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A B S T R A C T   

This paper reports a multichannel microfluidic sensor for detecting H1N1 swine influenza A virus (IAV). This 
device integrates six independent sensing elements, measurement chambers, and passive mixers on a micro
fluidic platform to enable parallel processing and analysis of multiple samples. The sensing element uses a 
conducting virus-imprinted polymer (VIP) to recognize, immobilize, and qualify the target H1N1 virus. The VIP 
is formed via electropolymerization of 2-amino-1,3,4-thiadiazole monomers and template H1N1 virus particles 
and subsequent removal of the template particles. The formed cavities are complementary to H1N1 virus in 
shape and size. High selectivity, conductance, and charge transfer characteristics make the VIP suitable for 
electrochemical detection of H1N1 virus. The sensor demonstrates a linear response to the logarithmic con
centration of H1N1 virus in a concentration range of up to 5 × 106 TCID50/mL with a limit of detection of 9 
TCID50/mL. The sensor exhibits high selectivity to H1N1 virus in the presence of several non-specific swine 
pathogens. Further, the sensor can be regenerated and reused by simply washing the sensing surface with acetic 
acid. The device demonstrates parallel detection of H1N1 virus in nasal swabs, oral fluids, and lung homogenates 
sampled from swine with low consumption of reagents and samples. 
Data Availability: Data will be made available on request   

1. Introduction 

Low-cost digital sensor technologies for livestock welfare and disease 
assessment help rapidly monitor animal health status, identify patho
gens/agents, and develop interventions [1,2]. Viral pathogens are one of 
the major limiting factors to the productivity of swine industry [3]. 
Influenza A virus (IAV) infects swine, birds, humans, and other mam
mals. The subtype H1N1 influenza virus has threatened public health by 
causing severe pandemics [4]. The influenza pandemic in 1918 resulted 
in the deaths of 50–100 million people worldwide; the most recent one 
in 2009 led to severe damages with estimated socioeconomic losses of 55 
billion USD [5]. Conventional methods for identifying and quantifying 
influenza viruses include reverse transcription-polymerase chain reac
tion (RT-PCR) [6], enzyme-linked immunoassays [7,8], immunoblotting 
[9], and immunofluorescence assays [10]. These methods provide high 
sensitivity and selectivity but are expensive, labor-intensive, and 

time-consuming and require skilled operators [11]. 
Recent advancements in biosensors and assays have led to rapid, 

low-cost, and portable solutions to detect viral particles without lysis 
[12]. For example, surface plasmon resonance, giant magnetoresistance, 
impedance, and electrochemical sensors have been demonstrated to 
detect viral particles [13–16]. Among these portable sensors, electro
chemical virus sensors can offer high sensitivity and accuracy, where 
receptor molecules (e.g., peptide aptamer [17,18] and antibody [19]) 
are immobilized on the sensor surface to recognize target viruses. These 
sensors, however, still require relatively expensive reagents (e.g., anti
gen, antibody, aptamer) and have low reusability. Significant efforts 
have been made to develop molecularly imprinted polymer (MIP) 
technology as an economical solution to detect biomolecules [20,21]. 
Generally, MIPs are created by self-assembling monomers around a 
target molecule template. After the removal of the template, cavities are 
formed in the polymer and exhibit specificity to the target molecule [22, 
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23]. The MIPs that can immobilize viral particles have been incorpo
rated with the quartz crystal microbalance technique for virus detection 
with high sensitivity [24,25]. Non-conducting gel polymers and gra
phene oxide were combined to design MIP-based electrochemical sen
sors for rapid detection of Zika virus, showing high electrochemical 
responsivity [26]. Recently, several conducting polymers, such as poly 
(3,4-ethylene dioxythiophene), have been employed as the host poly
mer of MIPs that offer high electrical conductivity [27–29]. Despite the 
remarkable progress in developing MIP biosensors [30–34], research 
and development of MIP-based virus sensors are still in their infancy. 

This paper reports a multichannel microfluidic sensor for rapidly 
detecting H1N1 influenza virus using a conducting virus-imprinted 
polymer (VIP). The device integrates an array of electrochemical 
virus-sensing elements into a microfluidic platform to test multiple 
samples simultaneously (Fig. 1a). Each sensing element is placed inside 
a measurement chamber downstream from a serpentine microfluidic 
passive mixer [35]. The sample and the redox electrolyte solution are 
infused into the mixer through the inlets of the microfluidic device. The 
sensing element is submersed in the mixed sample-electrolyte mixture 
(Fig. 1b). The VIP is formed on the surface of a patterned thin-film gold 
(Au) electrode via the electropolymerization of 2-amino-1,3,4-thiadi
zole (ATD) monomers and H1N1 virus particles. The virus particles 
are a template embedded inside the polymer matrix of poly(ATD). After 
removing the virus template by washing the sensing surface with an 
etchant, specific cavities complementary to H1N1 virus particles are 
formed (inset of Fig. 1c, and Fig. 1d). These cavities are formed to match 
the shape and size of the target virus particle, thus serving as the specific 
binding sites. The underlying principle employed in this methodology is 
that the virus particles present in the analyte will conform to the 
configuration of the fabricated cavities and subsequently attach to them. 
Electrochemical impedance spectroscopy is adopted to quantify the 
target virus particles bound to the cavities. It is noted that the ATD 
monomers are electron deficient that can facilitate electron transfer by 
absorbing more electrons upon a chemical reaction; therefore, poly 
(ATD) can provide high conductance and excellent charge transfer 
characteristics [36]. To our knowledge, the ATD monomers have not yet 
been reported to form VIPs that are specific to target virus particles, 
while parallel processing and analysis of multiple samples with 

VIP-based virus sensors are rarely demonstrated. 

2. Materials and methods 

2.1. Materials 

A solution of ATD monomers (Sigma-Aldrich, St. Louis, MO, USA) 
was prepared by adding 20 mM of ATD in a 100 mM H2SO4 solution. An 
acetic acid aqueous solution (10 % v/v) was prepared to remove the 
template of virus particles. For electrochemical characterization, 50 mM 
of potassium ferricyanide (K3[Fe(CN)6]) with 10 mM Na2SO4 was used 
as the redox electrolyte. Acetic acid, H2SO4, K3[Fe(CN)6], K4[Fe(CN)6], 
and Na2SO4 were purchased from Thermo Fisher Scientific (Pittsburgh, 
PA, USA). 

2.2. H1N1 IAV isolate, other swine viral and bacterial pathogens, and 
swine clinical samples 

The IAV isolate A/swine/MO/A01203163/2012 (H1N1) was iso
lated, propagated, and titrated in MDCK cells (ATCC CCL-34) following 
the previously published protocol [38]. This IAV isolate stock had an 
infectious titer of 107 median tissue culture infectious dose per mL 
(TCID50/mL). When making serial dilutions of the virus isolates, a 
minimum essential medium (MEM) was used. Swine viral and bacterial 
pathogens used in this study to evaluate the specificity of IAV H1N1 
sensor include influenza B virus (IBV), influenza D virus (IDV), porcine 
reproductive and respiratory syndrome virus (PRRSV), porcine circovi
rus 2d (PCV2d), porcine hemagglutinating encephalomyelitis virus 
(PHEV), porcine respiratory coronavirus (PRCV), pseudorabies virus, 
Glaesserella (Haemophilus) parasuis, and Mycoplasma hyopneumoniae. Six 
swine oral fluids, nasal swabs, and lung tissue homogenates were 
selected from the samples submitted to Iowa State University Veterinary 
Diagnostic Laboratory. The samples were tested by IAV RT-qPCR 
(quantitative reverse transcription PCR) to verify their status. 

2.3. Nucleic acid extraction and IAV PCR testing 

Nucleic acids were extracted from 100 µL virus isolates or swine 

Fig. 1. (a) Optical image of a multichannel microfluidic virus detection device that integrates six VIP-based electrochemical sensing elements for parallel tests of 
virus. (b) Schematic of a microfluidic setup that integrates with an electrochemical sensing element, a passive mixer, two inlets, and one outlet. The working 
electrode of the sensing element is modified with the VIP. The waste exits the device through the outlet. (c) Optical image of a single electrochemical sensing element. 
The inset shows an atomic force microscopy image of the working electrode that contains the VIP with the cavities specific to H1N1 virus. (d) Schematic of syn
thesizing the VIP layer using 2-amino-1,3,4-thiadizole as the monomer and H1N1 virus particles as the template. 
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clinical samples using a MagMAX Pathogen RNA/DNA extraction kit 
(Thermo Fisher Scientific, Waltham, MA) and a Kingfisher Flex instru
ment (Thermo Fisher Scientific) according to the instructions of the kit 
manufacturer. Nucleic acids were eluted with 90 µL of elution buffer. 
For PCR testing, a commercial IAV RT-qPCR kit targeting conserved 
matrix gene and/or nucleoprotein gene (VetMAX-Gold SIV One-Step RT- 
PCR assay, Thermo Fisher Scientific) was used, and the previously 
described procedures were followed [39]. Cyclic threshold (Ct) values 
from the PCR test of serially diluted virus isolates (107, 106, 105, 104, 
103, 102 TCID50/mL) were obtained. Samples with Ct < 38 were 
considered positive, and samples with Ct ≥ 38 were considered negative 
for IAV. 

2.4. Fabrication of sensing elements 

To fabricate the electrochemical sensing elements (Fig. 2a), a 5 nm- 
thick titanium (Ti) layer and a 100 nm-thick Au layer were sequentially 
deposited on the surface of a 100 nm-thick thermal oxide (SiO2) layer 
grown on a silicon (Si) wafer by e-beam evaporation. The Au-Ti layers 
were then patterned to form the base electrodes of the working, counter, 
and reference electrodes (WE, CE, and RE, respectively) for the sensing 
elements using photolithography and subsequent wet etching. Next, 
500 nm-thick Ag/AgCl paste was screen-printed at the surface of the RE. 
Subsequently, the Au-based WE (diameter: 2.5 mm) was modified with a 
seed layer of poly(ATD) by the first-time electrodeposition of ATD 
monomers with cyclic voltammetry (CV; CHI 760E electrochemical 
workstation). The seed layer of poly(ATD), with a thickness of 14 
± 1.5 µm, could not only aid in depositing the virus template containing 
poly(ATD), but also contribute to the structural strength of the VIP layer, 
even after the virus template has been removed. In this step, the ATD 
monomer solution (12 µL volume) was dropped on the sensor surface to 

cover all three electrodes; ten cycles of CV were then applied to deposit 
poly(ATD) in a potential range of 0–1.6 volts versus the Ag/AgCl 
pseudo-reference electrode at the scan rate of 100 mV/s. The electro
deposition of poly(ATD) was indicated by an increase in oxidation peak 
current around 1.4 V (Fig. 2b). After the seed poly(ATD) layer was 
deposited, a mixture of the prepared ATD monomer solution and the IAV 
H1N1 stock solution (107 TCID50/mL) at a 1:1 vol ratio was loaded on 
the electrodes, followed by another ten cycles of CV (Fig. 2c). This 
second-time electrodeposition resulted in the embedding of IAV H1N1 
virus particles inside the polymer matrix of poly(ATD) that had a 
thickness of 13.5 ± 1.8 µm (Fig. 2d). According to the CV scans for 
electrodeposition (Fig. 2b, c), it was observed that the peak oxidation 
current increased as the number of cycles increased. However, after the 
10th CV scan, the increase in peak oxidation current became almost 
negligible, suggesting that the degree of polymerization had reached its 
optimum level. For forming the cavities that could recognize the target 
virus (Fig. 2e), the polymer was washed with a 10 % (v/v) aqueous 
acetic acid solution accompanied by stirring with the help of a magnetic 
bar for 30 min [26]. To ensure the complete removal of residual acetic 
acid from the polymer matrix, the temperature of the DI water was 
increased to 50 ◦C. However, rinsing at room temperature for a mini
mum of 60 min was also effective. Moreover, it is worth noting that the 
virus template embedded internally may pose a challenge to be entirely 
removed. However, the polymer’s porous characteristics may allow for 
the removal of the embedded virus templates to a certain extent during 
the removal process, although this may be difficult to confirm. Further, 
control devices were fabricated using the same approach described 
above, except adding no virus particles during the second-time elec
trodeposition. The control device is referred to as the non-VIP (NIP) 
device. 

Fig. 2. (a) Schematic of the process flow for fabricating the microfluidic virus sensor. (b) CV for the first-time electropolymerization of the ATD monomer to form a 
seed layer of poly(ATD). (c) CV for the second-time electropolymerization of the ATD monomer and H1N1 virus to form a layer of poly(ATD)-virus complex. In both 
(b) and (c), the CV scan was conducted in a 0.1 M H2SO4 solution over a potential range from 0–1.6 volts at the scan rate of 100 mV/s. (d) Scanning electron 
microscopy (SEM) image of the poly(ATD) embedded with H1N1 virus particles. (e) SEM image for the VIP with cavities formed after the acetic acid wash and 
subsequent DI water cleaning. 
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2.5. Microfluidic chip fabrication 

The multichannel microfluidic device was designed to realize the 
parallel detection of H1N1 IAV in multiple samples. The microfluidic 
channels were formed by bonding polydimethylsiloxane (PDMS) on the 
Si/SiO2 substrate that contained the sensing elements. The width and 
height of the channels were 150 µm and 50 µm, respectively. The total 
length of the mixer region was 82 mm. The diameter of the measure
ment chamber was 5 mm. To form the channels, the photoresist of SU-8 
2050 (50 µm thickness; Kayaku Advanced Materials) was spin-coated 
and patterned using UV lithography to create a master mold. Subse
quently, the silicone elastomer base and curing agent (SYLGARD 184) 
were mixed in a weight ratio of 10:1 and degassed for 40 min. The mixed 
PDMS solution was poured over the master mold and cured at 70 ◦C for 
90 min. After demolding, the PDMS channels were bonded to the sub
strate containing multiple sensing elements with the help of oxygen 
plasma treatment [40]. 

2.6. Operation of microfluidic chip 

The multichannel microfluidic device integrated six independent 
microfluidic units, each comprising a VIP-based electrochemical sensing 
element specific to H1N1, a measurement chamber, a passive mixer, two 
inlets, and an outlet. One inlet was designated for the sample solution 
while the other was for the redox electrolyte solution. A programmable 
syringe pump (Model: NE-1200; ALA Scientific Instruments, Farm
ingdale, NY, USA), which could hold 12 sterile syringes (BD Luer-Lok™ 
1-mL syringe, Mississauga, ON, Canada), was used to drive six samples 
and six redox electrolyte solutions simultaneously into the passive mixer 
via the inlets at a volumetric flow rate of 500 uL/hr. The 5 mm-diameter 
mixer was comprised of a serpentine channel with 32 turns to ensure 
thorough mixing of the two fluids. The electrochemical virus sensor was 
immersed in the mixed solution inside the circular measurement 
chamber, which was incubated for one minute before the EIS mea
surement was conducted for an additional minute. After the measure
ment, the waste fluid was discharged into an external waste bottle 
through the outlet. 

2.7. Electrochemical impedance spectroscopy (EIS) measurement 

The sensor utilized the EIS technique (CHI-760E electrochemical 
workstation) for the electrochemical detection of the target virus. First, 
to calibrate the sensor, the H1N1 stock virus solution (107 TCID50/mL 
titer) was diluted from 2 to 200,000 times with appropriate amounts of 
electrolyte solution that contained 50 mM of [Fe(CN)6]3-/4- and 10 mM 
Na2SO4 as the redox probe and the supporting electrolyte, respectively. 
For the EIS measurement, a 12 µL of the diluted solution was loaded 
onto the sensing element. After the incubation for one minute, the EIS 
technique was applied with a frequency range from 100 kHz to 1 Hz, 
which took another minute to complete the measurement. The total time 
required for the incubation and EIS measurement was about 2 min. The 
value of charge transfer resistance Rct was extracted by fitting the 
Nyquist plot. It should be noted that further increasing the incubation 
time had almost no effect on the value of Rct. 

3. Results and discussion 

The SEM images shown in Fig. 2c indicate that H1N1 virus particles 
were conjugated with poly(ATD) through the electropolymerization 
process and that the cavities were formed after the removal of the H1N1 
virus template from poly(ATD) with acetic acid (Fig. 2d). To examine 
changes in electrochemical properties of the working electrode during 
forming the VIP, both the CV and EIS techniques were applied to char
acterize the electrodes formed with different material compositions. 
These electrodes include (i) a bare Au electrode, (ii) an Au electrode 
modified with the seed poly(ATD) layer (namely, Au/poly(ATD)); (iii) 

an Au electrode containing both the seed poly(ATD) layer and the poly 
(ATD) layer embedded with H1N1 virus template (namely, Au/poly 
(ATD)/virus); and (iv) a final VIP electrode after the removal of the virus 
template (namely, Au/poly(ATD)/cavity). The CV result (Fig. 3a) in
dicates that the poly(ATD) could facilitate electron charge transfer, as 
evident by the increase of the oxidation peak current from 51 µA for the 
bare Au electrode to 125 µA for the Au/poly(ATD) electrode. Essentially, 
the extended p-orbital system of poly(ATD) can help prompt electron 
transfer from one end to the other end of this polymer, thus enhancing 
the electrocatalytic properties of the poly(ATD)-modified electrode 
[34]. More specifically, poly (ATD) is classified as a conjugated polymer, 
which is characterized by a backbone structure consisting of alternating 
single and double bonds. This unique structure features unstable π bonds 
that create an extended p-orbital system, enabling charge carriers to 
move throughout the polymer from one end to the other. This delocal
ization of charges is essential for the efficient transport of charges within 
a conducting polymer. The direction of conductivity is dependent on the 
molecular packing, which is facilitated by an extended p-orbital overlap, 
and enables electron transfer through intermolecular bonds. Therefore, 
the extended p-orbital system is the driving force for enhancing electron 
transfer and electrocatalytic properties of the polymer [36,37]. With the 
virus particles embedded into the polymer matrix, the peak oxidation 
current of the Au/poly(ATD)/virus electrode decreased to 53 µA, which 
may be associated with an increase in poly(ATD) thickness after the 
second-time electrodeposition. When the virus particles were washed 
away with acetic acid, the peak oxidation current of the Au/poly 
(ATD)/cavity electrode increased to 85 µA. In addition, a scan rate 
analysis was performed on the Au/poly(ATD)/cavity electrode using the 
CV technique over the scan rate range from 10 to 200 mV/s (Fig. 3c). 
The anodic peak current was found to increase linearly with the square 
root of scan rate (Fig. 3d), indicating that the Au/poly(ATD)/cavity 
electrode exhibited a diffusion-controlled process [41]. 

Next, EIS studies were performed to examine the charge-transfer 
resistance of the Au, Au/poly(ATD), Au/poly(ATD)/virus, Au/poly 
(ATD)/cavity electrodes (Fig. 3b). The value of Rct for each electrode 
was extracted from the obtained Nyquist plot. The inset of Fig. 3b shows 
the equivalent circuit model consisting of the solution resistance (Rs), 
charge transfer resistance (Rct), double layer capacitance (Cdl), and 
Warburg impedance (W), which was used to fit the EIS spectra [42]. 
After the seed poly(ATD) layer was deposited on the Au surface, the Rct 
value decreased from 30.2 MΩ of the bare Au electrode to 431.2 kΩ. 
Embedding the virus particles into poly(ATD) caused a decrease of Rct to 
84.8 kΩ, and removing the virus particles from the polymer matrix 
increased Rct to 185.2 kΩ. 

To characterize the VIP-based virus sensor, the stock solution of 
H1N1 virus (107 TCID50/mL concentration) was diluted in the elec
trolyte solution (50 mM [Fe(CN)6]3-/4- with 10 mM Na2SO4) to obtain a 
range of concentrations from 50 to 5 × 106 TCID50/mL. Fig. 4a shows 
the Nyquist plots obtained from the EIS measurement for these diluted 
virus samples. The result indicates that the value of Rct decreased with 
increasing concentration of H1N1 virus (Fig. 4b). It is speculated that 
when interacting with the cavities, H1N1 virus particles, being nega
tively charged particles [26], may give electrons to the VIP, thus 
lowering the Rct value of the electrode. The relative change in charge 
transfer resistance ΔRct of the sensor from the baseline Rct,base was 
calculated as (Rct – Rct,base)/Rct,base = ΔRct/Rct,base, where Rct,base was 
established by the EIS measurement for the pure redox electrolyte. The 
value of ΔRct/Rct,base exhibited a linear response to the logarithmic 
concentration of H1N1 virus over the whole concentration range 
(Fig. 4b). The sensitivity of ΔRct/Rct,base to changes in concentration of 
H1N1 virus was calculated to be − 11.97 % [log(TCID50/mL)]-1 from 
the slope of the calibration curve (Fig. 4d). The limit of detection (LOD) 
was calculated to be 9 TCID50/mL using the equation of LOD = 3σ/S, 
where σ represents the standard deviation of five measurements con
taining only the electrolyte and S represents the sensitivity of the sensor 
[43]. 
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Fig. 3. (a) CV for the bare Au, poly(ATD)/Au, 
poly(ATD)/Au embedded with virus template, 
and poly(ATD)/Au with cavities formed after 
the removal of the virus template. The CV scan 
was conducted in the electrolyte of 50 mM [Fe 
(CN)6]3-/4- in 10 mM Na2SO4 over the potential 
range from − 0.5–0.5 V at the scan rate of 
100 mV/s. (b) Nyquist plots from the EIS scan 
for the same electrodes tested in (a). (c) CV with 
different scan rates on the poly(ATD)/Au that 
contained cavities. Here, RE denotes Ag/AgCl 
reference electrode. (d) Peak oxidation current 
as a function of the square root of scan rate.   

Fig. 4. (a) Nyquist plots obtained from the EIS measurements for H1N1 virus samples with different concentrations. (b) Charge transfer resistance Rct of the VIP 
sensor as a function of H1N1 virus concentration. (c) Rct value of the NIP device with a non-imprinted polymer of poly(ATD) without cavities. (d) ΔRct/Rct,base of the 
VIP and NIP devices as a function of H1N1 virus concentration. The error bars represent the standard deviation from five repeated measurements. 
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The cavities of the VIP facilitated specific binding to the IAV H1N1 
virus particles. The NIP control device (containing no cavities) was 
exposed to different concentrations of H1N1 virus. Compared to the VIP 
sensor, the NIP device exhibited a much lower response of Rct to the 
presence of H1N1 virus (Fig. 4c), with the sensitivity of ΔRct/Rct,base 
= − 2.69 % [log(TCID50/mL)]-1 (Fig. 4d). Going from 50 TCID50/mL to 
5 × 106 TCID50/mL led to only 12 % change in Rct for the NIP sensor 
while 59 % for the VIP sensor. Therefore, the cavities formed in the VIP 
resulted in approximately four times enhancement in its response to 
H1N1 virus compared to the NIP-based counterpart. 

Next, the H1N1 virus sensor was exposed to other subtypes of IAV, 
including H1N2 and H3N2 viruses. The stock virus solution of each 
subtype here had a concentration of 3.1 × 107 TCID50/mL and was 
diluted to a range of concentrations in the redox electrolyte. The Rct 
value of the sensor was found to decrease with increasing concentration 
of H1N2 or H3N2 virus. The sensitivities of ΔRct/Rct,base to H1N2 and 
H3N2 viruses were calculated to be − 5.35 % and − 4.65 % [log 
(TCID50/mL)]-1, respectively, based on the slopes of the calibration 
curves (Fig. 5). This may be because these two subtypes of IAV have 
similar morphological and functional features to H1N1 virus. Never
theless, the VIP sensor showed a much higher response when responding 
to the target H1N1 virus (Fig. 4b) than the non-specific H1N2 and H3N2 
viruses (Fig. 5). 

To further evaluate the specificity of the sensor, the sensor was 
exposed to several swine respiratory viral and bacterial pathogens, 
including Glaesserella parasuis ((G. parasuis)), IBV, IDV, Mycoplasma 
hyopneumoniae (M. hyopneumoniae), PHEV, PRCV, and pseudorabies 
virus (PRV). The concentration of each interference pathogen in the 
stock solution was equivalent to that of the H1N1 virus stock (107 

TCID50/mL). Subsequently, the interference pathogen stock solution 
was diluted by a factor of two (2X) using the electrolyte solution. The 
2X-diluted interference pathogen sample was then applied to the sensor 
surface. Despite having a similar concentration as the target H1N1 virus, 
the non-specific pathogens elicited a much lower response from the 
sensor by 3–16 times, as shown in Fig. 6a. Further, when a high- 
concentration H1N1 virus sample (5 × 106 TCID50/mL) was spiked 
with a non-specific pathogen PRRSV or PCV2d (105 TCID50/mL each), 
the Rct value of the sensor was found to decrease by less than 8 % 
(Fig. 6b). Also, when a low-concentration H1N1 virus sample (5 × 103 

TCID50/mL) was spiked with a low-concentration PRRSV or PCV2d (103 

TCID50/mL each), there occurred a negligibly small change of less than 
2 % in the value of Rct Therefore, the sensor was able to detect H1N1 
with high selectivity in the presence of these non-specific pathogens. 

In addition, the VIP of the sensor could be refreshed with a simple 
acetic acid wash. To demonstrate this feature, the sensor was first 
exposed to 5 × 106 TCID50/mL concentration of H1N1 virus. After the 

EIS measurement was done, the sensor surface was washed with acetic 
acid (10 % v/v) for 30 min and then cleaned with DI water for another 
30 min. The acetic acid solution removed the trapped virus particles 
from the VIP, thus regenerating active cavities. After the sensor was 
refreshed, a continuous cycle of virus detection and subsequent surface 
wash was repeated. Fig. 7 shows that the Rct value of the sensor 
decreased in response to the virus sample and then recovered to almost 
the original value after acetic acid wash. After eight cycles, the Rct value 
still could stay within 88 % of the original value, suggesting that the 
acetic acid wash is a promising method to refresh and reuse the sensor 
multiple times. 

The multichannel microfluidic device possessed six identical VIP- 
based sensing elements specific to H1N1 virus. The device was evalu
ated for its capability to test multiple samples simultaneously. The 
experiment began with flowing the pure electrolyte solution into all the 
measurement chambers through the inlets. The six sensing elements 
exhibited a low relative standard deviation RSD of 3.8 % from the mean 
value of Rct. A similar value of RSD was found when the sensing ele
ments were exposed to the same concentration (5 × 103 TCID50/mL) of 
H1N1 virus. The minor difference in Rct between these elements may be 
caused by variations in the number of virus particles used while forming 
the VIP of each element. For the parallel detection, a multichannel sy
ringe pump was used to drive the flows of the six liquid samples and the 
electrolyte solution from corresponding syringes through the inlets of 
the microfluidic device. The liquid sample and electrolyte flowed 
downstream into the passive mixer at the volumetric flow rate ratio of 
1:1. The sensing element was immersed in the mixed solution. As 
mentioned in the Method section, the incubation took one minute, while 
the EIS measurement required an additional minute. Six swine clinical 
samples were used to validate the sensor device for parallel testing. 
These included three IAV PCR-negative samples (one lung tissue ho
mogenate, one nasal swab, and one oral fluid) and three IAV PCR- 
positive samples (one lung tissue homogenate with Ct 24.6, one nasal 
swab with Ct 28.1, and one oral fluid with Ct 28.9). For the negative 
samples, the values of ΔRct/Rct,base were found to be within − 3 % and 
the corresponding concentrations were close to zero. In contrast, for the 
2X diluted positive samples, the sensors showed a distinct decrease in Rct 
value (Fig. 8). 

4. Conclusions 

We have developed and validated a microfluidic electrochemical 
sensor for the detection of swine H1N1 IAV. Compared to other elec
trochemical H1N1 virus sensors, our sensor offers a wide dynamic 
detection range from 50 to 5 × 106 TCID50/mL, a low limit of detection 
of 9 TCID50/mL, and a short detection time of 2 min, as displayed in  
Table 1. The VIP of the sensor exhibited remarkable selectivity towards 
the target virus over a broad range of non-specific bacterial and viral 
pathogens and demonstrated sustained binding ability to the target virus 
following multiple washing cycles with acetic acid. VIPs have been 
combined with various transducers, including those utilizing fluores
cence [51–53], surface plasmon resonance [54,55], and quartz crystal 
microbalance [24] techniques, to detect diverse viral pathogens. Owing 
to high conductivity, fast electron transfer, and excellent electrocatalytic 
properties of the poly(APD) material, the VIP-based electrochemical 
sensor demonstrated remarkable detection performance in terms of limit 
of detection, detection time, and imprinting factor, as summarized in  
Table 2. The integration of multiple sensing elements into a microfluidic 
platform allowed for parallel tests with minimum consumption of 
samples and reagents. The microfluidic device was demonstrated to 
rapidly detect swine H1N1 virus in lung homogenates, oral fluids, and 
nasal swabs. It is worth mentioning that there is much room to improve 
the microfluidic device. First, different virus species and strains can be 
detected by creating specific cavities for each target analyte inside the 
VIP. While the presented sensor has demonstrated a significantly greater 
response to the target H1N1 virus compared to other subtypes of IAV 

Fig. 5. ΔRct/Rct,base of the H1N1 virus sensor when exposed to different con
centrations of H1N2 and H3N2 viruses. The error bars represent the standard 
deviation from five repeated measurements. 
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like H1N2 and H3N2, distinguishing completely between H1N1 and 
other subtypes of IAV as well as differentiating non-specific subtypes 
will require substantial efforts. One potential approach to selectively 
differentiate between various subtypes would involve developing 

separate cavities specific to each subtype in distinct sensing elements, 
followed by integrating these sensing elements into a single microfluidic 
device to enable differentiation of all three subtypes. Second, a larger 
number of sensing elements can be integrated into the microfluidic 
platform to enable virus detection at higher throughput. In addition, it is 
possible to integrate low-cost electronic readout circuits and miniature 
pumps [56] with the microfluidic device to realize a compact, rapid, 
point-of-care, and multipurpose detection kit for the early detection of 
pathogens. Given the recent COVID-19 pandemic, the sensor can be 
adapted to detect SARS-CoV-2 virus by substituting H1N1 IAV with 
SARS-CoV-2 virus particles during the electropolymerization of corre
sponding VIP materials. Promising studies have shown the potential of 
the VIP strategy for detecting SARS-CoV-2 virus. However, it is crucial to 
conduct comprehensive sensor characterizations to evaluate the sensor’s 
performance in the presence of various interfering pathogens. Addi
tionally, further research is necessary to scale up the production of 
VIP-based sensors, and to optimize conducting polymers for developing 
cavities that are specific to SARS-CoV-2 virus [57–59]. 
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Fig. 6. (a) ΔRct/Rct,base of the H1N1 virus 
sensor when exposed to several swine respira
tory viral and bacterial pathogens. The sample 
of each species used here was diluted two times 
from its stock solution. (b) Interference test of 
the H1N1 virus sensor with PRRSV and PCV2d. 
H1N1(H) denotes the high concentration (5 ×

106 TCID50/mL) of H1N1 virus, and H1N1(L) 
denotes the low concentration (5 × 104 

TCID50/mL) of H1N1 virus. The error bars 
represent the standard deviation of five 
repeated measurements.   

Fig. 7. Regeneration capacity of the VIP for the detection of H1N1 virus. 
Changes in Rct of the sensor over repeated cycles with each cycle consisting of 
(i) using acetic acid to remove trapped virus particles and using DI water to 
clean the sensor surface; (ii) exposing the sensor to the pure electrolyte solution 
and then the H1N1 virus sample of 104 TCID50/mL concentration. 

Fig. 8. ΔRct/Rct,base of six H1N1 virus sensing elements integrated into the 
multichannel microfluidic platform. These sensing elements were exposed to 
the H1N1 negative and positive samples from swine lung homogenates, oral 
fluids, and nasal swabs. The error bars represent the standard deviation of five 
repeated measurements. 

Table 1 
Comparison of the presented sensor with other electrochemical sensors for H1N1 
virus.  

Detection method Detection 
range 
(TCID50/ 
mL) 

Sample 
volume 
required 
(µL) 

Limit of 
detection 
(TCID50/ 
mL) 

Detection 
time (min) 

Differential pulse 
voltammetry[44] 

14 – 
1.4 × 104 

10  5.2 N/A 

Impedance 
spectroscopy[45] 

14 – 
1.4 × 106 

10 – 20  3 10 

Square wave 
voltammetry[46] 

0 – 
1.4 × 106 

< 20  2.2 < 30 

Square wave 
voltammetry[47] 

10 – 103 N/A  10 < 30 

Differential pulse 
voltammetry[48] 

14 – 
1.4 × 104 

200  161 30 

Impedance 
spectroscopy[49] 

0 – 
1.4 × 104 

40  4.7 6 

Chronoamperometry 
[50] 

1.4 – 
1.4 × 104 

N/A  0.7 N/A 

This work 50 – 
5 × 106 

12  9 2  
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Table 2 
Comparison of the presented sensor with other VIP-based non-electrochemical sensors for various viral pathogens.  

Method of 
transduction 

Monomer Target analyte Limit of 
detectiona 

Detection time 
(min) 

Imprinting 
factor 

Fluorescence[51] (3-aminopropyl)triethoxysilane Japanese encephalitis virus against HAV, 
Leprosy virus (LV), and Rabies virus (RV) 

9.6 pM 40 2.12 

Fluorescence[52] (3-aminopropyl)triethoxysilane JEV against LV and RV 0.32 nM N/A 2.98 
Fluorescence[53] (3-aminopropyl)triethoxysilane JEV against simian virus, HAV, RV 0.11 pM 55 1.7 
Surface plasmon 

resonance[54] 
Acrylamide, N-t-butylacrylamide, 2-hydroxyethyl 
methacrylate, N,N’-methylene bisacrylamide 

SARS-CoV-2 against MERS-CoV spike protein 580 nM 10 N/A 

Surface plasmon 
resonance[55] 

N-isopropylacrylamide, N,N’-methylene-bis- 
acrylamide, N-tert-butylacryamide, acrylic acid 

Bacteriophage MS2 7.1 × 106 

TCID50/mL 
240 N/A 

Quartz crystal 
microbalance[24] 

Acrylamide, Methacrylic acid, methylmethacrylate, 
N-vinylpyrrolidone 

H5N1, H5N3, H1N1, H1N3, H6N1 against 
each other 

105 TCID50/ 
mL 

40 N/A 

This work 2-Amino-1,3,4-thiadiazole H1N1 against H1N2, H3N2, IBV, IDV, PHEV, 
PRCV, PRV, M. hyopneumoniae, G. parasuis 

9 TCID50/mL 2 4b  

a The limit of detection values given in references [51–54] use the unit mole per liter, which considers the number of viral particles in the sample. On the other hand, 
TCID50 measures the dilution of the virus needed to infect 50 % of the cell culture wells. Therefore, it is not suitable to convert from mole per liter to TCID50/mL. 

b The imprinting factor can be described as the proportion of the sensing signal obtained from the device utilizing VIP compared to NIP at a virus concentration of 107 

TCID50/mL (as shown in Fig. 4d). 
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