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A B S T R A C T   

Herein, we present the design and fabrication of a portable biochemical sensor based on the Screen Printed 
Electrode (SPE) concept and applied for detecting interleukin-6 (IL-6), a key player in the complex process of 
inflammation, in real human saliva. The sensing mechanism relies on the antigen-antibody binding between the 
IL-6 molecule and its antibody immobilized over a surface of a Thermally Exfoliated Graphene Oxide (TEGO) 
layer. TEGO, deposited by Aerosol Jet Printing (AJP), provides advantages in terms of a time/cost consumingfast, 
easy and efficient biofunctionalization. The biosensor shows a dynamic range comprising IL-6 concentrations 
falling within the normal IL-6 levels in saliva. An extensive analysis of device performance, focused on the 
assessment of the sensor Limit of Detection (LoD) by two modes (i.e. from the lin-log calibration curve and from 
blank measurements), provides a best value of about 1 × 10− 2 pg/ml of IL-6 in saliva. Our work aims at 
providing a contribution toward applications in real environment, going beyond a proof of concept or proto
typing at lab scale. Hence, the characterization of the sensor was finalized to find a reliable device-to-device 
reproducibility and calibration through the introduction of a measurement protocol based on comparative 
measurements between saliva samples without (blank) and with IL-6 spiked in it, in place of the standard addition 
method used in daily laboratory practice. Device-to-device reproducibility has been accordingly tested by 
acquiring multiple experimental points along the calibration curve using different individual devices for each 
point.   

1. Introduction 

Cytokines are small molecules of 10− 70 kDa in weight, whose con
centration in blood or saliva can be a fingerprint of an inflammatory 
state in human body. Among the cytokines, the Interleukin-6 (IL-6) 
family plays an important role as inflammatory marker in the context of 
several diseases [1]. IL-6 has been also proposed as an informative 
marker for Covid-19 during pandemic [2]. Its concentration values in 
saliva falling in the range between 1 and 5 pg/mL are indicative of a 
healthy state, while an increase in concentration can be associated to an 
in-progress inflammatory state [3]. Higher IL-6 concentrations can 

address illness states, for example values of 200–300 pg/mL are indic
ative of a severe state of inflammation, referred to as “cytokine storm” 
during pandemic [4]. The quantification of interleukins is generally 
made by ELISA assays, with the requirement of specialized laboratories 
and qualified staff. The ability for providing an indicative quantification 
of cytokine levels in biological matrices by means of user-friendly 
diagnostic devices may be of useful support under a clinical frame
work of prevention. Leveraged by pandemic, worldwide research on 
fast, reliable and portable biochemical electronic sensors exploded in 
number and in quality, and literature provides a number of designed 
sensing devices with high potential [5,6], as well as many 
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proof-of-concept trials [7,8]. A pivotal role for the implementation of 
bioelectronic sensors is given by the use of solution processable, con
ducting organic materials, but also carbon-based materials are largely 
used to this purpose [9]. Accordingly, electrolyte-gated transistors and 
electrochemical electrodes (i.e. Screen Printed Electrodes, SPEs, and 
interdigitated electrochemical electrodes, IDEs) implemented using 
these materials, have been designed and applied as electroanalytical 
tools for biosensing [10]. SPEs are portable, disposable and user-friendly 
tools for a rapid detection by analyzing small sample volumes (if 
required, directly in the field), also providing performance comparable 
to that of laboratory methods. 

SPEs’ main interface, i.e. the working electrode (WE), is generally 
decorated by a recognition element, such as a ligand (e.g. antibody, 
aptamer, nanobody), that is responsible for the specificity of the device. 
Then, with the aim of calibrating the SPE, obtaining a dose-response 
curve, the device is incubated with known concentrations of the 
desired biomarkers in the appropriate biological matrix, thus reducing 
the matrix-associated signals. A screening effect at the WE towards the 
charge transfer efficiency in presence of an electrochemical probe (such 
as ferrocene, ferricyanide) is provided upon binding analytes to the 
recognition elements decorating it. A progressively reduced redox ac
tivity of the probe is sensed by performing electrochemical measure
ments upon incubating increased concentrations of the analyte 
dispersed within the supporting matrix. 

The above scheme has been largely used to determine cytokines 
levels using the immune-sensing approach (antigen-antibody recogni
tion), also in biological fluids, by combining different electrode func
tionalization strategies and experimental measurement protocols [11, 
12]. The same scheme can be applied to other target molecules associ
ated to inflammation states, including acute-phase proteins, serum 
amyloid A, fibrinogen, procalcitonin and calreticultin [13,14]. 

As regarding the cytokines, electrochemical electrode platforms 
(SPEs, IDEs) based on carbon materials have shown to be suitable for 
implementing electrodes coverage suited to a direct functionalization of 
their active surface. Sánchez-Tirado et al. have demonstrated multi- 
walled carbon nanotube (MWCNT)-modified SPEs with carbon WEs 
for the detection of TGF-beta 1, showing the biosensor suitability at 
working within the physiologic range in human serum of such cytokine 
[15]; Serafin et al. have decorated the carbon WE of SPEs by a 
MWCNTs/graphene quantum dots composite for the detection of 
Interleukin-13 receptor subunit alpha-2 down to the nanomolar range 
[16]. Within the above scenario, the work by Parate et al. indeed shows 
an interesting application of 3D printed graphene layers for the selective 
detection of cytokines in bovine minced implant supernatant as the 
biological matrix. They make use of a graphene-nanocellulose ink and 
an aerosol jet printer to implement well performing IDEs for interferon 
gamma (IFN-γ) and interleukin 10 (IL-10) detection [17]. 

Despite the demonstrated feasibility for efficient and selective bio
sensors targeted to cytokines detection, it emerges from literature that 
the proposed solutions often suffer from scarce indications concerning 
their reliability. In most cases, the reported calibration curves are nearly 
the outcome of measurements performed by using the standard addition 
method, where a single device is used for all the analyte concentrations 
under analysis, i.e. by measuring the biosensor response at analyte in
cubation steps defined by progressively increasing its concentration in 
the hosting biological matrix, within the desired concentration window 
to be investigated. This method is a standard laboratory practice that is 
important by from a fundamental basic research perspective. However, 
it may affect the device response due to possible fouling by proteins 
contained into the biomatrix on the electrode surface. Furthermore, it is 
limited in terms of applicability in real-life conditions, where an un
known concentration of analyte must be evaluated by recovering the 
device response. This is because the calibration curves assessed by the 
standard addition method depend on the individual response by the 
used electrode, whereas the device-to-device reproducibility currently is 
still affected by the SPEs fabrication methods and also needs for a proper 

control of both preparation (e.g. cleaning, as well as functionalization) 
and operation conditions [18]. 

Herein, we show the manufacturing and characterization of a SPE 
biosensor for the detection of IL-6 in saliva samples. The proposed SPE 
biosensor takes advantage from an organic layer made of a Thermal 
Exfoliated Graphene Oxide (TEGO) printed by the Aerosol Jet Printing 
(AJP) technique on its WE. Indeed, the defective surface of the TEGO 
layer allows a direct decoration of the WE by IL-6 antibodies (mAb IL-6) 
via carbodiimide chemistry, making it ready for the selective binding 
and recognition of IL-6. The TEGO layer provides a low cost and time- 
saving route to manufacture graphene-based WEs in SPEs biosensors, 
whereas commercial graphene inks provide defect free surfaces 
requiring post processing strategies aimed at inducing functional surface 
defects, such as oxygenated species, e.g. carboxyl and carbonyl groups, 
available for antibodies anchoring [17]. 

The TEGO layer was deposited on the WE by AJP, a technology 
extensively described in recent literature [19,20] and demonstrated to 
be well suited to 3D printed electronics [21] and bioelectronics [22]. 
Recently, AJP found applications oriented towards the healthcare, and 
its use in biosensing field is sustained by the rapid prototyping capability 
it offers, allowing to quickly fabricate large batches of devices aimed at 
pursuing a well reproducible response. Functional inks are formulated 
for the implementation of (bio)electronic devices as well [23]. AJP 
technique has been applied to fabricate biosensors for the electro
chemical detection of proteins [24] and biomarkers [25], as well as to 
implement organic transistors for biosensing purposes [26,27]. At the 
state of our knowledge, this is the first time that a TEGO layer has been 
printed by AJP deposition. 

Here we underline the importance of utilizing TEGO instead of gold 
as working electrodes for the biochemical functionality of the surface. 
TEGO deposited by AJP presents a highly defective exposed surface. 
While this is typically perceived as a drawback in terms of conductivity 
in the realm of graphene, in our case this disadvantage becomes a 
strength. In fact, the abundance of surface defects facilitates the 
attachment of antibodies on the underneath TEGO layer. This allows for 
the simultaneous achievement of two advantages in just one deposition 
step, i.e. (i) avoiding the functionalization of gold with thiols, thereby 
halving the total functionalization time, and (ii) increasing the free 
exposed surface area, thus enhancing sensor performance. 

Taking into account the disposable nature of SPEs, we also designed 
a measurement protocol for the assessment of a reliable biosensor cali
bration curve from a single shot measurement [28,29,30]. It consists of 
Electrochemical Impedance Spectroscopy (EIS) measurements in pres
ence of a redox probe carried out using a single electrode for each 
incubated IL-6 concentration spiked in a real saliva sample and falling 
within the desired interval (nominally, from 0.1 pg/mL to 10 ng/mL). A 
reference measurement, consisting of an EIS measurement performed 
without antigen incubation, is preformed prior to incubating the IL-6 
spiked saliva and used to assess the device calibration curve. 

Three calibration curves, expressed as the measured variations of the 
charge transfer resistance due to a red-ox probe at the WE prior and after 
IL-6 incubation, are extracted from data analysis. 

Accordingly, the first calibration curve has been assessed by 
measuring six disposable devices for six IL-6 concentrations in the 
desired interval, hence using one device for each fixed concentration, 
and starting from the lowest concentration to the highest one. The sec
ond and third calibration curves are again determined using one device 
for each concentration, but randomly changing the measurement 
sequence of IL-6 concentrations within saliva samples, all this being 
made to mimic a real measurement where a given concentration pro
duces similar responses by individual disposable devices. As a result, the 
as-determined calibration curves turn out to be quite similar each other, 
indicating that a high degree of control by the proposed functionaliza
tion protocol and satisfying device-to-device reproducibility are ach
ieved. The scheme below (Fig. 1.A) reports the overall process of the 
experiment, where the fast preparation of the sensor, together with 
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saliva collection and device-to-device reproducibility make it suitable 
for usability even in domestic settings. 

We want to emphasize the significance of our work, which represents 
a stride forward in basic research towards tangible and practical appli
cations responding to the Affordable, Sensitive, Specific, User-friendly, 
Rapid/Robust, Equipment-free and Deliverable (ASSURED) criteria for 
Point of Care tests [31] provided by the World Health Organization 
(WHO). We have placed significant emphasis on the reproducibility of 
the sensor, particularly within an application-oriented perspective. This 
aspect is frequently overlooked in scientific literature, where the pri
mary focus often lies in demonstrating proof of concept devices. This 
holds particularly true in the realm of biosensors, where calibration 
curves are typically constructed based on known concentrations. In our 
study, we aimed to devise a method that leverages the sensor’s response 
along the calibration curve to discern concentrations previously 
unknown. 

2. Experimental 

2.1. Materials 

Graphite powders (grade RW-A, average size 66 μm) were purchased 

from SGL Carbon. Sodium chlorate (ACS reagent, ≥99.0 %) was pro
vided by Merck Co. Fuming nitric acid (99 %+), α-terpineol 1% wt, 
ethanolamine, bovine serum albumin (BSA), 1-ethyl-3-(3-dimethylami
nopropyl)-carbodiimide (EDC), N-hydroxysulfosuccinimide sodium 
salt (sulfo-NHS), 2-(N-Morpholino) Ethane Sulphonic acid (MES) and 
fluoresceinamine isomer I were purchased from Sigma Aldrich Co. 
Cyclohexanone and methanol were acquired from Carlo Erba Reagents. 
IL-6 monoclonal antibodies have been purchased from Vinci Biochem 
Srl. From the electrochemical tests, SPEs from Metrohm Dropsens were 
considered using the 3-electrodes layout bearing the WE made of a 4 mm 
size Au disk, a Pt counter electrode (CE) and the Ag reference electrode 
(RE). 

2.2. Synthesis of TEGO and ink preparation 

The synthesis of Graphene Oxide by Thermal Exfoliation was carried 
out as follows. For the oxidation step, the Brodie method was employed: 
5 g of graphite powder was ground in a mortar together with 40 g of 
sodium chlorate. The resulting powders were stirred and cooled in an ice 
bath, while 50 ml of fuming nitric acid was added stepwise. Then, the 
mixture was heated at 60 ◦C for 8 h. Subsequently, the mixture was 
diluted in Milli-Q water and filtered through a fritted Büchner funnel. 

Fig. 1. (A) Scheme of the overall detection protocol starting from the saliva collection (upper panel, IL-6 spiked saliva; lower panel, blank), the easy incubation on 
the active sensor interface and the data collection/analysis. 
(B) Scheme of the functionalization process: (1) TEGO deposition by AJP on Au WE; (2) activation of TEGO by EDC/NHS chemistry; (3) binding of antibodies (AntiIL- 
6) through their amine primary groups; (4) electrode ready for the incubation of biomatrices containing the reference IL-6 analyte (Created with BioRender). 
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The solid fraction obtained was washed with a 1 M HCl solution to 
eliminate any residual salts, followed by thorough washing with Milli-Q 
water until the effluents reached a neutral pH. The resulting graphite 
oxide was then dried in an oven at 60 ◦C, ground into powder form and 
placed in a quartz tube under dynamic vacuum, which was quickly 
inserted in a tube furnace at 1150 ◦C and kept there for 30 min. This 
process resulted in the release of oxidized functional groups in the form 
of CO and CO2, acting as propellants for the exfoliation and reduction of 
the graphene layers [32]. The TEGO powder has been used as the raw 
material for the preparation of a dedicated ink, suitable for printing by 
direct-writing techniques. The powder was mixed in cyclohexanone 
used as solvent (1 mg/mL); 5 mL of the resulting dispersion was 
ball-milled under a planetary ball milling (Fritsch Pulverisette). TEGO 
dispersion has been refined in zirconia jars with 24.5 g of 3 mm zirconia 
sphere at 650 rpm for a total time of 17.5 h (70 cycles for 15 min 
alternating from 1 min of pause in air). After milling, the dispersion 
achieves a water-like viscosity of ~ 7 cps, well suited for printing by the 
ultrasonic atomizer of the printer (AJP200, Optomec). To achieve a 
printable ink, a solution of TEGO dispersion 99% wt and α-terpineol 1% 
wt has been prepared. α-terpineol is a high boiling chemical that is ex
pected to favor a decrease of the overspray effect during deposition 
process [33]. TEGO ink has been deposited using ultrasonic atomizer by 
loading 2 ml of the ink in the atomizer vial. Printing parameters for WE 
decoration are set to achieve the best compromise between overspray 
effect and line quality. In this respect, the TEGO printing 
pre-characterization (reported in Results and Discussion section) has 
shown that for a Focusing Ratio (FR) of 1 (carrier and sheath gases equal 
to 35 sccm) and for a platen temperature of 80 ◦C, a platen speed of 2 
mm/sec allows meeting the requirement for high quality TEGO thin 
films deposition. The as-deposited graphene layers have been sintered at 
220 ◦C for 30 min to remove α-terpineol residues prior to perform SEM 
micrographs (SEM-FIB Zeiss Auriga Compact) of the bare and covered 
SPE WEs. Before printing, the gold WE was subjected to a deep cleaning 
process consisting of three consecutive brushings in methanol, followed 
by 20 Cyclic Voltammetry (CV) cycles (in the range from − 0.8 to 1.2 V) 
by a Palmsens4 potentiostat (also used for biosensors electrochemical 
characterization) in sulfuric acid (H2SO4, 0.1 M). 

3. Electrode functionalization and measurement protocol 

The surface of the printed TEGO has been chemically activated for 
binding the anti-IL6 antibodies. Fig. 1.B reports the scheme of the 
overall biofunctionalization process after TEGO decoration (Fig. 1.B 
(1)). A solution of 100 mM of sulfo-NHS mixed in 10 mM of MES buffer 
at pH=5.5 is used for the activation of carboxylic groups (COOH) of the 
printed TEGO layer (Fig. 1.B (2)). A drop of 60 μL is casted over the WE 
electrode and left soaking for 1 h lasting incubation inside a customized 
incubation chamber, made of a water salt bath to slow down the solvent 
evaporation. After the incubation, a cleaning step in PBS is applied. A 
fluorescence molecule is incubated at this time on some test samples to 
verify the effective activation of carboxyl groups of the TEGO surface: a 
0.5 mg/mL of fluoresceine-ammine dissolved in PBS is incubated over 
the electrode surface for 2 h. After activation, the TEGO surface was 
treated with the anti-IL-6 molecule to induce its effective binding with 
the activated carboxylic groups (Fig. 1.B (3)); to this aim, we have tested 
different mAb IL-6 concentrations in PBS, and 50 µL of a PBS solution 
with 0.2 µm/µL of the antibody incubated for 2 h on the WE has been 
found to be the best decoration protocol for effective IL-6 detection. As 
the final step of the biofunctionalization protocol, the free sites residues 
have been passivated by incubation with 100 mM of ethanolammine 
followed by incubation with 1% w/v BSA (Bovine Serum Albumin) in 
PBS buffer for 30 min. The surface is now ready for the incubation of the 
IL-6 molecule (duration, 1 h) (Fig. 1.B (4)). The total time of the whole 
process was 4 h. IL-6 incubation was carried out in saliva as collected by 
dedicated saliva samples collectors (Salimetrics, LLC) and following 
indications provided in ref [34]. The as-collected saliva samples were 

transferred in a 15 ml sterile tube, and then centrifuged at 3000 rpm x 
10′, for cells and debris removal. To obtain a dose-response curve, re
combinant IL-6 was diluted in freshly saliva at various concentrations 
within the concentration interval comprising the dynamic range of an 
ELISA assay, i.e. from 0.1 pg/ml to 10 ng/ml; in this way, we built a 
library of 6 saliva samples with different IL-6 spikes. 

For measurements, 50 μl of samples were incubated on the WE for 1 h 
and then EIS was performed as described in the previous paragraph. The 
dynamics of IL-6 binding has been preliminary checked by EIS mea
surements (see section S.1, Supplementary Information file). Each con
centration was accordingly used with a dedicated TEGO-functionalized 
SPE, hence wasted after the assessment of the sensor response prior and 
after incubating the related saliva sample. 

The collected saliva sample has been preliminary tested by an ELISA 
assay using the Ella-SimplePlex system (Bio-Techne, Minneapolis, MN, 
USA). The experiment was conducted as per manufacturer instructions. 
Briefly, saliva samples were freshly collected and centrifuged at 5000 
rpm for 5 min and then diluted with sample diluent buffer, as indicated 
by manufacturer instructions. 

A basal value of IL-6 content equal to 0.4 pg/ml has been found. 

4. Surface characterization 

Micro-Raman spectroscopy was conducted using a Horiba Jobin 
Yvon LabRam micro-spectrometer (HORIBA Scientific, Kyoto, Japan), 
employing a double Nd:YAG laser with a 473.1 nm as excitation line, an 
Olympus BX40 microscope (Olympus, Tokyo, Japan), through a ULWD 
50x objective, and a Peltier-cooled silicon CCD. The spectral range from 
~1000 to 2000 cm− 1 was considered to encompass the D and G Raman 
bands of the graphene-based material. Calibration of the instrument was 
conducted using the Raman signal of standard silicon reference at 520.6 
cm− 1. The spectral resolution was 4 cm− 1. Density filters were used to 
reduce the laser beam power and prevent excessive heating of the 
carbon-based samples. The standard analysis involved acquiring 10 
consecutive accumulations, each lasting 60 s. XPS spectra have been 
acquired in an Ultra-High-Vacuum (UHV) system using a VSW HA100 
hemispherical electron energy analyzer with PSP power supply/control 
and a non-monochromatized Mg Kα source (photon at 1253.6 eV), with 
a final energy resolution of 0.86 eV. The binding energy (BE) scale was 
calibrated from the Au4f 7/2 peak at 84.0 eV of a sputtered Au surface. 
The core level analysis was performed by Voigt lineshape deconvolution 
after the background subtraction using a Shirley function. The typical 
precision for each component’s energy position is ±0.05 eV. The un
certainty for the full width at half-maximum (FWHM) is less than ±2.5 
%, while it is about ±2 % for the area evaluation. The analysis has been 
carried out on printed TEGO films made of one and two layers. Fluo
rescence microscopy has been used to test the functionalization effi
ciency. To this aim, a 0.5 mg/mL solution of fluorescein amine in 
methanol is incubated over the electrode surface for 2 h. Fluorescence 
analysis has been conducted positioning a PBS drop over functionalized 
WE and covered by a microscope glass slide, using a Nikon Eclipse Ni-E 
microscope (FITC filter, magnification 10X). 

4.1. Biosensors response characterization 

The biosensors’ response was assessed by EIS measurements per
formed before and after each IL-6 binding process and using a ferrocene 
solution as the electrochemical probe (5 mM in PBS 0.1 M). In particular, 
ferrocene realizes a reversible one-electron red-ox process to perform 
Fe2+/Fe3+ change at gold electrodes (half-wave potential from CV 
measurements of about 0.3 mV vs. SCE [35]). Nyquist plots (as discussed 
in the next section) have been accordingly acquired by applying a small 
amplitude (Eac=10 mV) sinusoidal signal with frequency ranging be
tween 0.1 Hz and 100 KHz. Charge transfer resistance values, Rch, may 
be extracted from the Nyquist plots by analyzing equivalent model cir
cuits and used to define the biosensor’s sensing parameter. 
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To assess the reproducibility of the measurements, for each electrode 
a reference EIS measurement on SPEs WEs coated by TEGO decorated 
with mAb IL-6 was acquired, i.e. prior to carrying out the antigen in
cubation. Reference measurements, providing a charge transfer resis
tance denoted as Rch,0, are used for normalizing the sensor response 
acquired at a given antigen concentration. In this way, a relative change 
of the charge transfer resistance, ΔRch, assessed by measuring Rch prior 
(Rch,0) and after (Rch,1) the antigen incubation, may be set as the sensing 

parameter (ΔRch = (Rch,1-Rch,0) / Rch,0)). Providing that a good control 
of the electrodes decoration by antibodies may be accomplished through 
practice, relative variations of the as-defined sensing parameter are 
waited to reduce the variability on the sensing response eventually 
induced by reproducibility issues [18]. Biosensor’s blank response (i.e. 
biosensor response acquired in presence of blank saliva samples, 
without IL-6 aliquots, and scaled by the above defined reference mea
surements) have also been recorded to assess the sensor’s Limit of 

Fig. 2. A) TEGO dispersion after 17.5 h ball-milling in Cyclohexanone; B) Raman spectra for pristine and ball-milled TEGO powders; C) Optical image of TEGO 
printed lines at FR=1 and stage speed v = 2 mm/sec (in the inset, a magnification of printed line with definition of overspray region and line core); D) Representation 
of the line core width (LW) and overspray percentage (OS%) trends as a function of v. Each point is the mean of five identical printed lines (error bars are calculated 
as the error the standard error of the mean from LWs assessed from three homologue TEGO lines); SEM images of the screen printed Au working electrode (E) before 
TEGO deposition (SEM parameters ETH=20 KV, WD=10 mm, Magnitude= 10 K) and (F) after TEGO deposition (SEM parameters ETH=5 KV, WD=9.8 mm, 
Magnitude= 2 K); G) XPS analysis of C1s core level for three films at increasing coverages (from one to three TEGO layers). Spectra are background subtracted and 
normalized in height; H) Fluorescence image of the TEGO surface functionalized with fluoresceinamine. The molecule was deposited as a drop on the activated 
surfaces and it is clearly distinguishable the edge of the drop. 
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Detection (LoD) from calibration curves and blank measurements. The 
electrodes were systematically cleaned in PBS immediately after each 
blank measurement to reduce fouling of saliva proteins on their surface. 

5. Results and discussion 

Fig. 2.A shows the TEGO ink dispersion obtained after milling. The 
dispersion appeared homogeneous and with a long stability time (more 
than 1 month) before the appearance of agglomerates. Chemical char
acterization of TEGO powder is achieved via Raman spectroscopy. Re
sults from Raman analysis are reported in Fig. 2.B, where a comparison 
between Raman spectra of pristine and ball-milled TEGO powders is 
shown. As typically observed in carbon-based materials, the Raman 
spectra exhibit two broad bands at ~1350 cm− 1 and ~1600 cm− 1, 
respectively. These signals are related to the D and G bands: the former is 
ascribed to structural defects and disorder while the latter is referred to 
the E2g vibrational mode of the sp2 graphitic domains [36]. In our case, 
an increase in the widening of the D band is observed in the ball-milled 
sample as compared to the TEGO precursor, indicating an enhancement 
of the in-plane defectivity, i.e. an increase of oxidized moieties and a 
structural disorder (e.g. sp3 carbon, amorphous regions) as a conse
quence of the ball-milling process. 

Ink characterization was carried out to define the printing parame
ters to achieve the best compromise between overspray (OS) effect and 
line quality (OS being the indication of defects at the line edges). This is 
done by varying the platen speed (v) and measuring the total line width 
(LW) and percentage of overspray (OS%) for each speed, keeping both 
the nozzle diameter and the Focusing Ratio (FR) constant. FR and the 
nozzle size are kept constant to simplify the characterization process, 
where only v acts as a variable parameter. In this way, it is possible to 
investigate how v affects the OS phenomenon [22,37] and overwetting 
effects due to use of a low volatile solvent (such as cyclohexanone). 
Accordingly, TEGO lines were deposited by varying v from 1 to 5 
mm/sec, and 5 lines were printed for each v. FR was set to 1 (carrier and 
sheath gases equal to 35 and 35 sccm, respectively), while the platen 
temperature was fixed at 80 ◦C. Before deposition, 5 min of stabilization 
time were waited to avoid drifting and instability of ink during the 
printing process. 

An optical micrograph of a printed line is shown in Fig. 2C, while 
Fig. 2D shows the trend of LW and OS% as a function of v. In agreement 
with literature [38], LW decreases upon increasing v, while OS% is 
lowered for increasing speeds. Since the best compromise is obtained for 
v = 2, this value was adopted as the process speed for WE decoration by 
TEGO. Stage speed values of 4 and 5 mm/sec (not reported in Fig. 2D) 
are too high for our customized ink, as the deposited lines are discon
tinuous and their quality is highly dependent on the substrate features 
(defects, poor wettability). The selected printing parameters for Au WE 
decoration by TEGO layers are reported in Table 1. 

SEM micrograph of bare SPE WEs reported in Fig. 2.E shows that the 
highly rough surface commercial electrodes is completely dominated by 
a granular morphology [18]. While large-sized flakes and sheets are 
waited upon thermal exfoliation [39,40], the smooth morphology of 
TEGO decorating surface, indicated by the SEM micrograph of Fig. 2.F, 
may act as a supporting factor towards the pursuit of an enhanced 
device-to-device reproducibility. Surface smoothness can be ascribed to 
the ball milling process, whose effect is to assist an increase of defec
tivity while reducing, at the same time, the sheets’ size down to a length 
scale compatible with AJP deposition systems [19]. 

The chemical characterization of the deposited TEGO layers was 
achieved via XPS analysis (Fig. 2.G). In this specific case, we performed 
XPS analysis to deeply evaluate the surface chemistry of three samples 
differing each other for the number of printed TEGO layers (from one to 
three). The analysis revealed the presence of carbon (72.3–74.3 % of the 
total signal, in atomic percentage), oxygen (15.0–18.3 %) and other 
minor species (in particular Zr and Si, mainly related to the mechanical 
treatments). In detail, C1s core level for the three samples shows several 
components located at the same BEs but with slightly different in
tensities. The main peak is located at 284.44 eV and related to the sp2 

carbon atoms in graphene, showing an asymmetry due to the presence of 
few graphene layers [41]. The long tail at higher BEs reveals the pres
ence of either sp3 carbon (peak at 285.39 eV), typically related to defects 
in the layered structure [42], and oxidized carbon, namely C–O 
(~286.75 eV), C = O (~288.2 eV) and COOH/COOR (~289.6 eV) [43]. 
The weights of the oxidized components on the C1s signal undergo 
variations from low to higher coverages, achieving a maximum in the 
second sample (denoted as Graph.2 in Fig. 2.G). For this reason, the IL-6 
detection has been carried out using WEs covered by depositing two 
TEGO layers. The biochemical functionalization of the printed TEGO 
layers (sketched in Fig. 1.B) is performed by sequential steps, following a 
protocol based on the EDC/NHS activation reaction chemistry [44]. The 
process of TEGO biochemical functionalization results quite shorter in 
time with respect to gold-thiolation approaches, and does not require 
other post deposition treatments, such as for instance chemical modifi
cations by pyrene-chemistry [45]. The decoration process by selected 
antibodies can be completed within one day, while four days may be 
required for functionalizing bare gold WEs and two days for other 
graphene-type electrodes. The printed TEGO does not require any 
chemical modification before carrying out the biochemical functionali
zation, thanks to the high density of defects and oxidized moieties on its 
surface, as shown by XPS characterization. These peculiar chemical 
properties make the TEGO particularly suitable for antibody anchoring 
and, therefore, for antigen detection. Fig. 2.H reports the fluorescein 
signal after immobilization on EDC/NHS activated TEGO layer as a 
drop, confirming the molecule binding. EIS probes the total impedance 
(Z = Z’+iZ”, where Z’ and Z’’ are the real and imaginary parts of the 
total impedance, Z) at the WE as a function of the ac frequency of a small 
amplitude (mV range) sinusoidal signal. The Nyquist plot is a complex 
plane representation of EIS data, where Z’’ is plotted as a function of Z’. 
It provides information about charge and/or mass transfer and on 
diffusion processes via a modeling performed by equivalent circuits 
analysis [46]. EIS is also used to evaluate the suitability of the func
tionalization protocol. Fig. 3.A shows the Nyquist plots for gold WEs 
covered by untreated TEGO, after its treatment with EDC–NHS (acti
vation of oxygenated groups) and after anti IL-6 binding at the activated 
surface sites. Aimed at assessing the sensing parameter to build up a 
calibration curve for the IL-6 biosensor, collected EIS data were fitted by 
using a Randles circuit comprising the charge transfer resistance (Rch), a 
constant phase element (CPE) and a Warburg (W) element (see the inset 
of Fig. 3.B). The charge transfer resistance Rch,1 extracted for each 
incubated concentration is the informational parameter, and its relative 
variation (ΔRch) with respect to its value calculated without incubation 
(Rch,0, i.e. Rch assessed from reference measurements) is used as the 
figure of merit of the electrochemical biosensor. The enhancement of Rch 
- as a result of the enlargement of the semicircles in Nyquist plots 
occurring in the low (Z’,Z’’) region- indicates that the charge transfer 
efficiency suffers from properly accomplished functionalization steps 
[47]. Our main effort was focused on device-reproducibility in presence 
of biological samples, in order to make a step forward to real applica
tions. Each experimental point over the calibration curve is determined 
by measuring the SPE response for pre- and post-incubated WEs, all this 
using three different devices for each IL-6 nominal concentration and 
averaging the related responses. Overall, the calibration curve is the 
outcome of a total of 18 measurements and 18 different devices, probing 
the efficiency of TEGO layer in providing a device-to-device 

Table 1 
Selected printing parameters for the decoration of gold WEs by TEGO.  

Ink Nozzle 
(µm) 

SH 
(SCCM) 

CH 
(SCCM) 

Platen 
temperature ( 
◦C) 

Platen 
speed 
(mm/s) 

Current 
(mA) 

TEGO 200 35 35 80 2 0,5  
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reproducibility. Fig. 3.B shows the calibration curve of the sensor, rep
resenting the overall normalized sensor response as a function of the IL-6 
concentration. Small error bars, calculated as the standard error of the 
mean (i.e. σ/√N, where σ is the standard deviation from the average on 
N measured events), indicate low uncertainty/high reproducibility upon 
measuring different electrodes at a given analyte concentration. 

As reported by many literature works [48,49,50], the curve shows a 
linear dependence in the lin-log plot, hence the sensor dynamic range 
covers the concentration range where inflammation states may occur. 
Analytical methods allow LoD evaluation from the calibration curves, as 
well as from blank measurements, following different literature ap
proaches. Assuming a Gaussian distribution for the assessed blank 
measurements, a common method to define the LoD from the calibration 
curve makes use of the equation LoD = 3σblank

B , where σblank is the standard 
deviation calculated from the blank distribution, B is the slope of the 
(linear) sensor calibration curve (y = A+Bx) and the numerical factor 3 
determines a confidence level of 95 %, i.e. less than 5 % of the assessed 
LoD values fall within the blank signal distribution. Although also used 
in the case of calibration curves showing a logarithmic behavior [48,51], 
this approach is actually incorrect because it may be applied only when 
the calibration curve is linear and for intervals of low analyte 

concentrations (i.e. where the sensor response is slightly higher than the 
blank signal[52]). In our case, it may be provided a LoD concentration 
value from the equation: 

LoD = 3σblank
(conc− IL6), (1)  

where σblank
(conc− IL6), the standard deviation of the analyte concentration at 

the blank level, is calculated taking into account the logarithmic 
behavior of the sensor response (ΔRch=A + B⋅ln(concIL-6)) as [49]: 

σblank
(conc− IL6) =

(
∂conc − IL6

∂ΔRch

⃒
⃒
⃒
⃒

ΔRblank

)2

× σ2
blank +

(
∂conc − IL6

∂A

)2

× σ2
A

+

(
∂conc − IL6

∂B

)2

× σ2
B

=

exp
(

ΔRblank − A
B

)

B

[

σ2
blank + σ2

A +

(
ΔRblank − A

B

)2

σ2
B

]1
2

. (2) 

Here, we recall that ΔRblank=(Rblank-Rch,0)/Rch,0 is the sensing 
parameter at the blank level and σblank is the related standard deviation, 
while A and B are extracted by a fitting procedure and σA,B are the 

Fig. 3. (A) Nyquist plots for untreated TEGO (black line-symbols), after its treatment with EDC–NHS (red line-symbols) and after anti IL-6 binding at the activated 
surface sites (blue line-symbols); (B) overall calibration curve of the IL-6 biosensor in real saliva samples. The curve is determined from a total of 18 devices. In this 
respect, each reported point is the average of 3 independent measurements; error bars are calculated as the standard error of the mean (the red dashed line represents 
the linear regression in the lin-ln plot; the Randles circuit is also reported as figure inset); (C) calibration curves for nominal (black circles) and real (red circles) IL-6 
concentrations in saliva samples. Black and red lines are the related fitting curves to the calibration plot (ΔRch=A+Bln(concIL-6)), while black and red star symbols 

represent the 
(

ΔRLoD,blank − A
B

)

factor of Eq. 3 for nominal and real calibration concentrations. 
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standard deviations of such parameters (fitting parameters A, B, σA and 
σA,B used for LoD calculation are reported in Fig. 3.B). Considering that 
the device response for blank measurements (no IL-6 spiked saliva) 
provides a mean value for the sensing parameter ΔRblank = 0.2 with 
σblank = 0.09, a LoD of 1 × 10− 2 pg/ml is calculated using Eq. 2. Worth to 
note that ΔRblank has been assessed for a real concentration of 0.4 pg/ml 
(blank basal IL-6 level of collected saliva, as measured by the ELISA 
assay), hence the lowest nominal concentration values of 0.1 and 1 pg/ 
ml would correspond to real values of 0.5 and 1.4 pg/ml. Actually, such 
concentrations are still well within the normal IL-6 levels [3] and the 
contribution of the basal blank level becomes increasingly negligible for 
higher IL-6 concentrations spiked in collected saliva. Although it is 
suggested to calculate a LoD in the low concentration limit where spike 
in analyte levels do not exceed the expected LoD more than a factor ten, 
the assessed calibration curve is indicative of a sensor effective in 
properly detecting IL-6 for concentrations compatible with cytokine 
storm occurrence. Indeed, considering the actual concentration values, 
the related ‘real’ calibration curve slightly deviates from the ‘nominal’ 
one reported in Fig. 3.B and compared with the former in Fig. 3.C. The 
LoD value of 1.7 × 10− 2 pg/ml assessed from Eq. 2 in the case of the real 
calibration curve slightly deviates from that from nominal calibration 
curve, still confirming the biosensor effectiveness for severe inflamma
tion diagnosis. 

The biosensor’s LoD may also be assessed from blanks (collected 
saliva without addition of IL-6 aliquots) considering the mean value of 
all the acquired blank measurements, ΔRblank, and imposing that less 
than 5 % of the measured charge transfer resistance of such blanks falls 
within the region of false negatives. This may be done defining the LoD 
for the sensor parameter as ΔRLoD,blank=ΔRblank+ 3σblank (Fig. 3.B, 
ΔRLoD,blank = 0.47, blue dashed line). To translate it in terms of analyte 
concentration, a LoDblank

conc value may be assessed from the regression 
curve and related parameters reported in Fig. 3.B and C, as: 

LoDblank
conc = exp

(
ΔRLoD,blank − A

B

)

, (3) 

From (Eq. 3) LoDblank
conc values of 0.3 and 0.7 pg/ml are assessed from 

fitting parameters extracted from nominal and real calibration curves, 
respectively. Both the assessed LoDblank

conc values are 1 order of magnitude 
higher than the LoD values calculated from (Eq. 2) but, in any case, still 
comparable with the concentration of 0.4 pg/ml showed by the actual 
blank saliva sample (i.e. the collected one). This means that the basal IL- 
6 level of the collected saliva sample does not induce any significant 
change of the sensor response into the analyzed concentrations window. 
In any case, it is to be outlined that the discrepancy between the assessed 
LoD values indicates that LoD evaluation is strongly dependent on the 
implemented experimental methods and modelling approaches. In our 
case, the first method is confirmed to provide a lower LoD value as it also 
takes into account the variance on the intercept of the regression curve 
[49]. 

Finally, a comparison between the proposed SPE biosensors and 
standard ELISA assay for salivary IL-6 detection, discussed in section S.2 
of the Supplementary Information file, has indicated that the responses 
of our biosensor and ELISA assay well correlate with each other. 

Although our approach demonstrates the potential of SPEs bio
sensors to provide a reproducible calibration response for IL-6 immu
nosensors in real saliva samples, currently the sole determination of IL-6 
levels yields poor information about an overall health state. More 
interesting is looking for a "signature" given by a set of molecular targets, 
such as TFA, IL-6 and IL-13, whose correlation may give much more 
information. Multiple detection routes based on the use of SPEs’ array to 
reliably identify the risk of an ongoing cytokine storm in case of different 
diseases, are in progress. 

6. Conclusions 

SPE immunosensors based on time- and cost-consuming standard 
methods of fabrication are often subjected to a low device-to-device 
reproducibility, also due to a variability of WEs morphology that in
fluences the formation of antibody SAM layers for antigen recognition. 

Measurement protocols used in lab practice and widely reported in 
literature are mostly based on the standard addition methods, which are 
merely suitable to test “on bench” the potential of biosensors upon 
assessing a calibration curve using a single device. In this work, we 
proposed an alternative method of antibody functionalization of SPEs’ 
WE, consisting of their modification by deposition of defective carbon- 
based layers (i.e. TEGO) using a rapid prototyping approach (i.e. AJP 
technique). The defectivity of TEGO layers has demonstrated to imple
ment time saving protocols for electrodes biofunctionalization that, in 
combination with the proposed method for sensor characterization/data 
analysis, opens a route for application in relevant environment by low- 
cost devices. Accordingly, in this work we have implemented SPE bio
sensors for the detection of IL-6 in real saliva samples via analysis of EIS 
response. The final calibration curve has been assessed as the mean of 
three independent experiments performed using individual devices for 
each concentration and scaling the SPEs’ EIS response with respect to 
reference measurements, i.e. EIS analyses on antiIL-6 functionalized 
WEs without any antigen incubation. In this way, a small variability 
among assessed calibration curves has been found. The proposed 
biosensor is effective in detecting IL-6 in spiked saliva samples for 
concentrations falling within the range of interest for diagnostics of 
cytokine storm, showing a lowest limit of detection of 1 × 10− 2 pg/ml, 
demonstrating superior performance in terms of sensitivity, specificity, 
and detection limits with respect to printed biosensors reported in 
literature. Our approach points the way for the development of rapid 
and reliable biosensors that meet the demand for high sensitivity and 
repeatability in biomarkers detection in freshly collected saliva samples. 
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D. Pontiroli, M. Riccò, Platinum carbonyl clusters decomposition on defective 
graphene surface, Surf. Sci. 691 (2020) 121499, https://doi.org/10.1016/j. 
susc.2019.121499. 

[33] L. Tsui, S.C. Kayser, S.A. Strong, J.M. Lavin, High resolution aerosol jet printed 
components with electrodeposition-enhanced conductance, ECS J. Solid State Sci. 
Technol. 10 (2021) 047001, https://doi.org/10.1149/2162-8777/abf294. 

[34] K.R. Bhattarai, H.-R. Kim, H.-J. Chae, Compliance with saliva collection protocol in 
healthy volunteers: strategies for managing risk and errors, Int. J. Med. Sci. 15 
(2018) 823–831, https://doi.org/10.7150/ijms.25146. 

[35] L. Fabbrizzi, The ferrocenium/ferrocene couple: a versatile redox switch, 
ChemTexts 6 (2020) 22, https://doi.org/10.1007/s40828-020-00119-6. 

[36] F. Tuinstra, J.L. Koenig, Raman spectrum of graphite, J. Chem. Phys. 53 (1970) 
1126–1130, https://doi.org/10.1063/1.1674108. 

D. Vurro et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.snr.2024.100211
https://doi.org/10.1016/j.it.2012.07.003
https://doi.org/10.1016/j.it.2012.07.003
https://doi.org/10.3171/jns.2001.94.1.0097
https://doi.org/10.3171/jns.2001.94.1.0097
https://doi.org/10.1080/00365520510023774
https://doi.org/10.1080/00365520510023774
https://doi.org/10.1002/jmv.26232
https://doi.org/10.1038/s41551-021-00734-9
https://doi.org/10.1016/j.bios.2020.112686
https://doi.org/10.1016/j.bios.2020.112686
https://doi.org/10.1016/j.matpr.2021.05.011
https://doi.org/10.1016/j.matpr.2021.05.011
https://doi.org/10.1016/j.bios.2023.115624
https://doi.org/10.3389/fmats.2020.583739
https://doi.org/10.3389/fmats.2020.583739
https://doi.org/10.1016/j.coelec.2021.100735
https://doi.org/10.1016/j.coelec.2021.100735
https://doi.org/10.1080/00032719.2021.1879108
https://doi.org/10.1080/00032719.2021.1879108
https://doi.org/10.1002/elan.202100237
https://doi.org/10.3390/antiox10030414
https://doi.org/10.1021/acsbiomaterials.2c00499
https://doi.org/10.1039/C6AN00941G
https://doi.org/10.1016/j.snb.2019.01.012
https://doi.org/10.1016/j.snb.2019.01.012
https://doi.org/10.1021/acsami.9b22183
https://doi.org/10.3390/chemosensors11020113
https://doi.org/10.3390/chemosensors11020113
https://doi.org/10.1088/2058-8585/aace28
https://doi.org/10.1002/admt.201700178
https://doi.org/10.1039/D2NR03571E
https://doi.org/10.1088/2058-8585/ab61c4
https://doi.org/10.1021/acsaelm.2c01047
https://doi.org/10.1021/acsaelm.2c01047
https://doi.org/10.3390/s18113719
https://doi.org/10.1016/j.snb.2016.02.113
https://doi.org/10.1039/D0TB02951C
https://doi.org/10.3390/ijms222111507
https://doi.org/10.3390/ijms222111507
https://doi.org/10.1039/AI9953200341
https://doi.org/10.1016/j.trac.2014.07.006
https://doi.org/10.1016/j.trac.2014.07.006
https://doi.org/10.3390/s17122701
https://doi.org/10.3390/s17122701
https://doi.org/10.1038/nrmicro841
https://doi.org/10.1038/nrmicro841
https://doi.org/10.1016/j.susc.2019.121499
https://doi.org/10.1016/j.susc.2019.121499
https://doi.org/10.1149/2162-8777/abf294
https://doi.org/10.7150/ijms.25146
https://doi.org/10.1007/s40828-020-00119-6
https://doi.org/10.1063/1.1674108


Sensors and Actuators Reports 8 (2024) 100211

10

[37] G. Chen, Y. Gu, H. Tsang, D.R. Hines, S. Das, The effect of droplet sizes on 
overspray in aerosol-jet printing, Adv. Eng. Mater. (2018) 20, https://doi.org/ 
10.1002/adem.201701084. 

[38] M. Smith, Y.S. Choi, C. Boughey, S. Kar-Narayan, Controlling and assessing the 
quality of aerosol jet printed features for large area and flexible electronics, Flex. 
Print. Electron. 2 (2017) 015004, https://doi.org/10.1088/2058-8585/aa5af9. 

[39] M. Acik, Y.J. Chabal, A review on reducing graphene oxide for band gap 
engineering, J. Mater. Sci. Res. 2 (2012) 101–112, https://doi.org/10.5539/jmsr. 
v2n1p101. 
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