA hybridisation [15].

Eventually, surfaces modified by gold nanoparticles have been
applied to bioanalysis taking advantage of the high sensitivity of
Surface Enhanced Raman Scattering (SERS) on such structures [16].
Recent papers made clear the complex interplay of the particle size,
shape, as well as distance to the substrate, upon SERS intensity
[17,18].

Though not exhaustive, this short overview of some AuNp-based
immunosensors shows the huge interest of such nanostructured
sensing platforms. Among the multiple interest of using AuNps, it
isdifficult to isolate, and thus optimise, the possible causes of signal
enhancement, increase of the receptor number, of their accessibil-
ity, or gain of sensitivity due to the remarkable physical/optical
properties of gold Nps for example.

In the present paper, we thus focus on the preparation and graft-
ing of gold nanoparticles of various sizes on an amine-terminated
Self-Assembled Monolayers (SAMs), and their applications as
new platforms for building sensitive immunosensors following
Scheme 1. The number and accessibility of the immobilised molec-
ular probes, rabbit immunoglobins (rIgG), will be estimated on
three different systems, (i) a planar gold surface, (ii) 13 nm or (iii)
55 nm nanoparticles immobilised on a gold surface. To do so, the
Np layers will be characterised by combining Polarisation Mod-
ulation InfraRed Reflection Absorption Spectroscopy (PM-IRRAS),
Photoelectron Spectroscopy (XPS), Atomic Force microscopy (AFM)
and SERS; the anti-rIgG recognition reaction will be measured by
PM-IRRAS a technique which enables a strict comparison of the
numbers of immobilised probes or target molecules without any
optical or electrical effect.

2. Experimental
2.1. Materials

HAuCl, (99.5%) was purchased from Merck (Darm-
stadt, Germany). 1-Mercapto-11-undecanoic acid (MUA),
N-hydroxysuccinimide (NHS), N-1-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), Ethanolamine, trisodium
citrate, cystamine dihydrochloride (98%) (CA) were obtained from
were purchased from Aldrich (France). Rabbit IgG (rIgG), goat
anti-rabbit IgG (anti-rilgG), goat serum, bovine serum albumin,
(BSA) and recombinant protein A (PrA) were purchased from
Sigma. All solvents were reagent-grade and used without any
further purification.

Planar gold samples were glass substrates (11 mm x 11 mm)
coated with a 2.5 nm thick chromium layer and a 200 nm thick gold

layer (Arrandee, Werther, Germany). The clean gold chips were
annealed in a butane flame to ensure a good crystallinity of the
topmost layers, as recommended by the company.

2.2. Gold nanoparticle synthesis and characterisation

The gold nanoparticles were prepared by reducing HAuCl, in
a trisodium citrate aqueous solution according to a previously
published route [19,20]. The two following stock solutions were
prepared from pure water, 1 mM HAuCl, and 38.8 mM trisodium
citrate in pure water; 50 mL of 1 mM HAuCly solution was heated to
boiling with vigorous stirring, and 5 mL of the Nas-citrate solution
were added rapidly resulting in a colour change from pale yellow
to red-wine. The nanoparticle size was tuned by changing the cit-
rate/Au molar ratio as first described by Frens [21]. As an example,
1.3 mL of 38.8 mM Nas-citrate solution was used to obtain nanopar-
ticles of ca 60 nm diameter. After boiling for 15 min, the heating
mantle was removed, and stirring was continued for an additional
15 min. After the solution reached room temperature, it was kept
at +4°C.

The resulting colloidal solution was characterised by UV-visible
spectroscopy, and by Transmission Electron Microscopy.

e Gold Np sizes were visualised using a JEOL transmission elec-
tron microscope operating at 100kV. Samples were prepared
by evaporating microdrops of nanoparticle solution (25°C) on
Formvar-coated copper grids

2.3. Gold surface functionalisation and protein immobilisation

Before gold Np grafting, gold samples were immersed in a
10 mM aqueous CA solution during 12 h, then washed three times
in pure water and dried under nitrogen flow. After that, substrates
were immersed in 10mL freshly prepared colloidal solution for
1h, then washed once in pure water, and dried under nitrogen
flow. Planar gold surfaces and gold nanoparticles-derived platforms
were then submitted to an identical protocol in order to build
immunosensing surfaces; they were first immersed in a 10 mM
mercapto-11-undecanoic (MUA) solution in ethanol, in order to
graft accessible acidic functions. On gold nanoparticles, the objec-
tive was to replace citrate ligands by acid-terminated thiols. After
3 h, the substrates were washed 3 times in the same volume of EtOH
and dried under nitrogen flow. The acidic functions were activated
with a solution of NHS (60 mM) and EDC (30 mM) in water for 1 h 30
then, 150 pL of a solution of PrA (50 and 100 mg/L) in PBS (pH 7.4)
was deposited. After 1h, substrates were washed three times with
PBS. Then a drop of 1 M ethanolamine in water was deposited onto
the samples in order to deactivate residual ester functions. After
20 min, they were rinsed once in water and dried under nitrogen
flow. To block non specific binding sites, a microdrop of a 50 mg L~!
solution of BSA in PBS was deposited for 30 min. After rinsing 3
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Fig. 1. TEM images of the two sets of nanoparticles deposited on a copper grid.

times in PBS, solutions of rigGs (50 and 100 mg/L) were added by
depositing a drop onto the substrates during 1 h and washed again
in PBS. The antibody accessibility was checked by reacting a sec-
ondary anti-rigG (50 mgL-! in PBS, 1h), then washing 3 times in
PBS.

2.4. Surface characterisation

Au substrates were characterised by Polarisation Modulation-
Infrared Refection Absorption Spectroscopy (PM-IRRAS), Photo-
electron Spectroscopy (XPS), at each step of their modification;
Surface Enhanced Raman Scattering (SERS) spectra, as well as AFM
images were recorded after nanoparticle grafting.

e PM-IRRAS was performed using an experimental setup already
described in a previous paper [22]. The technique is sensitive to
the vibrations of adsorbed monolayers as well as those of proteins
immobilised in the vicinity of the surface.

e XPS measurements were done using a Phoibos MCD 150
X-ray photoelectron spectrometer from SPECS (Germany),
equipped with a non-monochromatized magnesium X-ray
source (hv=1253.6eV) powered at 10mA and 15kV, and a
Phoibos 150 hemispherical energy analyzer without charge sta-
bilisation device at a take-off angle of 90°. A pass energy of 10 eV,
was used for narrow scans of the O 1s, C 1s, Au 4f, N 1s and S 2p
regions. The binding energy scale was calibrated by fixing the C
1s component due to carbon only bound to carbon and hydro-
gen at 284.8 eV. The data treatment was performed with the Casa
XPS software (Casa Software Ltd., UK). Unless stated otherwise,
the peaks were decomposed using a linear baseline, and a com-
ponent shape defined by the product of a Gauss and a Lorentz
function, in the 70:30 ratio. Molar concentration ratios were cal-
culated using peak areas normalised according to Scofield factors
[23].

e AFM images were recorded with a commercial diCaliber AFM
microscope from VEECO Instruments Inc. Topographic images
were taken in non-contact dynamic mode also known as
tapping® mode. Silicon nitride tips (resonance frequency of
~280-400kHz, and a spring constant of 20-80 N/m) have been
used. Images were obtained at a constant speed of 2 Hz with a
resolution of 512 lines of 512 pixels each. The raw data were pro-
cessed using the imaging processing software di SpmLabAnalysis
from Veeco Instruments Inc.

Raman-SERS experiments were performed on a commercial
Raman spectrometer (Model HL5R of Kaiser Optical Systems,
Inc.). Surface Enhanced Raman Scattering spectra were recorded
in the 100-3450 cm~! range on a spectrometer (Model HL5R of
Kaiser Optical Systems, Inc.) connected to a microscope (Olym-
pus, objective: 100x). It is equipped with a high-powered near-IR
laser diode working at 785 nm. The optical microscope was used
to focus the laser beam. Each SERS analysis was the result of 20
acquisitions of 30's at 20 mW.

3. Results and discussion
3.1. Synthesis and characterisation of AuNps

After preparation of the colloidal gold nanoparticle solutions,
the size, and dispersity of the resulting nanoparticles were esti-
mated from UV-visible characterisation of the solution, and
Transmission Electron Microscopy (TEM) analyses.

The results of UV characterisation are given as a supplementary
data.

TEM images, shown in Fig. 1, enable to estimate the Np size
with reasonable accuracy; one sees two that two sets of nanoparti-
cles have been indeed obtained, the average calculated sizes being
12.8 + 1.1 and 54.6 & 7.8 nm respectively; they will be noted 13 and
55 nm Nps in the following. Note the very narrow size dispersion of
AuNps in the case of the smallest ones (d =13 nm), whereas more
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Fig. 2. XPS spectra, (A) N 1s and (B) S 2p regions of the surface (a) after CA grafting, after CA+ AuNp deposition, (b) 15 and (c) 60 nm.

size and shape heterogeneities were observed for larger AuNps.
These results allow us to use these two sets of nanoparticles for
testing the nanostructured sensing systems.

3.2. Grafting and characterisation of the cystamine (CA) layer,
and of the AuNps grafted on a CA layer

XPS was used to characterise the gold-coated samples after CA
grafting (step 1) and after gold Np immobilisation (step 2).

After step 1, the XPS analysis reveals the presence of nitro-
gen, sulfur and carbon at the surface. The N 1s peak, strongly
asymmetric, (Fig. 2a, upper spectra) could be decomposed into
two contributions, at 400.1 and 401.6eV indicating the coexis-
tence of neutral and protonated amine groups on the surface. This
is in agreement with results obtained by other authors [24]. This
CA layer displays NH, or NH3* functions, both being known to
have affinity to ligand-surrounded gold nanoparticles; in particu-
lar, favourable electrostatic interactions between NH3* and citrates
may be reasonably expected.

The sulfur peak is shown in Fig. 2a, lower spectra; four dou-
blets were necessary to fit it at best; one main doublet with the S
2p3; contributions at 162.1 eV, and a smaller one with the S 2p3); at
163.7 eV; this reveals the coexistence of both sulfur atoms bound to
gold (signal at 162.1 eV), and unbound or disulfide sulfur involved
in SH or S-S bonds for the second doublet [25]. The existence of the
latter sulfur species may be explained by CA molecules linked to the
CA layer via interchain interactions, rather than by forming S-Au
bond; a third component, rather weak, at the lowest binding energy
(S 2p3, =161.1eV) is more difficult to ascribe; it has already been
observed by Wirde et al., upon adsorption of cystamine, cysteamine
or alcanethiols, and attributed to a sulphur, highly coordinated
to Au surface atoms, and resulting from a reorganisation of the
adsorbed layer [24].

Eventually, another, very weak, S 2p doublet appears at 167.8 eV
after the formation of CA SAMs, which may be due to the forma-
tion of oxidized sulfur species, such as sulfonates or sulfinates [24].
These oxidized species, likely negatively charged, may be retained
in the adsorbed film even after washing, due to the electrostatic
interactions with the positively charged amino groups.

Note that we also tested the formation of the same amine-
terminated layer, but from cysteamine solutions. The same four
components were observed in the S 2p peak (spectrum not shown);
however, the low BE one was very weak, again in agreement with
Wirde’s work and confirming our attributions.

Aqueous solutions of nanoparticules, 13nm and 55nm size,
were then let to interact with such CA-modified gold surfaces.

XPS analyses of the gold chips after Np grafting showed an atten-
uation of the sulfur contribution of ca 25% and 65% for the 13 and
55 nm Nps respectively, suggesting that no more than one fourth
of the surface was covered with 13 nm Nps, while almost two third
were covered with 55 nm Nps and their ligands. The profile of the
S 2p and N 1s peaks hardly changed upon Np grafting (Fig. 2b and
c). The absence of a contribution at 168 eV, on these latter spectra,
suggests that sulfur oxidized species are displaced upon grafting
the gold NPs.

The very low coverage, observed with 13 nm particles, rarely
mentioned in the literature likely originates from the strongly
repulsive interparticle interactions due to citrate ligands which are
known to prevent Np aggregation [26]. As for the 55 nm particles,
the surface coverage appears to be higher, the main reason being
a geometric one (bigger nanoparticles!); another contributing fac-
tor is that, despite the presence of ligands, some aggregates were
formed in the colloidal solution during their preparation.

Grafting of Nps on the CA layer was evidenced by the PM-IRRAS
analysis of the gold surface, thanks to the appearance of bands at
1260, 1110 cm~! ascribed to the v(C-0) and §OH bands of the cit-
rate ligands respectively (see IRRAS spectra, and spectral data, in
Supplementary data).

Fig. 3 shows the Raman spectra of a CA salt powder, of a solu-
tion of trisodium citrate, and of a gold surface after gold Np grafting
(SERS spectra). The two upper spectra, i.e. the gold planar surface
after step 2, reveal the bands characteristic of the CA underlayer,
which were not visible after step 1, and the fingerprints of the cit-
rates; this result confirms the presence of nanoparticles thanks to
the chemical signature of their ligands, only visible because of the
SERS effect induced by these nanostructures; note that this also
permits the detection of the CA molecules. The list of bands and
their attribution are given in Table 1.
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Fig. 3. Raman spectra of the neat cystamine and of citrate solution (lower spectra),
and SERS spectra of the gold-CA surface after deposition of a gold particle layers, 13
and 55 nm (upper spectra).

SERS spectra can be decomposed into two main regions. The
V(C-S) region, between 600 and 750cm™!, which includes data
about the C-S bond close to the metal, and the v(C-C) region
between 1000 and 1200 cm~!, including the vibrations of the car-
bon chain.

In the first region, one can observe the v(C-S) vibration bands,
at 635 and 720 cm~! corresponding to the gauche and trans con-
formers respectively. The intensity ratio of these two bands, Ig/Ir,
is a probe of the quality of the monolayer. It is in the present case,
lower than unity, suggesting that the gauche conformers are dom-
inating, probably favoured by the possible interaction of both the
SH and NH; end-groups of the CA molecules with the gold surface
[29]. This conformation is obviously not favourable to the Np graft-
ing. We also observe that the v(C-S) signals undergo a red shift of
ca 10cm™! likely due to an electron transfer from the molecule to
the gold surface [30,31].

In the second region, one can observe a massif of bands
around 900-1000 cm~! corresponding to the C—C bonds from cys-
tamine and citrates. Note that the C-C stretch, coupled to the C-N
vibrations of the cystamine, appears at 992 cm!, slightly shifted
compared to the neat CA spectrum, either due to some electron
transfer to the metal again or to a change in the conformation of
cystamine [29,32].

Table 1
SERS signals and their attribution.

Raman shift (cm~!) Assignments

412 V(C-C)*
496 V(S-S)

518 8(C-C)*
635 V(C-S)g
720 V(C-S)r
847 vs(C-0)*
886 w(C-C)*
924 w(C-C)

946 V(C-CO0~)*
992 (C-C(-N))
1060 V(C-0)*
1139 V(C=Cy-
1200 V(C-Cy-
1230 CHa wag
1260 8(C-H)
1300 S(C-H)*
1370 15(CO0)*

The star refers to the citrate characteristic bands.

Other vibration bands, at 1230, 1260, 1300cm~!, confirm the
presence of carboxylates coming form the AuNPs. The intense sym-
metric stretching mode vs(COO) of citrates, at ca 1400 cm~! on the
pure citrate, appears at 1370cm~! on the SERS spectra, indicating
interactions of the carboxylate groups with the surface [33].

Note that the SERS enhancement factor for the 55 nm gold Nps is
10 times higher than for the smaller ones. This may be explained by
the complex interplay of the interparticle distance, the size and the
shape of the nanoparticles which all contribute to SERS intensity
[27]. The distance between the 55 nm NPs is smaller for geometric
reasons, and the coverage higher, than for 13 nm NP as calculated
from XPS data. Moreover, as seen in TEM, 55nm NPs are not all
spherical; size and shape heterogeneities may create an increase
of the SERS intensity by the enhancement of the localised elec-
tromagnetic field resulting from the coupling of longitudinal and
transversal surface plasmon [28].

Eventually, AFM was used to characterise the morphologies of
the surface after Np grafting. Fig. 4A shows AFM images obtained
upon 13 nm Np grafting on CA. One observes a well dispersed layer
of gold nanoparticles, likely thanks to the citrate ligands that pre-
vent aggregation. Some aggregates could however been observed,
but these are rare and limited to two Nps (Fig. 4A, b). The line scan
(Fig. 4A, a), making clear bumps of ca 13 nm height, confirms the
grafting of well dispersed nanoparticles. A simple glance at the AFM
image indicates that the gold surface is far from being totally cov-
ered; gold terraces of the pristine surface are still distinguishable.
The AuNp density has been estimated by counting the number of
13 nm AuNPs on a 500 nm line. A 100% coverage rate would cor-
respond to ca 30 15 nm AuNPs. Here 4-5 AuNPs appear along the
selected profile, i.e. 5 times less than a full coverage, not taking into
account the few aggregated AuNps on the sample; this is in good
agreement with the 25% coverage calculated from XPS data.

AFM image of 55 nm Np/CA surface is shown on Fig. 4B. This
image shows a denser layer of nanoparticles. Gold terraces are no
more visible; moreover, there are some aggregates i.e. some Nps
on top of the first layer of Nps as shown by the line scan of Fig. 5B,
b. The average line scan (Fig. 4B, a) confirms the size of isolated
nanoparticles, ca 55 nm, and shows 4-5 AuNPs on a 500 nm line.
This corresponds to 50-62% of a full monolayer, rather close to the
number calculated from XPS. The 500 nm line scan also suggests
that the interparticle distance between 55 nm AuNps is smaller
than the 13 nm AuNps, and this is likely a determining factor for
the enhanced SERS intensity on the larger particle layer.

At that point, let us recall that we previously realised similar
Np-based immunosensors, by grafting 13 nm Au Nps on an hex-
anedithiol layer; gold Nps were indeed well grafted, but at a very
low coverage that we attributed to the formation of dithiol bridging
molecules, resulting from interaction of both ends with the planar
surface [34].

3.3. Elaboration and test of immunosensors on planar and Np
gold surfaces

Flat gold surfaces, and gold Nps deposited on the gold wafers,
were similarly functionalised, following the procedure described in
the experimental section, in order to immobilise antibody recep-
tor molecules, rigGs, and compare the efficiencies of the anti-riGg
recognition assays.

Before building planar and Np-based immunosensors, the con-
centrations of PrA and rigG have been varied and tested regarding
their recognition efficacy. On planar immunosensors, as well as on
13nm Np immunosensors, the optimised concentrations of PrA
and rlgG were found to be 50mg/L; these values corresponded
to saturation concentrations for both of them, with the highest
PrA/IgG and anti-IgG/rIgG ratios. On the 55nm Np immunosen-
sors, the optimised concentrations of PrA and rIgG were 50 mg/L
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Fig. 4. topographic AFM images, and associated scan lines of the gold surface after deposition of the gold nanoparticles, 13 nm (Fig. 4A, upper image) and 55 nm (Fig. 4B,

lower image).

and 100 mg/L respectively. These values corresponded to a good
compromise between a maximal amount of rIgG, and their best
accessibility.

The successive steps of the immunosensor elaboration, as well
as the detection reactions, were evaluated from the amide band
variations.

Fig. 5 (left) shows the amide band IR region of the 55 nm Nps-
modified surfaces after being submitted to rigG, BSA, and anti-rigG
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solutions and rinsing in pure water after each step; similar series
of spectra were obtained on the two other sensing platforms (pla-
nar gold and 13 nm Nps). Fig. 5 (right) shows the evolution of the
total amide IR region intensity, at each step, for the three studied
systems.

The amide band intensity increases at each step confirming
the successive binding of each type of proteins; note that sub-
mitting the samples to BSA solution after PrA binding induces

| 55 nm AuNp
7 13 nm AuMNp
| Flanar
E7 '
"+
o] 36
PraA BSA  rlgG  AntirlgG

Fig. 5. Left: IR spectra at each step of elaboration and test of the immunosensor built on 55 nm AuNps. Right: IR intensity in the amide region (1450-1750cm~") at each step

of protein grafting on the three studied immunsensors.
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Table 2
Estimation of the amount of PrA and rIgG grafted on planar, 13 nm AuNP, and 55 nm AuNP based immunosensors obtained by IR. Calculation of the IgG/PrA and anti-IgG/IgG
ratios.
PrA amount (IR IgG amount (IR Anti-rIgG IgG/PrA Anti-rIgG/rIgG
band area) band area) amount (IR Molecular Molecular
band area amount amount
Planar 3 4.6 4.9 0.5 1.1
13nm 34 55 7.0 0.5 13
55nm 5.7 5.9 11.0 0.3 1.9

some albumin adsorption which is expected to block all sur-
face sites against non specific adsorption of rigGs. By correcting
the amide band areas by the molecular weight of each pro-
tein, 150kDa and 44.6kDa for IgG and PrA, respectively [35],
one can advantageously compare the immobilized molecular
amounts of the various proteins. The results are shown in
Table 2.

Without Nps, the rIgG over PrA ratio, and anti-rIgG over rigG
ratio, were equal to 0.5 and 1.1 respectively, showing a rather low
level of antibody binding to protein A. Indeed, Protein A contains
four high-affinity binding sites for the Fc region of IgGs [35-37].
The binding capacity of immobilized PrA reported in the litera-
ture varies in the 0.2-1.0 range [35,38,39]. The anti-rIgG over rigG
ratio equal to 1.1 indicates a reasonable recognition efficiency (the
maximum would be 2).

With 13 nm Au Nps, one sees a slight increase of IR band inten-
sities at each step; slightly more PrA molecules are adsorbed onto
the CA layer but no change is observed in their binding capabil-
ity. More interesting the anti-rigG over rIgG ratio passes from 1.1
to 1.3. These rather low differences between planar gold surfaces
and 13 nm AuNps are understandable when considering first, that
nanoparticles are very small; the available surface area, assuming
that half of the spherical nanoparticles are not accessible, and a
surface coverage of 25%, is only increased by a factor of 1/4; sec-
ond, these Nps are linked to the surface via a very thin CA layer,
in other words, they are almost stuck to the surface thus pre-
venting the accessibility to the underneath side, i.e. an actual 3D
effect.

With 55 nm Nps, the IR band changes suggest a much better
enhancement of both the number of receptors and of their acces-
sibility. Despite the fact that they are also attached to a thin CA
layer, the number of bound PrA molecules was almost multiplied
by a factor of 2; it might be interesting to note that the amount
of BSA blocking proteins was significantly lower than in the pre-
vious cases, where a non-specific irreversible adsorption of BSA
was observed; this indicates a higher quality of the PrA layer on
the largest nanoparticle layer; the amount of rigGs was increased
and, more important, the rigG accessibility, attested by the anti-
rigG over rlgG ratio, was also improved by a factor close to two;
all these data are summarised in Table 2. This improvement sug-
gests that, at each step, a compromise has to be found between
an increase the number of receptors, and a risk of decreasing their
accessibility.

4. Conclusion

The synthesis of gold Nps of controlled size and disper-
sion has permitted to elaborate two different nanoparticle-based
immunosensors. Gold Nps of 13 or 55nm size were synthe-
sised and deposited on a cystamine monolayer grafted to a
planar gold chip. Evidenced by various characterisation tech-
niques, the layer of 55nm nanoparticles leads to the most
intense enhancement of the SERS signal. In a further step, gold
Nps were successfully used as plate-forms to attach antibody

receptors. In comparison with SAMs without Nps grafting, the
3D immunosensors elaborated in this work display an improve-
ment of the number of receptor molecules, the rigGs, and of
their accessibility. Moreover, the evidenced SERS enhancement
on the 55nm Nps elaborated in this work gives much hope
for further works focussed on biosensors based on Raman-SERS
or on other optical techniques like surface plasmon reso-
nance.
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