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Highlights 

 Gold- and silicon-coated quartz sensors were nanostructured with gold nanoparticles 
 A capture layer comprising an anti-SEA antibody was built up on the sensor surface  
 Nanostructuration improved sensor response owing to better accessibility of 
antibodies 
 With a sandwich-type assay, the limit of detection was 1 ng SEA/mL in 25 min  

 

Abstract 

We describe the use of gold nanoparticles (AuNP) as a nanostructuring agent on quartz crystal 

sensor chips to engineer staphylococcal enterotoxin A (SEA) piezoelectric biosensors with 

amplified response. AuNPs were assembled on gold- or silicon-coated quartz crystal sensor 

chips by a wet chemistry process involving their chemisorption to preformed thiol and amine 

terminated Self-Assembled Monolayers (SAMs). The purpose of this nanostructuration was to 

modify the topography of the surface and improve the accessibility of the binding sites on the 

surface of the sensor chips. Biointerfaces, comprising a polyclonal antibody against 

staphylococcal enterotoxin A (SEA), were further built up on these gold nanoparticle-coated 

sensors and their ability to capture SEA was monitored in real time with a quartz crystal 

microbalance with dissipation monitoring. It was found out that, although the surface density 

in capture antibody was similar on both nanostructured and planar sensors, the sensor 

response, expressed as frequency shift recorded during the binding of SEA to the antibody, 

was significantly higher for the nanostructured sensors as compared to the planar ones. All the 

same, the limit of detection was lower for the nanostructured sensors: 8 ng/mL vs 20 ng/mL 

for the planar sensors. This was rationalized by a possibly better accessibility of the antigen 

binding sites rather than a consequence of specific surface increase. Using a sandwich type 

assay, gold nanoparticles coated silicon quartz sensor chips provided the lowest limit of 

detection of ca. 1 ng/mL in a total assay time of 25 min. 

mailto:souhir.boujday@upmc.fr
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1. Introduction 

Foodborne poisoning owing to the consumption of food contaminated with pathogens and/or 

toxins is a major concern worldwide. Staphylococcus aureus is one of the most prevalent 

microorganisms involved in these diseases. Under favorable conditions, some S. aureus 

strains produce enterotoxins (SEs) whose ingestion of as low as 100 ng is sufficient to cause 

intoxication symptoms. Staphylococcal enterotoxin A (SEA), one of the 21 S. aureus toxins 

identified to date, is the most commonly encountered biotoxin involved in staphylococcal 

food poisoning outbreaks [1]. SEA is a small monomeric protein (MW = 28 kDa) with high 

thermal and proteolytic stability [2] so that even consumption of cooked food can be 

deleterious to health if contaminated. 

Early detection of contaminants such as SEA is thus required to limit the spreading of cases 

by rapidly withdrawing suspected foodstuff from the market. Traditional microbiological 

methods are not able to solve this issue. Conversely, molecular methods including biosensing 

devices are potentially able to meet this demand since they can provide a qualitative or even a 

quantitative answer in a short period of time while operating on complex food samples [3, 4]. 

Within the last ten years, an impressive amount of literature reports dealt with the setup of 

immunosensors for the detection of SEs. Various immunosensing setups operating with 

optical [5-16], acoustic [17-21] or electrical [22, 23] transduction modes have been designed 

to detect SEs and showed variable working range and sensitivity. The pg/mL detection level 

was recently reached using a microchannel device made of microscale pillars and 

fluorescence detection [24, 25]. 

In this context, piezoelectric biosensors using quartz chips are particularly attractive since 

they provide quantitative information on biomolecular interactions at the solid – liquid 

interface in real time and label-free fashion and allow the detection of high molecular weight 

targets at the ng level [26]. Recently, interest has been drawn towards the contribution of 

nanomaterials in the development of biosensors for toxin analysis [27, 28]. Among 

nanomaterials, gold nanoparticles (AuNP) have attracted special interest in the field of 

biosensor development owing to their outstanding physico-chemical features and their ease of 

synthesis and functionalization [29-31]. Their assembly on planar substrates was shown to 

increase the response of mid-IR optical immunosensors [32, 33]. Regarding piezoelectric 

sensors, inclusion of gold nanoparticles has been shown to increase their sensitivity owing to 

surface [34-42] or mass [31, 43-48] enhancement effects. Using gold nanoparticles-

nanostructured surfaces, we successfully built up a piezoelectric immunosensor for the anti-

inflammatory drug diclofenac with a sensitivity up to 6 times that reached with planar 

substrates [49]. Furthermore, thanks to the biocompatibility of AuNPs, biomolecules 

immobilized on such platforms are less prone to lose their bioactivity. 

In the present study, gold- and silicon-coated quartz crystal sensors were modified with gold 

nanoparticles according to optimized procedures [50, 51] so as to slightly increase their 

surface area and provide a three-dimensional topography allowing a better accessibility of the 

recognition sites. These nanostructured sensors were employed as platforms to design 

immunosensors for the piezoelectric detection of SEA (Scheme 1). This sensor configuration 

was compared to planar Au and Si quartz sensors in terms of working range and sensitivity. 
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2. Materials and methods 

2.1.Reagents 

Sodium citrate, gold(III) chloride trihydrate, tannic acid, Cysteamine (CEA), 1,4-

phenylenediisothiocyanate (PDITC), 11-mercaptoundecanoic acid (MUA) Staphylococcal 

enterotoxin A (SEA), (3-aminopropyl)triethoxysilane (APTES), Bovine Serum Albumin 

(BSA), N-ethyl-N'-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS) were bought from Sigma-Aldrich. Recombinant protein A was 

purchased from Thermo scientific. Affinity-purified rabbit anti-SEA antibody was purchased 

from Toxin technology. A stock solution of SEA was prepared in water and its actual 

concentration determined by OD280nm measurement taking 280 = 38,000 M-1.cm-1. Phosphate 

buffered saline (PBS) and PBS containing 0.1% BSA (w/v) (PBS-BSA) were used as running 

buffers. Citrate-coated gold nanoparticles were synthesized according to the previously 

optimized procedure [52]. Briefly, to prepare 100 mL of a 13.5 nm diameter colloid solution 

(AuNP13), two stock solutions were prepared: solution A: 1 mL 1% (w/v) HAuCl4 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 few minutes and cooled on ice. 40 nm diameter 

colloid solutions (AuNP40) were prepared similarly by changing the solution B accordingly: 

1.34 mL 1% sodium citrate, no tannic acid and 18.66 mL water. Colloidal solutions were kept 

in amber glassware, stored in the refrigerator at 4°C and used within a month.  

2.2.Methods 

2.2.1. Assembly of AuNP on Au and Si quartz sensors 

Clean Au sensor chips were dipped in a solution of cysteamine (10 mM in ethanol) for 18-24 

h. In the meantime, a mixture of MUA (10 mM), EDC (60 mM) and NHS (30 mM) in ethanol 

was incubated for 90 min. After washing twice with ethanol, the sensors were dipped in the 

mixture of MUA, EDC and NHS during 90 min, then washed twice with absolute ethanol and 

dried under a flow of nitrogen. Clean Si sensor chips were dipped in a solution of APTES (50 

mM in dry toluene) and the mixture was heated to 75°C for 24 h. In the meantime, a mixture 

of MUA (10 mM), EDC (60 mM) and NHS (30 mM) in ethanol was incubated for 90 min. 

After extensive washing with toluene, the sensor chips were exposed to the mixture of MUA, 

NHS and EDC for 90 min, then washed twice with absolute ethanol and dried under a flow of 

nitrogen. 

In the immersion method, the modified sensors were dipped into freshly prepared solution of 

AuNP13 (3.3 nM) or AuNP40 (0.13 nM), with no further dilution for 90 min under gentle 

agitation, then washed twice in water and dried under nitrogen. In the flow method, the 

modified sensor chips were mounted in the QCM-D cell and a solution of AuNP13 (0.33 nM in 

water) was flowed over the sensors for 45 min and then flushed with water. 

2.2.2. SEA Immunosensors construction 

Post-functionalization of AuNP-coated sensor chips was performed by first dipping the chips 

in a solution of CEA (1 mM in EtOH) during 2 h, then, in a solution of PDITC (0.02% w/v in 

pyridine/DMF 1:9) for 30 min and finally washing with absolute ethanol and drying under a 

flow of N2. The chips were mounted in the QCM and the system was equilibrated by flowing 

PBS. A solution of protein A (20 mg/L in PBS) was injected for 10 min. After a washing step 

with PBS, anti-SEA solution (10 mg/L in PBS) was flowed for 10-12 min. After flushing with 
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PBS, PBS-BSA was flowed over the sensors for 10-12 min to block non specific binding 

sites. 

2.2.3. Detection of SEA in the direct assay format 

Standard solutions of SEA at 48, 97, 194, 485 and 970 ng/mL were prepared by diluting the 

aqueous stock solution with PBS-BSA. These solutions were injected for 10 to 12 min and 

flushed with PBS-BSA. The frequency shift ∆F between the beginning of injection and the 

end of the washing step was measured on each sensorgram. 

2.2.4. Detection of SEA in the amplified sandwich assay format 

A solution of anti-SEA (10 mg/L in PBS-BSA) was injected for 10-12 min, followed by 

flushing with running buffer. The cumulated frequency shift between the beginning of 

injection of SEA and the end of the second washing step was measured on each sensorgram. 

2.2.5. QCM-D measurements 

Piezoelectric measurements were performed with AT-cut gold- or silicon-coated quartz 

crystal electrodes with nominal frequency of 5 MHz (Lot-Oriel, France) in the flow-through 

mode (flow rate = 50 µL/min) on a quartz crystal microbalance with dissipation monitoring 

QCM-D (E4 model, Q-sense, Sweden) at 22°C. Before use, sensors were washed in ethanol 

and dried by a nitrogen gas flow. The experimental setup is described in [53]. Mass uptakes 

∆m were calculated with the Sauerbrey equation (1) assuming the deposited films behave as 

an elastic mass 

(1)   ∆F = -N x ∆m/Cf 

where ∆F is the frequency shift at the 5th overtone, Cf (= -17.7 ng/cm2/Hz at F = 5 MHz) the 

mass sensitivity factor and N (= 1,3, 5, 7 …) the overtone number. 

2.2.6. Scanning electron microscopy 

Scanning electron microscopy images of the gold nanoparticles on the modified Au and Si 

quartz crystal sensors were obtained using a FEG Hitachi 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. Particle densities were determined by counting the particles in 

the SEM images on representative area of 2.3 x 2.5 µm2. 

2.2.7. X Ray Photoelectron Spectroscopy 

XPS analyses were performed using a PHOIBOS 100 X-ray photoelectron spectrometer from 

SPECS GmbH (Berlin, Germany) with a monochromated AlKα X-ray source (hν = 1486.6 

eV) operating at P = 1×10-10 Torr or less. Spectra were carried out with a 50 eV pass energy 

for the survey scan and 10 eV pass energy for the elements. The spectra were fitted using 

Casa XPS v.2.3.15 Software (Casa Software Ltd., UK) and applying a Gaussian/Lorentzian 

ratio G/L equal to 70/30.  

2.2.8. Polarization Modulation IR Reflection Absorption Spectroscopy 

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 85°. A ZnSe grid polarizer and a ZnSe photoelastic modulator, modulating 

the incident beam between p- and s-polarizations (HINDS Instruments, PEM 90, modulation 



 5 

frequency = 37 kHz), were placed prior to the sample. The light reflected at the sample was 

then focused onto a nitrogen-cooled MCT detector. The presented spectra result from the sum 

of 128 scans recorded with 8 cm−1 resolution.  

3. Results and discussion 

3.1.Functionalization of Au and Si quartz sensors 

Prior to gold nanoparticles immobilization, gold and silicon-coated quartz sensors were 

functionalized to introduce amine and thiol groups as drawn in Scheme 1. 

 

On silicon substrates, whose surface is covered with a thin native silica layer, this was 

achieved following a previously optimized procedure [50] by first assembling 

aminopropyltriethoxysilane (APTES) on silanol groups, then, in a second step, by reaction 

between the surface amino groups and 11-mercaptoundecanoic acid (MUA) whose terminal 

carboxylic acid group had been converted on the side into an activated N-hydroxysuccinimide 

ester by reaction with NHS and EDC (Scheme 1-A). This surface chemistry leads to a Self-

Assembled Monolayer (SAM) terminated by a mixture of thiols and amine with SH/NH2 ratio 

(measured by X-Ray Photoelectron Spectroscopy (XPS) directly from the ratio S/N) = 0.24. 

This mixed SAM has been previously shown by us to afford a high density of AuNP as well 

as a limited number of particle aggregates [50]. We applied a similar surface chemistry to 

gold sensors that were sequentially treated with cysteamine to generate surface amino groups 

then by activated MUA (Scheme 1-B). After each step, surfaces were characterized by PM-

IRRAS and XPS to determine the surface composition (Figure 1). 

 

The spectra on Figure 1B show that the chemistry is rather complicated on gold substrates. 

PM-IRRAS spectra show an increase in the CH stretching vibration region (bands at 2853 and 

2927 cm-1) upon MUA addition evidencing its presence on the surface. In the low 

wavenumbers region, MUA addition also induces a modification of the spectrum; On CEA 

modified gold, the primary amine bands are present in the range 1660−1640 cm−1 and the 

ammonium group bands around 1530 and 1470 cm−1, next to the CH2 scissor vibration bands 

around 1402 cm-1. Upon MUA grafting the intensity of these bands becomes lower and amide 

bands appear giving evidence of the successful conjugation of activated acid to surface amine 

groups. However, an additional band at 1734 cm-1 ascribable to few unreacted activated ester 

is present on the CEA+MUA spectra. This means either that these activated MUA molecules 

are simply physisorbed on the surface, or, more likely, that they substituted some CEA 

molecules and are directly attached to the gold surface by an Au-S bond. Since it is difficult to 

quantify the amount of MUA attached to surface using PM-IRRAS, we performed an XPS 

analysis. The chemical composition determined by XPS is summarized in table S1 (SI 

section). The high level of carbon shows the presence of contaminants on the substrate 

surfaces, very difficult to avoid considering the successive steps and the different solvents 

used for the assembly of CEA and the subsequent grafting of MUA. To overcome the 

interference of these contaminants in the analysis we focused on the relative amount of sulfur 

and nitrogen on the surfaces and on the N1s photopeak spectra shown in Figure 1A. The N 1s 

peaks included two contributions: the first at 399.8 eV is ascribable to primary amine [C–

NH2] and/or to amide nitrogen [(O=C)–NH] as it is difficult to discriminate these two 

nitrogen atoms [54], the second contribution at 401.6 eV is attributed to ammonium groups 

[C–NH3
+]. The intensity of this peak is slightly lowered in the CEA-MUA modified-substrate 
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consequently to signal attenuation upon MUA addition. The shape of this peak is also 

modified upon MUA grafting, it shows a higher contribution of the amine/amide nitrogen in 

agreement with the successful grafting and amide band formation. In addition, the S/N ratio 

increases by 18% after adding activated MUA, i.e. a SAM terminated by a mixture of thiol 

and amine functions with a ratio thiol/amine=0.18, slightly lower than for silicon-coated 

sensors where thiol/amine SH/NH2 = 0.24. Note that the value 0.18 is a maximum as some of 

the SH groups may be grafted on the substrates through S-Au bonds as suggested by IR 

spectra. 

 

3.2.Assembly of AuNP on Au and Si quartz sensors  

Gold nanoparticles were deposited on the functional substrates following two methods. The 

first is immersion, in this case the sensors were dipped in AuNPs solution and the mixture 

was kept under stirring for 90 min. The second method is flow, in this method the AuNPs 

solution is injected in a cell exposing the sensor surface using a peristaltic pump. The AuNP-

functionalized sensors were subsequently analyzed by scanning electron microscopy. Figure 

S1 shows SEM images obtained after depositing AuNP13 by the immersion method on silicon 

and gold surfaces. The images show the presence of multiple aggregates on the silicon 

substrates. For gold, particle dispersion on the surface appeared to be better but the analysis of 

other images showed that the coverage was heterogeneous with an average particle density of 

approx. 20x109 particles/cm2.  

For the flow Method, adsorption of AuNP13 was monitored in real time by QCM-D. The 

variation of frequency of the quartz at the 5th overtone and the dissipation resulting from 

adsorption of the AuNP13 on the gold and silicon surfaces are presented in  

Figure 2 together with the SEM images obtained after particles deposition.  

For the gold surface, a very small decrease of the resonance frequency was observed upon 

injection of AuNP13 solution (∆F = -1 Hz), showing a very small number of AuNP13 adsorbing 

on the surface, which is in agreement with the low coverage observed on the SEM image ( 

Figure 2-b). For silicon, a large negative shift of the frequency, equal to 26 Hz, along with a 

very small variation of dissipation were observed upon injection of the gold colloid solution. 

This shows an important adsorption of AuNP13 on the surface. In addition, the little change in 

dissipation allows the application of the Sauerbrey equation that gave a surface coverage of 

18.5x109 particles/cm2. The corresponding SEM images ( 

Figure 2-d) corroborate the presence of a high coverage of AuNP on the surface. Counting of 

the number of AuNP per area unit on several SEM images (7 to 11) gave a mean density of 

17.5 (±1) x109 particles/cm2 in excellent agreement with the QCM value given above. 

 

Regardless the method of AuNP deposition, silicon-modified surfaces adsorb a higher amount 

of particles than gold ones. We previously observed this behavior and attributed it to the 

difference of chemical groups on the two substrates: silane addition to silica chemistry offers 

multiple anchoring points including silanolate in addition to the amine and thiol groups, while 

for gold only the latter are present [49].  
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To conclude this part, the deposition of AuNPs under flow prevents their aggregation on 

silicon substrates but gives a low coverage for gold substrates. This probably results from the 

difference in surface terminal groups as discussed in the previous paragraph. Thus, for 

immunosensor construction we chose to use surfaces with similar AuNP coverages but 

obtained following different deposition methods: by immersion for gold substrates and under 

flow for silicon ones. 

Let us note here that we had reached a much higher coverage (~120 x109 particles/cm2) and 

dispersion of AuNPs by another route involving the preliminary formation of a PEG film. 

This strategy was used to design an immunosensor for the competitive detection of 

diclofenac, a small pharmaceutical pollutant [49]. Unfortunately, we could not use this 

strategy in the present case as all the attempts to graft proteins to these nanostructured 

substrates following the procedure described below were unsuccessful, most probably 

because of the well-known protein repulsive property of PEG films. 

 

3.3.SEA immunosensors construction and test 

We previously compared different strategies for the construction of SEA immunosensors on 

planar gold surfaces [55]. The most efficient sensing layer in terms of sensor response to 

analyte was obtained by sequential treatment of gold surfaces with cysteamine and 1,4-

phenylenediisothiocyanate (PDITC) to generate amine-reactive functions for protein A 

immobilization (Scheme 1-C), then after covalent attachment of Protein A, the polyclonal 

rabbit anti-SEA antibody was immobilized on Protein A by affinity. Finally, a blocking step 

was achieved by adsorbing BSA prior to SEA detection. We applied the same chemistry to 

nanostructured sensors. To check whether covalent attachment of protein A to the surface is 

mandatory at this step, we attempted to simply physisorb protein A on the nanostructured 

layers then adsorb anti-SEA by affinity. Our QCM results clearly showed that the amount of 

both proteins was very low when post-functionalization was omitted evidencing that the 

surface chemistry is mandatory at this step (see SI figureS2). 

The different steps corresponding to proteins adsorption on the quartz sensors were monitored 

in-situ by Quartz Crystal Microbalance with dissipation measurements. Typical sensorgrams 

obtained for gold and silicon AuNP-nanostructured sensors are depicted in Figure 3. 

 

QCM-D curves in Figure 3 show that sequential injections of protein A, antibody and BSA 

result in significant negative shifts of the resonance frequency and concomitant increase of 

the dissipation evidencing their adsorption on the transducer surfaces.  

 

Table 1 gathers frequency shifts measured upon stabilization for the AuNP-coated gold and 

silicon sensor chips. The data obtained for planar gold and planar silicon sensor chips in the 

same conditions, but by replacing for silicon the cysteamine molecule by APTES groups to 

generate amine function, are also shown in  

Table 1 for comparison. The dissipation shifts and the standard deviations estimated on a 

minimum set of three experiments are shown with additional QCM data in the SI section 

(Table S2). The weak changes in dissipation allowed us to apply the Sauerbrey equation and 

determine the mass uptakes from which, considering the molecular weight of the different 

proteins used herein [56], we calculated the surface coverages for each surface ( 
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Table 1). 

 The calculations reported in  

Table 1 consider the entire mass change on the surface. However, one must keep in mind that 

water hydrodynamically trapped within the film is not taken into account and that it may 

increase the mass uptakes up to a factor of 4 (Höök et al., 2001). This may explain why the 

calculated antibody density is twice that of a complete monolayer (2.5 pmol/cm2 ) [56] but 

does not impede the validity of relative comparison between QCM-D data obtained for 

protein adsorption on different surfaces. 

 

By comparing the values obtained for the flat surfaces with those obtained from the 

nanostructured ones, the first observation is that whatever the substrates are, coverage in anti-

SEA antibody is always the same. Indeed, on both silicon and gold sensors whether coated by 

AuNP or not, the coverage in anti-SEA is ca. 4 pmol/cm² with a standard deviation of 7.5 %. 

This result is in agreement with the low increase in the specific surface area induced by AuNP 

assembly on the surfaces. Indeed, if we consider an increase of 2r² per nanoparticle, and for 

an average density of approx. 20.109 particle/cm², the overall increase in the specific surface 

area would be ~ 5.7 %. When it comes to SEA capture, the input of AuNP structuration is 

clearly marked, in contrast with anti-SEA immobilization. The response of the AuNP13-coated 

sensors upon SEA capture at a fixed concentration of 485 ng/mL was significantly higher 

compared to planar sensors, an increase of 32% and 56% was observed for gold and silicon 

surfaces, respectively. Considering that on all sensors surfaces, the anti-SEA coverage was 

identical, this improvement is certainly an evidence of a better accessibility of the recognition 

sites on the nanostructured sensors compared to the planar ones. The binding efficiencies, 

expressed as the SEA/anti-SEA ratio, were 1.3 and 1.4 for nanostructured gold and silicon 

sensors, respectively, and 0.8 to 1 for planar gold and silicon substrates ( 

Table 1). This observation corroborates the hypothesis of a better accessibility of the binding 

sites on the nanostructured substrates.  

We assessed the possible influence of particle size and curvature by exploring the assembly of 

40-nm diameter AuNP on gold substrates. Data gathered in  

Table 1 show no significant difference in the amounts of Protein A, anti-SEA, and SEA 

adsorbed on the AuNP13- compared to AuNP40-coated gold sensors. Such a modification in 

particle diameter is therefore not sufficient to affect immunosensor construction and test. 

Interestingly, the results obtained for gold and silicon flat surfaces are very similar showing a 

reproducibility of the measurements over time and an efficiency of the activation step 

whatever either the nature of the substrate or the surface chemistry applied using cysteamine 

or APTES for gold or silicon, respectively. The same observation can be made on 

nanostructured gold and silicon substrates for which identical responses are recorded upon 

SEA capture. 

On the whole, although the amount of antibody binding sites was the same for all the sensor 

configurations, their accessibility was dramatically improved by AuNP nanostructuration. In 

what follows, we investigate the analytical performances of the nanostructured sensors. 

 

3.4. Analytical performances of nanostructured-SEA immunosensors  

AuNP13-coated immunosensors were submitted to SEA solutions with variable concentration 

and dose-response curves were established by plotting -∆F versus SEA concentration (Figure 

4). Curve fitting of data was performed using the Langmuir isotherm equation 
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∆F = ∆Fmax x [SEA]/([SEA] + K) where K refers to the dissociation constant for the direct 

detection format. 

The calculated K and ∆Fmax are summarized in Table 2. 

 

The nanostructured piezoelectric immunosensors thus set up were able to detect and quantify 

SEA in the range between 50 and 500 ng/mL with an analysis time of 15-20 min (injection 

time + washing). Above a concentration of SEA of 500 ng/mL, the immunosensors’ response 

was seen to reach saturation. The calculated saturation coverages given by the values of ∆Fmax 

were quite similar, consistently with the identical values measured above for anti-SEA 

coverages on the different substrates. All the same, the constant K was significantly lower for 

the two AuNP-coated immunosensors. This indicates a higher apparent affinity for the 

nanostructured substrates and corroborates the hypothesis of a better accessibility of the 

antibody binding sites for the AuNP-modified QCM chips compared to the planar chips. The 

measured values, approx. 60 ng/mL which corresponds to 2.2 nM, are in the typical order of 

magnitude of an efficient antibody/antigen interaction. 

 

To pursue the investigation of the possible effect of gold nanoparticles size, curve fitting for 

AuNP13- and AuNP40-coated gold surfaces were measured and compared (Table 2 and Figure 

S3, SI section). The two curves were again very similar and confirm that there is no 

significant contribution of particle size. 

The limit of detection for the AuNP13- nanostructured sensors calculated on the basis of a 

response ∆F = -1 Hz, is ca. 8 ng/mL (Table 2). This LOD is clearly improved in comparison 

with the data obtained on flat surfaces (20 ng/mL). 

 

3.5.Sandwich amplification of nanostructured SEA immunosensors response 

 

 

In our previous work, we had found out that, since piezoelectric sensors are mass sensors, the 

sensor response to the SEA analyte could be amplified by applying a revelation antibody after 

the antibody capture step (sandwich assay configuration) [55, 57]. The same polyclonal anti-

SEA antibody was used in the sandwich assay format, as SEA has several epitopes, and the 

total frequency shift (SEA + washing + anti-SEA) was measured on the sensorgrams obtained 

for various concentrations of SEA. The corresponding calibration curve is depicted in Figure 

5. To our delight, marked amplification of sensor response to analyte was observed and the 

LOD calculated for a theoretical ∆F of -1 Hz dropped down to ca. 1 ng/mL (Table 2), 7 times 

lower than the previously established LOD for the sandwich format on planar substrates.  

4. Conclusion 

Au and Si quartz crystal sensor chips were decorated with gold nanoparticles with the 

objectives of i) increasing their surface area, ii) modifying the surface topography to allow a 

better accessibility of the recognition sites. Prior to AuNP immobilization, similar surface 

chemistries were applied to functionalize silicon and gold substrates by attaching either 

aminosilane or aminethiol on the silicon or gold substrate surface, respectively to generate 

amine-terminated layers. Then, an acid-terminated thiol was reacted on the amine groups to 

form a mixed layer of thiol and amine offering multiple anchoring points for further 

attachment of gold nanoparticles. Spectroscopic characterizations of the functionalized layers 

showed differences in the reactivity of gold and silicon. Therefore, to achieve similar 

densities and dispersions on the planar substrates, gold nanoparticles were deposited 
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following different methods on the substrates: by immersion on gold and by flow on silicon. 

Sensing interfaces comprising anti-SEA antibody immobilized via affinity to protein A were 

built up on these nanostructured sensors and the resulting chips were used as piezoelectric 

transducers to capture and detect SEA in buffer medium. It appeared that, although the 

number of binding sites as determined from QCM measurements was the same for the planar 

and gold nanoparticle-coated sensors, the detection of SEA was significantly improved with 

the nanostructured sensors. This improvement is likely due to a better bioactivity of 

antibodies when bound to nanoparticles resulting from a better accessibility of the antigen 

binding sites. Amplification of sensor response was achieved by applying the polyclonal anti-

SEA antibody after the analyte capture step which allowed decreasing the LOD down to 1 

ng/mL. 
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Figure 1. A: XPS (N1s Photopeak) and B: PM-IRRAS data obtained upon CEA adsorption on 

gold and further grafting of activated MUA. 
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Figure 2. Frequency and dissipation shifts measured during immobilization of AuNP13 on 

thiol-functionalized (a) Au and (c) Si QCM sensor; (b and d) SEM image of QCM Au and Si 

sensor modified with AuNP13 respectively. 
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Figure 3. Sensorgrams recorded during sensing layer build up and response to SEA at 485 

ng/mL in PBS-BSA on (a) AuNP13-Au and (b) AuNP13-Si quartz crystal sensors. 

 

Figure 4. Detection of SEA at different concentrations in the direct format using AuNP13 

coated (a) Au and (c) Si sensors and mathematical curve fitting according to the Langmuir 

equation (b and d respectively). 
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Figure 5. (a) Response of AuNP13-coated Si QCM sensors after injection of SEA at different 

concentrations followed by the injection of antibody anti-SEA (10 mg/L) in PBS–BSA. (b) 

Calibration curves for SEA in the direct () (-∆F = 8 × [SEA]/([SEA] + 35), R = 0.96) and 
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sandwich () formats (-∆F = 49 × [SEA]/([SEA] + 51), R = 0.982). The dotted lines result 

from mathematical curve fitting according to the Langmuir equation 

 

Scheme 1. Immobilization of gold nanoparticles on Au (A) and Si (B) quartz crystal sensors 

and post-functionalization of immobilized AuNP (C) 

 

 

Table 1. Frequency shifts, surface coverages and Ag/Ab ratio measured for nanostructured 

(AuNP13-coated and AuNP40-coated) and planar QCM sensor chips upon flowing Protein A 
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(20 mg/L), anti-SEA (10 mg/L) and SEA (485 ng/mL). 

 

Step 

Sensor 

 

AuNP13-

coated Au 

AuNP40-

coated Au 

Planar 

Aua 

AuNP13-

coated Si 

Planar 

Si 

PrA 

 

∆F (Hz) -7.0 -7.9 -6.9 -9.4 -7.0 

Γ (pmol/cm2) 2.7 3.1 2.7 3.7 2.7 

Anti-SEA 

 

∆F (Hz) -33.9 -34.8 -33.0 -32.6 -33.7 

Γ (pmol/cm2) 4.0 4.1 3.9 3.8 4.0 

SEA 

 

∆F (Hz) -8.2 -7.9 -6.2 -8.3 -5.3 

Γ (pmol/cm2) 5.2 5.0 3.9 5.2 3.4 

SEA/Anti-SEA 1.3 1.2 1.0 1.4 0.8 

a ref. [55] 

 

Table 2. Calibration curve parameters for direct and sandwich format assays on AuNP-coated and bare 

Au and Si quartz sensors 

Immunosensor configuration ∆Fmax (Hz) K (ng/mL) R LOD (ng/mL)a 

Direct format 

AuNP13-Au  8.1 ± 0.8 60 ± 22 0.966 7.6 ± 1.8 

AuNP40-Au  9.0 ± 0.8 91 ± 25 0.989 11.4 ± 3.1 

Planar Aub 9.8 ± 0.6 183 ± 37 0.990 20.8 ± 4.2 

AuNP13-Si  8.1 ± 0.8 59 ± 23 0.960 8.3 ± 3.7 

Sandwich format 

AuNP13-Si, sandwich  49 ± 4 51 ± 16 0.982 1.1 ± 0.4 

Planar Aub,c 23 151 0.987 7 
a calculated for ∆F = -1 Hz; b ref. [55], the sandwich antibody used in this measurement was 

different 

 


