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This paper describes a controlled way to immobilize gold nanoparticles on planar gold surfaces and the
use of the resulting 3D platform to build up a 3D biosensor. The surface was first functionalized by graft-
ing hexanedithiol, this molecule has 2 thiol end groups, which enables its chemical grafting to planar
gold while retaining a free thiol group to attach nanoparticles. This step was optimized by varying exper-
imental parameters such as solvent, temperature and immersion time. The grafting was monitored by
polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) and X-ray photoelectron
spectroscopy (XPS). The high resolution XPS sulfur peak made clear the existence of two contributions,
S bound to gold and free S, thus led us to determine the optimal conditions to graft hexanedithiol in
an extended conformation. 15 nm spherical gold nanoparticles were then immobilized on the resulting
surface and their presence was evidenced by surface enhanced Raman spectroscopy (SERS) and atomic
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AFM force microscopy (AFM). The resulting gold layer was used to build up a 3D biosensor by grafting protein
PM-IRRAS A (PrA), rabbit immunoglobulin (rIgG), and bovine serum albumin (BSA), respectively. Each step was
XPS characterized by PM-IRRAS then compared to the results on planar gold surface. Despite the small size of

particles and their rather low density on the planar surface, the amount of immobilized proteins, starting
from PrA, was almost doubled. The amount of rIgG fixed on the 3D layer was also significantly increased
(~4 times higher than on planar surfaces), however accompanied by a slight decrease of their accessi-
bility, checked by assaying the recognition of a secondary IgG. This work demonstrates the feasibility
and interest of building arrays of nanoparticles to immobilize molecular receptors; it also shows that
controlling the conditions of elaboration of the biosensor at each step is determining for optimizing the
number of molecular receptors.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction known that gold reacts with alkylthiols that spontaneously form

more or less ordered self-assembled monolayers (SAMs). Forma-

Biosensors are small detection devices made of a biologi-
cal recognition element immobilized on transducing surface [1].
Immunosensors are a sub-class where the recognition element is
an antibody [2]. These devices are widely used to detect and quan-
tify several types of targets such as toxins, bacteria or pollutants
provided that specific antibodies are available [3-6]. The crucial
challenge in immunosensing field is sensitivity that depends dras-
tically on the amount of antibodies and their accessibility [7] (and
references therein). Because of its conductivity, reflectivity, and
robustness, gold is often used as transducing surface. It is well-
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tion of SAMs has been widely studied by surface characterization
techniques [8] and their building on gold surfaces allows con-
trolling the amount and orientation of the antibodies [6,9,10].
However, the use of planar gold as transducing surface may lead
to a limited number of accessible antibodies. The challenge is thus
to increase the amount of antibodies while preserving their acces-
sibility. One possible way is building 3D gold layer using nanosized
gold nanoparticles. Nanosize gold particles have been successfully
used to enhance the sensitivity of biomolecular detection assays,
either by improving the antibody immobilisation [11,12], or by
increasing the sensitivity of some specific detection techniques
like electrochemical techniques, surface plasmon resonance (SPR),
quartz crystal microbalance (QCM) or surface enhanced Raman
scattering (SERS) for instance. One of the first studies reporting the
use of Np-labeled antibody and signal enhancement was performed
by Lyon et al. [13]. They reported a 25-fold increases of sensitiv-
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ity by using simple gold Np-labeled antibodies in a direct format
immunosensor.

Gold Np have been currently used to detect immunologic reac-
tions by electron microscopy or electrochemical methods; a gold
Np layer, assembled on a gold electrode, was shown to facilitate
electron transfers occurring in an enzymatic reaction, thus enhanc-
ing a glucose oxidase-based immunosensor [14]. More recently
a remarkable cartography of cancer markers in the brain was
obtained by scanning tunneling microscopy thanks to the use
of Nps; Au Np-labeled antibodies were reacted on top of an
antibody-target complex, in a sandwich type immunoassay; this
configuration, combined with SPR detection improved the sensi-
tivity compared to the label-free SPR analysis by a 103 factor [15].
In order to circumvent the long antibody labeling procedure, Ko
et al. directly deposited a colloidal solution of 30 nm diameter Np
on an —-NH,-terminated SAM on a SPR chip; antibody probes were
then grafted via a gold binding peptide-PrA fusion protein; a 10-
fold sensitivity increase was observed in the detection of Salmonella
typhimurium [11].

Gold nanoparticles have also been used to enable detection of
antigen coupling by SERS; as an example, Lin et al. co-immobilized
antibodies and a SERS reporter molecule on 20 nm diameter gold
Np and used them to selectively bind to immobilised antibod-
ies; a sensitivity down to the pg/mL was obtained [16]. All these
recent examples witness the rapid development of the use of
Np for biosensor technologies, and point out the importance of
controlling their immobilization on sensors surfaces. The immo-
bilization of gold nanoparticles on planar surfaces is often carried
out using an amine terminated layer, expected to bind nanoparti-
cles through “electrostatic interactions” [17,18]. Covalent binding
of gold nanoparticles could be obtained using thiol terminated
layer. Typically, on gold surfaces, one can use alkyldithiols. Such
molecules, containing two sulfur extremities are supposed to bind
to planar gold surface while leaving the second sulfur free to further
grafting. Hexanedithiol was previously utilized in this purpose [19].
Several grafting procedures can be found, mainly using ethanol as
solvent [19,20] but also toluene [21] or water [22]. To the best of our
knowledge, no chemical characterizations were performed to con-
trol this crucial step and correlate it to the configuration of grafted
hexanedithiols. The only example of chemical characterization of
the S-Au bond for this molecule was performed by XPS using cap-
ping of nanoparticles in solutions then their depositing on quartz
surface without building of SAM [21]. In this context, we propose to
build controlled layers of alkyldithiols with respect to their amount
and orientation on planar gold and use them to immobilize gold
nanoparticles to form 3D biosensing platforms. Our objectives are:
first to optimise the experimental conditions of surface functional-
ization and gold nanoparticles grafting by investigating parameters
like solvent, temperature, and immersion time; second to evaluate
the geometric effect of the resulting 3D platformes, i.e. measure the
increase of both the number of antibody probes and of their accessi-
bility regardless of the effect on the detection technique sensitivity.
The latter point will be the subject of a forthcoming work.

2. Experimental
2.1. Materials

1-Mercapto-11-undecanoic acid (MUA), N-hydroxysuccinimide
(NHS), N-1-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) were purchased from Aldrich (France). Rabbit
IgG (rIgG), goat anti-rabbit IgG (anti-rIgG), 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.

Gold surfaces are constituted of glass substrates
(11mm x 11 mm), coated successively with a 253 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 ethanol during
15 min before adsorption.

2.2. SAMs formation

Gold-coated sensor chips, after being treated in a flame and
cleaned in ethanol,were immersed in 10 mL of a 10 mM solution
of hexanedithiol (DT; Aldrich) in water or ethanol. Two immer-
sion temperatures (room temperature and 4°C), two solvents
(water and ethanol) and several immersion times (from 1 to 12 h)
were investigated in order to evidence a possible influence of the
immersion conditions on the monolayer quality. In each case, the
substrates were washed with the same volume of water or EtOH
and dried under nitrogen flow.

2.3. Gold nanoparticles synthesis

Gold nanoparticles were prepared according to the Turkevich
method [17,23]. 50mL of a 5x 1072 M solution were prepared
from a commercial stock HAuCl, solution (Aldrich, France). Then,
10mL of 1% citrate solution were added under stirring, and under
reflux. After 10 min, the reflux was stopped but stirring contin-
ued during 10 min. The resulting solution was characterized by
UV-vis spectroscopy in transmission mode, and by scanning elec-
tron.

2.4. Covalent immobilization of gold nanoparticles

Gold substrates were immersed in 10 mL of the gold nanopar-
ticule solution at room temperature and during 1 or 3 h, or at 4°C
during 3 h then washed twice in ultrapure water.

2.5. Immunosensor elaboration

Planar and 3D gold substrates were immersed in 10 mM solu-
tions of 1-Mercapto-11-undecanoic acid (MUA) in ethanol; on gold
nanoparticles, the objective was to replace citrate ligands by the
acid-terminated thiol. After 3 h, the substrates were washed 3 times
in the same volume of EtOH and dried under nitrogen flow. The
resulting acid-terminated layers were activated, by formation of
NHS ester functions using a previously optimized procedure [24]:
a solution of NHS (60 mM) and EDC (30 mM) in water for 1 h 30 min
then, immersed in a solution of PrA (50mgL-!) in PBS pH 7.4.
After 1h, substrates were washed three times with PBS. Then,
a microdrop of a 50mgL-! solution of BSA (Sigma) in PBS was
deposited for 30 min to block non-specific binding sites. After rins-
ing 3 times in PBS, model rigGs (50mgL-! in PBS) were added
by depositing a drop onto the substrates during 1 h and washed
again in PBS. Antibodies’ accessibility was checked by adding sec-
ondary anti-rigG (50mgL-! in PBS, 1h) then washing 3 times in
PBS.

2.6. Characterization techniques

2.6.1. PM-IRRAS

PM-IRRAS spectra were recorded on a commercial Thermo-
Scientific (France) Nexus spectrometer. The external beam was
focused on the sample with a mirror, at an optimal incident angle
of 75°. A ZnSe grid polarizer and a ZnSe photoelastic modula-
tor, modulating the incident beam between p- and s-polarizations
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Fig. 1. XPS spectra for sulfur peak at various experimental conditions: (a) 12 h in water at room temperature, (b) 12 h in ethanol at room temperature, (c) 3 h in ethanol at
room temperature, (d) 3 h in ethanol at 4°C, Sb and Sf being used for sulfur bound to gold and free sulfur respectively.

(HINDS Instruments, PEM 90, modulation frequency =37 kHz),
were placed prior to the sample. The light reflected at the sam-
ple was then focused onto a nitrogen-cooled MCT detector. The
presented spectra result from the sum of 128 scans recorded at
a 8cm! resolution. The PM-IRRAS signal is given by the dif-
ferential reflectivity AR/R=(Rp —Rs)/(Rp +Rs) [25,26]. IR sensors

were glass substrates (11 mm x 11 mm) successively coated with a
50 nm thick layer of chromium and a 200 nm thick layer of gold.
These substrates were purchased from Arrandee (Werther, Ger-
many). Before chemical functionalization, they were annealed in
a flame, then rinsed in ultrapure water and dried under nitrogen
flow.

Fig. 2. PM-IRRAS spectra. (A) Upon hexanedithiols grafting at various experimental conditions: (a) 12 h in water at room temperature, (b) 12 h in ethanol at room temperature,
(c) 3h in water at room temperature, (d) 3 h in ethanol at room temperature, (e) 3 h in ethanol at 4°C. (B) (a) Upon hexanedithiols grafting-3 h in ethanol at 4°C (another

region of wavenumbers for the spectrum d), (b) after gold nanoparticles grafting on (a).
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Table 1
XPS and PM-IRRAS data obtained upon grafting hexanedithiol at various conditions.

Solvent Time (h) Temperature CH bands area (au) S/Au S bound/S free
Water 3 RT 0.81 0.031 0.25
12 RT 22 0.049 03
Ethanol 1 RT 0.35 - -
3 RT 0.43 0.006 2.2
12 RT 0.83 0.018 0.45
24 RT 0.87 - =
3 4°C 0.52 0.010 1.2
2.6.2. XPS equation:
Analyses were performed with a PHOIBOS 100 X-ray photoelec- I(Au4f, ) d
tron spectrometer from SPECS GmbH (Germany) with an Mg Ko ST ey <_7) (1)
X-ray source (hv=1253.6eV), operating at 10~1% Torr or less, in a I(Au4ty)5) Apu Sin 6

“fixed analyzer transmission” analysis mode with a 7 mm x 20 mm
entrance slit, leading to a resolution of 0.1 eV. A 20eV pass energy
for the survey scan and 10eV pass energy for the S 2p region were
applied. Binding energies were calibrated against the Au 4f;, bind-
ing energy of the substrate that was set at 84.0eV, leading to a CC,
CH carbon peak at 285 eV. The spectra were fitted using Casa XPS
software (version 2.3.13, Casa Software, UK).

2.6.3. AFM

The AFM images of dried surfaces were recorded using a com-
mercial di Caliber AFM microscope from VEECO Instruments Inc. In
order to avoid tip and sample damages, topographic images were
taken in the non-contact dynamic mode also known as tapping®
mode. Silicon nitride tips (resonance frequency of ~278 kHz, spring
constant of 40-80 N/m) have been used. Images were obtained at
a constant speed of 2 Hz with a resolution of 512 x 512 pixels each.
The raw data were processed using the imaging processing soft-
ware di SpmLabAnalysis v.7.0. from Veeco Instruments Inc.

2.6.4. SERS

Surface enhanced Raman scattering spectra were recorded in
the 100-3450cm~! range on a commercial modular Raman spec-
trometer (Model HL5R of Kaiser Optical Systems, Inc.). It displays a
high-powered near-IR laser diode working at 785 nm. Before tak-
ing the spectra, an optical microscope (Olympus, objective: 100x)
was used to focus the laser beam.

3. Results and discussion
3.1. Grafting of hexanedithiol to planar gold surfaces

Grafting of hexanedithiol was carried out in aqueous or ethanol
solution, at room temperature or at 4 °C. This first step results in
some characteristic XPS and PM-IRRAS features: mainly the appear-
ance of an intense S 2p peak on the surface XPS spectra (Fig. 1), and
well defined IR absorption bands at 2927 and 2860cm~! corre-
sponding to the symmetric and asymmetric vcy in the CH, groups
of the hexanedithiol chain, respectively (Fig. 2A). Table 1 summa-
rizes the XPS and PM-IRRAS results obtained for various tested
experimental conditions. The ratio S/Au, calculated on the basis
of XPS results, shown in this table, was considered to compare
the amounts of adsorbed dithiols in these different experiments.
Thus, working in aqueous media for 12 h led to an S/Au ratio 2.5
times higher than using ethanol as solvent. A similar difference
was observed when comparing the CH band areas measured by
PM-IRRAS. The area of these bands is expected to increase lin-
early with the amount of fixed hexanedithiols. Working in aqueous
media led to the highest area (Table 1), 2.5 times higher than work-
ing in ethanol for the same impregnation time. The thickness of the
adsorbed thiol layer was estimated from the decrease of gold signal
intensity when compared to a bare gold surface using the following

where I(Au 4f;,)/I(Au 4f,)° is the Au 4f;, ratio intensity (bare
against thiol-functionalized surface), d is the thickness of the
organic layer, 6 is the take-off angle, fixed at 90°, and A the
escape depth of the Au 4f;, photoelectron trough an organic layer;
Aau=3.6nm [27,28].

For a 12 h impregnation in water (S/Au = 0.049), this thickness
was close to 2.5nm, which corresponds to multilayer formation
(1 monolayer thickness ~1.2 nm), likely facilitated by interchain
hydrophobic interactions. Lowering the immersion time to 3h,
decreased the amount of fixed dithiols for both solvents, and the
S/Au ratio obtained in aqueous media (=0.031) was still much
higher than that obtained in ethanol. For both solvents, we experi-
enced the sonication of the solutions before immersion and during
the rinsing step, but no significant decrease of the S/Au ratio was
observed by XPS.

The evolution of the CH band area showed similar tendencies,
higher values in water and for long immersion times. The S 2p XPS
spectra for various experimental conditions are shown in Fig. 1. On
each spectrum, one observes the contribution of two S 2p doublets;
the first doublet, at lower binding energy (162 and 163.3 eV for S
2p3p> and 2pq, respectively) corresponds to the sulfur bound to
gold (Sb), the second, at higher energy (163.6 and 164.9eV) can
be attributed to the sulfur not involved in a covalent bond with
gold, but remaining in SH bonds, that we call “free sulfur”, Sf. The
Sb/Sf ratio, calculated from these data, is also shown in Table 1.
This ratio was calculated, taking into account the attenuation of
the Sb contribution by the carbon chain, thus using the following
equation:

-1
I(Sb)cor = I(Sbexp) x [eXp (— )Lcds?:l 9)} ?)
S

where I(Sb)cor is the value taken to calculate the Sb/Sf ratio,
I(Sbexp) is the measured intensity of the low binding energy con-
tribution, dpr is the thickness of the dithiol layer (estimated close to
6 nm), 9 is the take-off angle, fixed at 90°, and Ag the escape depth
of the S 2p photoelectrons trough the dithiol layer; A =3.3 nm. This
gives the following result:

I(Sb)cor = I(Sbexp) x 1.2

The Sb/Sf ratio was considered carefully as a signature of
whether dithiols are grafted forming bridges, in an extended con-
figuration, or physically adsorbed. Indeed, if the dithiols are grafted
by one single sulfur to the surface, which leaves the second thiol
function available to the further grafting of gold nanoparticles, this
ratio should be equal to unity; if dithiol molecules form bridges onto
the gold surface, Sb/Sf ratio is expected to be higher than 1. Eventu-
ally, a Sb/Sf ratio lower than 1 indicates the presence of physically
adsorbed dithiols, not involved in covalent bonds with gold, and
probably forming multilayers on surfaces. In this case, we may also
have bridges hidden by the multilayer, but it is difficult to estimate
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Fig. 3. Raman spectra obtained for: (a) hexanedithiol solution, (b) hexanedithiol grafted on gold, and (c) gold nanoparticles immobilized on an hexanedithiol layer.

their exact amount as the amount of physically adsorbed dithiols is
unknown. This latter case was observed when working in aqueous
media, which is consistent with the high amount of hexanedithiol
determined by XPS and PM-IRRAS. When dithiol attachment was
performed in ethanol for 12 h, the Sb/Sf was lower than 1, corrob-
orating the hypothesis of multilayer physisorption. Here again, the
results are consistent with both the high S/Au ratio and the mea-
sured area of CH IR bands. However, still working in ethanol but
after 3 h impregnation, this ratio was equal to 2.2; such a value
indicates that the amount of S bound to gold is higher than that
of unbound SH groups. The high proportion of bound sulfur can
only be explained by the formation of bridges on gold. One can
notice, that formation of dithiol bridges occurred at low dithiol
coverage (S/Au ratio=0.006). The same impregnation time but at
lower temperature, 4°C, led to a reasonable amount of adsorbed
dithiols. Indeed, the ratio S/Au was equal to 0.01 and the XPS esti-
mated thickness of the layer was close to 1.3 nm, which corresponds
to one monolayer with an extended configuration of the grafted
species. The Sb/Sf ratio was equal to 1.2, which corroborates these
observations.

In conclusion, working in ethanol led to better results than
in aqueous media. An impregnation temperature and time of
4°C and 3h, respectively, led to the adsorption of one dithiol
monolayer with an extended configuration. These conditions
were selected to functionalize gold surfaces prior to nanoparticle
grafting.

3.2. Grafting of gold nanoparticles to dithiol layer

Before interacting with the thiol layer, the solution of gold
nanoparticles was characterized by UV-vis spectroscopy. On
the resulting spectrum (see supplementary materials) a narrow
plasmon band was present at 525nm, which corresponds to a
homogeneous particle size of ~15nm [17,23]. The size together
with the distribution of the nanoparticles, were also checked by
SEM and the images (see supplementary material) corroborated
UV-vis data, showing an average particle size of 15 nm and a homo-
geneous distribution.

Fig. 3 shows the Raman spectra of thiol-functionnalized surfaces
before and after deposition of gold nanoparticles (spectra b and c).
On this figure is also presented the Raman spectra of a dithiol solu-
tion used as reference for dithiol bands (spectrum a). On the dithiol
solution spectrum, are present the v C-S in the 600-800cm™!
region, v C-C in the 1000-1150cm~"! region, and § C-H at higher
than 1200 cm~". In the 3000cm~!, one observes the v C-H bands
around 2900 cm~!. Avery intense band at 2550 cm~! is also present
and corresponds to the v S-H vibrations. On the dithiol-terminated
layer no signal is recorded as expected from the rather low sen-
sitivity of the Raman spectroscopy on planar surfaces. However,
upon nanoparticle grafting, the Raman signal is enhanced due to
the plasmon effect of nanoparticles that enables surface enhanced
Raman scattering (SERS) [29,30]. The detection of a Raman signal
highlights the grafting of gold nanoparticles. On the spectrum of the
gold nanoparticle-terminated layer, one can observe the presence
of characteristic bands of dithiols already present on the dithiol
solution spectrum [31]: v C-S in the 600-800 cm™~! region, v C-C in
the 1000-1150cm~! region, and § C-H at higher than 1200 cm~".
Eventually, the v C-H band at 2927 cm~! is also present but the v
S-H band at 2550 cm~! previously observed for dithiols solution is
no more present, proving the covalent grafting of gold nanoparti-
cles by replacing the S-H by S-Au bonds.

Two intense bands, not present in the spectrum of dithiol solu-
tion, are also observed at 1140 and 1265 cm!. These bands are
ascribed to the v C-0 vibration of citrates and prove the presence of
ligands stabilizing the nanoparticles. The presence of these ligands
was also evidenced by PM-IRRAS (Fig. 2B). Indeed, upon the graft-
ing of gold nanoparticles one can observe the IR signal of citrates
(vC=0at1720cm~! and v C-0 at 1107 and 1260cm™1).

Gold nanoparticles dispersion and density were explored by
AFM. For these analyses, several experimental parameters were
varied. Fig. 4 shows the AFM images obtained after deposition of
nanoparticles at room temperature during 1and 3 h,and at4 °Cdur-
ing 3 h. An image of the bare gold surface is also shown. One can see
that deposition at low temperature led to very few nanoparticles
adsorbed as well as the adsorption of some gold aggregates. Con-
versely, after deposition at room temperature, even during 1 h, the
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Fig.4. AFMimages (5 wm x 5 pm) of: (a) bare planar gold surface, (b) after deposition of nanoparticles at4°C, (c) and (d) after deposition of nanoparticles at room temperature

during 1 and 3 h, respectively. Sections of images (c) and (d) are shown.

surface appears to be covered by a much denser layer of nanopar-
ticles. The average thickness of the nanoparticle layer, estimated
from 5 images of different zones on the surface, was close to 16 nm,
which corresponds to one nanoparticle. Increasing the deposition
time led to an increase of the adsorbed amount of nanoparticles;
images of various zones revealed height variations of ca. 30 nm
suggesting the formation of nanoparticle aggregates.

Sections of images c and d were also shown in Fig. 4, confirming
the presence of aggregates of nanoparticles after 3 h of deposition,
but not after 1 h. Indeed, Fig. 4c corresponds to a thickness mono-
layer of 18 nm whereas Fig. 4d shows the thickness of a double
layer close to 30 nm. Eventually the nanoparticles coverage on the
monolayer of Fig. 4c was evaluated by counting the light spots on
a series of five 1 wm x 1 wm images, taking into account the con-
volution of the AFM tip and was found close to 35% of the planar
surface coverage.

XPS spectra of the surface after grafting of nanoparticles were
recorded to quantify their density over the dithiol layer; com-
pared to the XPS spectrum of the dithiol-modified surface, a slight
increase of the gold peak was observed, which is a complex result
of the deposition of nanoparticles and simultaneous attenuation of
the planar gold substrate; more interesting, the sulfur peak was sig-
nificantly attenuated, by a factor close to 25%; this very important
result suggests that, even optimizing the deposition conditions,
the surface appears to be far from being completely covered with
nanoparticles; important to note is that the AFM images, not con-
tradictory to this results but rather due to the tip convolution [32]
makes clear a good dispersion of the nanoparticles on the surface.
The presence of citrates applies an electrostatic repulsion between
nanoparticles preventing a dense coverage to be reached.

Considering these results and having in mind that a rather non-
dense layer of nanoparticles is likely favourable to the further
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Fig. 5. PM-IRRAS results for planar and 3D immunosensor: (A) and (B) PM-IRRAS spectra after protein A adsorption (a), BSA blocking step (b), rigG immobilization (c), and

anti-rIgG immobilization (d). (C) The corresponding integration of amide band areas.

binding of proteins, the chosen conditions for nanoparticle immo-
bilization were room temperature and 1 h impregnation time.

3.3. Building of the model 3D immunosensor

3D immunosensors were elaborated on the previously opti-
mized gold nanoparticle-modified surface. This 3D layer and the
planar gold surface were treated under exactly the same conditions
along all the successive steps of the immunosensor elaboration,
the planar gold surface being considered as a planar “reference”
sample. Both surfaces were first functionalized by MUA (mercap-
toundecanoic acid), then, after an activation step, PrA (Protein A)
was covalently linked via its amine groups. Note that, on citrate-
stabilized nanoparticles, strongly binding MUA thiols are expected
to replace, at least partially, the citrate ligands [33]. To block
non-specific adsorption sites, BSA was added. A model rabbit
immunoglobulin (rIgG) was then immobilized by bioaffinity on
the PrA layer. Since this model antibody is not directed against a
specific target, the reactivity of immunosensors was indirectly esti-
mated by measuring the antibody accessibility; this was achieved
by submitting the sensing layers to a solution containing a sec-
ondary antibody, a goat anti-rIgG. We also checked the specificity
of the so-obtained immunosensors by depositing a goat serum and
checking whether proteins were adsorbed or not. Each of the men-
tioned steps was characterized by PM-IRRAS for both planar and
3D immunosensors. Surface enhanced Raman scattering was also
utilized at each of these steps. However, the resulting spectra exhib-
ited a multitude of peaks whose intensities and related intensities
were dependant on the position of the laser beam. Moreover, the
decrease of the SERS effect with distance [30] makes the quan-
tification of adsorbed proteins difficult. We are now working on
the better interpretation of SERS data. At that point, we will focus
our attention on PM-IRRAS data that enable a reliable quantitative
comparison of substrate performances.

Fig. 5 shows the PM-IRRAS spectra obtained during the elabora-
tion and test of the planar and 3D immunosensors. One can observe
intense amide bands, characteristic of protein adsorption: amide I
at 1655 cm~! corresponds to v C=0 vibration, amide Il at 1550 cm™!
due to the coupled C-N stretching and N-H bending modes. A third

band located at 1736 cm~1, due to residual ester functions, is also
present. These functions could be reduced using ethanolamine for
example. In our case, we observed that this reduction has no dra-
matic influence neither on the amount of adsorbed BSA nor on the
specificity of the sensing layer, probably because these functions
are hidden by adsorbed proteins. We thus suppress that reduc-
tion step; however, we included this band when integrating and
discussing amide band areas.

Amide band areas increased at each step of protein adsorp-
tion. We previously evidenced a direct correlation between the
amount of adsorbed proteins and the area of these two bands [34].
Moreover, when the resulting amide band areas are corrected by
the molecular weight for each protein, one can advantageously
compare the immobilized molecular amounts of the various pro-
teins [7]. These data are shown in Fig. 5 for both planar and 3D
immunosensors. Passing from the planar to the 3D sensing surface,
the molecular amount of protein A was doubled, even taking into
account the higher experimental error bars recorded for the latter
surface at this step. On the planar sensors, the amount of PrA is 5
times higher than that of BSA. Considering the areas occupied by
these two proteins, ~20 and 56 nm? ([7] and references therein)
for PrA and BSA, respectively, this ratio corresponds to 60% of the
surface covered with PrA and 40% with BSA, in agreement with pre-
viously elaborated systems [35]. For the 3D sensors, the molecular
PrA/BSA ratio was lower, ~3, which corresponds to a 50% surface
occupancy by each protein.

On each PrA, twice as much rigGs were immobilized on 3D
compared to planar immunosensors, proving their enhanced acces-
sibility. This result is very satisfying as the increase in specific
surface area upon the immobilization of 15 nm nanoparticles is not
that important; nanoparticles being spherical, 25% of the surface
coverage leads to a final surface area of 125% of the planar one.
Such an increase is probably accompanied by a gain of accessibility
and also flexibility of the gold surface.

The specificity of the sensing layers was tested with a goat serum
solution. On either the planar or the 3D sensor, amide band areas
were not modified indicating the absence of non-specific protein
interactions, likely due to the efficient blocking step by BSA. The
accessibility of these rIlgG was checked to see whether increasing
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their amount create or not steric hindrance that could lower their
activity. The question is now whether binding a higher amount of
antibodies tends to modify, and in which direction, their accessi-
bility. On planar sensors, the anti-rigG/rigG ratio was between 2
and 3, which indicates a very high accessibility of the immobilized
antibodies. On 3D immunosensors, this ratio was slightly reduced,
down to ca. 2; this value is still high. Indeed, the used secondary
antibody, anti-rIgG recognizes the constant fragment of the immo-
bilized rigG; these rigG being immobilized on protein A through the
same fragment, at the bottom of the “Y”, the Fc is the less accessible
receptors part, and a factor of almost 2 is still very satisfying! Thus,
despite the small number of nanoparticles, the objective of increas-
ing the antibody density while preserving a satisfying accessibility
was reached. One reason for that may be the increase of flexibil-
ity of the sensing layer when compared to planar sensor; on going
experiments, using QCM-D (quartz crystal microbalance with dis-
sipation measurement), aim at determining the exact change in
viscoelastic properties of the sensing layer between the planar and
the 3D immunosensors. Another considerable increase in sensitiv-
ity is expected by using SPR as transducing technique as, besides
the increase of rigGs already observed by PM-IRRAS, SPR will
benefit from the plasmon effect of nanoparticles and an enhance-
ment of one order magnitude could be expected [36,37]. Work
on optimization of nanogold grafting on SPR-chips is already in
progress.

4. Conclusion

In this study, grafting of alkyldithiols onto planar gold sub-
strates was investigated and monitored by PM-IRRAS and XPS at
various experimental conditions. These conditions were optimized
to ensure the best grafting of these molecules i.e.: an ordered
monolayer with an S bound to gold and a second S free to ensure
covalent immobilization of gold nanoparticles. This immobiliza-
tion was also optimised and we were able to build up a 3D gold
platform with a well dispersed monolayer of gold nanoparticles.
This platform was then used to elaborate a model 3D immunosen-
sor and compare it, in terms of molecular accessibility, to planar
sensors; PM-IRRAS spectra highlighted the possibility to increase
the number of receptors by a factor of 4, while preserving a good
accessibility.

This approach will be developed and optimised to design arrays
of nanoparticles that should enable the binding of a large number
of antibodies and benefit of the signal enhancement in SPR and IR
surface spectroscopies.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.colsurfb.2010.07.021.
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