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A B S T R A C T

Chronic inflammatory diseases significantly impact quality of life and healthcare resources. Continuous moni
toring of biomarkers in easily accessible biological fluids presents a promising strategy to enhance management, 
optimize treatments, and improve patient outcomes. Interleukin-8 (IL-8) is a pro-inflammatory cytokine whose 
levels increase during chronic airways inflammatory diseases and can be found in human saliva. To this end, 
electrochemical immunosensors which can effectively detect clinically relevant biomarkers, while also offering 
the benefits of miniaturization and portability will enable telemedicine applications for remote monitoring and 
personalized healthcare. In this work, we developed an advanced electrochemical multiplex immunosensor 
platform using gold micro-electrodes modified by the electrochemical deposition of a gold foam and an anti
fouling polymeric layer. The sensor capability for multiple detection was evaluated by measuring human 
interleukin 8 (H-IL8) and human immunoglobulin G (H-IgG) (the latter used as a model analyte). Immunosensors 
exhibited high sensitivity even in complex biological samples such as human serum and artificial saliva. A very 
low detection limit of 69.2 fg mL⁻¹ for H-IgG and 87.6 fg mL⁻¹ for H-IL8 in phosphate buffered saline was 
established. To assess real-world applicability, the immunosensor was used to quantify H-IL8 release from pri
mary human monocyte-derived macrophages stimulated with pro-inflammatory bacterial lipopolysaccharide and 
the results were successfully compared with ELISA. Furthermore, the sensor performance was also demonstrated 
in real biological fluids by detecting H-IL8 in spiked human saliva.

1. Introduction

In recent years, there has been a growing demand for on-site, rapid, 
and accurate testing devices for biomarker monitoring within the 
biomedical sector [1]. The use of these devices can be particularly 
helpful in managing chronic inflammatory diseases, which present sig
nificant challenges due to the necessity for continuous analysis in the 
absence of definitive cures [2]. Airway-associated conditions like 
asthma and chronic obstructive pulmonary disease (COPD) affect 

millions of people globally, making their monitoring and treatment 
crucial for most healthcare systems [3,4]. Their chronic nature leads to 
considerable negative impacts on quality of life and resource utilization, 
such as the need for frequent healthcare visits, hospitalizations, and the 
ongoing requirement for long-term therapy [5]. Inflammatory condi
tions are associated with the increase (both local and systemic) of in
flammatory mediators [6]. Cytokines (such as lymphokines, 
interleukins, and chemokines) are small proteins (less than 40 kDa) 
released by cells that play a key role in the inflammatory process [7]. 
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Their increase in biological fluids is often linked to disease onset, pro
gression, or reacutization. Furthermore, with the recent emergence of 
new biologic therapies based on monoclonal antibodies targeting spe
cific cytokines [8], monitoring cytokines has become essential for 
ensuring the optimal selection of patients and assessing treatment effi
cacy. For these reasons, continuous monitoring of cytokines in easily 
accessible biological fluids would greatly enhance overall disease 
management. Among cytokines, Interleukin-8 (H-IL8) is of particular 
interest as it is linked with several inflammatory diseases, including 
asthma and COPD [9].

Electrochemical immunosensors that exploit the specificity of anti
body recognition [10] are highly effective tools for developing advanced 
devices for detecting clinically relevant biomarkers [11]. The 
complexity of inflammatory diseases necessitates simultaneous analysis 
of different biomarkers to achieve a more comprehensive and robust 
understanding of disease status [12]. Multi-analyte detection can be 
performed using devices with a single electrode [13] or a 
multi-electrode array (MEA) [14]. For MEA, photolithography micro
fabrication is a suitable technique for obtaining several electrodes on the 
same miniaturized platform, including reference and counter electrodes 
[15].

Cytokines can be found in biological fluids at extremely low con
centrations [16,17]. As an example, serum IL-8 levels are in the low 
pg/mL range in COPD and asthma patients [18,19] while concentration 
of IL-8 in saliva can reach the low ng/mL range in asthma patients [20]. 
A key aspect when developing approaches for non-invasive biomarker 
monitoring is the selection of the right biological fluid, which should be 
easy to collect and directly related to the disease-relevant body 
compartment. In the case of cytokine detection for airway inflammation, 
saliva fulfils these requirements [21]. Numerous studies have demon
strated a significant increase in IL-8 levels in the saliva of patients with 
asthma [22,23]. The research challenge is to develop highly sensitive, 
selective sensors with a low limit of detection (LOD). These goals can be 
achieved using different strategies that involve the substrate, antibody 
immobilization, and antifouling layers. For substrates, nanomaterials 
[24] are particularly beneficial as they enhance immunosensor perfor
mance by improving biomolecule immobilization [25] and amplifying 
the electrochemical signal due to a higher surface area [26].

A crucial step in immunosensor development is antibody immobili
zation on the electrode surface. Affinity immobilization is among the 
most efficient techniques [27] for achieving stable and oriented binding. 
The widely used affinity immobilization relies on ligand mediators like 
protein A or G [28] which exhibit strong biological affinity for the 
fragment crystallizable (Fc) region of antibodies. This approach ensures 
that the Fc region binds to the electrode surface without involving the 
antigen-binding (Fab) region. To increase the selectivity of immuno
sensors toward the analyte of interest (an essential characteristic for 
immunosensors operating in highly complex biological fluids, such as 
serum, blood, saliva, etc. [29]), it is critical to avoid non-specific 
adsorption of coexisting species (proteins, peptides, lipids, and hor
mones) [30]. To improve this aspect, electrodes can be functionalized 
with anti-fouling materials, including hydrogels such as chitosan [31] or 
protein like bovine serum albumin (BSA) [32].

In this work, we developed an electrochemical multiplex immuno
sensor platform using microdisk electrodes modified with nano
structured gold foam and an antifouling polymeric layer. The substrate 
was a lithographically fabricated device with three-disc gold working 
micro-electrodes. Each electrode was first modified with gold foam ob
tained via hydrogen bubble template electrochemical deposition. An 
antifouling layer was then deposited on the gold foam by co- 
electrodeposition of chitosan (Cs), graphene oxide (GO), and BSA (Cs/ 
rGO/BSA). The Cs/rGO/BSA layer also provided functionalities to 
covalently anchor Protein A/G on the electrode for achieving site- 
oriented antibody immobilization. The multiplexed detection capa
bility of the sensors was examined for H-IL8 and human immunoglob
ulin G (H-IgG). H-IgG was chosen as a model analyte because it is the 

most prevalent isotype antibody in the bloodstream, making it ideal for 
optimizing all manufacturing parameters and assessing multiple de
tections alongside H-IL8. The developed immunosensor exhibited high 
sensitivity and low LOD for both target analytes in phosphate-buffered 
saline (PBS) and even in complex matrices such as human serum and 
artificial saliva. To evaluate its applicability for in vitro research studies, 
the sensor was employed to measure the concentration of H–IL8 released 
by primary human monocyte-derived macrophages (hMDMs) stimu
lated with the pro-inflammatory bacterial lipopolysaccharide (LPS). The 
sensor performance was also assessed in real human fluids by measuring 
the concentration of H-IL8 in spiked saliva samples.

2. Materials and methods

2.1. Materials and microchip fabrication

Chitosan, Bovine Serum Albumin (BSA), acetic acid, potassium 
chloride (KCl), sodium chloride (NaCl), potassium ferrocyanide (K4[Fe 
(CN)6]), potassium ferricyanide (K3[Fe(CN)6]), acetone, sterile human 
serum, PBS tablets (0.01 M, pH7.4), gold(III)chloride trihydrate, sul
phuric acid, glutaraldehyde, H-IgG polyclonal antibody, H-IgG, Human 
IL8, were purchased from Sigma-Aldrich. Protein A/G, IgG binding 
buffer, Superblock buffer, IL8 polyclonal antibody, anti-Mouse IgG 
(Alexa Fluor Plus 405) were purchased from Thermo Fisher Scientific. 
Graphene oxide water dispersion was obtained from Graphenea.

The microchip pattern consisted of two rectangular gold electrodes 
serving as the counter and reference electrodes, and three gold working 
electrodes with a diameter of 100 µm. Device fabrication is detailed in 
previous work [15]. The substrate is a silicon wafer on which the device 
pattern was created by metal photolithography (Fig. 1-a). The obtained 
microchip had a compact design with an overall surface area of 45 mm2. 
Due to the small size, 111 chips can be obtained from a 100 mm 
diameter silicon wafer (Fig. 1-a,b). Before use each chip was cleaned at 
least three times, alternating between acetone and water rinses.

Each gold working electrode (WE) on the chip was first modified 
with gold foam. Hydrogen bubble templated electrochemical deposition 
was carried out by applying staircase voltammetry from 0 to − 4 V vs 
Ag/AgCl, with a scan rate of 90 mV s− 1 and a step height of 8.4 mV. A 
2.8 M H2SO4 aqueous solution containing of 6 mM HAuCl4⋅3H2O was 
used as the deposition bath.

For the antifouling layer electrodeposition, stock solutions of chito
san and thermally denatured BSA were prepared. For chitosan solution, 
20 mL of 0.1 M acetic acid containing 0.1 g of chitosan, was used. The 
solution of BSA (5 % wt) was denatured in a thermocycler (SimpliAmp™ 
Thermal Cycler, Thermo Fisher Scientific) at 50 ◦C for 5 min and 70 ◦C 
for 2 min (5 cycles). The antifouling deposition bath was prepared by 
diluting 50 µL of GO solution (4 mg mL− 1), 100 µL of denatured BSA 
solution, and 200 µL of chitosan solution in 6.3 mL water. The Cs/rGO/ 
BSA co-deposition was performed via staircase voltammetry from 0 to −
1.1 V vs Ag/AgCl, with a scan rate of 7.5 mV s− 1 and a step height of 
2.5 mV. Gold foam and Cs/rGO/BSA depositions were performed with 
an external platinum wire and Ag/AgCl as counter and reference elec
trodes, respectively. After the depositions, electrodes were cleaned using 
deionized water and 0.2 M PBS (pH 7), and dried under a flow of ni
trogen at room temperature.

2.2. Immunosensor assembling

The immunosensor assembly consisted of different steps. First, 5 µL 
of 1.5 % glutaraldehyde water solution was drop-cast on a working 
electrode. Then, the chips were incubated overnight at 4 ◦C in a vapor 
chamber to prevent droplet evaporation. The chips were then dried and 
5 µL of a solution of Protein A/G 0.2 µg mL− 1 (prepared using PBS 
25 mM, pH 7) was drop-cast onto the pre-prepared working electrode 
surfaces. The chips were then incubated in a vapor chamber for 2 h at 
room temperature. The unbound surface was then blocked with 5 µL of 
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Superblock® in a vapor chamber for 20 min.
Anti-H-IgG (human immunoglobulin G antibody) or anti-H-IL8 

(human Interleukin-8 antibody) was then immobilized onto the pro
tein A/G modified electrodes. To optimize the antibody concentration, 
different dilutions in IgG binding buffer® were tested, ranging from 1 to 
20 µg mL− 1. A 0.5 µL droplet was drop-cast onto a working electrode 
and incubated for 75 min at room temperature in a vapor chamber.

Sensors were calibrated for both target molecules, H-IgG and H-IL8, 
in PBS, human serum, and artificial saliva. In all cases, the investigated 
concentration range was from 1 fg mL− 1 to 100 pg mL− 1. 5 µL of target 
solution was drop-cast on a working electrode and incubated for 30 min 
at room temperature. Blank negative controls were obtained by incu
bating the sensor (30 min) using PBS, artificial saliva, and human serum 
without the target protein.

After each incubation step, chips were washed gently with PBS 
(25 mM) to remove any unbound reagent excess and dried at room 
temperature. Incubations were carried out using an orbital shaker 
(Digital Microplate Shaker, Thermo Fisher Scientific) at 100 rpm.

2.3. Electrochemical and physical-chemical characterizations

For the electrochemical characterization, a redox probe solution 
containing Fe(CN)6

3-/4- 5 mM and KCl 1 M, was prepared in PBS. Cyclic 
voltammetry (CV) was performed from − 0.25 to 0.25 V vs Au, with a 
scan rate ranging from 10 to 300 mV s− 1. Differential pulse voltammetry 
(DPV) was employed as the detection technique in the potential range 
from − 0.3 to 0.2 V vs Au. DPV was performed (optimized parameters: 
5 mV potential step, 50 ms modulation time, 100 ms interval time) 
before and after incubation with the target analyte. Using the redox 
probe solution, the sensor response (evaluated measuring ΔI, that is the 
difference between the current measured before (I₀) and after target 
incubation (I)) was assessed throughout the variation of the Fe(CN)₆3-/4- 

oxidation peak current. For this characterization, a 10 µL droplet of 
probe solution was deposited on the chip, covering the three working 
electrodes as well as the internal gold counter and reference electrodes. 
An Autolab (PGSTAT302N) Metrohm potentiostat was used for all the 
electrochemical tests and the Nova 2.1.5 software to process and analyze 
the signals.

A Carl Zeiss Supra 40 Scanning Electron Microscope (SEM), was used 

for morphological analysis. Confocal Laser Scanning Microscopy with 
excitation by a 647 nm Multiline Argon Laser (CLSM) was carried out 
using a FluoView 1000 (Olympus) equipped with 60X (PLAPON, 
NA1.35) and 100X (UPLSAPO, NA1.4) oil immersion objectives. The 
microscope was equipped with three filter cubes mounted on the scope: 
DAPI/Hoechst (ex 360–370, em 420–500), FITC/EGFP/Bodipy/Fluo3/ 
Di O (ex 470–490, em 515–555) and TRITC, Rhodamine, Di I (ex 
530–550, em 590–640). Energy-dispersive X-ray (EDS) and Raman 
spectroscopy were carried out to evaluate the change in compositions of 
the WEs after the different deposition steps used to prepare the immu
nosensor substrate. The Raman spectra were obtained using a Renishaw 
(inVia Raman Microscope) spectrometer. The excitation was provided 
by the 532 nm line of a Nd:YAG laser calibrated by the Raman peak of 
polycrystalline Si (520 cm− 1). FTIR characterization was carried out 
using a IRTracer-100 (SHIMADZU).

2.4. Culturing of human monocyte-derived macrophages (hMDMs)

Peripheral blood mononuclear cells (PBMCs) were isolated from 
buffy coats derived from healthy subjects and received by ARNAS 
“Civico, Di Cristina, Benfratelli” (Palermo, Italy) according to a Material 
Transfer Agreement signed on 8/11/2019. Human macrophages were 
obtained by culturing PBMCs for 7 days in complete RPMI 1640 medium 
(Euroclone, Milan- Italy, #ECB9006L), supplemented with 10 % fetal 
bovine serum (FBS, Euroclone, Milan- Italy, #ECS5000L) and 50 ng/mL 
of human M-CSF (Miltenyi Biotec, Bergisch Gladbach-Germany, #130- 
096-493). The medium was replaced after 3 days of culture. The day 
before each experiment, hMDMs were treated with trypsin-EDTA for 
5 min, scraped, plated in a complete medium without M-CSF into 96- 
well plates (5 × 104 cells/well), and incubated at 37 ◦C and 5 % CO2. 
On the day of an experiment, the culture medium was changed to 1 % 
FBS, and cells were stimulated with 1 μg mL− 1 Lipopolysaccharides 
(LPS, from Escherichia coli 0111:B4, #L3012, Sigma-Aldrich). After 
24 h, cell supernatants were collected, centrifuged at 12,000 rpm for 
5 min to remove cellular debris, and stored at − 20 ◦C until analysis. The 
collected samples were diluted in PBS with ratios 1:1000 and 1:10,000 
for supernatants of untreated and LPS-treated cells, respectively. Thus, 
5 µL of diluted supernatant solutions were drop-casted onto a chip and 
incubated for 30 min at room temperature. The same culture medium 

Fig. 1. a) Microfabrication scheme (1) Silicon wafer; (2) Silicon dioxide growth; (3) Photoresist mask; (4) Gold deposition; (5) Lift off; (6) Passivation layer and 
etching; b) Micro-chip silicon wafer image; c) micro-chip picture.
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sample was also analyzed by ELISA (Enzyme-Linked Immunosorbent 
Assay) for the detection of H-IL8. ELISA was performed following the 
manufacturer’s instructions (R&D Systems, #DY208).

2.5. Real saliva sample analysis

Saliva samples were obtained from one healthy volunteer using the 
spitting method [33], which involves gathering saliva from the front of 
the mouth and spitting it into a tube. Participant was instructed not to 
eat or drink for 30 min before saliva sample collection. The collected 
samples were then used as a matrix, into which H-IL8 was spiked at 
known concentrations. Thus, a volume of 5 µL of spiked saliva solution 
was drop-casted onto the chip and incubated for 30 min at room 
temperature.

3. Results and discussion

3.1. Microchip and electrode fabrication

The microchip device used for the immunosensor assembling was 
selected as it enabled multiplexed detection and fast parallel incubation 
onto the three WEs. The reproducibility of the microfabricated micro- 
electrodes was first evaluated via cyclic voltammetry. The Fe(CN)6

3-/4- 

oxidation peak current values measured on the three WEs of the same 
chip were compared to evaluate on-chip reproducibility. To evaluate on- 
wafer reproducibility, peak current values measured with the same 
electrode across various chips selected from the same silicon wafer were 
compared. The results demonstrated that the fabrication procedures led 
to a reproducible substrate, with deviations lower than 4 %.

Gold foam was deposited on each WE of the chip via hydrogen 
template deposition that permitted the formation of metallic nano
structures without the use of an external template [34]. In this method, 
the vigorous H2 bubbling, obtained for both the very acid solution used 

and the high reached cathodic potential, drove the concomitant gold 
deposition. As shown in the SEM images reported in Fig. 2a–c, the gold 
deposit assumed a nanostructured, porous morphology resembling a 
foam. The parameters used to reproducibly produce the gold foam 
deposition were selected from the results reported in [34]. The porous 
morphology of the foam led to an increased surface area compared to a 
bare gold electrode. This is qualitatively shown in the cyclic voltam
metry graph of Fig. 2d. The Fe(CN)6

3-/4- peaks are 2.3 times higher than 
those obtained using bare electrode. In Fig. 2e, a linear relationship 
between the current peaks and the square root of the scan rate was 
shown. Using the Randles-Sevcik equation, it was possible to calculate 
the increase of the active surface area after foam deposition: 

Ip = 2.69 × 105A × D1/2 n 3/2 v 1/2C                                                   

where Ip is the peak current, A is the surface area, D is the diffusion 
coefficient, n is the number of electrons of the reaction, v is the scan rate, 
and C is the redox species concentration. From this equation, the 
calculated surface area was 0.0197 mm2, 2.5 times higher than the 
geometrical areas.

The next step for immunosensor substrate fabrication is deposition of 
an antifouling gel onto the gold foam WEs. Chitosan has been widely 
investigated for its antifouling properties [35], due to its ability to form 
a thin, uniform film that acts as a protective barrier between the elec
trode surface and fouling agents [36]. Its hydrophilic nature further 
enhances its effectiveness by promoting interactions with water mole
cules, thus reducing the adhesion of unwanted biomolecules [37]. BSA is 
also recognized for its antifouling properties and is commonly used to 
block surfaces to prevent non-specific protein adsorption [38]. In this 
study, we employed a combined approach that leverages the synergistic 
effects of both chitosan and BSA through an electrochemical 
co-deposition process. Moreover, the electrodeposition bath was sup
plemented with graphene oxide (GO), which was electrochemically 
reduced to form reduced graphene oxide (rGO). This method was chosen 

Fig. 2. SEM images of: a) bare working electrode; b–c) gold foam on the working electrode. d) CV obtained in the probe redox solution carried out before and after 
the Au foam deposition; e) Oxidation and reduction peak current vs scan rates performed on working electrode after gold foam deposition. Error bars represent the SD 
of three measurements.
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because rGO, in conjunction with chitosan and BSA, provides functional 
groups that covalently anchor Protein A/G onto the electrode, enabling 
site-specific antibody immobilization.

In particular, the co-deposition of GO, chitosan, and BSA was un
dertaken by scanning voltammetry from 0 V to − 1.1 V. These one-step 
deposition conditions led to the formation of a gel layer that covered the 
gold foam without changing their nanostructured morphology or filling 
the pores, as demonstrated in Fig. 3a SEM image and better in the higher 
magnification image of Fig. 3b. To evaluate the change in electrode 
composition, EDS analysis (Fig. 3c) was performed. For comparison also, 
the bare and foam electrodes were analyzed. Gold and silicon peaks can 
be seen in all spectra. Gold peaks were from both the bare electrode and 
the foam, while the silicon peak is due to the silicon wafer used as the 
initial substrate. The carbon peak can be observed in the spectrum 
measured after the deposition of the antifouling layer based on Cs/rGO/ 
BSA.

The effectiveness of carbon-based material deposition is demon
strated through the Raman analysis presented in Fig. 3d. In this spec
trum, the presence of GO was confirmed by the presence of D and G 
bands (1346 and 1600 cm− 1, respectively) of GO. Also, the 2D (at 
2772 cm-1) band was present but with low intensity. The intensity ratio 
of the D-band to the G-band (ID/IG) is commonly used to calculate the 
density of defects in sp2 carbon atoms. This ratio typically increases 
when the degree of GO reduction increases [39]. We measured a value of 
ID/IG ratio of about 0.98, which could be attributed to the GO reduction 
during the antifouling co-deposition. Furthermore, a defective structure 
was confirmed by the existence of 2D band (2945 cm− 1) [40]. Due to the 
very high intensity of D and G bands on the Raman spectrum, it was 
difficult to observe chitosan and BSA characteristic bands. This result is 
in agreement with other literature works concerning the study of GO 
composite materials [41,42].

3.2. Immunosensor assembling and performance

The immunosensor manufacturing procedure is summarized in 
Fig. 4a. After substrate manufacturing (Step 1), several incubation steps 
are required to immobilize biomolecules on the electrode surface. DPV 
measurements were performed after each biomolecule immobilization 
step (Fig. S1). Each step has a specific function, and the materials used 
have been carefully selected. The Cs/rGO/BSA coating (Step 2) was 
useful for its antifouling and biocompatibility properties, and for easier 
biomolecule immobilization on the gold foam surface. The antifouling 
performance of the CS/rGO/BSA layer was evaluated using DPV by 
monitoring changes in the oxidation peak current of the Fe(CN)₆³⁻/⁴⁻ 
redox couple before and after exposure to a complex fouling matrix 
(specifically, undiluted human serum). The response of electrodes 
modified with only Au foam was compared to that of electrodes incor
porating the antifouling CS/rGO/BSA layer. As shown in Fig. 5a, bare Au 
foam exhibited a reduction in the Fe(CN)₆³⁻/⁴⁻ oxidation peak height of 
21.3 ± 6.5 % after 30 min of incubation in human serum. In contrast, 
electrodes coated with the antifouling CS/rGO/BSA layer showed only a 
minor decrease of 5.9 ± 1.2 % under identical conditions. These results 
clearly demonstrate the effectiveness of the CS/rGO/BSA layer as an 
antifouling strategy, enabling minimal electrode fouling during expo
sure to complex biological matrices.

Surface activation with glutaraldehyde (Step 3) is a reliable 
approach for immobilizing bioreceptors such as antibodies [43], en
zymes [44], DNA [45], and so on. For these reasons, the -NH2 functional 
groups of the chitosan-based antifouling coating were activated by 
overnight incubation with 1.5 % glutaraldehyde (Fig. 4b).

The A/G protein (Step 4) was utilized as a mediator to prevent the 
random immobilization of antibodies on the electrode surface. All the 
ammine groups on the antibody, including those in the Fc region and 

Fig. 3. a–b) SEM images of Cs/rGO/BSA modified electrode, c) EDS of working electrode (Bare, after Au foam deposition, after Cs/rGO/BSA deposition); d) Raman 
spectrum of Cs/rGO/BSA/Au foam electrode.
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Fig. 4. a) Immunosensor fabrication scheme; b) Glutaraldehyde surface activation reaction mechanism.

Fig. 5. a) Oxidation peak heights of Fe(CN)₆³⁻/⁴⁻ obtained by DPV for Au foam and for electrodes modified with the antifouling CS/rGO/BSA layer, before and after 
30 min of incubation in human serum; b) Anti-H-IgG concentration on the sensor response; c) Immunosensor CLSM image after antibody incubation; d) Effect of the 
Blocking time on sensor response. DPV sensor response was measured after 10 pg mL− 1 H-IgG incubation in PBS probe solution. Error bars represent the SD of six 
measurements.
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antibody-binding Fab regions, can bind covalently to the activated 
surface. Therefore, in addition to the upright end-on position, in which 
the binding sites are exposed and free to bind, the antibody can also bind 
in the side-on and head-on positions. In the latter case, the target protein 
binding sites are no longer available, lowering the sensor sensitivity 
[44]. The role of A/G protein is to remove the random immobilization 
and orientation. A/G protein contains the Fc-binding domains of pro
teins A and G, where the antibodies can bind with an end-on position 
[46,47]. Additionally, protein A/G has a high affinity for binding human 
IgG antibodies [48]. Electrochemical characterization was first 
employed to monitor surface modification after protein A/G immobili
zation. As shown in Fig. S1, a clear decrease in peak current was 
observed after incubation with protein A/G, indicating partial hindrance 
of electron transfer due to the presence of the protein layer. This result 
supports the successful attachment of protein A/G to the electrode sur
face. Further confirmation was obtained by FTIR spectroscopy. To 
clearly identify protein-specific signals, BSA was excluded from the 
Cs/rGO/BSA deposition bath to avoid spectral overlap. As shown in 
Fig. S2, the FTIR spectrum of Cs/rGo/Protein A/G modified electrode 
exhibits characteristic absorption bands corresponding to the amide I 
(1600–1700 cm⁻1), amide II (1470–1570 cm⁻1), and amide III 
(1220–1320 cm− 1) [49]. The presence of these bands confirms not only 
the successful immobilization of Protein A/G but also the preservation of 
its structural integrity upon surface binding. Additionally, a peak at 
1070 cm− 1, attributable to the P–O asymmetric stretching vibration, 
was detected. This signal likely originates from residual phosphate of 
PBS buffer used during the protein A/G incubation step. It is worth 
noting that the FTIR spectrum appears relatively noisy, which can be 
attributed to the thinness of the Cs/rGO film and the inherent structural 
defects of reduced graphene oxide (rGO). These defects can lead to peak 
shifts, variations in relative intensity, and the suppression of certain 
signals [50], complicating spectral interpretation. Nonetheless, the key 
characteristic peaks of chitosan and rGO are identified and summarized 
in Table S1, confirming the presence of the expected functional groups 
within the composite matrix.

After A/G protein incubation, the sensor was ready for the antibody 
immobilization step (Step 5). The antibody concentration was optimized 
by measuring sensor response to 10 pg mL− 1 H-IgG and varying the anti- 
H-IgG concentration in the range from 1 to 20 µg mL− 1. The current 
response of the sensor, ΔI, increased with the increasing antibody con
centration until reaching a maximum value at 10 µg mL− 1, Fig. 5b, and 
then decreased again. This trend was due to the gradual coverage of the 
electrode surface, which, therefore, can be considered completely 
covered at 10 µg mL-1 [51,52]. Thus, this antibody concentration was 
selected as the optimal value for the fabrication of the immunosensor. To 
verify the efficacy of antibody immobilization, fluorescence microscopy 
analysis was carried out. In this process, anti–H–IgG was replaced with a 
fluorescent-tagged antibody (Donkey anti–Rabbit–IgG, Alexa Fluor™ 
647) and the electrode was examined using CLSM, Fig. 5c. The CLSM 
image of the electrode surface after the incubation with 
fluorescent-tagged antibodies revealed a uniform distribution of the 
fluorescent tag. Thus, the antibodies are uniformly attached to the 
electrode surface, suggesting the success of the developed immobiliza
tion procedure.

Before incubating with the analyte, an immunosensor-activated 
surface was treated with a blocking agent to cover all remaining 
active sites on the surface to avoid non-specific binding. The Super
block®, often used in ELISA, was selected because of its ability to quickly 
block the surface (Step 6) [53,54]. The effect of blocking time incuba
tion was studied, evaluating the sensor response to 10 pg mL− 1 of H-IgG. 
In Fig. 5d, it can be observed that the sensor response is practically in
dependent of the blocking time. Thus, a blocking incubation time of 
20 min was selected to continue the fabrication. All optimizations uti
lized the protein H-IgG as the target. However, the replacement of the 
H–IgG antibody with one of different specificity while maintaining the 
same isotype makes it possible to use the immunosensor for other 

targets. In this study, two different targets were used to demonstrate the 
potential for H-IgG and H-IL8 multiplexed detection (Step 7). This was 
possible by immobilizing different antibodies on each chip electrode, 
specifically Anti-H-IgG in electrode E1 and Anti-H-IL8 in E3.

The optimized conditions were used for the fabrication of several 
immunosensors that were incubated using different concentrations of 
the target protein diluted in PBS. The concentration range investigated 
was from 1 fg mL− 1 to 10 pg mL− 1. The DPV scans in Fe(CN)₆³⁻/⁴⁻, 
conducted before and after incubation with the H-IgG target, revealed 
antigen-antibody binding, as indicated by the decrease in the oxidation 
peak current after incubation, Fig. 6a. The detection principle in the 
proposed immunosensor is based on monitoring changes in electron 
transfer resistance at the electrode surface resulting from specific bio
recognition processes. Antibodies immobilized on the working electrode 
surface form a selective interface able to capture the target protein. 
When incubated with the target protein, specific antigen-antibody 
binding occurs on the electrode surface, leading to the formation of an 
insulating biolayer. This insulating layer hinders electron transfer be
tween the redox probe in solution and the electrode surface. As a result, 
the oxidation peak measured by DPV decreased with increasing target 
concentration. This decrease in current is directly linked to the degree of 
the surface coverage by the target protein. In Fig. 6b, the analytical 
signal is represented as ΔI, calculated as the difference between the 
oxidation peak current measured before and after incubation with the 
target protein. The observed increase in ΔI with rising analyte concen
tration reflects the progressive formation of the insulating biolayer and 
confirms the sensor ability to quantitatively detect the target protein. 
For H-IgG target, the sensor was sensitive to very low concentrations, 
while for values higher than 1 pg mL− 1 saturation was reached, indi
cating that antibodies binding sites were entirely covered. Due to the 
Hook’s effect, a slight decrease was observed at 10 pg mL− 1 [55,56]. 
This phenomenon occurs for very high amounts of analyte. Under these 
conditions, the antigen molecules sterically hinder each other from 
reaching the binding sites of the antibody, resulting in a decrease in 
signal. For H-IgG target, a linear response in the range from 10 fg mL− 1 

to 1 pg mL− 1 was found, Fig. 6c, with a sensitivity of 73.94 of nA mL 
pg⁻¹. The following equation was used to calculate the LOD of the sensor: 

LOD = 3σ/S 

where σ is the standard deviation of blank measurements, S is the sensor 
sensitivity, which is determined by the slope of the calibration line. A 
very low value of LOD was calculated, 69.2 fg mL− 1.

To create a multiplexed device for monitoring inflammation, the 
above process was repeated to develop a sensor for H–IL8 detection. The 
same parameters optimized for H-IgG detection were used to fabricate 
the H-IL8 sensor, with Anti–H-IL8 immobilized on the electrode surface. 
As shown by the calibration line in Fig. 6d, the immunosensor exhibited 
a calibration curve similar to that of H-IgG, with a sensitivity of 
83.57 nA mL pg− 1 across a linear range from 10 fg mL⁻¹ to 1 pg mL⁻¹ and 
a LOD of 87.6 fg mL− 1. The versatility of the developed method was thus 
demonstrated, as no significant differences were observed when 
replacing the model analyte H-IgG with the cytokine, by simply modi
fying the immobilized antibody accordingly. For both target analytes, 
the observed results demonstrate that the immunosensor performed well 
in terms of linear range and LOD, as well as in sensitivity. This is evident 
from the comparison with literature data reported in Table 1. Although 
other studies demonstrated a wider linear range, the immunosensor 
fabricated in this study has a lower LOD and higher sensitivity. This is of 
high relevance, especially for biomedical applications.

The excellent performance demonstrated by the proposed platform 
opens new opportunities for potential real-world applications in cyto
kine detection. In this context, a comparison with the conventional 
ELISA method, still considered the gold standard for protein quantifi
cation, can be particularly useful to highlight the strengths of the present 
approach. While ELISA is a widely validated and sensitive technique, it 

N. Moukri et al.                                                                                                                                                                                                                                 Sensors and Actuators: B. Chemical 445 (2025) 138604 

7 



involves multiple incubation and washing steps, as well as the use of 
secondary antibodies and enzymatic labels and requires laboratory- 
based instrumentation (e.g., microplate readers). Furthermore, the 
total assay time typically ranges from 3 to 5 h. In contrast, the electro
chemical immunosensor developed here operates in a label-free 
configuration, eliminating the need for a secondary antibody and 

reducing the overall number of procedural steps. Although some incu
bation and washing steps remain necessary, the overall protocol is 
substantially simplified. In addition to shorter assay times, the platform 
provides high sensitivity, significantly greater than that of conventional 
ELISA, which typically exhibits LOD in the low pg/mL range, as well as 
good reproducibility and compatibility with miniaturized formats, 

Fig. 6. a) DPV before and after 0,1 pg mL− 1 H-IgG incubation; b) Immunosensor response at different H-IgG concentrations; c) Calibration line obtained for H-IgG.; 
d) Calibration line obtained for H-IL8. DPV measurements were performed in probe solution. Error bars represent the SD of five measurements.

Table 1 
Comparison table of the proposed immunosensor and other recent work in literature.

SUBSTRATE TARGET (MATRIX) TECHNIQUE LINEAR RANGE SENSITIVITY LOD REF.

CARBON SPE H-IgG 
(PBS)

DPV 2.5–100 
ng mL− 1 (Log)

1.7445 
μA mL ng− 1 cm–2

1.99 
ng mL− 1

[57]

PEP/DBMH/GCE H-IgG (PBS) DPV 0.1–104 ng mL− 1 3.296 μA mL ng− 1 23 pg/mL [58]
GCE/PEDOT-CITRATE H-IgG 

(PBS)
DPV 0.1–10000 

ng mL− 1
- 0.032 

ng mL− 1
[59]

PTH-MB/GNP H-IgG 
(PBS)

DPV 10–104 

ng mL− 1 (Log)
12.52 
μA mL ng− 1

3 
ng mL− 1

[60]

SiO2/Au/GOx H-IgG 
(Glucose-PBS)

CV 5–960 
μM

0.07 
μA L mol− 1

50 μM [61]

AuNPs-rGO/ITO IL8 
(PBS and spiked human Saliva)

DPV 0.5–4000 
pg mL− 1

7 nA mL pg− 1 72.73 
pg mL− 1

[62]

MoS2/ZnO/GCE IL8 
(PBS and spiked human serum)

DPV 500–4500 
pg mL− 1

- 11.6 fM [63]

β-Ag2MoO4/ITO IL8 
(PBS and spiked human serum)

DPV 10− 6–40 
ng mL− 1

7.03 μA ng to 1 mL cm− 2 90 pg mL− 1 [64]

CS/rGO/BSA Au FOAM H-IgG 
(PBS, artificial saliva and human serum)

DPV 0.010–1 
pg mL¡1

73.94 
nA mL pg¡1

69.2 
fg mL¡1

This 
work

CS/rGO/BSA Au FOAM IL8 
(PBS and spiked human saliva)

DPV 0.010 – 1 
pg mL¡1

83.57 
nA mL pg¡1

87.6 
fg mL¡1

This 
work
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making it a promising alternative to traditional immunoassays.
The selectivity of the developed immunosensor was evaluated by 

monitoring its performance in complex biological fluids. For this pur
pose, two complex matrices, artificial saliva and human serum, were 
used. Figs. 7a and 7b show the H-IgG calibration curves obtained in 
artificial saliva and human serum, respectively. Fig. 7c displays a com
parison of the blank negative controls and shows that the signal at 
baseline in artificial saliva is higher, possibly due to matrix effects. 
Despite this, the sensor performed well, as shown in Fig. 7a, with a 
sensitivity of 41.42 nA mL pg⁻¹ and a LOD of 77.1 fg mL− 1. In contrast, 
the negative control in human serum had a ΔI similar to that found in 
PBS. Additionally, the calibration line in Fig. 7b displayed the same 
slope. The successful operation of the sensor in undiluted human serum 
without the need for dilution highlights the effectiveness of the anti
fouling layer. This result highlights the CS/rGO/BSA layer ability to 
prevent interference and maintain sensor performance in complex bio
logical fluids. The same chitosan antifouling effect was obtained in [58].

Before proceeding with simultaneous detection and evaluating the 
device efficacy as a multianalyte sensor, cross-reactivity between the 
two analytes was assessed. Immunosensors for H–IgG and H–IL8 were 
assembled separately. The cross-reactivity was evaluated by measuring 
the sensor output obtained by a) the blank, b) the target analyte, c) the 
other protein and d) by both the target and the other protein. For 
example, a chip was incubated with H-IgG antibodies and was tested 
with blank, 0.5 pg mL− 1 of H-IgG, 0.5 pg mL− 1 of H-IL8 and 
0.5 pg mL− 1 of both H-IgG and H-IL8. A similar approach was used to 
evaluate the cross-reactivity for H-IL8. As shown in Fig. 8a–b, both 
immunosensors exhibited no significant change in the blank signal after 
the addition of the other analyte of interest. In addition, immunosensors 
responded to a 0.5 pg mL− 1 analyte concentration identically, even in 
the presence of the other analyte. This confirmed the absence of cross- 
reactivity effects between the immunosensors, allowing for simulta
neous analyte detection. The possibility of using this sensor to simulta
neously quantify the two analytes was evaluated by modifying the three 
on-chip electrodes with different antibodies. Specifically, E1 electrode 
was modified with Anti–H–IgG, while E3 with Anti–H–IL8. The efficacy 
of multiple analysis was evaluated by adding both analytes to the array 
and varying the concentration. Tests were performed using high con
centrations of H-IgG (1 pg mL− 1) in the presence of low concentrations 
of H-IL8 (0.1 pg mL− 1) and vice versa, and also at equal concentrations 
(0.5 pg mL− 1). Fig. 8c compares measurements taken under simulta
neous conditions with those obtained for each analyte individually. 
According to this study, the device successfully detected both bio
markers with a negligible effect of the presence of the other analyte.

3.3. Real samples

The immunosensor was then used to measure H-IL8 release from 
human macrophages stimulated with the proinflammatory bacterial 
LPS, known to induce a potent release of H-IL8. As expected, high 

amounts of H-IL8, in the ng mL− 1 range, were released, as measured by 
ELISA. This made it necessary to proceed with sample dilution, 1:103 for 
the untreated (NT) and 1:105 for the LPS-treated cell culture. The high 
sensitivity and very low LOD of the immunosensor allowed measure
ments to be performed at optimal pH conditions and reduced potential 
interference due to the high sample dilution. Since these dilutions were 
made in PBS, concentration measurements were taken using the cali
bration curve obtained in PBS. The results, shown in Fig. 9d, present the 
analysis of three different experimental replicates. The immunosensors 
analysis showed an increase in H-IL8 concentration in the supernatants 
collected from the LPS-treated cultures (violet bar) compared to the 
untreated cultures (green bar). In addition, these measurements agree 
perfectly with the concentrations obtained using the ELISA (light violet 
and light green bars). Fig. 9b also shows a direct comparison between 
the H-IL8 concentration measured by ELISA and the proposed sensor. 
The results of the two methods have a linear correlation with an R2 

> 0.99 and a regression slope very close to 1, demonstrating the high 
accuracy of the developed immunosensor.

Finally, the suitability of the immunosensor for in vivo measure
ments was evaluated by measuring H-IL8 concentrations in real saliva 
samples. Saliva was collected from one healthy volunteer and subse
quently spiked with known H–IL8 concentrations. The results, detailed 
in Table 2, showed an excellent recovery.

4. Conclusions

In this work, we developed an electrochemical multiplex immuno
sensor platform utilizing gold microdisk electrodes modified with gold 
foam and an antifouling polymeric layer. The device, comprised three 
gold disc working electrodes fabricated via lithography, metal evapo
ration and lift-off, enabled simultaneous analyses of two analytes. 
Electrodes were first coated with gold foam by hydrogen bubble tem
plate electrochemical deposition, followed by the application of an 
antifouling layer via electrochemical Cs/rGO/BSA co-deposition. This 
layer facilitated the site-oriented immobilization of antibodies through 
Protein A/G anchoring. The immunosensor demonstrated high sensi
tivity and low LOD for both H-IgG (69.2 fg mL− 1) and H-IL8 (87.6 fg 
mL− 1) in PBS, as well as in complex matrices such as human serum and 
artificial saliva. The chip is also able to quantify H-IL8 and H-IgG 
simultaneously. Its effectiveness for in vitro applications was confirmed 
by measuring H-IL8 concentrations in cell culture supernatants derived 
from human primary macrophages following treatment with the pro- 
inflammatory bacterial LPS. The results were validated for comparison 
using the ELISA method. Additionally, the sensor demonstrated excel
lent performance by accurately quantifying H-IL8 levels in spiked 
human saliva samples, achieving high recovery rates (≥ 94 %), thereby 
highlighting its suitability for real-world applications. This work high
lights the platform potential for chronic inflammatory disease moni
toring and its applicability for both in vitro studies as well as for the 
analysis of real human biological fluids.

Fig. 7. Calibration line for H-IgG in a) artificial saliva and b) in human serum; c) Blanks negative control. Error bars represent the SD of five measurements.
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Fig. 8. a) H-IgG immunosensor response to the buffer, H-IL8, H-IgG, and H-IgG in the presence of H-IL8, b) H-IL8 immunosensor response to the buffer, H-IgG, H-IL8, 
and H-IL8 in the presence of H-IgG; c) multiplex immunosensor device response varying the two analytes concentrations. Error bars represent the SD of five 
measurements.

Fig. 9. a) Immunosensors response to three different pairs of cell cultures supernatants with and without LPS treatment; b) Correlation between the H-IL8 con
centrations measured by the sensor and by the standard ELISA method. Error bars represent the SD of three measurements.

Table 2 
Spiked saliva immunosensors measurements.

H-IL8 added [pg mL− 1] H-IL8 detected [pg mL− 1] RSD % Recovery %

0 0
0.1 0.0944 7 94
1 0.9692 4 97
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