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ABSTRACT. We investigated the assembly of Gold nanoparticles (AuNPs) on Gold and Silicon
sensors with two final objectives: (i) understanding the factors governing the interaction and (ii)
building up a nanostructured piezoelectric immunosensor for diclofenac, a small-sized
pharmaceutical pollutant. Different surface chemistries were devised to achieve AuNPs assembly
on planar substrates. These surface chemistries included amines to immobilize AuNPs via
electrostatic interaction, or a mixture of amines and thiols to covalently attach the AuNPs. We
also generated PEG-amine terminated surfaces to benefit from the well-known non-biofouling
properties of PEG-coated surfaces. The functional substrates and the resulting gold nanoparticle
layers were characterized in detail by Surface IR, contact angle measurements and Scanning
Electron Microscopy (SEM). The mechanism of adsorption is discussed herein considering the
nature of the terminal groups and their charge at the pH of AuNPs adsorption. The coverage and
the dispersion of AuNPs were strongly dependent on the anchoring points on the surfaces; the
optimal were reached when the attachment layer offered multiple interaction points, in particular,
for NH,/SH and PEG/NH, terminated surfaces, where the percentage of isolated particles was up
to 78 %. In addition, PEG-coated surfaces led to a stable AuNPs layer resistant to ultrasounds
and to further functionalization of the immobilized nanoparticles. These surfaces were used to
engineer quartz crystal microbalance (QCM) biosensors for diclofenac detection. The AuNPs
nanostructured substrates significantly enhanced the biosensor sensitivity as compared to planar
substrates (up to 6 times higher). This enhancement presages a higher sensitivity in the
competitive detection of diclofenac on these systems. More importantly, despite the
biorecognition and the drastic regeneration conditions, SEM images show that gold nanoparticles
layers are stable and reliable, which paves the way for their use as nanostructured platforms for

multiple applications.
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INTRODUCTION

The assembly of gold nanoparticles (AuNPs) onto planar substrates has expanded tremendously
over the last several decades, particularly in the biosensors field . These nano-objects lead to
dramatic improvements in the performance and sensitivity of biosensing devices owing to their
plasmonic properties and to their efficiency as nanostructuration agents. The benefit from
plasmonic properties of planar substrates decorated by gold nanoparticles is dramatic for
techniques such as surface enhanced Raman spectroscopy (SERS) now widely employed for
biosensing™®. The interest in these nano-objects for signal enhancement in biosensors based on
non optical techniques is more recent, yet it is growing fast. In the particular case of quartz
crystal microbalance (QCM) biosensors, nanostructuration of the surface of the quartz crystal
electrodes with AuNPs leads to an increase of the accessible surface area and by then the number
of binding sites "*. For DNA biosensors, nanostructuration by AuNPs results in a better
attachment of the oligonucleotides to the surface, up to 10 times higher than on planar substrates,
and therefore an increased capacity for nucleic acid detection *''. The same trend was observed
for antibody-based biosensors; despite the bigger size of these receptors, their density was
improved while preserving affinity to their target '*'*. All the same, antibody fragment based
biosensors benefit from AuNPs assembly; higher sensitivity and overall better immunosensing
performances were evidenced '*™'°,

Grafting of metallic particles on substrates is often done a posteriori, starting from colloidal
solutions®. Commonly synthesized by the so-called “Turkevich Synthesis'’,” —involving the
reduction of Au ions by reducing agents such as citrate — gold nanoparticles are formed through a
classical nucleation and growth process terminated by citrate (Na;C¢HsO5), which controls the

nanoparticle size and morphology by acting as a surface functional layer or a capping agent, and
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preventing inter-particle aggregation through electrostatic repulsion. Prior to AuNPs deposition,
surfaces need to be covered with reactive functions, usually amines or thiols, to favour the
interaction with AuNPs through electrostatic or covalent bonds. Molecules commonly used at

18-19
d

this step are organothiols in the case of gol or organosilanes for oxidized silicon and glass

20-21

surfaces . More recently, polymer-based coating was applied to attach AuNP on planar

22-23

substrates™ . Poly(ethylene glycol) (PEG) is particularly adapted to biosensing applications by

forming smooth and uniform PEG films that inhibit non specific adsorption ***°

and provide a
high affinity to citrate-stabilized gold nanoparticles’*’. Once AuNPs are immobilized on a
substrate, although the citrate capping agent is well-suited as a native functional layer during
synthesis, substituting citrate, which is only bound loosely to the nanoparticle surface through
weak van der Waals interactions, by a more tightly bound and well-defined capping layer is
mandatory for further grafting of biomolecules or target and application in biosensing. For this
post-functionalization the organosulfur compounds represent perhaps the most widely practiced

829 To withstand this post-functionalization, AuNP layers should also be stable over time

route
and their interaction with the surface strong enough to ensure that the nanoparticles remain
attached during further functionalization and upon utilization. Despite the huge interest in AuNP-
nanostructured substrates, the assembly of gold nanoparticles on surfaces and their post-
functionalization still rely on an approximate approach since the fundamentals of the chemistry
involved in the adsorption process are poorly understood®®*%>".

In this contribution, we investigated the mechanism of assembly and the stability of spherical
gold nanoparticles on functionalized silicon and gold substrates. To this purpose, we devised

different surface chemistries to establish the key-parameters in the attachment layer that

dominate the interaction with gold nanoparticles. Both gold and oxidized silicon substrates were
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modified by thiols and silanes to generate amine-terminated layers. Then, reaction of a thiol-
terminated carboxylic acid with the grafted amines allowed us to generate mixed thiol/amine
terminated layers. In addition, we utilized diamine-PEG cross-linked to acid and epoxy groups
on gold and silicon, respectively, to compare the efficiency of these films to the previous ones.
The assembly of gold nanoparticles on these platforms was examined in depth by Scanning
Electron Microscopy (SEM), focusing on the coverage and dispersion, and the impact of the
attachment layers is discussed. We also investigated the influence of the post-functionalization
agent (either an organothiol or a PEG) on the AuNP layers. Finally, the stable and well-dispersed
layers are used to build piezoelectric immunosensors for the anti-inflammatory drug diclofenac
and their efficiency was compared to planar surfaces. The stability of AuNP layer upon

biorecognition and regeneration processes was eventually investigated by SEM.

EXPERIMENTAL SECTION

Materials: Sodium citrate, gold(III) chloride trihydrate, 3-glycidyloxypropyltrimethoxysilane
(GOPTS), tannic acid, N-ethyl-N'-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC),
cysteamine.HC] (CEA), diclofenac sodium salt, phosphate-buffered saline (PBS) pH= 7.4,
poly(ethylene glycol) bis(amine) DAPEGg (MW= 3000 Da) , N-hydroxysuccinimide (NHS),
11-mercaptoundecanoic acid (MUA), (3-aminopropyl)triethoxysilane (APTES) (99%), silicon
wafers <111> and anti-mouse IgG (Fc specific) antibody produced in goat were purchased from
Sigma—Aldrich. Poly(ethylene glycol) bis(amine) DAPEG4s (MW = 2000 Da) was obtained from
Huntsman (Rotterdam, Netherlands). Sodium dodecyl sulfate (SDS) was purchased from Fisher

Scientific. The rabbit polyclonal anti-diclofenac serum was prepared in-house **, its analytical

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 6 of 35

potential is detailed in reference 33, Milli-Q water (18 MQ, Millipore, France) was used for the
preparation of the solutions and for all washes. Experiments were carried out at room

temperature unless otherwise stated.

Surface chemistry: Silicon wafers cut into 1 x 1 cm pieces were cleaned following a procedure
including several washing steps and treatment by hydrochloric acid / methanol 1:1 (v/v) for 1 h.
Reactive hydroxyl groups were generated by shaking wafers in sulfuric acid for 1 h. After
washing with water, the substrates were dried under nitrogen flow **. APTES was grafted by
immersing the wafers in a solution of silane in anhydrous toluene (50 mM) and heating at 75°C
for 24 h. Samples were washed twice, sonicated for 10 min in anhydrous toluene, dried under
nitrogen flow, and heated at 90°C for 2 h *°. Surface sulfhydryl functions were generated by
exposing the wafers to a solution of MUA (10 mM in EtOH previously activated with NHS (2.4
eq.) and EDC (1.2 eq.)).Grafting of GOPTS was carried out by covering wafers with GOPTS
(100 pL) and avoiding exposure to the atmosphere by assembling two substrates face-to-face.
After 3 h, the sandwiches were separated and sonicated first in ethanol, then in methanol and
again in ethanol for 5 min each. They were dried under nitrogen flow and heated for 5 min at
85°C. Afterwards, the wafers were treated with molten DAPEGys (600 pL) and incubated at
98°C for 12 h in the sandwich format. The wafers were separated, sonicated in water for 15 min
and dried under nitrogen flow .

Gold-coated sensors were immersed in a freshly prepared solution of CEA (10 mM in water) or
MUA (10 mM in EtOH) for 18-24 h. After washing with the same solvent, the CEA-treated

surfaces were dipped into a solution of MUA (10 mM in EtOH previously activated with NHS

(2.4 eq.) and EDC (1.2 eq.)) for 2 h. The MUA-treated surfaces were exposed to 150 puL of an
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aqueous solution of NHS (2.4 eq.) and EDC (1.2 eq.) for 2 h to activate the carboxyl groups. The
surfaces were rinsed with the same solvent and dried under nitrogen flow. DAPEGys
immobilization was finally performed as described above. All the functional substrates were

stored in a dessicator.

Gold nanoparticles preparation and deposition: Colloidal gold particles were prepared
according to the tannic acid method of Slot and Geuze™. To produce 100 mL of a 14 nm
diameter colloid solution, two stock solutions were prepared: solution A: 1 mL 1% (w/v) HAuCly
and 79 mL water; solution B: 4 mL 1% sodium citrate, 0.025 mL 1% tannic acid and 16 mL
water. Solutions A and B were heated to 60°C under stirring then mixed. When the solution
turned red, the mixture was heated up to 95°C for a few minutes and cooled on ice. Colloidal
solutions were kept in amber glassware, stored in the refrigerator at 4°C and used within a
month. Modified substrates were dipped into the prepared colloid solution, with no further
dilution for 90 min under sonication (Elma, 90 W, 45 kHz), washed twice in water and dried
under nitrogen. Surfaces were finally immersed in a solution of CEA or DAPEGgg (ImM in
EtOH) for 2 h to decorate the AuNPs with amino groups. The resulting substrates were stored in

a dessicator.

Covalent grafting of Diclofenac: Diclofenac (10 mM in dry DMF) was activated by treatment
with NHS (1.2 eq.) and EDC (1.2 eq.) for 150 min at room temperature. Then, the substrates
terminated by amino groups were dipped into the solution, shaken over night at room
temperature, washed for 15 min in water and dried under nitrogen flow. They were stored in a

desiccator.
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Binding of anti-diclofenac antibody: The mixture of PBS and ethanol 9:1 was thoroughly
degassed under vacuum (for 15 min) and used as carrier buffer in the flow system (flow rate

25 uL min-"). The sequence of injections was carried out as follows:

10-20 min flow of carrier buffer to stabilize the baseline signal; 10 min flow of 1/500 dilution of
anti-diclofenac serum in PBS/EtOH; Washing with carrier buffer

The regeneration buffer was a solution of 2 w% sodium dodecyl sulfate (SDS) in water/ethanol

(9/1=v/v) at pH=2 (HCI).

Characterization techniques: Transmission Electron Microscopy (TEM) measurements were
performed using a JEOL JEM 1011 microscope operating at an accelerating voltage of 100 kV.
The TEM grids were prepared as follows: Typically 1.5 mL of the colloid solution was
centrifuged at 11200 g for 10 min to precipitate the particles. The colorless supernatant was
discarded. The residue was re-dispersed in a suitable volume of water. 2 puL of this particle
suspension was dispensed on a carbon-coated copper grid and dried at room temperature. Gold
nanoparticles size distribution was determined using ImageJ. Scanning Electron Microscopy
(SEM) of the gold and silicon substrates covered with AuNPs was performed using a FEG SU-
70 scanning electron microscope with a low voltage of 1 kV at a distance of 1.9 - 2.3 mm; the
secondary electron detector "in Lens" was used. Images taken at different scales and in different
regions of the samples were recorded. The particle densities were calculated by counting the
particles in the SEM images (isolated and aggregates of 2, 3, 4, 5, 6, and > 6 particles) on a
representative area of 2.3 — 2.5 um®. For Contact Angle measurements static water contact
angles were measured at room temperature using the sessile drop method and image analysis of

the drop profile. The instrument, which uses a CCD camera and an image analysis processor, was
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purchased from Kriiss Optronic GmbH (Hamburg, Germany). The water droplet volume was 1
uL, and the contact angle (©) was measured 5 s after the drop was deposited on the sample. For
each sample, the reported value is the average of the results obtained on 3 droplets and the
overall accuracy in the measurements was better than + 5°. PM-IRRAS spectra were recorded on
a commercial NICOLET Nexus FT-IR spectrometer. Details on the experimental set-up are
available in reference *’. Sensor chips were made of borosilicate glass substrates (11 mm x 11
mm), coated successively with a 2.5 + 1.5 nm thick layer of chromium and a 250 + 50 nm thick
layer of gold (Arrandee, Werther, Germany). They were annealed in a butane flame to ensure a
good crystallinity of the topmost layers and dipped in a bath of absolute ethanol during 15 min
before adsorption. The Si wafers were analyzed by GA-ATR-IR immediately after their
preparation. GA-ATR-IR spectra (256 scans, 4 cm™ resolution) were recorded on a Tensor 27
spectrometer (Bruker) equipped with a VariGATR accessory (Harrick Scientific, Pleasantville,
NY) and incidence angle set at 60°. Quartz Crystal Microbalance with dissipation measurements
(QCM-D) were carried out with a 4-channel dissipative quartz crystal microbalance (Q-Sense
E4) using AT-cut 5 MHz quartz crystals (QCM sensors, 14 mm diameter) coated with a 3-100 nm
layer of gold or a 50 nm SiO; film (Lot-oriel) at 22°C. Prior to use, they were cleaned by ethanol
and dried under nitrogen flow. Experiments were carried out in flow-through conditions using a
peristaltic pump. 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).
Two physical parameters are discussed: the resonance frequency and the dissipation. The
frequency change can be correlated to the mass of the adsorbed layer using the Sauerbrey
equation 3. AF=- N Am/ Cy, where C¢ (= 17.7 ng cm?-Hz' at F = 5 MHz) is the mass-

sensitivity constant, and N is the overtone number.
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RESULTS AND DISCUSSION

Synthesis and characterization of AuNPs: Citrate-stabilized spherical AuNPs were selected for
this work as their synthesis has reached a level of maturity allowing a precise control of their
shape, size, and dispersion. The size and dispersion of the gold colloids prepared in this work
were estimated from UV-visible spectroscopy and Transmission Electron Microscopy (TEM)
analyses. UV-Vis spectra and TEM images are given in the supplementary material section. On
the UV-Vis spectrum (Figure S1-a), a narrow resonance plasmon band was present at 520 nm,

typical of a particle size around 15 nm ***

. This was confirmed by TEM images (Figure S1-b),
mathematical treatment of the images showed a homogeneous particle size distribution with an

average size of 13.5 £ 1 nm. The AuNP concentration in the solution, estimated by two methods

(see supplementary section) was 3.6+0.2 nmol L.

Surface functionalization of Au and Si substrates: Six different surface chemistries were
devised to generate a layer of AuNPs on gold and silicon planar substrates as schematized in
Figure 1. Adhesion layers either included amines to ensure a strong electrostatic interaction with
citrate-stabilized AuNPs*' or amines and thiols to covalently bind AuNPs through S-Au bonds. In
addition, adhesion layers including NH,-terminated poly(ethylene) glycol) were built up to
benefit from the well-known anti-biofouling properties of PEG—coated surfaces and prevent non
specific adsorption during the immunosensing process” . We used a diamine-PEG (DAPEGys)
with a molecular weight of 2,000 Da, since this medium size PEG has been previously shown to

. . 24,26, 42
provide a homogeneous cover on Si wafers™ “> ™.
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Figure 1 Surface functionalization strategies devised for immobilization of AuNPs on gold and

33 silicon substrates and adopted nomenclature for substrates.

38 Amine-terminated surfaces were generated on gold and silicon using CEA and APTES,

40 respectively. Mixed amine/thiol terminated layers were obtained by reacting MUA on the
previous amine-terminated layers. MUA reacts with approx. 24 % of amine groups leading to
45 layers with SH/NH, ratio ~1/4 *°. Amine-terminated PEG layers were built up by conjugating
47 DAPEG to carboxy-decorated gold and epoxy-decorated silicon substrates that had been
obtained by self-assembling of MUA and GOPTS, respectively (see Figure 1). The terminal

52 carboxylic acid groups of MUA SAM on gold were converted into NHS esters by reaction with
54 EDC and NHS prior to DAPEG grafting according to a previously published procedure ». The

57 resulting surfaces are named according to the following nomenclature: Substrate (Au or Si) —
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Terminal group (NH,, NH,/SH, or PEG) as depicted in Figure 1.

Prior to AuNPs immobilization, the functionalized substrates were characterized by contact angle
measurements and surface IR. Table 1 summarizes the static water contact angle values
measured for these substrates.

Table 1 Static water contact angle measurements

Si Au
Clean <10° 46+2°
. APTES GOPTS CEA MUA
17 layer
83+2° 51%1° 51420 59470
) APTES+MUA | PEG CEA+MUA PEG
2" layer 440 4342° 48+1° 40+4°

The initial clean (oxidized) silicon surface was very hydrophilic as expected by the strong
oxidizing conditions applied to the samples before analysis to generate a high density of surface
hydroxyl groups *°. Silanization with APTES resulted in a very large increase of the contact
angle from 15° to 83° due to the presence of more or less ordered aminopropyl chains *> .
Further covalent binding of MUA resulted in a drop of the contact angle to 40°. This increase of
hydrophilic character may result from a better packing of the organic layer owing to Van der
Waals forces between the longer hydrocarbon chains of MUA **. Silanization with GOPTS also
led to an increase of contact angle from 15 to 51° as a result of organic group presence on the
surface. Treatment with DAPEG slightly decreased the contact angle to 43° in agreement with
the known hydrophilic character of PEG derivatives *°. The same trend was observed for gold
surfaces, i.e. an increase of the contact angle upon CEA or MUA grafting® and a decrease after
DAPEG grafting consistent with the higher hydrophilic character expected for PEG-covered
surfaces. The contact angle measured for Au-PEG was roughly the same as the one measured for
Si-PEG, ~ 40°.

Surface IR, either in ATR mode for silicon substrates, or PM-IRRAS mode for gold substrates,

ACS Paragon Plus Environment
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was used to characterize the molecular composition of the thin films deposited on both surfaces.
The recorded spectra are shown in the supplementary information section (Figures S2, 3, and 4)

together with the detailed band attributions (table S2). Briefly, for both substrates the

©CoO~NOUTA,WNPE

characteristic bands expected upon surface modification were observed. On Au-NH; and Si-NH,
13 the primary amine bands were present in the range 1660—1640 cm™ the ammonium group bands
15 around 1480 and 1571 cm™. Upon MUA grafting the intensity of these bands was lower and

18 amide bands appeared giving evidence of the successful conjugation of activated acid to surface
20 amine groups. All the same, successful grafting of DAPEG on Au-MUA and Si-GOPTS
substrates was evidenced on both systems by the presence in the IR spectra of an intense band at

25 1110 cm™, assigned to the intense C-O-C stretching mode of the PEG chains > .

Gold nanoparticles immobilization on functionalized surfaces: The AuNPs layer attachment
32 to the surface must be strong enough to prevent desorption/release during the successive steps of
34 biosensor elaboration, test and regeneration. Therefore, ultrasounds were applied during AuNP
37 deposition, to remove loosely bound nanoparticles. In addition, we have previously observed that
39 applying ultrasounds during deposition of AuNPs on Si surfaces prevented the formation of
aggregates 20,

a4 Scanning electron microscopy was used to estimate the coverage and dispersion of AuNP on the
46 functionalized surfaces. SEM images and graphical estimation of AuNPs density and dispersion
are shown in Figure 2. The fractional coverage was calculated by dividing the area covered by
51 the 2D projection of the spherical AuNPs on the surface by the total area of the surface ¥/, results
53 are shown in table 2.

The coverage and dispersion of the nanoparticles layers were highly dependent on the structure
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of the organic adhesion film. On Au-NH; surfaces (Figure 2-d), AuNPs were barely detectable.
Their absence is ascribable to the application of ultrasounds. Indeed, when the deposition was
repeated under gentle stirring, SEM images (Supplementary information section, Figure S5)
showed a small quantity (29 particles/um?) of gold nanoparticles on the surface, which supports
the hypothesis of weak interactions between AuNPs and Au-NH, surface. Conversely, a
relatively high density of gold nanoparticles (510+15 x NP/um?) was observed on Si-NH,
substrates (Figure 2-a). This difference observed between Si and Au can be understood by
considering the difference in amine coverage on the two substrates: while CEA forms a
monolayer of more or less ordered thiols on gold **, APTES condensation on silica-like
substrates leads to a low amine coverage >°. Therefore on Au-NH, substrates only amine groups
are present whereas on Si-NH; both silanols (Si-OH) and NH, groups are present. Moreover, at
the acidic pH of AuNPs solutions (pH=5.4), amino groups on Au-NH, are mostly positively
charged, (pK, (CEA) =8.3 49), therefore, their interaction with AuNPs can be envisioned mainly
through electrostatic bonds with negatively charged citrate ligands. Whereas on APTES modified
surfaces, pK,=7.6 *, and though ammonium species dominate, they coexist with silanol groups
that are negatively charged at this pH (silica PZC=2 "). Silanolates may be involved in AuNP
interaction with the surface as they can replace citrate ligands and directly interact with gold.
Therefore, these cooperative interactions on Si-NH, would explain the huge difference observed
with Au-NH,. Note that despite this cooperative interaction, the coverage observed on Si-NH;

layers was the lowest of all the silicon substrates under study (Figure 2 and Table 2).
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Figure 2 SEM images taken after AuNPs immobilization on the functionalized surfaces (a-f) and

the resulting surface coverage (g)
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After conjugation of MUA to the amine-terminated surfaces, the Si-NH,/SH substrates exhibited
a higher coverage of AuNPs (Figure 2-b). For Au-NH,/SH the improvement could not be seen on
Figure 2-e, but again when the deposition was done without applying ultrasounds (Figure S5,
Supplementary section) AuNPs coverage was clearly improved compared to on Au-NH,. This
result corroborates the efficiency of cooperative interactions towards AuNPs immobilization,
here through Sulfur/Gold and ammonium/citrate interactions. On Si-NH,/SH, the fractional
coverage in AuNPs reached 0.20 (see Table 2). However, the increase in AuNPs coverage on Si-
NH,/SH substrates slightly worsen their dispersion, the percentage of isolated particles was
lowered to 62% and few aggregates were observed (Figure 2-b and g).

The best dispersion of AuNPs and the highest surface coverage were observed for the PEG-
functionalized substrates, Si-PEG and Au-PEG (Figure 2- ¢ and f). Both systems showed 78% of
isolated particles and fractional coverage of 0.14 — 0.18 (Table 2). This difference with the
previous substrates may result from the swelling properties of PEG films that make them capable
of capturing citrate-stabilized AuNPs*” and trapping them by displacement of loosely bound
citrate ligands and creation of multidentate interactions between the PEG chains and the Au
atoms of the AuNPs?®. This effect cooperates with the terminal amino group of the PEG chains
that acts by electrostatic interaction with citrate ligands to stabilize the nanoparticle layers.
Surprisingly, despite the thick layer of PEG (1.7 nm %), the substrates and/or the organic
underlayers influence the coverage, as the value is 24% lower on Au-PEG than on Si-PEG.
Nevertheless, though all the coverage reported in Table 2 may look low, one must keep in mind
that they in the same range than the data reported in the literature where the deposition and
washing conditions were less drastic, (0.15 -0.25) '**-4"_ This limit is determined by the citrate

ligands co-adsorbed with AuNPs that maintain an electrostatic repulsion between adsorbed
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1

2

2 citrate-coated AuNPs and prevent the formation of close-packed monolayer *' 723,

5

6 Table 2. AuNPs dispersion and coverage calculated from SEM images

7

8 Sample Isolated AuNPs / % Number of particles / pm2 Fractional coverage

9 Si-NH, 77 510 +20 0.08

10 Si-NH,/SH 62 1324 + 40 0.20

i Si-PEG 78 1186 + 40 0.18

13 Au-PEG 78 905 + 30 0.14

14 . . . . . . .. .

15 To summarize this part, offering multiple anchoring points and cooperative interactions

16

17 improved the coverage and dispersion of gold nanoparticles at the surface of gold and silicon
18

:zlg planar substrates. These systems also show a resistance to leaching upon sonication which should
21

22 make them suitable for further functionalization. The PEG layers provided an excellent

23

24 dispersion on both substrates (78%). In what follows, we investigate for Si-PEG and Au-PEG
25

g? substrates the stability of the AuNP layers upon post-functionalization, diclofenac biosensing and
28

29 under the drastic regeneration conditions.

30

g; Post-functionalization of gold nanoparticle layers: The use of the AuNPs-modified platforms
22 for biosensing requires the exchange of the surrounding citrate ligands by reactive functions that
35

36 will be used to further construct the biosensing layer. Mastering this step is important because the
37

gg AuNPs layer is mobile and ligand exchange may lead to particle aggregation or leaching from
40 e . .

41 the support >*>°. Two reagents were utilized for post-functionalization: CEA and PEGes, both
42

43 introduce primary amine groups for further anchoring of diclofenac via its carboxylic acid

44

jg function (see molecular structure in Figure 5). These post-functionalization treatments were

47

48 applied to AuNP arrays deposited on PEG-coated silicon and gold substrates. The density and
49

50 dispersion of AuNPs was then estimated by SEM. Representative images and their mathematical
51

gg treatment are shown in Figure 3. As expected, post-functionalization modified the AuNP

54

55 dispersion and coverage. On both substrates, the overall coverage was slightly lowered.

56

57

58

59

60
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Figure 3 SEM images (a-d) and AuNP densities (e) for Si-PEG-AuNP post-functionalized by
CEA (a) or PEG (b) and Au-PEG-AuNP post-functionalized by CEA (c) or PEG (d)

Post-treatment of Si-PEG-AuNP substrates by CEA or DAPEG induced both a significant
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desorption of particles (up to 30% with CEA) as well as aggregation. This behavior may be
explained by the fact that, since the fractional coverage of AuNP on Si-PEG was higher than 0.15

established as the upper limit determined by Grabar et al.*' for 15-nm diameter citrate-capped

©CoO~NOUTA,WNPE

AuNPs, the exceeding AuNPs were probably more loosely bound and/or mobile so that further
13 treatment with a weak ligand like DAPEG favored aggregation whereas further treatment with a
15 stronger adsorbate like CEA led to both aggregation and desorption. Similar desorption was

18 previously reported on APTES-coated silicon upon treatment with CEA and explained by the

20 positive charge of nanoparticles upon citrate ions replacement by CEA molecules that led to
repulsion from the positively charged APTES-coated surface °**°. Conversely, post-

25 functionalization of Au-PEG-AuNP by CEA or DAPEG did only marginally affect the overall
27 particle density. This is in line with the fractional coverage being lower than 0.15, and therefore
the probable absence of loosely bound particles on this surface. Furthermore, particle

32 aggregation was only induced by CEA. In this situation, repulsion due to negative charges of

34 citrates was no longer effective and aggregates formed 33, On the whole, post-treatment on Au-
PEG-AuNP by DAPEG allowed maintaining a high density of NP as well as a good dispersion.
39 The nanostructured Si-PEG-AuNP and Au-PEG-AuNP substrates post-functionalized with
DAPEG were further selected to build up a piezoelectric immunosensor for the anti-

a4 inflammatory drug diclofenac.

46 Anti-diclofenac antibody recognition, specificity and reversibility: Diclofenac was covalently
bound through its carboxylic acid function to the PEG amino groups of the nanostructured gold
51 and silicon sensors and recognition of anti-diclofenac antibody was investigated by QCM-D as
53 depicted in Figure 4. QCM was also used to assess the specificity of recognition towards non

specific anti-mouse IgG (Supplementary section, Figure S6) as well as the reversibility of the
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hapten / antibody interaction (Supplementary section, Figure S7). In addition, to determine

whether nanostructuration benefits to target recognition, the same experiment was run on flat

silicon and gold substrates modified by GOPTS-PEG and MUA-PEG, respectively (Figure 4).

; . e
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Figure 4 Frequency and dissipation shifts monitored during capture of anti-diclofenac antibody

and washing with carrier buffer with the 4 different immunosensors

Injection of non-specific antibody had no influence on the resonance frequency (Figure S6).

Conversely, injection of anti-diclofenac antibody resulted in an immediate decrease of the

resonance frequency of the 4 sensors confirming the recognition of the specific anti-diclofenac

antibody by the capture layer comprising diclofenac (Figure 4). The magnitude of the shift (AF)

as well as the rate of frequency change dAF/dt were highly dependent on the nature of the

sensing layer. On all systems, applying a regeneration buffer (pH=2) led to the release of the

captured antibodies and return to the initial frequency (Figure S7).

We also analyzed the AuNPs layers by SEM to establish the possible effect of
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1

2

Z immunorecognition and regeneration on their dispersion and coverage. The SEM images in

5

6 Figure 5 show that the gold nanoparticles layer was remarkably stable after the biorecognition
7

g step and even after the drastic regeneration conditions at acidic pH. No change was recorded
1(1) upon anti-diclofenac binding to the surface. Upon regeneration, the drastic conditions applied led
12

13 to a decrease in nanoparticle dispersion, yet, only small aggregates were formed and less than
14

ig 15% of AuNP formed aggregates larger than 4 units. The regeneration process needs to be

17 .. c e . .

18 optimized to further limit its impact on AuNP dispersion.

19
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48 Figure 5 Reversible immunorecognition scheme and SEM images and data of Au-PEG gold
nanoparticles platforms post-functionalized with PEGgg at the successive stages of the

53 immunoreaction

56 Mass uptakes Am were calculated from the frequency shifts by applying the Sauerbrey equation
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since dissipation shifts were lower that 1x10°® during antibody capture (Table 3). The QCM
responses in terms of AF and dAF/dt were significantly larger for the 2 nanostructured sensor
chips in agreement with the increase of specific surface brought by the layer of AuNPs. Clearly,
the two flat sensors had lower antibody binding capacity than the nanostructured ones. Before
washing with buffer, the increase was over 120% for both substrates, i.e. more than 6 times
higher than on flat surfaces. After washing, the input of nanostruturation was still important, 32
and 48% for silicon and gold, respectively. The origin of this enhancement may be geometrical
as the nanostructured sensors display a higher specific area than the flat ones. Knowing the
surface coverage in AuNPs and their mean size, the increase of accessible surface area can be
readily estimated. We have done these calculations depending on the exposed height of AuNPs
(i.e. how the AuNPs are actually embedded in the organic film). The increase in area ranged from
17 to 33% for the Si sensor (with 1073 particles/ umz) and from 13 to 26% for the Au sensor
(with 833 particles /um?). Alternatively, the surface topology of nanostructured sensors may also
favor the accessibility of the immobilized diclofenac ligand towards its antibody further

enhancing the geometric benefit of nanostructuration.

Table 3 QCM data for flat and AuNPs nanostructured surfaces

Gold Silicon

Flat Nanostructured Flat Nanostructured
-AF's (Hz) 11.8 17.5+ 1 12.5 16.5+0.5
Am/A (ng/cm?) 208 310+ 18 222 203+9
M(exp) (pmol.cm™)* 1.4 2 1.5 1.95
Increase (%) before washing --- 128 —— 124
Increase after washing (%) === 48 === 32
- dAF/dt (Hz.s™) 0.016 0.077 0.019 0.088

Furthermore, the nanostructured surfaces on a silicon or gold substrates gave very similar

responses in QCM. The amount of anti-diclofenac antibodies recognizing the target differs little
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despite a difference in the total density of AuNPs greater than 20% for silicon substrates. This
result corroborates the assumption that increasing the surface area is the one and only reason of

the improved performances of nanostructured immunosensors and abounds and towards a greater

©CoO~NOUTA,WNPE

contribution granted by the new surface topology and the increased accessibility of the target.
13 This result thus also proves that, at this stage, the influence of the substrate is limited which
15 paves the way for a generalization of this surface chemistry to other substrates by expecting the

18 same performances.

21 To conclude this part, AuNPs layers led to a significant enhancement in the biosensor sensitivity.
This enhancement presages a higher sensitivity in the competitive detection of diclofenac on

26 these systems. More importantly, despite the biorecognition and the drastic regeneration

28 conditions, gold nanoparticle layers were stable and reliable, which paves the way for their use

as nanostructured platforms for various applications.

35 CONCLUSION

38 Different surface chemistries were devised to generate layers of gold nanoparticles (AuNPs) on
40 gold and silicon planar substrates. Adhesion layers either included alkyl chains or poly(ethylene
glycol) (PEG) and were terminated by amines or mixed amine and thiol groups. The assembly of
45 gold nanoparticles on the functionalized substrates was studied in depth by Scanning Electron

47 Microscopy. The highest coverage and dispersion were reached when gold nanoparticles were
deposited on adhesion layers offering multiple anchoring points and cooperative interactions.

52 These systems showed a resistance to leaching upon sonication which made them suitable for

54 further functionalization. Adhesion layers including PEG motifs provided an excellent coverage

and the best dispersion on both Si and Au substrates (78%). These layers were post-
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functionalized using either PEG-diamine or cysteamine to exchange the surrounding citrate
ligands by reactive functions that will be used to further bind the bioreceptors. This step slightly
decreased the coverage in gold nanoparticles, particularly on silicon substrates, but the use of
PEG-diamine better preserved the dispersion of gold nanoparticles. The resulting layers were
successfully used to build up a piezoelectric immunosensor for the anti-inflammatory drug
diclofenac. They were sensitive and specific to diclofenac antibody. Compared to planar
surfaces, they showed a significant enhancement in the biosensor sensitivity, up to 6 times the
signal recorded for planar substrates. More importantly, despite the biorecognition and the drastic
regeneration conditions, QCM sensors covered with gold nanoparticle layers were stable and
reusable with a preserved coverage and dispersion, which paves the way for their use as

nanostructured platforms for various applications.

SUPPORTING INFORMATION

Gold nanoparticles characterizations. IR characterization of functionalized surfaces. Gold

nanoparticles deposition. QCM data.
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