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Biosensors development

The projects dealing with the design of biosensors were initiated thanks to a 
collaboration between Pr Souhir Boujday from the Laboratoire de Réactivité de 
Surface and I.

A first collaborative project was set up with teams from INRAE on the detection of 
Staphylococcus Aureus

S. aureus is an anaerobic Gram-positive microorganism. 
Some strains produce pathogenic toxins called enterotoxins (SE) that if ingested
via consumption of contaminated food cause severe gastroenteritis

21 serotypes have been identified to date but the serotype A (SEA) is the most
frequently encountered in foodborne disease outbreaks.

Dairy products (milk, cheese) and meat are the foods that are the most concerned
by possible contaminations by S. aureus
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Polarization Moldulation-IR Reflection-Absorption Spectroscopy
(PM-IRRAS)
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The incident IR beam is focused on the surface of the sample at grazing incidence and is subsequently reflected by 
the substrate. The standing wave generated near the surface is maximal for p-polarisation at this incidence and 
leads to the enhancement of the corresponding electric field component normal to the surface, Ep, and 
consequently, to an increase of the signal of the molecules perpendicular to the surface.
Gold surfaces are optimal for this sampling method

Principle of (PM)-IRRAS Experimental setup
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Toward an immunosensor for the detection of S. aureus

Principle : capture of S. aureus with specific antibody immobilized on transducer
Transducer: gold-coated planar substrate

In a previous work, we had explored different strategies to immobilize an antibody on gold surface
The most effective strategy relied on the high affinity of rabbit antibodies for Protein A (Fc fragment)

Antibodies are immunoglobulins G produced by the immune system in response to antigens
Protein A is a bacterial protein (MW= 45 kDa) containing 4 IgG binding sites

Fc domain

X-ray structure of IgG X-ray structures of Protein A (fragment) and IgG (Fc)-PrA complex
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Toward an immunosensor for the detection of S. aureus

Functionalization of gold surfaces can be readily achieved by assembling a monolayer of thiolate (SAM) 
carrying a suitable functional group at its extremity

Au

S

H2N

A SAM of cysteamine was first assembled on glass substrates
coated with a thin layer of gold (200 nm)

The surface was next reacted with the cross-linking agent 
glutaraldehyde

Au

S

N

O

The surface was successively exposed to 
solutions of Protein A, BSA (as blocking agent) 
and S. aureus antibody

The gold surface was analyzed by Polarization-
modulation IR Reflection-Absorption 
Spectroscopy (PM-IRRAS)
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223 PM-RAIRS detection PM-RAIRS spectra were recorded on
224 the setup described previously. The bacterial cells were
225 diluted in a in PBS solution containing 2% of BSA. The
226 immunosensors were immersed in 2 mL of the bacterial
227 suspension during 45 min, then washed three times in 2 mL
228 PBST (Tween 0.1%),. To neutralize pathogenic bacteria
229 before its manipulation under air in the PM-RAIRS spec-
230 trometer, the contaminated immunosensors were immersed in
231 a 3.7% formaldehyde solution during 30 min, then washed
232 two times by ultrapure water and dried under nitrogen flow.

234 Results and discussion

235 Elaboration of the model immunosensor using rIgG
236 receptor Preliminary comparative studies, based on the
237 use of different binding proteins to immobilize rIgG [17]
238 pointed out Protein A as the most efficient method. Indeed,
239 the resulting Protein A layer exhibited the highest binding
240 capacity of rIgG together with a high viscoelastic character.
241 The immobilization of Protein A on gold was previously
242 optimized using various strategies [18], and the way
243 involving glutaraldehyde as a cross-linker to a thiolamine
244 self-assembled monolayer was selected because it enabled a
245 good compromise between protein density and accessibil-
246 ity. After Protein A linkage, and a blocking step by BSA,
247 the antibody was immobilized by affinity to Protein A.
248 The successive elaboration steps of the model immuno-
249 sensor were followed by PM-RAIRS (Fig. 1) and QCM
250 (Fig. 2). On the PM-RAIRS spectra, one observes two
251 amide bands, i.e. the amide I band at 1655 cm−1 and the
252 amide II band at 1550 cm−1 typical of the presence of
253 proteins adsorbed to the gold surface. The integrated area of
254 these bands increased with the amount of adsorbed
255 proteins. Thus, after Protein A immobilization, some BSA
256 molecules were adsorbed on gold surface, and, in a third
257 step, one can notice a large increase of amide bands as a
258 result of binding of the model rIgG. On the QCM curve of
259 Fig. 2, the experimental steps are indicated by arrows. The
260 same observations as for the PM-RAIRS data can be done.
261 Indeed, a frequency decrease, indicating a mass uptake at

262the sensor surface, was recorded upon Protein A adsorption.
263When BSA was injected, again, a frequency decrease was
264recorded. Finally, upon model rIgG injection, a large shift
265was recorded, confirming antibody immobilization. The
266molecular amount of adsorbed proteins can be deduced
267from QCM data using the Sauerbrey equation, and semi-
268quantitatively estimated from PM-RAIRS data by dividing
269amide band area increases by the corresponding molecular
270weights [17]. For the Protein A adsorption step, the same
271surface coverage is obtained from both PM-RAIRS and
272QCM techniques and corresponds to less than one full
273monolayer (∼60%). Thus, blocking of nonspecific sites by
274BSA is necessary to cover entirely the sensor surface and
275avoid non specific adsorption. The amount of adsorbed
276protein A is very efficient to bind a large amount of model
277rIgG, as evidenced by PM-RAIRS and QCM. The rIgG to
278Protein A ratio is close to 1. In a previous work [17] we
279measured the binding capacity of two other capture
280proteins, i.e. deglycosylated avidin and a secondary mouse
281against rabbit antibody. Both gave lower binding capacities
282than that measured for Protein A, together with lower
283antibody surface densities.

284Characterization of the receptor accessibility and their
285distribution on the model immunosensor The specificity of
286the model immunosensor was investigated using a non

Fig. 3 Scanning electron immunogold microscopy observations of grafted rIgG antibody on the gold surface at different scales of observation
(bars=500 nm)
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Fig. 4 PM-RAIRS spectra recorded ex situ during elaboration of the
anti-S. aureus immunosensor
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Two bands assigned to the peptide 
bonds (Amide I, 1660 cm-1; Amide II, 
1550 cm-1) are observed which intensity
is related to the surface concentration of 
proteins

IgG/PrA = 0.8
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Toward an immunosensor for the detection of S. aureus
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287 directed goat serum solution. Both PM-RAIRS (Fig. 1) and
288 QCM data (Fig. 2) show no modification at the sensing
289 layer surfaces upon interaction with non specific proteins.
290 This indicates that the expected objective of blocking all the
291 potential non specific adsorption sites was reached. The
292 accessibility of the bioreceptors was evaluated by testing
293 the molecular recognition by goat anti-rabbit IgG anti-
294 bodies. The PM-RAIRS spectrum corresponding to the
295 adsorption of this secondary antibody on the sensing layer
296 is also shown in Fig. 1. The QCM curve is displayed in
297 Fig. 2. One observes a frequency decrease almost twice
298 higher than that recorded upon rIgG immobilization. This
299 frequency shift cannot be correlated to mass uptake by the
300 Sauerbrey equation anymore, as at this step, dissipation
301 data (not shown here) indicate that QCM does not operate
302 in a purely gravimetric mode. The PM-RAIRS amide bands
303 increase, after contact with anti-rIgG’s, was close to that

304measured after grafting of model rIgG. This yielded an anti-
305rIgG-to-antibody ratio equal to 1, indicating low steric
306hindrance around immobilized bioreceptors.
307The distribution of the model rIgG was checked by
308immunogold FE-SEM Microscopy (Fig. 3). On this figure,
309one observes that the 20 nm colloidal particles are regularly
310adsorbed on the sensor surface and homogeneously
311dispersed. No aggregrates or bare regions were observed.
312Thus, the grafted receptors are homogeneously dispersed
313on the sensor surface, and exhibit a very high accessibility.
314This should enable a high activity in target recognition.
315These optimized parameters were then applied to the
316elaboration of the S. aureus immunosensor.

317Elaboration and characterization of the S. aureus immu-
318nosensor The S. aureus immunosensor was elaborated as
319described above, by replacing in the last step the model

ca b d e
Fig. 5 Fluorescence microscopy observations (120×120 μm) on two different zones of the dyed immobilized bacteria on various sensing
surfaces. a Non specific Ab and S. aureus cells 10−8 CFU mL−1; b anti-S. aureus Ab and L. lactis cells 10−8 CFU mL−1; c, d, and e anti-S. aureus
Ab and S. aureus cells at 10−8, 10−7, and 10−6 CFU mL−1, respectively
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Fig. 6 Average bacterial coverage based on fluorescence microscopy
observations on ten different zones partially shown in Fig. 5. a non
specific Ab and S. aureus cells 10−8 CFU mL−1; b anti-S. aureus Ab
and L. lactis cells 10−8 CFU mL−1; c, d, and e anti-S. aureus Ab and S.
aureus cells at 10−8, 10−7, and 10−6 CFU mL−1, respectively
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Fig. 7 PM-RAIRS detection of S. aureus; a PM-RAIRS spectra, b
evolution of amide bands area. A immunosensor, B reference sample,
C non specific bacteria, D, E, F, and G immunosensor+S. aureus at
105, 106,107 and 108 CFU mL−1, respectively
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The immunosensing platform was
exposed to suspensions of bacteria at 
different concentrations and the area 
of the peptide bands was measured
on the IR spectra

A immunosensor
B reference sample
C non specific bacteria
D 105 CFU/ml
E 106 CFU/ml
F 107 CFU/ml
G 108 CFU/ml

Boujday, Microchim. Acta 2008, 163, 203 
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Staphylococcal enterotoxin A
Piezoelectric and optical biosensor configurations
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Staphylococcus enterotoxin A

Main causative agent for staphylococcal food poisoning
Resistance to heat and proteolysis

Analysis during the manufacturing process when S. 
aureus > 105 cfu/g

Reference method = ELISA

Effective dose > 0.1 µg

X-ray structure of SEA

→ Necessity to check its absence to ensure safe food to consumers

MW = 27.1 KDa
233 aminoacids
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Piezoelectric immunosensor of SEA

Each binding event translates into a change of frequency and dissipation 

Successive immobilization of Protein A, anti-SEA, SEA (970 ng/mL) 
and anti-SEA (sandwich assay) monitored in real time by QCM-D

∆F
∆F

−∆𝐹 = 9.8×
[𝑆𝐸𝐴]

𝑆𝐸𝐴 + 183 −∆𝐹 = 23×
[𝑆𝐸𝐴]

𝑆𝐸𝐴 + 151

Direct format (  ) Sandwich format (. )

Limit of detection (LoD) = 20 ng/mL
Application to milk samples

Salmain, Biosens. Bioelectron. 2011, 29, 140 & 
Sens. Actuators B 2012, 173, 148 
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Piezoelectric immunosensor of SEA

Gold- or silicon-coated quartz crystals were nanostructured with gold nanoparticles to increase the surface area
Thiol groups were introduced by wet chemistry on both surfaces followed by AuNP attachment under flow
AuNP chemisorption was monitored in real time by QCM and surfaces were characterized by SEM 

Au

S

HN

O

SH

Si

O

HN O

SH

18x109 AuNP/cm2

Ben Haddada, Sens. Actuators 2018, 255, 1604
Summer school - Surf@1Health - Cargèse - 21-26 Septembre 

2025 10



Piezoelectric immunosensor of SEA

Anti-SEA antibody was further immobilized on the QCM sensors via Protein A and SEA solution (485 ng/ml) 
was flown while resonance frequency was measured

Sensor→

Step ↓

AuNP13-coated Au AuNP40-coated Au Planar Au AuNP13-coated Si Planar Si

Protein A -7.0 -7.9 -6.9 -9.4 -7.0

Anti-SEA -33.9 -34.8 -33.0 -32.6 -33.7

SEA -8.2 -7.9 -6.2 -8.3 -5.3

SEA/anti-SEA 1.3 1.2 1.0 1.4 0.8

On nanostructured surfaces:
ü Larger surface density in PrA
ü Same surface density in anti-SEA
ü More efficient capture of target

Ben Haddada, Sens. Actuators 2018, 255, 1604
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Piezoelectric immunosensor of SEA

Immunosensors’ responses to SEA and calibration curves (direct format)

AuNP13-Au AuNP13-Si

LoD = 8 ng/ml in the direct format
LoD = 1 ng/mL in the sandwich format

Ben Haddada, Sens. Actuators 2018, 255, 1604
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Localized Surface Plasmon Resonance (LSPR)

When a small spherical metallic nanoparticle is irradiated by 
light, the oscillating electric field causes the conduction 
electrons to oscillate coherently. The oscillation frequency
depends on the density of electrons and the size and shape of 
the charge distribution

Ø The electric fields near the particle's surface are greatly enhanced

Ø The particle's optical absorption has a maximum at the plasmon resonant frequency (lmax)

Ø Extinction coefficients are extremely high (compared to organic molecules)

Ø The resonant frequency is in the visible range for noble metals

Ø It is highly sensitive to the local refractive index
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LSPR
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∆𝜆 = 𝑚(𝑛!"#$%&!'( − 𝑛)("*+))×(1 − 𝑒
,-".! )

The plasmon band shift ∆l is governed by the equation:

n = refractive index
ld = decay length of the electric field
d = thickness of the adsorbate layer
m = intrinsic RI sensitivity factor

m and ld can be determined experimentally

ü ld is typically short (in the tens nm range)

ü m strongly depends on size, shape, composition

sensing
depth
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LSPR immunosensor of SEA with gold NP
Volume 409 · Number 26 · October 2017

ANALYTICAL

  BIOANALYTICAL

CHEMISTRY

&

The only constant is change – restructuring the team of ABC Editors
Characterizing intact monoclonal antibody charge variants by CZE–CZE–MS
ToF-SIMS and principal component analysis of lipids and amino acids
Localized surface plasmon immunosensor for SEA detection

1 3

Finally, the biofunctionalized AuNPs were pelleted by centri-

fugation at 13000 g for 15 min, washed twice to remove un-

bound and loosely bound Ab and finally resuspended in PBS

(3 mL). The concentration of antibody in the first supernatant

was assayed by ELISA to estimate the number of Ab bound to

AuNPs (see Electronic Supplementary Material (ESM) for

experimental details and calculations). The same procedure

was applied to prepare AuNP-SEA bioconjugate using a so-

lution of thiolated SEA at 24 μg/mL.

SEA immunosensing In the direct assay, aliquots of SEA

stock solution (6 μL of a 0.1 mg/mL or 1 μg/mL solution in

water) were serially added to the AuNP-Ab bioconjugate so-

lution (600 μL, OD530 = 0.6) in a plastic cuvette. Absorption

spectra of the mixtures were measured in real time (millisec-

ond temporal resolution and 10−2 nm spectral resolution)

using Insplorion XNano II instrument until equilibrium was

reached (~ 60 min). The same procedure was used for the

competitive assay except that SEA was replaced by AuNP-

SEA bioconjugate. The position of the LSPR bandwas plotted

as a function of time using the software provided with the

instrument. Error bars are determined experimentally based

on a set of a minimum of three assays.

Milk sample preparation and analysis Skimmed milk was

reconstituted by dissolving 5 g of powder milk in 9.5 mL

water. The pH of the solution was slowly brought to 4.6 by

addition of 1 M HCl to precipitate casein, and the suspension

was centrifuged at 2550 g for 40 min. The supernatant was

collected and the pH was slowly brought to 7 by addition of

1 M NaOH. The suspension was centrifuged at 10000 g for

20 min, and the resulting supernatant (whey fraction) was

spiked with 2 μg/mL SEA. Sample (300 μL) was mixed with

AuNP-Ab solution (300 μL, OD530 = 1) in a plastic cuvette,

and the absorption spectrumwas recorded every 15min for up

to 95 min on a UV-visible spectrometer (Cary 50, Varian).

Mathematical determination of λmax was done according to

reference [24].

Results and discussion

Bioconjugate engineering Citrate-capped gold nanoparticles

were first characterized by absorption spectroscopy and trans-

mission electron microscopy (TEM). The resulting data,

depicted in the ESM (Fig. S1), show a homogeneous distribu-

tion with an average particle size of 13.5 ± 1 nm and an LSPR

band centered at 520 nm. The hydrodynamic diameter DH

estimated by DLS was slightly larger, 18 ± 1 nm and the zeta

potential equal to −45.3 ± 1 mV in agreement with previously

published data for citrate-capped AuNP [25]. AuNP-Ab and

AuNP-SEA bioconjugates were engineered according to an

original procedure schematized in Fig. 1. This coupling meth-

od ensures a covalent immobilization of the protein molecules

on the surface of the gold nanoparticles by formation of Au-S

bonds [21]. It also enables minimizing the distance between

the transducer (AuNP) and the bioreceptor (Ab). Indeed, the

ability of gold nanoparticles to sense local refractive index

changes via LSPR band shift decays rapidly with distance

from the gold surface [4].

Anti-SEA Ab
AuNPs

Anti-SEA Ab-AuNPs

BSA Centrifugation
Re-dispersion

N
H

2

SEA

S
H

AuNPs

+

+
BSA

2-Iminothiolane 
(Traut’s reagent)

1h,  pH=8
Column purification

Centrifugation
Re-dispersion SEA-AuNPs

SEA

SEA+ +

Direct assay

Competitiveassay

A

B

Anti-SEA Ab-AuNPs

Anti-SEA Ab-AuNPs SEA-AuNPs

Fig. 1 A Adopted strategy for bioconjugates elaboration. B Principle of direct and competitive assays

Gold nanoparticle-based localized surface plasmon immunosensor for staphylococcal enterotoxin A (SEA)... 6229

NH2
+

S NH.HCl

Traut's reagent
NH

+H2N

SHpH 8
+

After reaction and separation of the AuNP by centrifu-

gation, the amount of unbound Ab in the supernatant was

found to be very small (2.2 vs 123 μg in the starting solu-

tion) as assayed by ELISA (see ESM), confirming the suc-

cessful conjugation of Ab to AuNP. The final concentration

of anti-SEA antibody in the AuNP-Ab solution was esti-

mated 40 μg/mL, and the Ab to AuNP ratio was estimated

around 7 (see ESM for calculation details) which is agree-

ment with antibody size versus nanoparticle size (see ESM

Fig. S2 and reference [26]).

Upon covalent attachment of anti-SEA Ab to AuNP, the

LSPR band underwent a red-shift of 8 nm (λmax = 528 nm)

and an additional shift of 1 nm (λmax = 529 nm) was seen upon

further blocking by BSA (Fig. 2). The same trend was ob-

served upon SEA grafting to the nanoparticles. These results

are in agreement with previously published data [27]. The

shape and width of the LSPR bands indicate a homogeneous

distribution of the particle size that was confirmed by cryo-

TEM images (see inserts in Fig. 2A). Cryo-TEM images also

confirmed the colloidal stability of the bioconjugates as no

aggregates appeared. Mathematical treatment of cryo-TEM

images showed an average size of 13.3 ± 0.7 nm (n = 15)

for AuNP-SEA and 14.2 ± 0.7 (n = 15) nm for AuNP-Ab.

The increase of particles size due to the grafted proteins could

not be seen by cryo-TEM but was evidenced by DLS mea-

surements as the hydrodynamic diameter of AuNP-Ab and

AuNP-SEA increased to 76 ± 1 and 54.6 ± 0.5 nm, respec-

tively (Fig. 2; ESMTable S1). As for citrate-coated gold nano-

particles, the hydrodynamic diameter is likely overestimated

as the resulting values are larger than expected from geomet-

rical considerations. Indeed, considering the IgG structure (ref

[28] and ESM Fig. S2), the diameter of gold nanoparticles

covered by a monolayer of chemisorbed antibodies should

be around 50 nm maximum. The zeta potential of AuNP in

PBS pH 7.4 also increased from −45.3 to −18.9 mV after

conjugation of Ab (see Fig. 2b and ESM Table S1) in agree-

ment with previously reported data [29]. The increase was

even larger for AuNP-SEA bioconjugate, −6.3 mV. If the sur-

face of gold particles is fully covered with proteins, the net

charge of the conjugate is expected to be close to that of the

protein itself [30]. The calculated isoelectric point (pI) of SEA

is 6.6 according to the ExPASy database, meaning that the

protein should be slightly negatively charged at pH 7.4 in

accordance with the Z-potential value given above. The pI

of rabbit anti-SEA IgG is unknown, but the purification of

rabbit IgG from serum by anion exchange chromatography
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Fig. 2 A LSPR band change
upon conjugation of anti-SEA Ab
(left) and SEA (right) to AuNPs
and subsequent BSA backfilling.
The inserts show representative
cryo-TEM images of AuNP-Ab
and AuNP-SEA bioconjugates. B
Hydrodynamic diameter and zeta
potential of citrate-coated AuNP,
AuNP conjugates, and mixtures
of AuNP-Ab and free SEA or
AuNP-SEA conjugate (5 μg/mL).
Images or the corresponding so-
lutions are added below

6230 Haddada M.B. et al.

∆l = 8 nm

Homogeneous immunosensor engineering

Immunosensor response to SEA 
(real time measurement with Insplorion Xnano II)

band which reached a total shift of∆λ = 11 nm upon exposure to

3 μg/mL SEA; no further shift was observed for higher SEA

concentrations (Fig. 3A and insert therein). In parallel, the hydro-

dynamic diameter reached 131 nm and the Z-potential shifted

form −18.9 to −11.8 mV (Fig. 2B and ESM Table S1).

The same experiment was carried out with AuNP-SEA

instead of free SEA. Similarly, progressive shift of the LSPR

band to the red was noticed reaching ∆λ = 7 nm at saturation

(Fig. 3B). In this case, a perceptible change in color from pink

to purple was observed (Fig. 2B, right) as well as a significant

increase of the absorbance between 600 and 700 nm (ESM

Fig. S3) and a measured average DH of 404 nm by DLS (Fig.

2B and ESM Table S1). All these data are consistent with the

formation of aggregates resulting from interparticle cross-

linking through Ab/Ag interactions. In the envisioned com-

petitive detection assay (see Fig. 1), the presence of SEA in

the milieu was expected to lead to a Bde-aggregation^ by

breaking the Ab/Ag cross-linking through a competition be-

tween free SEA molecules and AuNP-SEA. Unfortunately,

addition of free SEA to the mixture of AuNP-Ab and

AuNP-SEA did not break the Ab/Ag cross-linking nor lead

to particle dispersion as expected [32, 33]. Instead, further

shifts of the LSPR band to the red occurred (∆λ=2 nm for

[SEA] = 1 μg/mL and ∆λ=3.7 nm for [SEA] = 2 μg/mL)

possibly because all the available antibody binding sites were

not occupied by the antigen from AuNP-SEA in the first

place. Extension of the incubation time or change of the

AuNP-Ab/AuNP-SEA proportion did not improve the results.

We thus conclude that the competitive assay format is not

feasible for SEA detection. In what follows, we explore the

efficiency of AuNP-Ab in the one-step colorimetric assay of

SEA in the direct format depicted in Fig. 1.

Optimizing the homogeneous assay of SEA Since the

Insplorion XNano II instrument employed for the LSPR mea-

surements displays high spectral resolution (0.01 nm), we

anticipated that much lower band shifts corresponding to low-

er analyte concentrations could bemonitored. Real–timemon-

itoring of the LSPR band position was undertaken upon addi-

tion of increasing amounts of SEA in the range 10 to 250 ng/

mL (Fig. 3C). A progressive shift of the LSPR band was

observed and a dose-response curve was established by plot-

ting the band shift ∆λ measured after stabilization (approx.

1 h) versus the concentration of analyte (Fig. 3D). We also

used DLS to explore whether it could provide analytical data

on SEA detection. DLS results are shown in the ESM, Fig. S4.

Though the addition of SEA to the bioconjugate led to a per-

ceptible increase in the hydrodynamic diameter starting from

low SEA concentrations (∆DH = 50 nm for 10 ng/mL) no

consistent change could be observed upon adding higher

amounts of SEA; the average hydrodynamic diameter was

barely changed after the first addition.

Mathematical fitting of the dose-response curve in Fig. 3D

using the Langmuir isotherm equation gave an apparent dis-

sociation constant KD of 68 ± 13 ng/mL = 2.5 ± 0.5 nM.

Therefore, anti-SEA maintained a high affinity for its target

after conjugation. The limit of detection was calculated to

equal 5 ng/mL = 0.2 nM from 3× the response of a blank

sample (∆λ = 0.1 nm). The dynamic range was widened,

and the assay sensitivity was improved as compared to our

recently reported piezoelectric immunosensor for SEA [34,

35]; In the direct assay format, using the same antibody re-

agent and a temperature-controlled quartz crystal microbal-

ance platform, the LOD was 4 times higher, 20 ng/mL. We

expect that the limit of detection may be further decreased by

replacing the gold nanospheres by nonspherical gold nanopar-

ticles that show higher refractive index sensitivity [4]. It is

important to note at this stage that the presence of a plateau

in dose-response curve observed in Fig. 2D is surprising if we

consider the sensor response at higher SEA concentration plot

in Fig. 2D with a higher saturation coverage. This might look

controversial and our main hypothesis to explain this

Fig. 4 Left: LSPR curves
measured upon incubation of
AuNP-Ab conjugate with
unspiked milk (black trace) and at
increasing incubation time (from
0 to 90min) with 1μg/mLSEA in
milk (red to blue curves). Right:
The first derivatives of the LSPR
curves

6232 Haddada M.B. et al.

Response to 1 ug/mL SEA spiked in milk

was previously shown to afford two IgG fractions with pI

5.65–8.7 and 5.5–7.1, respectively [31]. The Z-potential value

of the AuNP-Ab conjugate indicates that this antibody is more

negatively charged than SEA at pH 7.4, meaning that its pI is

probably below 6, that is in the lower range of the intervals

given above. To estimate the Z-potential of the anti-SEA Ab,

we measured the zeta potential of a rabbit IgG. The resulting

value, −16.1 mV, was in agreement with the zeta potential

measured for AuNP-Ab bioconjugate.

In a preliminary experiment, the position of the LSPR band of

the colloidal solution of AuNP-Ab was monitored over time

upon addition of SEA (1 μg/mL). Progressive shift of the

LSPR band to the red ∆λ = 5 nm was seen in approx. 1 h (Fig.

3A). Further additions of SEA led to further shifts of the LSPR
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Fig. 3 A, B Examples of LSPR curves obtained by incubating AuNP-Ab
conjugate with increasing concentrations of free SEA in the 1 to 4 μg/mL
range (A) and AuNP-SEA (B), the inserts show the dose-response curves
obtained by plotting the LSPR band shift ∆λ as a function of SEA con-
centration measured after ca. 1 h incubation. C Example of LSPR curve
obtained by incubating AuNP-Ab conjugate with increasing

concentrations of free SEA in the nanogram per milliliter range. The
insert shows the LSPR peak for the initial and final AuNP-Ab conjugate.
DDose-response curve obtained by plotting the LSPR band shift ∆λ from
a set of experiments similar to c as a function of SEA concentration in the
0 to 250 ng/mL range measured after 50 min incubation, average data
from three experiments

Gold nanoparticle-based localized surface plasmon immunosensor for staphylococcal enterotoxin A (SEA)... 6231

Ben Haddada, Anal. Bioanal. Chem. 2017, 409, 6227
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LSPR immunosensor of SEA with core-shell NP

Choose noble metal nanoparticles for which very small ∆l are visually detectable

i ii

iii iv v vi

NP synthesis

Loiseau, ACS Appl. Mater. Interfaces 2019, 11, 46462 Summer school - Surf@1Health - Cargèse - 21-26 Septembre 
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LSPR immunosensor of SEA with core-shell NP

Loiseau, ACS Appl. Mater. Interfaces 2019, 11, 46462

Immunoprobes’ engineering
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LSPR immunosensor of SEA with core-shell NP

Au@AgNP immunosensor response to SEA 
(real time measurement with Xnano II)

LoD ~ 5 ng/mL

orange -> red red -> pinkish

([SEA] = 500 ng/mL)

Loiseau, ACS Appl. Mater. Interfaces 2019, 11, 46462

Calibration curve
Visual detection
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Colorimetric, gold-nanoparticle based immunosensor of SEA

Zhang, ACS Appl. Nano Mater. 2019, 2, 4150

AuNP as colorimetric tag

Assay principle: solid-phase, sandwich format
Revelation reagent (= AuNP-
Ab bioconjugate) was
synthesized by direct 
physisorption of anti-SEA

Detection by the naked eye
or with benchtop uv-vis 
spectrophotometer
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Colorimetric, gold-nanoparticle based immunosensor of SEA

Summer school - Surf@1Health - Cargèse - 21-26 Septembre 
2025 20

L. Zhang, ACS Appl. Nano Mater. 2019, 2, 4150; 
W. Ait Mammar, Talanta 2025, 291, 127864

Absorption spectra of glass slides Calibration curve (SEA spiked in skimmed milk)

Photo of glass slides

LOD = 0.6 ng



Small molecule targets
diclofenac; aflatoxin B
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Piezoelectric immunosensor of drug residue in river water

Diclofenac is the active component of Voltaren™. It is a non steroidal anti-inflammatory drug (NSAID) broadly
employed (40-60 tons per year in France) to treat mild pains.
Because of inefficient waste water treatments plants, diclofenac is released in surface waters and is
considered as an emerging pollutant. Guide value = 0.4 µg/L (ANSES)

An piezoelectric immunosensor operating in competitive format was designed to assay diclofenac first in 
model matrix then in surface water taken from 3 different rivers

Mazouzi, ACS Sens. 2012, 6, 3485

density = 2.3 molecules/nm2

Sensing layer build up Capture of anti-DCF monitored by QCM

KD = 0.23 nM
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Piezoelectric immunosensor of drug residue in river water

Mazouzi, ACS Sens. 2012, 6, 3485

QCM responses to different concentrations of DCF

Calibration curve

LoD = 6.9 nM = 2 µg/L
DR = 24 – 56 nM

DCF was extracted from water samples (0.5 l) by SPE
Samples (0.5 ml) were analysed in triplicate by QCM
∆F were measured over 60 min  

Seine in Vexin Seine in Paris Marne in Paris

0.069 ± 0.005 µg/l 0.047 ± 0.006 µg/l < LoD

0.07 ± 0.035 0.059 ± 0.033 0.023 ± 0.014
Mean values (2 years) provided by eaufrance agency
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Refractive index sensitivity of plasmonic particles

The plasmon band position of metal nanoparticles is known to be sensitive to the local refractive index. This 
sensitivity can be characterized by the refractive index sensitivity factor (RIS) in nm/RIU.
The RIS value of NP in colloidal solution strongly depends on the size, shape and composition of the material.

Nanoparticle Size RIS

Gold nanospheres 15 nm diameter 44 nm/RIU

Gold nanorods 102x40 nm (AR=2.6) 274 nm/RIU

Core-shell Au@AgNP 14 nm core
3 nm shell

Similar to pure AuNP

Core-shell Ag@AuNP 22 nm core
5 nm shell

2.2x amplification / AgNP

Hollow shell AuNP 96 nm diameter
11 nm shell (AR = 9.6)

360 nm/RIU
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LSPR aptasensor of aflatoxin B1

D. Sun, unpublished results

Aflatoxin B1 is a highly toxic mycotoxin mainly produced by Aspergillus flavus
Group I carcinogen (hepatotoxicity)
Fungi can proliferate on various foodstuffs including corn, rice, spices, dried fruits, nuts, and figs
Maximum tolerated level in the EU = 2 – 4 ppb (=µg/g)

 

PlasmoSens 8  Coordinatrice : S. Boujday 

II. POSITIONNEMENT ET OBJECTIFS DE LA PROPOSITION DE PROJETS  
II.1. OBJECTIFS   

Le projet PlasmoSens a pour objectif principal la conception de biocapteurs pour la détection 

voire la quantification d’espèces toxiques d’origine chimique ou biologique. Ces dispositifs 

seront basés sur des nanoparticules plasmoniques et seront faciles à utiliser et adaptables aux 

mesures sur site. Il s’agira donc de concevoir des systèmes analytiques permettant une lecture 

visuelle de la réponse à travers un changement (ou une apparition) de couleur, 

éventuellement quantifiable, ou à travers une réponse mesurable par un spectrophotomètre 

portable, éventuellement connecté à un smartphone. Tous les systèmes analytiques 

développés au cours du projet PlasmoSens seront basés sur des nanoparticules plasmoniques 

à base de métaux nobles (or et/ou argent) dont les propriétés optiques uniques peuvent être 

exploitées pour produire des outils analytiques sensibles, rapides et simples d’utilisation.  

Par définition un biocapteur est un système analytique composé d’un biorécepteur spécifique 
de la cible ou de la famille de cibles à détecter et d’un élément transducteur capable de 

traduire la reconnaissance moléculaire entre la cible et le biorécepteur en un signal 

mesurable. Parmi les biorécepteurs les plus courants, on trouve des enzymes, des anticorps 

et des acides nucléiques, le choix du biorécepteur dépendant essentiellement de la cible à 

détecter.  

Le projet PlasmoSens se focalisera sur les quatre cibles chimiques et biologiques d’origines 

différentes : 

- L’entérotoxine staphylococcique B (SEB) 
- La toxine botulique, une famille de toxines produites par la bactérie Clostridium botulinum 

présentant des propriétés neurotoxiques. La toxine botulique de type A (BoNT/A) est l’un des 
poisons les plus puissants qui existent avec une DL50 = 2 ng/kg 

- L’aflatoxine B1 (AFLB1) pouvant à hautes doses entraîner la mort en quelques heures. 

- Un agent neurotoxique organophosphoré, la paraoxone, qui mime la structure et les effets 

des agents neurotoxiques de type sarin ou VX qui sont mortels aux doses de 10 et 1 ppb, 

respectivement. 

 

Figure 1 : Structure des cibles chimiques et biologiques du projet Plasmosens 

Le choix de ces quatre cibles est motivé par leur double pertinence analytique, civile et 

militaire, mais également parce qu’elles présentent la particularité d’être représentatives d’un 
large panel de cibles similaires en taille et/ou en structure dont la biodétection bénéficierait 

des systèmes mis au point dans le projet PlasmoSens. Ainsi, plusieurs scenarii seront 

envisagés, et il sera possible, avec des adaptations raisonnables de transposer par exemple 

les biocapteurs développés pour la SEB à des cibles d’intérêt médical ayant des tailles proches. 

O2N P
O
OEt

OEt

Structure 3D de la SEB
Structure 3D de la BoNTA

(chaine légère en bleu)
ParaoxoneAflatoxine B1

26-mer aptamer was preferred to antibody because of 
its much lower size (MW = 8.3 vs. 150 kDa)

It is more compatible with LSPR refractometric
detection because of very short sensing depth

Porous hollow shell gold nanoparticles were selected
as transducer elements

Sensors were exposed to solutions of AFB at different
concentrations and analyzed with a benchtop
spectrophotometer
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LSPR aptasensor of aflatoxin B1

Normalized spectra Calibration curve

LoD = 5 pg/mL
DR = 100 pg/ml – 100 ng/ml

Hollow gold nanoshells characterization

In solution

Immobilized on glass slide
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Conclusion and perspectives

We have developed a large set of biosensors using antibodies or more recently
aptamers as bioreceptors

Targets ranged from small molecules to whole cells (bacteria)
We selected gravimetric and optical transduction methods (both label-free)

We are currently working on new targets of civil and military interests, food allergens
and disease biomarkers

We also aim at transposing the systems to portable ones combining microfluidics and 
smartphone-based readout for on-field measurements
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