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ARTICLE INFO ABSTRACT

Keywords: Analysis of cytokines levels in human serum is critical as it can be a “symptom diagnostic biomarker” in COVID-
Electrochemical paper-based immunosensor 19, giving real-time information about human health status. Here, we present the construction and performance
Microfluidic of a low-price immunosensor (~US$0.428 per test) based on microfluidic paper-based system to detect cytokine
:11)1}1:1};; drogel for predicting the health status of COVID-19 patients. Interleukin-6 (IL-6) was selected as the detection model for
Cytokine the close relationship between IL-6 and COVID-19. The assay, which we integrated into foldable paper system,

leverages the magnetic immunoassay, the streptavidin-horseradish peroxidase (HRP) associated with tetramethyl
benzidine/hydrogen peroxide (TMB/H202) to amplify the signal for electrochemical readout. To improve the
sensitivity of cytokine detection, a hybrid of gold nanoparticles (AuNPs) and polypyrrole (PPy) hydrogel was
modified on the working electrode to increase the conductivity and improve the electron transfer rate. With our
prototypic origami paper-based immunosensor operated in differential pulse voltammetry (DPV) mode, we
achieved excellent results with a dynamic range from 5 to 1000 pg/mL and a lower detection limit (LOD) of
0.654 pg/mL. Furthermore, we evaluated the capability of the clinical application of the proposed immunosensor
using human serum samples from a hospital. The results indicate that our proposed immunosensor has great
potential in early diagnosing high-risk COVID-19 patients.

1. Introduction

A novel coronavirus disease 2019 (COVID-19) resulting from severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first emerged
in Wuhan, China, and quickly evolved into a worldwide viral pandemic
(Andersen et al., 2020; Wu et al., 2020). By April 2022, more than 507
million people worldwide had fallen ill with the virus and the death toll
had reached 6.21 million. Although patients with COVID-19 may have
asymptomatic clinical manifestations, others have mild upper respira-
tory symptoms or progress to severe pneumonia and even acute respi-
ratory distress syndrome (ARDS) (Broughton et al., 2020; Cazzolla et al.,
2020). Current efforts to identify infected people mainly lie in nucleic
acid testing based on reverse transcription-polymerase chain reaction
(RT-PCR). However, the detection of severity predictors for infected
individuals has been halted. Severe symptoms are accompanied by an
aggressive inflammatory cytokine storm (Tetro, 2020; Yang et al.,
2020). Interleukin-6 (IL-6) plays a pivotal function in the cytokine storm
by activating a variety of acute-phase proteins. The aberrant expression

of IL-6 has been found in the serum of patients with severe clinical
manifestations (Chen et al., 2020; Maucourant et al., 2020; Tanaka et al.,
2014; Tetro, 2020). Hence, close monitoring of cytokine, especially IL-6,
is of utmost importance to predict the severity of COVID-19 patients and
focus the treatment efforts on patients to reduce the mortality rate and
improve survival rates.

The current standard workhorse assay to test cytokines in the blood
is the well-known enzyme-linked immunosorbent assay (ELISA) (Gao
et al., 2021; Indalao et al., 2017). However, the natural levels of cyto-
kines under physiological conditions are very low (~pM range) (Noh
et al., 2022). In addition, due to the synergistic interaction between
different cytokines, one cytokine can affect neighbored cytokines
secretion and expression, which makes the cytokine network compli-
cated (Stenken and Poschenrieder, 2015). Furthermore, economic fac-
tors limit intensive treatment in some poverty-stricken areas due to the
shortage of adequately equipped laboratories. These challenges greatly
limit the traditional techniques for measuring cytokines during this
pandemic. Other alternatives based on traditional techniques, such as
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fluorescence spectroscopy (Toma and Tawa, 2016), colorimetry (Peng
et al., 2016) and radioimmunoassay (Peppard et al., 1992), still suffer
from one or more of the following drawbacks: bulky equipment, the
requirement of huge sample volume, high cost, and low sensitivity.
Consequently, there is a push to implement devices for monitoring cy-
tokines throughout a broad dynamic range with high potency, low cost
and high sensitivity.

The microfluidic system has been raised as an alternative for the
detection of cytokines since its prominent features include controllable
sample handling, low reagent consumption, shorter analysis time and
excellent analytical performance (Mou and Jiang, 2017; Nge et al.,
2013; Song et al., 2019). However, many microfluidic devices are still
confined to laboratories due to the need for extra pumps and valves.
With the goal of reducing costs and increasing mobility, microfluidic
paper-based analytical devices (uPADs) were developed. Whitesides
et al. proposed pPADs for the first time in 2007, and they have since
raised considerable interest with the benefits of simplicity, portability,
competitive price, favorable biocompatibility and capillary-driven fea-
tures (Martinez et al., 2007; Santhiago et al., 2013). To date, researchers
have integrated various chemical approaches (colorimetry, fluorometry,
electrochemistry, etc.) with paper to construct microfluidic devices for
quantitative and multiplex analyses in many fields (Naseri et al., 2020;
Qi et al.,, 2018; Tenda et al., 2018), especially in the detection of
COVID-19 (de Lima et al., 2021; Torrente-Rodriguez et al., 2020; Torres
et al., 2021; Zhang et al., 2022).

Conductive polymer hydrogels (CPHs) show great potential for ap-
plications in bioelectronics devices owing to their excellent features,
including a high surface-to-volume ratio, superior conductivity and
outstanding biocompatibility. (Wang et al., 2019; Zhai et al., 2013). The
nanoparticles dispersed in conductive hydrogel are an efficient way to
improve biosensor properties. Several teams have recently reported
hydrogel sensors for detection biomolecules or proteins. (Li et al., 2015;
Liang et al., 2020; Yang et al., 2021). Remarkable achievements have
been made in biological detection using a hydrogel constructed
biosensor. However, bio-sensing platforms for cytokines detection based
on conductive hydrogels and noble nanoparticles are rarely reported.

We report for the first time a new device that integrates AuNPs and
PPy hydrogel with an origami microfluidic paper-based electrochemical
immunosensor (AuNPs/PPy/o-pPEIS). This device was used to detect
cytokine leveraging fast-response differential pulse voltammetry (DPV).
The o-pPEIS was prepared based on wax printing and the screen-printed
technique was used to fabricate the electrodes. The network nano-
structure of PPy hydrogel played a dominant role in the deposition of
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AuNPs. Not only did it function as a platform for immobilized bio-
molecules, but it also provided a 3D channel for efficient electron
transport. AuNPs were embedded with PPy hydrogel as the sensing
interface, increasing the sensitivity significantly by increasing the sur-
face area and conductivity of the sensor. This paper-based immuno-
sensor utilizes magnetic beads for immunomagnetic enrichment and
signal amplification. As an enzyme label, HRP was integrated into this
sensor. IL-6 was chosen as the model target. The strengths of this pro-
posed immunosensor include: (1) compared to traditional immuno-
sensor, this proposed device could provide high sensitivity with low cost
and low sample consumption; (2) compared to other paper-based de-
vices, this device is easier to operate and preferable for non-
professionals to use. This origami microfluidic paper-based device of-
fers a possibility of detecting cytokine for effective evaluation of the
health status of COVID-19 patients. Fig. 1 presents the principle of this
AuNPs/PPy/o-uPEIS for the detection of IL-6, the details are described in
the following section.

2. Experimental section
2.1. Chemicals and apparatus

All chemicals, apparatus and details of synthesis of PPy hydrogel are
provided in Supporting Information.

2.2. Design and fabrication of o-uPEIS

Our microfluidic paper-based sensor is shown in Fig. 2A, Whatman
No. 1 chromatography paper was utilized as a substrate. White areas are
hydrophilic, whereas all other color zones have hydrophobic surfaces.
There are three tabs on this device. Tab 1 is a microfluidic channel tab to
introduce the sample inlet. The capillary force will propel the sample
flow through the microfluidic channel and reach the surface of the
working electrode (WE). To cut costs and save space, two chambers,
namely a reaction chamber and a detection chamber, were placed on
one tab. The diameter of each chamber is 5 mm. Immunological
discrimination occurs in the reaction chamber, whereas enzyme cata-
lytic reactions occur in the detection chamber. A WE of 3 mm in
diameter was situated in the purple region and served as a detecting tab
(tab 2). The reference electrode (RE) and the counter electrode (CE)
were grouped in a white hole (7 mm in diameter) and printed on the
opposite side of the auxiliary tab (tab 3). It is essential to separate the
WE and auxiliary electrodes to avoid contamination during incubation.

Electrochemical
deposition

TMB)
( i @@ PPy hydrogel @ AuNPs/PPy hydrogel 1L-6
Patient sample ? Magnetic bead-cAb 'g dAb HRP

AuNPs/PPy/o-uPEIS

_»Without target

With target

Current/ uA

Fig. 1. Schematic representation of the o-puPEIS for detecting of IL-6 based on hybrid of AuNPs and PPy hydrogel. The HRP/TMB/H,0, system was applied to

generate the electrochemical signal readout to verify the detection principle.
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Fig. 2. Overview of the origami microfluidic paper-based electrochemical immunosensor. (A) Schematic illustration of the fabrication procedure and structure of o-
WPEIS. The o-pPEIS was prepared and used in three steps: (1) constructing hydrophilic areas by wax printing, (2) printing layer of carbon ink and silver ink to the
paper to fabricate electrodes, (3) baking in an oven to dry the electrodes. (B) The folding process of the proposed o-uPEIS: fold tab 1 to tab 2, following fold tab 3.

The three solid lines define the fold-line. By folding along folding lines,
the reaction chamber and detection chamber was able to be aligned with
the WE on the detection tab. Continuing folding along line 3, the three
electrodes were able to connect once the fluid filled the white hole. This
device shows unique advantages in sensor operation, manufacturing
cost, and detection performance thanks to origami technology.

The following is a description of the manufacturing procedure for
this sensor, which does not need specialized equipment or an experi-
mental environment. First, we designed the shape and structure of our
sensor. The overall size of this sensor is 20 mm x 60 mm with three tabs.
Then, we patterned hydrophobic illustrations on paper using Xerox
digital wax printer (Fig. S1), followed by baking in an oven at 110 °C for
4 min. Due to the unique porous nature of paper, the printed wax melted
and permeated the material (Fig. S2). The unprinted portion retained
the paper’s favorable characteristics, such as high hydrophilicity. The
screen-printed electrodes were then fabricated using a DEK260 stencil
printer (Fig. S3). The WE and CE were made of carbon ink, the RE was
made of Ag/AgCl ink. Finally, after being folded as shown in Fig. 2B, the
three electrodes connected through the microfluidic channel tab when
the sensor was filled with solution.

2.3. Assembly of AuNPs/PPy/o-uPEIS

The as-purified PPy hydrogel was dried under a vacuum at 70 °C to
obtain dehydrated hydrogel. Then, 1 mg dehydrated hydrogel was
dispersed ultrasonically in 1 mL 0.05% Nafion solution to obtain a ho-
mogeneous suspension. 4.0 L of prepared suspension was dropped onto
the WE and dried naturally. Subsequently, AuNPs were electrodeposited
on the as-prepared PPy/o-pPEIS by amperometry via spontaneous
reduction of Aut ions to Au® (Hezard et al.,, 2012). 1.5 mM
HAuCly-3H20 containing 0.1 M KNOs and was electrodeposited on the
WE under a given potential of 0.1 V for 200 s. As a control, AuNPs
modified o-pPEIS (AuNPs/o-pPEIS) was also prepared using the same
method. Finally, we stored AuNPs/PPy/o-PEIS at 4 °C for further use.

2.4. Electrochemical assay of AuNPs/PPy/o-uPEIS

The AuNPs/PPy/o-pPEIS was folded and readied for IL-6 detection.
The direct immunoassay method was used in this detection process. 10
uL. cAb-magnetic beads (diluted 1: 50) was incubated with 15 uL of
different concentrations of IL-6 overnight at 4 °C. After incubation, the
mixture was directly pipetted onto the paper surface and washed with
PBST three times to remove the unconjugated IL-6. An external magnet
was placed on the bottom of the WE to retain the magnetic beads. After
that, 30uL dAb (diluted 1:200) was introduced into the system by in-
cubation chamber and incubated with IL-6/cAb-magnetic beads for 60
min at 37 °C, followed by washing with PBST three times. Then, 30 uL
avidin-HRP (diluted 1:1000) was incubated with dAb/IL-6/cAb-
magnetic beads for 37 min at 37 °C. After thorough rinsing with PBST,
only the HRP/dAb/IL-6/cAb-magnetic beads were able to be maintained
on the surface of the electrode owing to the magnetic field generated
from an external magnet. Eventually, 30 uL of TMB/H204 mixture was
dropped onto the detection chamber. After incubation for 10 min, the
electrochemical signal was measured.

2.5. Sensing of IL-6 in human serum samples

The developed AuNPs/PPy/o-pPEIS was utilized to the analysis of IL-
6 in patient serum sample. The detection procedures are the same as the
above steps. We assayed each serum sample three times (n = 3). For
comparison, these samples were also analyzed by the hospital using a
cytometric bead array (CBA) via a BD FACSVia flow cytometer.

3. Result and discussion
3.1. Principle of the sensing method

Previous studies showed the integration of antibody-labeled mag-
netic beads into the immunosensor for enriching the immunomagnetic

and amplifying signal, allowing sensitive analyte detection (Min et al.,
2018; Valverde et al., 2020). Prior to the introduction of antigen, a
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hybrid of AuNPs and PPy hydrogel was integrated to boost the con-
ductivity and sensitivity of the proposed o-pPEIS, the principle of which
is illustrated in Fig. 1. Once the sample was injected into the sensing
system, in the presence of magnetic-cAb and dAb, a sandwich immu-
nocomplex formed via the immunological discrimination between the
antigen and antibody, which was subsequently implemented onto the
surface of AuNPs/PPy/o-pPEIS by an external magnet. Streptavidin-HRP
was incorporated into this sandwich immunocomplex as an enzyme
label via the specific affinity between streptavidin and biotin. Upon
addition of TMB/H20; substrate solution, the labeled HRP triggered a
typical catalysis reaction and produced electroactive substrates, TMB,,
resulting in a strong electrochemical signal. The electrochemical
response was directly correlated with the quantity of immobilized HRP.
Thus, quantitative analysis of IL-6 was indirectly achieved by detecting
this enzyme amplified electrochemical signal in the proposed
AuNPs/PPy/o-pPEIS.

A bare papér pﬁpcr with way—>
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3.2. Characterization of AuNPs/PPy/o-uPEIS

The gelation mechanism of the PPy hydrogel is illustrated in Fig. S5.
As a cross-linker and dopant, phytic acid (PA) interacts with PPy to
generate hydrogel by protonation reaction. As a consequence of the
ability of each PA molecule to interact with multiple PPy chains, an
extremely porous 3D nanostructure is created. The excessive number of
phosphorus groups from PA renders the PPy hydrogel hydrophilic. The
overall polymerization process began by mixing Py (monomer) with PA
(dopant) to form a homogeneous solution, then APS (initiator) was
added into the above solution to in situ polymerized PPy hydrogel.
During this reaction process, we noticed that the color of the mixed
precursor solution changed rapidly from brown (the color of PA) to
black (the color of PPy), and the solution gelled within 5 min, indicating
that this gelation process is almost instantaneous. The water content of
the PPy hydrogel was analyzed to be 92.396% (wt/wt) by thermog-
ravimetry (TGA) (Fig. S6).
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Fig. 3. Characterization of nanostructures: SEM images of (A) the bare paper and paper after wax printing, (B) bare electrode, (C) bare electrode with higher
magnification, (D) PPy hydrogel, (E) AuNPs/PPy hydrogel and (F) AuNPs/PPy hydrogel with higher magnification. (G) The EDX map sum spectrum of C, O and Au in
AuNPs/PPy hydrogel. (H) FT-IR spectra of the prepared (a) pure PPy and (b) PPy hydrogel. (I) XRD spectra of pure PPy (black curve) and PPy hydrogel (red curve).
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An SEM revealed the morphology characterization of the as-prepared
PPy hydrogel. First, paper with a porous structure and rough surface was
used as the substrate in our immunosensor (Fig. 3A). After wax printing,
hydrophilic microfluidic channels for transporting reagents were
created (Fig. 3A). Then, carbon ink was printed onto the paper via screen
printing to form a WE. The magnified image shows that the carbon ink
coated on the cellulose fibers presents as compact and even. Fig. 3B and
C demonstrate that the electrode was successfully fabricated on the
immunosensor.

Fig. 3D represents the morphology of dehydrated PPy hydrogel with
a 3D porous nanostructure consisting of interconnected PPy nano-
spheres with uniform diameters. Compared to bulk materials, the unique
3D network nanostructure provides a greater surface area for loading

Biosensors and Bioelectronics 220 (2023) 114898

electroactive substrates, and the linked pores make it easier for mole-
cules and electrons to diffuse and transport. AuNPs were electro-
deposited on the PPy hydrogel consistently, as seen in Fig. 3E. The
additional magnified image (Fig. 3F) confirmed that the AuNPs were
dispersed on PPy chains densely and homogeneously. The 3D matrix
structure of the PPy hydrogel plays a critical part in the high-density
loading small size of AuNPs. The loaded AuNPs also increase the
active surface area and enhance the electrical conductivity of the elec-
trode, further promoting the performance of our cytokine immuno-
sensor. In Fig. 3G, the element mapping confirms the existence of C, O
and Au, giving proof for the characterization of the elemental compo-
sition of AuNPs/PPy hydrogel hybrid.

The chemical structure of the AuNPs/PPy hydrogel hybrid was
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characterized by Fourier transform infrared spectroscopy (Fig. 3H).
According to the spectra, for curve b, a clear and strong peak at 1577 cm’
! belongs to the stretching vibration of C=C in pyrrole rings. Two peaks
are obtained at 1488 cm™! and 1375 cm™}, which are assigned to asym-
metric stretching vibrations of C-C and C-H bonds in pyrrole rings. The
bending vibrations peak of C-N appears at 1220 cm™. The peaks at 1053
cm™ are attributable to the N-H bonds in-plane deformation vibrations
in PPy. These characteristic peaks in the spectra are consistent with the
FT-IR spectrum of pure PPy (curve a), implying the successful formation
of PPy hydrogel.

The crystalline structure of PPy hydrogel was probed using XRD and
is displayed in Fig. 31. A broad halo appears at 20 = 25° attributed to the
apparent amorphous structure of the conductive polymer. Both dif-
fractograms display similar peaks and are consistent with previous
studies reported with PPy (Wang et al., 2020; Zhao et al., 2016). Based
on these results, successful synthesis of AuNPs/PPy hydrogel hybrid is
entirely demonstrated.

3.3. Electrochemical performance of AuNPs/PPy/o-uPEIS

Cyclic voltammetry (CV) is a valuable and convenient method to
describe the fabrication process of this immunosensor. As shown in
Fig. 4A, a well-defined pair of symmetric redox peaks, which correspond
to Fe(CN)g’/ 4', is discovered on the bare o-pPEIS (black curve). After
modifying with PPy hydrogel, an increased peak current is observed for
the superior conductivity of PPy hydrogel (red curve). With the further
introduction of AuNPs, the redox peak is dramatically augmented (blue
curve). This admirable performance benefits from the excellent elec-
trical conductivity and the electron transfer rate of the AuNPs.

Meanwhile, EIS was carried out to investigate the electrochemical
performance of the proposed o-pPEIS at different modification stages
with a frequency from 1 Hz to 1 MHz at open circuit potential. The
diameter of the semicircle at high frequency represents the interfacial
electron transfer resistance (Ret) of the modified electrode. As shown in
Fig. 4B, a large Ret value of ~3000 Q for bare o-pPEIS (black curve) is
observed because of the weak conductivity of the bare electrode.
Conversely, after modifying the o-puPEIS with PPy hydrogel, the effective
active surface area of the WE was significantly improved, exhibiting a
much lower Ret in the spectrum. As AuNPs were coated onto the PPy/o-
HPEIS, the resistance reduced further, which provides strong evidence
that the electrical conductivity is enhanced. The results of EIS and CV
are identical, demonstrating that the cytokine sensing platform was
successfully fabricated.

We then evaluated the total effective electroactive surface area (A) of
the WE in our proposed immunosensor. CV of bare o-pPEIS and AuNPs/
PPy/o-yPEIS was conducted in 5 mM K3Fe(CN)g at different scan rates
(25 to 100 mV/s), as shown in Fig. 4C and E. We can see that the peak
current intensity increases with the increase in scan rate. Both oxidation
and reduction peaks obey good linear relationships with the square root
of the scan rate. According to the Randles—Sevcik equation,

WFvD\ %
I,= 0.4463nFAC< RT )

I FD 0.5
s= b _ ¢ s630Fac (D
dyv RT

N

A= ————
268600n3/2D'/2C

(€]
where n denotes the number of electrons transferred in a redox system, F
(C/mol) is the Faraday constant, C represents the bulk concentration of
analyte activity (mol/cmg), v is scan rate (V/s), D defined as the diffu-
sion coefficient of the analyte (cmz/s), R denotes the universal gas
constant (J/K mol) and T means temperature (K). The average A of bare
0-pPEIS and AuNPs/PPy/0-uPEIS were calculated to be 0.047 ¢cm? and
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0.077 cm?, respectively. The results show that the electrochemical
effective active area increased by 63.8% after modifying AuNPs/PPy
hydrogel hybrid, indicating more active sites participated in the elec-
trons transfer on the electrode surface.

Accordingly, the feasibility of the proposed immunosensor for IL-6
detection was investigated. As shown in Fig. 4G, a slight peak appears,
which corresponds to the reduction of TMB in the absence of the target.
However, when the working solution containing IL-6 flowed into the
sensing system, the reduction peak current intensity was significantly
enhanced. These satisfactory results of our proposed immunosensor
could be attributed to (1) the hybrid of AuNPs and PPy hydrogel
amplifying the detection signal of this paper-based immunosensor; (2)
the integration of magnetic immunoassays into the paper-based immu-
nosensor enables the signal readout with remarkable amplification in
both sensitivity and stability; (3) the HRP grabbed by biotin modified
dAb triggers the typical HRP-based catalytic reaction in the presence of
TMB/H,0, substrate, leading to a significantly enhanced electro-
chemical signal. To demonstrate the merits of the proposed immuno-
sensor, the control experiments were investigated by evaluating the
electrochemical response of different sensing platform modification
stages to the same target cytokine concentration. As displayed in
Fig. 4H, compared to bare o-pPEIS, AuNPs/o-puPEIS and PPy/o-puPEIS,
the CV curve of AuNPs/PPy/o-pPEIS provides a more significant
reduction in peak current, which is attributable to the reduction of
TMB, generated by HRP catalyzed TMB/H,05 substrate, demonstrating
that the hybrid of AuNPs and PPy hydrogel had a synergistic amplifying
impact on the electron transfer.

3.4. Analytical performances of the AuNPs/PPy/o-uPEIS

Under optimal conditions (Fig. S7), the electrochemical performance
of as-prepared AuNPs/PPy/o-uPEIS for IL-6 analysis was further inves-
tigated. Logically, the incremental IL-6 brings in more HRP, which
catalyzes more TMB in the presence of HyO5, exhibiting higher DPV
current. In Fig. 5A, the DPV signal outputs positively correlate with the
target concentration. The obtained results match with the detection
mechanism of the proposed immunosensor. Fig. 5B indicates the DPV
current intensity increase linearly as the logarithm of IL-6 concentration,
ranging from 5 to 1000 pg/mL. The mathematical expression was
calculated to be AAI = 2.366log (Crr.¢) - 1.267 (R = 0.992), where Al is
the difference in DPV peak intensity of various targets and blank. The
detection limit was defined as 0.654 pg/mL with a sensitivity of 30.73
A (pg/mL)~! em~2 based on 3 x the standard deviation of the blank
sample divided by the slope of the calibration curve. According to the
information, the level of IL-6 in serum is typically higher than 11.6 pg/
mL in individuals who suffered moderate/critical ill (Kwon et al., 2020),
indicating the tremendous potential for clinical applications in detecting
IL-6 in COVID-19-infected individuals. In comparison to other electro-
chemical immunosensors for detecting IL-6 in reported works, our
proposed immunosensor possesses a relatively lower LOD with a wider
dynamic range (Table S1). In addition, we also compared our electro-
chemical immunosensor with other sensors, the results in Table S2 also
indicate the superiority of our immunosensor in the detection of IL-6.

3.5. Evaluation of selectivity and reproducibility

The selectivity of the proposed paper-based immunosensor to IL-6
was investigated in the presence of several common proteins in the
human body (IL-8, IL-10, CCL-2, CCL-5, tnf-a), whose concentrations
were higher (10-fold) than that of the IL-6 (50 pg/mL). As displayed in
Fig. 5C, the DPV current signal shows a slight change when these
interferents are present, suggesting the superior selectivity of the pro-
posed immunosensor to IL-6.

For sensing devices, especially for this cheap, disposable, paper-
based device, stability and repeatability are essential for assessing the
capacity of an immuno-device in practical applications. The constructed
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Fig. 5. (A) DPV currents of different concentrations
of IL-6 (5, 10, 25, 50, 100, 250, 500, 1000 pg/mL) on
the proposed AuNPs/PPy/o-pPEIS in 0.01 M PBS. (B)
Calibration curve of the DPV current responses vs. the

concentration of IL-6. Insert: fitted linearity curve the
peak current vs. the logarithm of IL-6 concentrations
in the range of 5 to 1000 pg/mL. The sensitivity is
30.73 pA (pg/mL)~! ecm 2(C) Evaluation of the
selectivity of AuNPs/PPy/o-pPEIS for detecting IL-6
in the presence of different interferents (IL-8, IL-10,
CCL-2, CCL-5, tnf-a). The concentration of IL-6 is
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electrodes were stored in Ny atmosphere and tested for 15 consecutive
days. IL-6 of 500 pg/mL was used for the assessment. As displayed in
Fig. 5D, the signal obtained by DPV mode decreased by 12.25% after 15
days of storage. The results show our proposed immunosensor has
acceptable stability. In addition, six individual AuNPs/PPy/o-pPEIS
were constructed in the same batch to detect the same concentration of
IL-6 (500 pg/mL). Fig. S8 shows the results of six parallel experiments,
demonstrating good repeatability of the proposed paper-based
immunosensor.

3.6. Real sample detection

The capability of clinical detection was verified by assaying five
different patients’ serum samples obtained from Prince of Wales Hos-
pital. These samples were also measured by cytometric bead array (CBA)
via a BD FACSVia flow cytometer, which was used as a reference method
in the hospital. Under optimal conditions, serum samples with known
levels of IL-6 ranging from 9.26 to 92.64 pg/mL were detected directly
by our proposed immunosensor. The results were compared with the
reference results and these are summarized in Table 1. It was calculated
that the relative errors between the reference method and our method
were between -7.76% and 10.7%. The accuracy is 93.94%. These results
thus indicate that our proposed AuNPs/PPy/o-uPEIS holds great prom-
ise for clinical application.

4. Conclusion

This work demonstrated for the first time a novel AuNPs/PPy
hydrogel hybrid modified origami microfluidic paper-based electro-
chemical immunosensor to detect cytokine. Integration of AuNP/PPy
hydrogel hybrid into paper based immunosensor enabled the improve-
ment of sensitivity and enlargement of the detection range due to the
superior properties of this hybrid materials, including admirable elec-
troconductivity, good biocompatibility and a larger effective surface
area. More importantly, this proposed AuNPs/PPy/o-pPEIS is univer-
sally applicable to various proteins detection and its manufacturing cost

9

Days

11 13 15

Table 1
Comparison of the results of IL-6 in patients’ serum by our proposed immuno-
sensor and reference value. (n = 3). The accuracy is 93.94%.

Sample Reference (pg/mL) Measured (pg/mL=+ sd) Relative Errors (%)
1 9.26 8.55 + 0.13 -7.67

2 12.49 12.34 £ 0.11 -1.20

3 23.71 22.32 +0.19 —5.86

4 42.79 47.37 £ 0.26 10.70

5 71.95 66.58 + 0.21 —7.46

6 92.64 85.45 + 0.25 -7.76

7 104.03 105.88 + 0.14 1.80

8 160 169.63 + 0.28 6.01

per test is under 0.428 USD. Our proposed immunosensor demonstrates
superior sensing performance for the detection of IL-6, providing a lower
LOD of 0.654 pg/mL, thus satisfying the criteria for biomedical analysis.
We envision this origami microfluidic paper-based device to become a
promising tool for predicting the health status of COVID-19 patients.
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