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Abstract
The dynamic mechanism of inflammation plays a pivotal role in the pathogenesis of many acute and chronic disease 
states, with interleukin-18 (IL-18) and interleukin-10 (IL-10) as important markers representing pro-inflammatory and 
anti-inflammatory responses, respectively. An imbalance in the levels of these cytokines can worsen disease severity and 
patient outcome, highlighting the need for tools that simultaneously detect and quantify levels for diagnostic purposes. 
This study uses the READ (Rapid Electrochemical Analysis Device) platform, an innovative biosensor technology, utiliz-
ing the electrochemical impedance spectroscopy (EIS) technique, which is equipped to quantify IL-18 and IL-10 levels 
directly in human blood samples. The READ platform offers sensitive, label-free detection of inflammatory markers with 
a rapid processing time (< 10 min) and requires minimal sample volume (≤ 160 µl). The device exhibited a robust analyti-
cal performance, with a strong dose-response linearity (R² = 0.98–0.99), consistent recovery (80–120%), and minimal 
cross-reactivity across cytokines (IL-18 and IL-10) and across matrices (K2-EDTA whole blood and plasma). The por-
table, user-friendly approach to the READ platform bridges the gap between tedious laboratory processing and clinical-
level field deployment, thus paving the way for personalized inflammatory disease management. This work highlights a 
transformative approach to cytokine monitoring, allowing for early intervention and improved therapeutic outcomes for 
patients fighting inflammatory states.
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Introduction

The inflammatory process

Inflammation is a rather complex physiological process 
triggered by harmful stimuli, including but not limited to 
foreign pathogens, invading toxins, or cell damage rem-
nants. This process is critical in regulating tissue integrity 
and host defense mechanisms. The mechanism of inflamma-
tion is rather complex, with various pathways, fighters, and 
regulatory processes associated with repair mechanisms [1]. 
While acute inflammation is essential in eliminating infec-
tions and rapid initiation of repair mechanisms, chronic 
inflammation is a hallmark of various disease states, such as 
autoimmune conditions, metabolic syndrome, cardiovascu-
lar and respiratory diseases, and certain cancers [2]. These 
resulting chronic inflammatory conditions are the most 
significant cause of death worldwide [3]. According to the 
World Health Organization (WHO), chronic diseases are the 
greatest threat to human health [4]. The inflammatory pro-
cess is tightly regulated by means of a balance between both 
pro-inflammatory and anti-inflammatory molecules, known 
as cytokines, chemokines, and other regulatory immune 
cells. These collectively orchestrate the dynamic immune 
signaling and resolution pathways. When the equilibrium 
between both regulatory processes is disrupted, persistent 
inflammation may lead to tissue damage and disease pro-
gression. Thus, it is important to monitor inflammatory bio-
markers to better understand the onset of diseases through 
early diagnostics and allow for the rapid initiation of thera-
peutic intervention [5]. 

Role of interleukin-18 and interleukin-10 in 
inflammation

Two key drivers in the diverse network of cytokines are 
interleukin-18 (IL-18) and interleukin-10 (IL-10). The 
markers represent two critical yet opposing regulators of 
physiological immune system function. IL-18 is a pro-
inflammatory cytokine that enhances interferon-γ (IFN-γ) 
production by T cells and natural killer (NK) cells. IL-18 
subsequently amplifies immune activation and contributes 
to tissue damage in chronic inflammatory states [6, 7]. 
Elevated levels of circulating IL-18 are strongly associ-
ated with inflammatory states, including Crohn’s disease 
in inflammatory bowel disease, systemic lupus erythemato-
sus, and rheumatoid arthritis, where it can heighten disease 
severity by natural killer cell recruitment and macrophage 
activation [7, 8] Conversely, IL-18 is an anti-inflammatory 
cytokine that suppresses the expression of various pro-
inflammatory immune fighters. This consequently limits 

antigen presentation and promotes tolerance of the immune 
system [9]. The dysregulation in IL-10 activity has been 
seen in uncontrolled inflammation and autoimmune dis-
eases, such as psoriasis and inflammatory bowel disease 
[10]. This complex interplay between IL-18 and IL-10 
exemplifies the delicate balance in inflammatory process 
signaling, as an imbalance in either marker may tip the 
immune system towards chronic inflammatory pathology 
(Fig. 1). Both biomarkers have attractive potential as prog-
nostic and diagnostic biomarkers for monitoring inflamma-
tory disease progression.

Point-of-care biosensing for cytokine detection

Due to the high sensitivity and specificity, conventional 
detection methods, including enzyme-linked immunosor-
bent assays (ELISA) and multiplex immunoassays, are the 
current gold-standard cytokine detection methods. These 
assays are limited in terms of long sample processing time, 
labor-intensive processes requiring trained personnel, and 
the need for centralized laboratory infrastructure for pro-
cessing. This often leads to a delay in results, limiting the 
diagnostic potential of such assays [11, 12]. This delay 
increased the need for faster, more reliable, and better acces-
sible cytokine monitoring tools, thus triggering interest in 
point-of-care biosensing tools. Electrochemical biosensors, 
specifically those utilizing electrochemical impedance spec-
troscopy (EIS), provide a promising tool for rapid cytokine 
panel testing. EIS is a label-free approach for cytokine detec-
tion in biological fluids, that enables sensitive monitoring of 
biomolecular interactions at the sensor electrode-to-electro-
lyte interface without the need for extensive sample prepa-
ration [13]. These sensors provide a cost-effective, portable 
deployment option in decentralized and patient-care set-
tings. Challenges in these sensor devices lie in developing 
robust sensitivity and accuracy of detection across complex 
biofluids. Often, inflammatory conditions are not defined by 
single marker elevation or depression; thus, multiplex pan-
eling is essential, yet potentially problematic in these POC 
devices. By addressing and improving these limitations, the 
world of electrochemical point-of-care sensors can broaden 
the potential of EIS-based biosensors to monitor cytokines 
like IL-18 and IL-10 in real-world settings.

This research addresses this gap by developing a dual 
cytokine biosensing platform capable of detecting IL-18 
and IL-10 simultaneously. Using the EIS technique, this 
approach aims to provide rapid, label-free, and multi-
plexed detection directly from complex biological matrices, 
enabling timely monitoring of inflammatory status and sup-
porting clinical decision-making in acute and chronic dis-
ease management.
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Materials and methods

Materials and reagents

Reagents, including monoclonal antibodies and respec-
tive recombinant antigens for Interleukin-18 (IL-18) 
and Interleukin-10 (IL-10), were purchased from R&D 
Systems (Minneapolis, MN, USA). The crosslinker, 
Dithiobis(succinimidyl propionate) (DTSSP), phosphate-
buffered saline (PBS), and SuperBlock™ blocking buffer 
were purchased from Thermo Fisher Scientific (Waltham, 
MA, USA). K₂-EDTA whole blood samples were pro-
cured from Carter BloodCare (Bedford, TX, USA), and 
plasma was extracted from the whole blood samples via 
centrifugation. The blood samples were purchased for 
testing in sensor calibration and validation development. 
All procured reagents were of analytical grade and were 
used without further manipulation. According to manu-
facturer recommendations, stock reagent solutions were 
reconstituted and stored at -20  °C. Reconstituted ali-
quots, used for serial dilutions in K2-EDTA whole blood 
and plasma samples, were thawed to room temperature 
for sample preparation and were limited to a maximum 
of three freeze-thaw cycles to prevent denaturation and 
maintain stability.

READ sensor design and measurement strategy

This study investigates the potential of the Rapid Electro-
chemical Analysis Device (READ) sensor platform for the 
concurrent detection of IL-18 and IL-10 in human whole 
blood and plasma samples. The READ platform is a com-
pact biosensor system that includes a handheld electronic 
reader and a disposable sensor chip. The sensor chip is 
housed in a cartridge-style interface, which ensures reliable 
electrical contact with the reader through precise electrode 
alignment. This cartridge is designed to hold small vol-
umes of biological samples on its surface. Electrochemical 
impedance spectroscopy (EIS) measurements were carried 
out using the portable electrochemical reader integrated 
into the system after the chip was placed in the cartridge, 
which helps to minimize contact resistance during mea-
surements (Fig. 2).

The READ chip features 16 individual sensing electrodes 
on its surface, all contained within a cartridge for ease of use 
in clinical settings. Each sensor is made up of a gold working 
electrode, a gold reference electrode, and a carbon counter 
electrode. The working electrode surface was modified with 
a semiconducting zinc oxide (ZnO) layer to increase sensitiv-
ity for detection and facilitate biomolecular immobilization. 
This layer works by increasing the effective surface area for 

Fig. 1  Pathophysiological roles 
of pro- (IL-18) and anti-inflam-
matory (IL-10) cytokines in 
systemic inflammation
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in blood-based biofluids [16, 17]. The device is integrated 
with wireless connectivity for automated data acquisition, 
transmission, and analysis via a computer system. EIS mea-
surements were conducted by applying a small-amplitude 
sinusoidal perturbation over a frequency range of 80 Hz to 
1000 Hz and resulting impedance measurements were ana-
lyzed. Impedance spectra were collected following surface 
functionalization, sample incubation, and antigen binding. 
All measurements were performed at room temperature 
under ambient conditions.

The device is small and portable, fitting in the palm of your 
hand, and the data is easily and rapidly collected on any elec-
tronic device. This refined, three-electrode system ensures 
more accurate impedance measurements, thus improving the 
sensitivity and reliability for biomarker detection in human 
biological samples. The design of the READ sensor uses 
electrochemical measurements to offer a more sensitive and 
translatable approach towards diagnostic devices.

Modification of electrode sensing platform

The semiconducting layer was deposited directly onto the 
gold working electrode surface prior to biomolecular func-
tionalization, forming a stable semiconducting interface for 
subsequent crosslinker and antibody immobilization. The 
ZnO-modified gold working electrodes were modified with 
a sequential series of functionalization agents to quantita-
tively measure the presence and amount of each cytokine in a 

binding and improving the potential of the immobilized cap-
ture antibodies to orient on the sensor surface properly. The 
working electrode performance was improvised using a semi-
conducting ZnO layer to enhance its sensitivity to biomolecu-
lar recognition events. The selection of semiconducting ZnO 
layer over a conducting modification layer was informed by 
its capability to offer adjustable interfacial resistance and 
capacitance, which are highly responsive to variations in 
surface charge. Upon antibody-antigen binding, the surface 
charge density undergoes a shift, influencing the depletion 
layer within the ZnO film and resulting in notable changes in 
charge-transfer resistance and interfacial capacitance, as seen 
through EIS. In contrast, conducting layers typically mitigate 
these disturbances due to their efficient charge transport prop-
erties. Furthermore, the ZnO layer increases the effective sur-
face area and provides an optimal bio-interface for antibody 
immobilization, thereby enhancing sensor performance.

Previously, the READ sensor has been utilized in this 
laboratory to detect biomolecules, but employed a two-elec-
trode system, a gold working electrode, and a gold refer-
ence electrode [14, 15]. The sensor design has since been 
modified to include a reference electrode to provide a more 
stable and reproducible reference potential. A carbon refer-
ence electrode was utilized to minimize polarization effects, 
resist reactions on the surface, and improve stability of the 
electrochemical system. Often, gold pseudo-reference elec-
trodes lead to fouling and drift in complex biofluids, thus 
making the previously established system more difficult 

Fig. 2  Schematic illustration of 
the READ-platform configuration 
and electrochemical measure-
ment workflow
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solid surface (electrode) and the bulk phase of the fluid, thus 
serving as an indicator of the mutual repulsion between the 
nanoparticles on the sensor surface and the stability of col-
loidal suspensions [18]. Zeta potential measurements were 
taken to evaluate the electrical potential of the slipping plane 
by measuring the electrostatic properties and colloidal sta-
bility of the sensor interface at varying concentrations. Mea-
surements of the capture antibodies (IL-18 Ig-G and IL-10 
Ig-G) were taken to assess the impact of antibody charge 
distribution. Then, the antibodies were incubated with the 
respective target antigens (IL-18 Ig-G + Ag and IL-10 Ig-G 
+ Ag) at low, medium, and high concentrations to exam-
ine how antigen binding affects surface potential (Fig. 3A). 
The zeta potential for the antibody complexes (IL-18 Ig-G 
and IL-10 Ig-G) was measured at − 14.53 mV for IL-18 
and − 10.53 mV for IL-10, reflecting the immobilization of 
antibodies and their influence on interfacial charge distribu-
tion. Following the incubation of the antibody solution with 
antigen solution at low, medium, and high concentrations 
(IL-18 Ig-G + Ag and IL-10 Ig-G + Ag), there were pro-
gressive changes in zeta potential ([low = -13.07, -17.36] 
mV, [medium = -19.66, -20.26] mV, [high = -23.73, -23.16] 
mV) in IL-18 and IL-10, respectively. These concentra-
tion-dependent shifts indicate antigen binding to the anti-
body, as the potential turns more negative, corresponding 
to enhanced electrostatic repulsion and increased suspen-
sion stability. Overall, the observed zeta potential changes 
confirm biomolecular interactions’ binding and validate the 
functionalization process for IL-18 and IL-10 detection.

Fourier-transform infrared (FTIR) spectroscopy

To further validate the efficacy of the sensor functionaliza-
tion, Fourier-transform infrared (FTIR) spectroscopy was 
used. FTIR spectroscopy functions by probing the rotational 
and vibrational transitions of molecular binding by measur-
ing the absorption of infrared rays across a wide spectral 
range, yielding a molecular fingerprint of surface functional 
groups [19]. In this study, FTIR was carried out using a 
glass slide substrate coated with a thin zinc oxide (ZnO) 
film, modified with a crosslinker (DTSSP) and subsequently 
conjugated with capture antibodies (IL-10 Ab or IL-18 Ab), 
followed by incubation with the respective antigens (IL-10 
Ag or IL-18 Ag). The FTIR spectra for each modification 
step are illustrated in Fig. 3B.

Fourier Transform Infrared (FTIR) spectroscopy was 
utilized to confirm the sequential surface modification 
of the ZnO electrode and the effective bioconjugation of 
functional elements on the sensor’s surface. The spectra, 
illustrated in Figure 3B, display distinct absorption bands 
corresponding to each phase of the surface functional-
ization process: ZnO modified with the DTSSP linker, 

patient’s blood. The electrode surface was immobilized using 
a liquid-handling robot to automate the surface modification, 
allowing for precise reagent handling while reducing manual 
pipetting errors. This was completed for each sensor func-
tionalization to ensure reproducible functionalization across 
multiple sensors. The immobilization process started by 
adding a cross-linker molecule (dithiobis(succinimidyl pro-
pionate) (DTSSP) for stable covalent conjugation of capture 
antibodies onto the ZnO-modified gold sensor surface. The 
cross-linker molecule was incubated with the respective anti-
body of interest at room temperature to promote amine-reac-
tive conjugation. After the incubation, the DTSSP-antibody 
solution was equally dispensed onto the working electrodes 
and again incubated for 60 min to facilitate binding. On the 
16-electrode READ sensor chip, half of the electrodes were 
modified with IL-18 antibody and the other half with IL-10 
antibody for two-plex detection. Once immobilized, the elec-
trodes were gently rinsed with deionized water to remove 
unbound antibodies and crosslinker, and a blocking agent 
was added, using SuperBlock™ blocking buffer for < 15 min. 
This buffer minimized non-specific binding and background 
noise, thus clarifying the desired impedance signal. The elec-
trodes were again washed with deionized water to remove 
excess blocking agent, air-dried, and kept for lyophilization, 
or freeze-drying, at a temperature below − 15 °C, for 25 min 
to maintain antibody stability during storage.

Sample preparation

The recombinant IL-18 and IL-10 antigens were spiked 
into K₂-EDTA whole blood and plasma samples over a 
clinically relevant concentration range for antigen sample 
preparation. Each functionalized and lyophilized electrode 
was exposed to 10µL of the prepared antigen-spiked blood 
sample, each, and incubated for 7 min at room temperature 
to initiate antibody-antigen binding interactions. Whole 
blood was applied to 8 of the 16 electrodes and plasma to 
the remaining eight electrodes, totaling four electrodes per 
biomarker per matrix. This structure for functionalization 
and testing was done to demonstrate the sensor chip’s fea-
sibility of capturing multiple cytokines and biofluids on a 
single chip using the sensor-cartridge configuration.

Results and discussion

Characterization of the 2-plex sensor

Zeta potential

Zeta potential is a technique used to define the potential dif-
ference between the adsorbed fluid layer (electrolyte) on a 
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more distinct and exhibit slight changes in both intensity 
and wavenumber. These alterations indicate conformational 
changes associated with the formation of the antibody–anti-
gen complex. This spectral change verifies the specific bio-
recognition event and the successful capture of the target 
analyte on the biosensor surface. The FTIR spectra demon-
strates that the crosslinker allows covalent antibody immo-
bilization and that the READ platform successfully captures 
IL-18 and IL-10 antigens via affinity binding. These sensor 
characterization studies confirm the reliability of surface 
chemistry for cytokine detection.

Intra-assay variability

To evaluate repeatability and precision of the sensor, intra-
assay variability was assessed using baseline conditions 

antibody (Ab) immobilization, and antigen (Ag) binding. 
The spectrum of ZnO with 3,3’-dithiobis(sulfosuccinimidyl 
propionate) (DTSSP) exhibited peaks around 1,650  cm⁻¹ 
and 1,530 cm⁻¹, corresponding to the C = O stretching and 
N–H bending vibrations of the amide groups in DTSSP. 
These bands indicate the presence of reactive succinimi-
dyl ester groups capable of covalently attaching proteins. 
Following antibody immobilization (ZnO + DTSSP + Ab), 
absorption bands appear around 1,640–1,660  cm⁻¹ and 
1,540–1,550  cm⁻¹, corresponding to the amide vibrations 
of peptide bonds, respectively. These distinctive peaks 
confirm the presence of protein biomolecules attached to 
the surface, demonstrating successful antibody coupling 
through the amide bond formed between the DTSSP ester 
and the antibody’s amine groups. Upon antigen (Ag) bind-
ing (ZnO + DTSSP + Ab + Ag), the amide bands become 

Fig. 3  Biophysical characterization of READ Sensor. A (Top, left) 
Zeta potential (mV) of IL-18 and IL-10 antibody complexes measured 
with antibody alone and after low, medium, and high antigen loading. 
B (Top, right) FTIR Spectroscopy highlighting characteristic bands 
and spectral shifts associated with antigen binding to confirm struc-

tural and conformational changes upon complex formation. C (Bottom 
right) Intra-assay variability (%CV) of IL-18 and IL-10 impedance 
responses measured by electrochemical impedance spectroscopy (EIS) 
under baseline (non-spiked) conditions
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The electrochemical impedance spectroscopy (EIS) tech-
nique was used to evaluate the electrochemical performance 
of the READ two-plex sensor for simultaneous detection 
of IL-18 and IL-10 in spiked K₂-EDTA whole blood and 
plasma samples [23–25]. Impedance measurements were 
taken by adding a sinusoidal 10mV AC excitation signal 
across frequency up to 1 kHz. The resulting impedance 
spectra quantitatively illustrate the binding events at the 
electrode-electrolyte interface. IL-18 was tested over a con-
centration range of 170–717.2 pg/mL, and IL-10 was tested 
over a concentration range of 1–40 pg/mL, corresponding to 
systemic circulation levels. In Figs. 4A and B, the Nyquist 
analysis, the fundamental component of impedance plotted 
against the imaginary component of impedance (Z′ vs. Z″), 
illustrates a clear trend as an increase in cytokine concen-
tration results in varying changes in the semicircle diam-
eter. This demonstrates the changes in the charge-transfer 
resistance upon antigen-antibody binding for both IL-18 
and IL-10 in plasma, respectively. These shifts were con-
sistent across the concentration ranges in plasma and con-
firm the electrochemical behavior across doses [26]. In Figs. 
4C and D, the Bode analysis, the magnitude of impedance 
(Zmod) plotted against a wide frequency range, also shows 
a clear dose-dependent response as the impedance magni-
tude increases proportionally with the cytokine concentra-
tion. Nyquist and Bode analyses revealed dose-dependent 
trends for IL-18 and IL-10 in plasma, consistent with the 
expected binding interactions at the electrode surface. This 
electrochemical confirmation highlights the sensitivity of 
the READ sensor in distinguishing incremental changes in 
pro- and anti-inflammatory biomarkers.

Correlation analysis and calibrated dose response

Correlation between matrices & pearson’s correlation 
between potentiostats

Correlation analysis was done to evaluate the analytical 
performance of the READ platform. The READ platform 
was evaluated against a conventional benchtop potentio-
stat, and impedance values in plasma (Zmod or magnitude of 
impedance) were compared. No significant differences were 
seen between the two systems, indicating that the handheld 
platform produces comparable impedance measurements to 
standard laboratory potentiostats (Figs. 5A, B). Due to the 
complexity of whole blood as a matrix in sensor detection, 
it shows higher variability, as illustrated by wider distribu-
tions in the box plots. Further correlation analysis was com-
pleted to evaluate the correlation between plasma and whole 
blood responses to validate the robustness of the system 
(Figs. 5C, D). Both IL-18 (right) and IL-10 (left) exhibited a 
strong linear correlation, with correlation coefficients (r) of 

(non-spiked, neat whole blood and plasma) for both IL-18 
and IL-10. Intra-assay variability was evaluated using elec-
trochemical impedance spectroscopy (EIS) by compar-
ing impedance responses across replicate electrodes under 
baseline (non-spiked) conditions. Eight replicate electrodes 
were tested for each cytokine (n = 8 for IL-18 and n = 8 for 
IL-10, each in whole blood and plasma) on a 16-electrode 
READ sensor chip. The coefficients of variation (% CV) 
across the replicates were consistently below 20%, across 
both markers, thus confirming low signal response fluc-
tuation at baseline (Fig. 3C). Intra-assay variability values 
for IL-18 and IL-10 are provided in Supplementary Table 
1. Due to the complexity of whole blood, the variation is 
slightly higher compared to the response in plasma. This 
is likely due to the intrinsic complexity of whole blood, as 
cellular components, proteins, and other macromolecules 
contribute to non-specific interactions and steric hindrance, 
thereby increasing the variability in sensor response to 
whole blood, relative to plasma. Despite the higher %CV 
in whole blood, both markers meet the ≤ 20% coefficient 
of variation (CV) acceptance limit in both matrices. This 
confirms the repeatability and stability of the READ sensor 
during sensor characterization.

Electrochemical signal response on the READ two-
plex sensor platform

Electrochemical impedance spectroscopy was utilized for the 
transduction method due to its high sensitivity in detecting 
interfacial changes occurring during binding [20–22]. Unlike 
other approaches, EIS monitors changes in charge transfer 
resistance and double-layer thickness, measured as double-
layer capacitance, and provides a real-time assessment of 
antibody-antigen interactions without needing tags [22, 23]. 
EIS measurements in complex biological matrices, such as 
whole blood and plasma, are sensitive to matrix-dependent 
factors, including ionic strength and nonspecific adsorption, 
which can influence baseline impedance responses. In this 
study, these effects were mitigated by using matched biologi-
cal matrices, surface blocking, and analysis based on relative 
impedance changes following antigen binding.

This highlights how advantageous EIS is for point-of-
care testing in biofluids, as nonspecific background signals 
complicate various alternative methods. This technique is 
beneficial in patient-centered settings where clinicians or 
patients can easily use the sensor platform, as it eliminates 
the need for skilled personnel for handling, excess process-
ing, and cumbersome sample collection from the patient. 
EIS is widely reported in biosensing literature as it is a tool 
compatible with miniaturized sensor architecture that pro-
vides rapid and reproducible results for clinical decision 
making [22]. 

1 3

Page 7 of 12  167



Microchimica Acta (2026) 193:167

a regression coefficient (R²) of 0.95 and IL-10 an R² of 
0.93, reflecting strong reproducibility and linearity of the 
signal across the concentration ranges. Whole blood mea-
surements also produced robust correlation, with R² val-
ues of 0.81 for IL-18 and 0.91 for IL-10. The complexity 
of the entire blood remains a factor here, as a more pro-
nounced plateau effect was observed at higher concentra-
tions. This is again likely due to the intrinsic complexity of 
whole blood, which can contribute to non-specific interac-
tions and steric hindrance, thereby reducing the dynamic 
range of impedance changes relative to plasma. The CDR 
curves validate the sensitivity of the READ platform for 
the detection of pro- and anti-inflammatory cytokines in 
bodily fluids. There is consistent correlation in the cali-
bration curves in plasma and whole blood matrices, which 
emphasizes the translational potential of the platform as a 
valuable tool for inflammatory monitoring and personal-
ized disease management.

0.99 and coefficients of determination (R²) exceeding 0.98, 
indicating that the platform maintains consistency across 
biological matrices. These results from the correlation stud-
ies confirm that the portable READ sensor achieves perfor-
mance comparable to benchtop laboratory systems and is 
replicable across multiple bodily fluids.

Calibrated dose response study

Using the READ platform, impedance values across mul-
tiple replicates of electrodes were analyzed to generate a 
calibrated dose-response (CDR) curve, which correlates 
the impedance response with respect to the baseline (non-
spiked samples of the matrix) to the incremental increases 
in antigen concentration (Figs.5E–H). Both cytokines 
exhibited concentration-dependent responses, as higher 
cytokine levels in the matrix yielded a higher change 
in the percentage response. In plasma, IL-18 achieved 

Fig. 4  Nyquist and Bode plots of IL-18 and IL-10 responses in plasma 
and whole blood. A Nyquist plot for IL-18, B Nyquist plot for IL-10, 
C Bode plot for IL-18, and D Bode plot for IL-10. Data shown cor-

respond to impedance responses measured across increasing cytokine 
concentrations in plasma and whole blood
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Specificity and cross-reactivity assessment

Specificity and cross-reactivity studies were performed to 
assess the selective response of the READ platform toward 
its target cytokines. Specificity studies were conducted by 
exposing the functionalized sensors (anti-IL-18 or anti-
IL-10) to varying levels of the corresponding antigen to 
confirm an accurate target recognition response. Cross-reac-
tivity studies were performed to evaluate the behavior of the 
sensor when exposed to different levels of non-target cyto-
kines. Given the structural and functional stimulatory rela-
tionship between IL-18 and IL-10, our goal was to assess the 
platform’s ability to discriminate between closely related 
analytes by using IL-18 as the non-specific marker during 
IL-10 testing, and vice versa. For each marker, non-specific 
low (NSL), specific low (SL), and their cocktail (SL + NSL) 
measurements were taken, as well as non-specific high 
(NSH), specific high (SH), and their cocktail (SH + NSH) 
measurements. In both plasma and whole blood, there was 
negligible signal contributions from non-specific and cock-
tail conditions, whereas distinct impedance shifts were seen 
in specific binding conditions (Fig. 6I-L). Cross-reactivity 
and specificity values are provided in Supplementary Table 
4. These specificity and cross-reactivity studies confirm that 
the sensors exhibit high specificity and minimal cross-reac-
tivity, allowing for proper differentiation between target and 
non-target cytokines across complex biofluids.

Spike and recovery study

Spike-and-recovery performance

Spike and recovery experiments were completed to further 
evaluate the accuracy of the READ platform in recover-
ing accurate concentrations from spiked samples of IL-18 
and IL-10 in plasma and whole blood. Figures  6A–D 
shows the spiked versus recovered concentration plots, 
per marker per matrix, which demonstrated strong linear 
correlations, with R² values ranging from 0.96 to 0.99. 
Spike-and-recovery and corresponding % recovery and 
accuracy values are provided in Supplementary Tables 2 
and 3, respectively. This analysis confirms the platform’s 
ability to accurately measure cytokine concentrations in 
the proposed biofluid. To further assess sensor perfor-
mance, percentage recovery and percentage accuracy 
were calculated (Figs. 6E–H). Both biomarkers per matrix 
fell within the clinical acceptance range between 80 and 
120% (indicated by the dotted lines), underscoring the 
robustness of the assay. There was a broad linear response 
seen in plasma, whereas there was a slight plateauing of 
response in whole blood, likely due to matrix effects and 
consistent with the calibration curve. Protein interference 
and cellular content in whole blood may alter the response 
and reduce dynamic range; however, quantitative reliabil-
ity is still demonstrated.

Fig. 5  (Top, left) Comparison of IL-18 A and IL-10 B % responses 
in plasma and whole blood, showing no significant (ns) differences 
between matrices.(Top, right) Pearson’s correlation of % responses in 
plasma vs. whole blood for IL-18 C and IL-10 D, with linear regres-

sion analysis (R and R² values reported). (Bottom) Calibration dose–
response (CDR) curves for IL-18 and IL-10 in plasma and whole blood 
E–H
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anti-inflammatory signals can help catch inflammation 
before rapid disease progression.

The sensor chip-cartridge configuration requires less 
than 200 µL of sample volume to deliver quantitative results 
in under 10 min. It is well-suited for rapid, label-free point-
of-care (POC) diagnostic purposes. The ZnO-modified gold 
sensor chip, functionalized by crosslinker-mediated anti-
body immobilization, demonstrated stable and specific sen-
sor responses, resulting in robust signal transduction. The 
platform reliably quantified IL-18 over the dynamic range 
of 170 to 717.2 pg/mL and IL-10 over 1 to 40 pg/mL; both 
ranges encompassing the clinically relevant range in sys-
temic inflammation. Both the calibrated-dose response and 
acceptable percent recovery and accuracy responses, per 
marker, confirmed the ability of the platform to detect the 
presence of and quantify the amount of cytokine available 

Conclusion

This study successfully validates the efficacy of the READ 
sensor platform, a two-plex impedance-based (EIS) sensing 
platform, in simultaneously detecting interleukin-18 and 
interleukin-10 in blood-based matrices. IL-18 is elevated 
in multiple inflammatory and autoimmune states and is a 
valuable biomarker for disease stratification [27]. On the 
other end of the inflammatory response, IL-10 plays a key 
role in central immunomodulation as it holds prognostic 
value in systemic regulation, sepsis progression, and other 
states of dysregulated immunity [28, 29]. This dual-detec-
tion approach allows for an integrated view of the balance 
in the immune system as opposed to single-marker detec-
tion. Multiplex immuno-profiling is valuable in diagnosing 
dynamic disease states, as the overlap between pro- and 

Fig. 6  Validation of READ sensor performance. A–D Spike-and-
recovery (SR) plots showing spiked versus recovered concentrations of 
IL-18 and IL-10 in plasma and whole blood across clinically relevant 
ranges. Linear regression fits with R² values are indicated (mean ± SD, 
n = 4). E–H Percent accuracy and percent recovery analysis for IL-18 

and IL-10 in plasma and whole blood. (I–L) Cross-reactivity assess-
ment of IL-18 and IL-10 sensors in plasma and whole blood under low 
and high spike conditions. Non-specific low (NSL), specific low (SL), 
and their cocktail (SL + NSL) were tested, as well as non-specific high 
(NSH), specific high (SH), and their cocktail (SH + NSH)

 

1 3

167  Page 10 of 12



Microchimica Acta (2026) 193:167

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit ​
h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​r​g​​/​l​i​​c​e​n​​s​e​s​/​​b​y​​-​n​c​-​n​d​/​4​.​0​/.

References

1.	 Ahmed AU (2011) An overview of inflammation: mechanism and 
consequences. Front Biol 6:274–281. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​
5​1​5​-​0​1​1​-​1​1​2​3​-​9

2.	 Medzhitov R (2008) Origin and physiological roles of inflamma-
tion. Nature 454:428–435. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​a​​t​u​r​e​0​7​2​0​1

3.	 Pahwa R, Goyal A, Jialal I, inflammation C (2023) StatPearls 
[Internet], StatPearls Publishing, Treasure Island (FL). ​h​t​t​p​​s​:​/​​/​w​
w​w​​.​n​​c​b​i​​.​n​l​m​​.​n​i​​h​.​g​​o​v​/​b​o​o​k​s​/​N​B​K​4​9​3​1​7​3​/

4.	 World Health Organization The top 10 causes of death [Internet], 
2024 Aug 7 [cited 2025 Oct 3]. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​w​​h​o​.​​i​n​t​/​​n​e​w​​s​-​r​​o​o​m​​/​
f​a​​c​t​-​s​​h​e​​e​t​s​​/​d​e​t​​a​i​l​​/​t​h​​e​-​t​​o​p​-​​1​0​-​c​​a​u​​s​e​s​-​o​f​-​d​e​a​t​h

5.	 Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Fran-
ceschi C et al (2019) Chronic inflammation is the etiology of dis-
ease across the life span. Nat Med 25:1822–1832. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​3​8​​/​s​4​​1​5​9​1​-​0​1​9​-​0​6​7​5​-​0

6.	 Dinarello CA, Novick D, Kim S, Kaplanski G (2013) Interleu-
kin-18 and IL-18 binding protein. Front Immunol 4:289. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​i​​m​m​u​.​2​0​1​3​.​0​0​2​8​9

7.	 Novick D, Kim S, Kaplanski G, Dinarello CA (2013) Interleu-
kin-18, more than a Th1 cytokine. Semin Immunol 25:439–448. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​m​i​m​.​2​0​1​3​.​1​0​.​0​1​4

8.	 Kaplanski G (2018) Interleukin-18: biological properties and role 
in disease pathogenesis. Immunol Rev 281:138–153. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​1​1​1​​/​i​m​​r​.​1​2​6​1​6

9.	 Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A (2001) 
Interleukin-10 and the interleukin-10 receptor. Annu Rev Immu-
nol 19:683–765. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​6​​/​a​n​​n​u​r​​e​v​.​​i​m​m​u​​n​o​​l​.​1​9​.​1​.​6​
8​3

10.	 Sabat R, Grütz G, Warszawska K, Kirsch S, Witte E, Wolk K, 
Geginat J (2010) Biology of interleukin-10. Cytokine Growth 
Factor Rev 21:331–344. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​y​t​​o​g​f​​r​.​2​0​​1​0​​.​0​
9​.​0​0​2

11.	 Röder PV, Geillinger KE, Zietek TS, Thorens B, Koepsell H, 
Daniel H (2014) The role of SGLT1 and GLUT2 in intestinal glu-
cose transport and sensing. PLoS ONE 9:e89977. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​0​8​9​9​7​7

12.	 Tighe PJ, Ryder RR, Todd I, Fairclough LC (2015) ELISA in the 
multiplex era: potentials and pitfalls. Proteom Clin Appl 9:406–
422. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​p​r​​c​a​.​2​0​1​4​0​0​1​3​0

13.	 Yahia YA, Tawfik MW, Fritzsche W, Azzazy HME (2023) 
Review—Electrochemical biosensors for interleukins: electrode 
materials. J Electrochem Soc 170:067501. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​
9​​/​1​9​​4​5​-​7​1​1​1​/​a​c​d​9​f​3

14.	 Tanak AS, Muthukumar S, Hashim IA, Prasad S (2020) Estab-
lish pre-clinical diagnostic efficacy for parathyroid hormone as a 
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immunologically distinct cytokines in blood-based matri-
ces using the READ sensor platform. The portability of the 
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the READ platform for use in translational medicine [29]. 
The platform establishes a foundation that can be broad-
ened for future expansion towards multiplex detection of 
markers, diverse biofluids, and disease states to improve the 
immuno-profiling capability of the device [32]. The device 
can reach a higher potential by improving the long-term 
stability, storage longevity, and sensor variability between 
readings. The READ platform aims to incorporate the cur-
rent assay development findings with these enhancements to 
evolve into a field-ready, multi-analyte biosensing device, 
capable of complex immune profiling and real-time patient 
monitoring.
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