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Abstract—The detection of cytokines, which are key proteins involved
in immune system signaling, is of extreme importance for health
monitoring. Among the various cytokines, interleukin-6 (IL-6) is
particularly interesting to monitor, also considering that sweat IL-6
levels show a significant correlation with blood levels, in the range of
pg/mL. Despite its importance, sensitive and wearable detection of
IL-6 in sweat is still lagging behind. In this work, we fabricated and
characterized a flexible screen-printed carbon-based three-electrode
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electrochemical sensor for IL-6 detection. The planar electrochemical

sensor was first modified with gold nanoparticles (AuNPs) and then biofunctionalized with thiolated aptamers. The
characterization via electrochemical impedance spectroscopy (EIS) demonstrated selective IL-6 detection in the range
from 0.2 to 20 pg/mL in artificial sweat, perfectly covering the physiological range of interest. Our results suggest the
potential integration of the developed flexible sensor into wearable devices for cytokine monitoring.

Index Terms—Chemical and biological sensors, aptamer, electrochemical sensor, cytokines, interleukin-6 (IL-6), screen-printed, gold

nanoparticles (AuNPs), wearable, sweat.

I. INTRODUCTION

Standard biomarker monitoring relies on invasive blood tests and
time-consuming lab analysis. Alternatively, wearable sensors enable
continuous and minimally invasive monitoring of multiple human
health indicators in biofluids externally accessible, such as sweat
[1]. Sweat contains a wealth of physiological information, includ-
ing cytokines, which are compelling biomarkers for human health
monitoring as their detection offers insights into several physiological
and pathological processes [2]. Among the various cytokines, the
immune response regulator interleukin-6 (IL-6) is the most common
electrochemically detected cytokine in sweat [3], as its detection
enables insight into various pathologies, such as cancer and sepsis
[3]. Moreover, sweat IL-6 levels show a significant correlation with
blood levels [4], enabling its noninvasive monitoring via wearable
devices [5]. A widely employed electrochemical platform for the
detection of IL-6 is the three-electrode system, consisting of a working
electrode (WE), a counter electrode (CE), and a reference electrode
(RE) [3]. This system can be fabricated cost-effectively and on flexible
substrates, e.g., utilizing screen printing methods [6], allowing its
integration into wearable applications. For sensitive cytokine detec-
tion, the three-electrode platform is often paired with electrochemical
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impedance spectroscopy (EIS) and cyclic voltammetry (CV) [7], es-
sential electroanalytical methods that provide high sensitivity crucial
for accurate biological analysis [8].

Considering the low physiological levels of IL-6 in sweat, ranging
from 5 to 15 pg/mL [7], highly sensitive detection techniques are
required [3]. For instance, this could be done by using nanomaterials,
such as gold nanoparticles (AuNPs), which are able to increase the
electron transfer and biofunctionalization, and are bio-compatible
[9]. In fact, AuNPs can be easily immobilized onto screen-printed
carbon electrode (SPCE) surfaces using an electrochemical deposition
technique with control over size, shape, and density by adjusting the de-
position parameters, such as applied potential and deposition time [10].
This work presents the fabrication, optimization, and characterization
of a flexible and selective SPCE system, with a WE twofold smaller
than the commercially available platforms, to detect IL-6. AuNPs were
electrodeposited on the WE, and subsequently biofunctionalized with
IL-6 thiolated aptamers. The IL-6 AuNP-aptamer-modified sensor
enabled detection of IL-6 in the linear range from 0.2 to 20 pg/mL in
artificial sweat. Furthermore, the sensor demonstrated selectivity vs.
the interfering agent tumor necrosis factor-alpha (TNF-«), showing
negligible responses.

II. MATERIALS AND METHODS

All unspecified chemicals were purchased from Sigma-Aldrich.
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Fig. 1. In-house screen-printed and flexible three-electrode sensor.
(a) Image showing working, counter, and RE (WE, CE, and RE, re-
spectively, with a scale bar of 3 mm). (b) Image of experimental setup
utilized for the measurement of its response.

A. Transducer Fabrication

The fully screen-printed sensor layout consists of WE (with a
diameter of 2 mm, twofold smaller than the commercially available
Metrohm DropSens) and CE, both made of carbon (LOCTITE EDAG
PF 407 C) and a silver/silver chloride (LOCTITE EDAG PE 409 E&C)
RE. To ensure the flexibility of the sensors for skin conformity, the
device was fabricated on a polyethylene terephthalate (PET) substrate,
as shown in Fig. 1(a). To reduce the sheet resistance of the platform, the
connection parts of the three electrodes were coated by screen-printing
asecond layer of a conductive silver paste (LOCTITE ECI 1010 E&C).
After each printing step, the printed layer was cured at 120 °C for
15 min. Finally, a dielectric layer (Applied Ink Solutions PE-TD-642)
was first screen-printed, to passivate the tracks and allow exposure only
to the active area, and then cured at 130 °C for 5 min. All the inks and
PET for the screen-printing process were purchased from LOCTITE
E&C (CA, USA).

B. AuNP Deposition

Prior to any modifications, the SPCEs underwent CV electrochemi-
cal cleaning in 0.1 M potassium chloride (KCl), scanning from —2 to 2
V at a scan rate of 100 mV/s for 20 cycles, to improve electron transfer
kinetics and reduce device-to-device variability by removing surface
impurities [11]. All electrochemical procedures were conducted using
a potentiostat (VersaSTAT 4, Princeton Applied Research, USA).

AuNP electrodeposition on the WE was performed using a solution
containing 0.5 mM chloroauric acid in 0.5 M sulfuric acid employing
chronoamperometry. The reduction potential of AuNPs of 0.54 V was
extracted from the CV, conducted in the deposition solution (scanning
from —1to 1 V atascanrate of 100 mV/s) and set as the potential for the
chronoamperometric deposition. AuNPs were deposited for different
times, specifically 50, 100, 200, 400, 600, and 1000 s. Subsequently,
the active area of the AuNP-modified WE at different deposition times
was calculated by performing CV in 5 mM of ferricyanide/ferrocyanide
(Fe[(CN)g]>™*) in 0.1 M KCl at a scan rate of 100 mV/s.

The morphological properties of the AuNP-modified WE were
characterized using a scanning electron microscope (SEM) (JSM-IT
100, JEOL, Japan) operating at a voltage of 3 V, a working distance
of 8 mm, magnification of 10.00 K X and an aperture size of 20 pum.

C. Aptamer Biofunctionalization

IL-6 aptamers thiolated at the 3’ end were purchased from
Microsynth AG, Switzerland, with the following sequence: 5°-
GGTGGCAGGAGGACTATTTATTTGCTTTTCT-3’ [12].

Before functionalization, the aptamers were treated with 50-fold
tris(2-carboxyethyl) phosphine (TCEP) excess relative to IL-6 aptamer

concentration (100 uM) for 1 h, to reduce the disulfide bonds. Next, the
aptamer solution was diluted in 1x phosphate-buffered saline (PBS) to
aconcentration of 5 tM, and cleaned with Zeba spin desalting columns
[13].

Before functionalization, the aptamers were denatured at 95 °C for
5 min and then renatured by cooling down to room temperature [14].
Subsequently, 10 uL of 5 uM aptamer solution was drop-casted on the
AuNP-modified WE and incubated for 24 h at4 °C and 100% humidity
[15]. Next, the functionalized sensors were incubated for two hours in
10 pL of 500 uM poly(ethylene glycol) (PEG), to prevent nonspecific
interactions [16]. To confirm successful biofunctionalization, first EIS
was performed in 70 uL of 2 mM of ferricyanide (Fe[(CN)g]*) in 1x
PBS [13] in a frequency range from 0.1 to 100 kHz, with Vpc set
to 0.11 V and V¢ set to 10 mV, for all the functionalization steps.
To further confirm successful biofunctionalization, CV was performed
in 70 uL of 2 mM of ferricyanide (Fe[(CN)g]*") in 1x PBS within a
potential range from —0.4 to +0.6 V at a scan rate of 100 mV/s for all
the functionalization steps.

D. Biosensor Characterization

To validate the biosensor behavior, different concentrations of 1L-6,
ie., 0.2, 0.5, 2, 5, 10, 20, and 200 pg/mL, were prepared in 1x PBS
and artificial sweat. Artificial sweat was prepared in deionized water,
containing 8 mM KCl, 30 mM sodium chloride, 0.084 mM creatinine,
0.17 mM glucose, 0.059 mM uric acid and 0.01 mM ascorbic acid
[17]. First, EIS was performed for all concentrations in 1x PBS on two
different sets of samples (N = 7) in a frequency range from 0.1 Hz to
100 kHz. Vpc was set to 0.11 V, and V¢ was set to 10 mV.

Initially, an EIS measurement was carried out in 50 puL 1x PBS,
which served as a baseline. Subsequently, increasing concentrations
of IL-6 were added to the chamber, and the EIS response was recorded.

The impedance magnitude was derived from the EIS response at
10 Hz for the different IL-6 concentrations. Subsequently, for each
concentration, the impedance magnitude was normalized by subtract-
ing the baseline impedance value measured in 1x PBS. Second, CV
was performed in all concentrations in 1x PBS on two different sets
of samples (N = 7) within a potential range from —0.4 to +0.6 V ata
scan rate of 100 mV/s.

Given the higher sensitivity of EIS compared to CV, EIS was
employed for detecting IL-6 in artificial sweat, in the same manner
described above. The validation in 1x PBS and artificial sweat was
performed using the setup shown in Fig. 1(b).

[ll. RESULTS AND DISCUSSION
A. AuNP Deposition

To determine the ideal deposition time, the active area of the WE
was extrapolated for different deposition times (N = 3). The Randles—
Sevcik model, in combination with [Fe(CN)]*/* as a redox system,
was utilized given its suitability for single electron transfer [18]. With
longer deposition time, the density of AuNPs increased, leading to a
higher surface area, peaking at 600 s.

At a deposition time of 1000 s, the effect saturated due to the
formation of a continuum gold film rather than nanoparticles, resulting
in reduced roughness and thus active area [19]. The highest active area,
corresponding at 0.0039 cm?, was achieved for a deposition time of
600 s, representing a 131% increase compared to the calculated area
of the bare electrode (0.0017 cm?), and indicating more binding sites
available for the biofunctionalization.
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Fig. 3. (a) EIS showing changes in the charge transfer resistance
Rcr. (b) CV demonstrating changes in the oxidation peak current
with increasing modification complexity. More complex modification im-
pedes the ferricyanide molecule from accessing the electrode surface.
(Apt: Aptamer.)

B. Aptamer Biofunctionalization

Each step of the WE functionalization was tracked by evaluating
the change of the Nyquist plots of the EIS response, in particular the
charge transfer resistance (Rc, i.e., the semicircle diameter), and by
evaluating the change of the oxidation peak current during CV.

Fig. 3(a) shows the Nyquist plot of the EIS data, fitted to a Randles
circuit. The bare AuNP-modified SPCE displayed a linear behavior
with a negligible small semicircle representing the Ror (1.6 £ 0.4 )
of electrochemical reactions at high frequencies. Upon biofunctional-
ization with aptamers, the semicircle of the Nyquist plot increased due
to hindered diffusion of Fe[(CN)g]* to the electrode surface by the ap-
tamer layer (196 4= 58.5 2). Subsequent PEG coating further improved
the charge transfer resistance Ror (648.7 & 249.1 2), confirming the
formation of a blocking layer on the surface of the electrode [15]. Fol-
lowing incubation with IL-6, the radius of the semicircle was enhanced
further, indicating the binding of the IL-6 target by the aptamer. This
increase in Ror (1780 £ 282.8 2), upon the binding event, suggested
aptamer backbone rearrangement, which impeded the diffusion of
Fe[(CN)g]*" to the electrode surface [12]. Successful functionalization
is once more underlined when comparing the cyclic voltammograms
displayed in Fig. 3(b). For the bare AuNP-modified SPCE the highest
oxidation peak current is achieved (58.28 &+ 7.74 nA). For subsequent
biofunctionalization with aptamers, the current decreased (51.12 £
13.39 pA), as the diffusion of Fe[(CN)g]> to the electrode surface
by the aptamer layer is hindered. The current further decreases after
PEG coating (40.29 £ 2.13 pA), which confirmed the formation of a
blocking layer. Upon incubation with IL-6, the oxidation peak current
further decreased, suggesting aptamer backbone rearrangement to
impede further Fe[(CN)g]* diffusion (29.85 & 1.98 nA) [15].

C. Biosensor Response

To evaluate the response of the sensor toward different concentra-
tions of IL-6 in 1x PBS (pH of 7.4), the magnitude of the impedance
was extracted at a frequency of 10 Hz, as depicted in Fig. 4(a). As
the concentration of IL-6 increased, the magnitude of the impedance
improved, as expected. At higher concentrations of IL-6, more bind-
ing events with the aptamer occurred. The binding event causes the
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Fig. 4. (a) Calibration curve, magnitude of impedance for different

concentrations of IL-6 in 1x PBS. (b) Calibration curve, oxidation
peak current during CV for different concentrations of IL-6 in 1x PBS.
(c) The biosensor responded minimally to TNF-«, even at concentra-
tions ten times higher than those of the IL-6 target. (d) Calibration
curve, magnitude of impedance for different concentrations of IL-6 in
artificial sweat. Error bars represent the standard deviation with N = 7
per concentration.

aptamer to undergo a conformational change, resulting in bending.
This movement brings the negatively charged backbone of the IL-6
aptamers closer to the sensor surface, resulting in an increase in
negative charge density and consequently, an increase in the absolute
value of impedance [20].

For the CV response, the peak current for different concentrations of
IL-6 in 1x PBS was extracted, as displayed in Fig. 4(b). The peak cur-
rent decreased with higher concentrations of IL-6 since more binding
events with the aptamer occurred. Comparing both EIS and CV as de-
tection methods, the higher sensitivity of EIS [317.57 Q2/log(pg/ml)] in
comparison to the sensitivity of the CV response [—1.5 pA/log(pg/ml)]
is evident, as also confirmed in [9]. Moreover, the EIS response showed
a higher linearity (R? = 99.43%) compared to the CV response (R?> =
88.36%).

At a concentration of 200 pg/mL, the sensor’s binding capacity
saturated, resulting in a plateau in the observed signal for EIS and CV
response. Similar behavior was also observed by Kumar et al. [9], who
developed an AuNP-aptamer-modified gold electrode and employed
EIS as a detection method, with the sensor saturating at a concentration
of 20 pg/mL.

Fig. 4(c) depicts the study of the cross-selectivity. The green column
shows the sensor response in the presence of 100 pg/mL of TNF-«
interfering agent in 1x PBS, while the blue column shows the response
when adding 10 pg/mL IL-6 to the 100 pg/mL of TNF-« in 1x PBS.
Remarkably, despite the TNF-o concentration being ten times higher
than that of the target analyte (IL-6), the sensor showed insensitivity
to TNF-«, as evidenced by the negligible change in impedance mag-
nitude. Indeed, upon introducing the IL-6 an immediate increase in
impedance was observed independent of the interfering agent present
in the solution, highlighting the high selectivity and sensitivity of our
AuNP-modified SPCE aptasensors.

Due to its higher sensitivity compared to CV, EIS was employed
for detecting IL-6 in artificial sweat. The EIS response in artificial
sweat (pH of 5.4), depicted in Fig. 4(d), showed good sensitivity
[183.26 Q/log(pg/ml)] and a high coefficient of determination of
99.63% in the range from 0.2 to 20 pg/mL, effectively covering
the physiological range of IL-6 in human sweat. In comparison,
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Table 1. State-of-the-art Three-Electrode AuNP-Modified Aptasen-
sors for the Electrochemical Detection of IL-6 in Sweat

Redox Linearrange LOD
Substrate reporter [pg/mL] [pg/mL] Ref.
Rigid Fe[(CN)g]*"* 0.02-20 0.02 [9]
Flexible / 0.2-20 0.2 This work

the sensitivity in the range of interest in 1x PBS was calculated as
317.57 Q/log(pg/ml), with a linearity of 99.43%. The higher sensitivity
of the sensor in 1x PBS was expected as the artificial sweat represents
a more complex medium than the buffer.

Different aptamer-based IL-6 biosensors were presented in the past
by other researchers [12], [15], [21], however focusing on the detection
of IL-6 in biofluids besides sweat, or employing transducers other
than three-electrode platforms. To the best of the authors’ knowl-
edge, only Kumar et al. [9] published on the aptameric detection of
IL-6 in sweat using a three-electrode platform. Our sensor achieves
a limit of detection (LOD) of 0.2 pg/mL, and shows comparable
performance with the sensor presented by Kumar et al. [9] (see
Table 1). In the platform of Kumar et al. [9], gold was used as WE
(modified with AuNPs) and platinum as CE, resulting in a lower LOD
(LOD of 0.02 pg/mL), but also higher cost compared to our carbon-
based screen-printed platform. In addition, the detection method of
Kumar et al. [9] relied on redox reporters supporting the detection,
making the method more complex and unsuitable for wearables. In-
stead, the sensor presented in this work employed AuNPs on SPCE as
nanomaterials, emphasizing simplicity and cost-effectiveness, as well
as novelty employing EIS as a detection method allowing to avoid the
use of redox reporters. Furthermore, unlike the sensor discussed above,
our biosensor is designed with flexibility and reduced dimensions in
view of wearable applications.

IV. CONCLUSION

In this letter, we successfully fabricated and characterized an elec-
trochemical biosensor for IL-6 detection in sweat. The AuNP-aptamer-
modified biosensor was able to detect IL-6 in its physiological sweat
range from 5 to 15 pg/mL. Importantly, the sensor exhibited negligible
response to nonspecific analytes, even at a concentration ten times
higher than that of IL-6.

The planar and flexible structure of the sensor, coupled with a good
sensitivity (LOD of 0.2 pg/mL), makes it well-suited for integration
into wearable devices for sweat-sensing applications. Future studies
will focus on assessing the sensor’s performance under constant sweat
flow using microfluidic techniques to simulate real-life scenarios.
Moreover, this approach holds promise for expanding the sensor’s
capabilities to detect a broader range of cytokines, each requiring its
own calibration curve. Integration into a sensor array for simultaneous
detection of multiple cytokines could significantly enhance under-
standing of pathological processes, potentially leading to improved
disease diagnosis and monitoring.
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