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ARTICLE INFO ABSTRACT
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Accurate, rapid, and low-cost molecular diagnostics is essential in managing outbreaks of infectious diseases,
such as the pandemic of coronavirus disease 2019 (COVID-19). Accordingly, microfluidic paper-based analytical
devices (UWPADs) have emerged as promising diagnostic tools. Among the extensive efforts to improve the per-
formance and usability of diagnostic tools, biosensing mechanisms based on electrochemical impedance spec-

Nanowires . . . . P
HIV troscopy (EIS) have shown great promise because of their label-free operation and high sensitivity. However, the
COVID-19 method to improve EIS biosensing on pPADs is less explored. Here, we present an experimental approach to

enhancing the performance of paper-based EIS biosensors featuring zinc oxide nanowires (ZnO NWs) directly
grown on working electrodes (WEs). Through a comparison of different EIS settings and an examination of ZnO-
NW effects on EIS measurements, we show that ZnO-NW-enhanced WEs function reliably with Faradaic processes
utilizing iron-based electron mediators. We calibrate paper-based EIS biosensors with different morphologies of
ZnO NWs and achieve a low limit of detection (0.4 pgml~1) in detecting p24 antigen as a marker for human
immunodeficiency virus (HIV). Through microscopic imaging and electrochemical characterization, we reveal
that the morphological and the electrochemical surface areas of ZnO-NW-enhanced WEs indicate the sensitivities
and sensing ranges of the EIS nanobiosensors. Finally, we report that the EIS nanobiosensors are capable of
differentiating the concentrations (blank, 10 ng ml~', 100 ngml ™}, and 1 pg ml~!) of IgG antibody (CR3022) to
SARS-CoV-2 in human serum samples, demonstrating the efficacy of these devices for COVID-19 diagnosis. This
work provides a methodology for the rational design of high-performance EIS pPADs and has the potential to
facilitate diagnosis in pandemics.

shortage of healthcare professionals and medical facilities,
laboratory-based diagnostic tests are far from sufficient (McBain et al.,

1. Introduction

In recent decades, humanity has been recurrently suffering from
severe outbreaks of infectious diseases, including human immunodefi-
ciency virus (HIV), severe acute respiratory syndrome (SARS), swine flu
H1N1, middle east respiratory syndrome (MERS), and currently the
coronavirus disease 2019 (COVID-19) (Wang et al., 2020; Zhu et al.,
2019). These outbreaks have caused tremendous casualties and eco-
nomic burdens (Bhutta et al., 2014). Particularly, the pandemic of
COVID-19 has led to a tremendous scale of lockdown and economic
stasis. Identifying infected persons as early as possible is critical for
effective quarantines that can substantially slow down the disease
spreading. However, due to the vast number of infected people and the

2016). Therefore, accurate, affordable, and rapid diagnostic tools that
can be distributed and implemented outside clinical laboratories have
great potential to help manage such crises (Wang et al., 2020; Martinez
et al., 2010; Perkins, 2011).

Among the diagnostic tools devised over the past decades, micro-
fluidic paper-based analytical devices (uPADs) for point-of-care (POC)
diagnosis have stood out as a particularly promising platform technol-
ogy, leveraging the intrinsic properties of paper such as amenability to
chemical and physical modifications, disposability, capillarity-driven
liquid manipulation, and potential for mass production (Gong and Sin-
ton, 2017; Chen et al., 2019; Rolland and Mourey, 2013; Ying et al.,
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Fig. 1. Fabrication and surface functionalization of paper-based WEs for EIS biosensing. As a key component in EIS biosensing, WEs were prepared and used in five
steps: (1) cutting paper pieces into the shape of WEs, (2) printing a layer of carbon ink to the paper pieces, (3) growing ZnO NWs on the carbon ink, (4) immobilizing
probe and blocking molecules to the surface of WEs, and (5) eventually using the WEs to capture target molecules for EIS biosensing.

2020). These devices are normally used for the detection of biomarkers
in body fluids, featuring low-cost fabrication and convenient assay op-
erations (Gong and Sinton, 2017; Yang et al., 2017). Therefore, they
could address the world health organization’s “ASSURED” (affordable,
sensitive, specific, user-friendly, rapid and robust, equipment-free and
deliverable to end-users) criteria for diagnostic tools and help meet the
soaring demands for POC diagnosis in an epidemic or pandemic.

To fulfill their potential, ptPADs ought to have detection performance
at least comparable to the gold standard tests (Sher et al., 2017; Yamada
et al., 2017). A large body of research on pPADs utilizes working prin-
ciples similar to enzyme-linked immunosorbent assays (ELISAs) (Cheng
et al., 2010; Martinez, 2011; Fu et al., 2019) because the detection of
protein markers is essential to dealing with outbreaks like HIV and
COVID-19. However, these assays often require multiple labeling and
amplifying steps, making the assay operations less convenient and prone
to errors. Given the limitations of ELISAs, electrochemical impedance
sensing (EIS) has gained increasing research interest. EIS-based bio-
sensing mechanisms inherently require no labels, which simplifies the
assay operations. With appropriate settings and interpretation of EIS
measurements, one can achieve high sensitivity. For example,
paper-based EIS biosensors have been reported for label-free detection
of bacteria (Rengaraj et al., 2018) and protein biomarkers (Ruecha et al.,
2019). In another study, single-frequency EIS measurements on
paper-based biosensors have been proposed to achieve even more
convenient assay operations (Rengaraj et al., 2018; Zhao and Liu, 2016).
These studies typically utilized carbon ink printed on paper substrates as
working electrodes (WEs), which play an essential role in EIS biosensing.
To improve the EIS WEs, we have recently reported that zinc oxide
nanowires (ZnO NWs) could be directly synthesized on the carbon-ink
electrodes for EIS biosensing on pPADs (Li and Liu, 2016). We showed
that the combination of EIS and ZnO NWs could achieve highly sensitive
detection of protein biomarkers. Despite the great potential of
ZnO-NW-enhanced EIS biosensing on pPADs, the reliable settings of EIS
measurements and the rational design of ZnO-NW morphology are not
fully explored.

Here we present a systematical investigation on the configurations of
paper-based ZnO-NW-enhanced EIS biosensors, in pursuit of optimal
sensing performance. Our investigation starts with exploring Faradaic
and non-Faradaic EIS processes, and the electron mediators for the
Faradaic EIS processes were then chosen through comparison. Three
ZnO-NW morphologies were generated by tuning the hydrothermal
growth parameters, and EIS biosensors with different ZnO-NW mor-
phologies were calibrated for detection of HIV p24 antigen. Further
analyses with scanning electron microscopy (SEM) and electrochemical
measurements indicate the relationship between the sensing

performance and the surface area of the ZnO-NW-enhanced WE. With
the optimal ZnO-NW morphology, we demonstrate that these EIS
nanobiosensors can be applied to the serological testing of the IgG
antibody (CR3022) specific to SARS coronavirus 2 (SARS-CoV-2) for the
diagnosis of COVID-19. Our results offer insights into the rational design
of paper-based ZnO-NW-enhanced EIS biosensors, which can facilitate
the diagnosis in response to outbreaks of infectious diseases.

2. Experimental methods
2.1. Fabrication of paper-based biosensors

The fabrication of electrochemical pPADs was described in our pre-
vious reports (Li et al., 2015b; Li and Liu, 2016). In brief, chromatog-
raphy #1 paper was patterned by wax printing and subsequent heating
to generate confined hydrophilic areas for electrochemical reactions (i.
e., reaction zones). A counter electrode (CE) and a reference electrode
(RE) were formed in each reaction zone by screen-printing carbon and
silver/silver chloride inks, respectively. This layer of paper was then
stacked with a layer of WE to form a complete pPAD for electrochemical
measurements.

2.2. ZnO-NW-enhanced WEs

Chromatography #1 paper was cut into the shape of WEs by a laser
cutter (Fig. 1). One side of the paper piece was then fully covered by
carbon ink, and a ZnO nanoparticle (NP) colloidal solution was dropped
onto the circular area of this side. ZnO NWs were subsequently grown
through a hydrothermal process (Li et al., 2015a). An aqueous solution
for the hydrothermal growth contained zinc nitrate hexahydrate to
provide zinc composition in ZnO NWs, and hexamethylenetetramine as
a mediator. Ammonium hydroxide was added to the growth solution to
favor the growth of ZnO NWs from the ZnO-NP-seeded cellulose fibers of
paper. The morphology of ZnO NWs can be controlled by adjusting the
chemical composition of the growth solution and the growth time, as
discussed in sections to follow. After the ZnO-NW growth, a surface
chemistry process was accomplished to functionalize the WEs. In the
process, ZnO-NW-enhanced WEs were treated with air plasma, a 2.5%
(v/v) glutaraldehyde solution, a 10 mM (3-aminopropyl)trimethox-
ysilane ethanol solution, a solution of probe molecules (e.g., 10 pg ml ™}
HIV p24 antibody), and eventually a commercial blocking reagent (cat.
no. 11152500, Roche) (Li and Liu, 2016).
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2.3. Electrochemical measurements

A potentiostat (Autolab PGSTAT302N, Metrohm) was used in this
study to implement electrochemical measurements. In EIS measure-
ments, samples with varied p24 antigen concentrations were dropped to
the surface-functionalized WEs. After 15-min incubation, the WEs were
cleaned with 5pl of 1x phosphate-buffered saline (PBS) containing
0.05% (v/v) Tween 20 (cat. no. P9416, Sigma-Aldrich). Then each WE
was attached to a layer of reaction zone containing a set of CE and RE.
After 4 pl of electron mediator solution was dropped into the reaction
zone, an EIS measurement was performed (Li and Liu, 2016). In cyclic
voltammetric (CV) measurements, there were no sample addition and
washing steps.

2.4. Serological antibody testing for COVID-19 with human serum
samples

To prepare the EIS nanobiosensors for serological antibody testing
for COVID-19, ZnO-NW-enhanced WEs were surface-functionalized with
probe molecules specific to the COVID-19 antibody. Specifically, 3 pl of
SARS-CoV-2 S-protein receptor-binding domain (RBD) was immobilized
on the WEs through the surface functionalization process described
previously and incubated in a 4 °C fridge for 4 h (Li and Liu, 2016). The
WEs were later washed with 8pl of PBS and blocked with 3pl of a
blocking reagent (cat. no. 11112589001, Roche). The washing and
blocking steps were repeated twice with an interval of 30 min. The
surface-functionalized WEs were then washed by 8 pl of PBS with 0.05%
(v/v) Tween 20. To prepare human serum samples for testing, recom-
binant IgG antibody (CR3022) to SARS-CoV-2 spike glycoprotein S1 was
spiked at different concentrations in human serum (cat. no. P2918,
Sigma-Aldrich) to mimic the real patient samples. Both the RBD protein
and the CR3022 antibody were synthesized by James Rini’s laboratory
at the University of Toronto.

During a test for COVID-19, 3 pl of spiked human serum was applied
onto a WE. The sample was incubated at room temperature for 15 min
and washed with 5 pl of PBS containing 0.05% (v/v) Tween 20. The WE
was assembled into a complete pPAD with a reaction zone, a CE, and an
RE. In an EIS measurement, 4 pl of electron mediator solution was added
to the reaction zone. The electron mediators were prepared with 5 mM
K3[Fe(CN)g] (cat. no. 244023, Sigma-Aldrich) and 5 mM K4[Fe(CN)¢]
(cat. no. P3289, Sigma-Aldrich) in 100 mM KCl solution (cat. no.
POC308.1, Bioshop).

3. Results and discussion

3.1. Paper-based EIS biosensors for managing the pandemics of infectious
diseases

In the outbreaks of infectious diseases like COVID-19, identifying
infected persons, providing medical attention, and practicing appro-
priate quarantine are crucial to curbing the spread of diseases. Although
standard laboratory tests are available, such as polymerase chain reac-
tion (PCR) based testing of SARS-CoV-2 and ELISAs for serological
testing of antibodies to SARS-CoV-2, they are usually equipment-
dependent, technician-requiring, time-consuming, and expensive.
These characteristics of the laboratory tests make them less accessible
for POC diagnosis in non-laboratory settings, such as doctors’ offices,
long-term care homes, cruise ships, and ports of entry. Therefore, it is
critical to develop diagnostic tools that are not only accurate but also
easy-to-operate and low-cost to identify virus carriers, especially
asymptomatic carriers.

Aiming at POC diagnosis, we propose to enhance the EIS sensing
performance on PPADs for the detection of proteins related to infectious
diseases including COVID-19. Conventionally, ELISAs are widely used in
clinical tests for detecting these proteins, and researchers have inte-
grated ELISA-like assays into pPADs (Cheng et al., 2010; Fu et al., 2019;
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Martinez, 2011). However, these ELISA-based biosensors commonly
require labeling and extra steps to generate and amplify the sensing
signals, making the biosensors less user-friendly. The extra steps also
make the biosensors subject to errors and instability. In contrast, EIS
biosensing does not require labels and can be highly sensitive, because
EIS differentiates electrical components on the surface of WEs. There-
fore, we consider EIS biosensing to be a potentially preferable approach
to protein detection for infectious diseases including COVID-19.

EIS biosensors belong to the category of so-called affinity-based
biosensors, where target molecules bind to probe molecules on a
transducer (Daniels and Pourmand, 2007; Luo and Davis, 2013). The
EIS-based biosensing mechanisms remove the need for labeling the
target molecules and thus simplifies biosensing operations. Compared to
other electrical biosensors that measure only the current (amperometry)
or voltage (voltammetry) changes in the binding events, EIS biosensors
measure the impedance in an alternating current (AC) steady state with
a constant direct current (DC) bias, presenting a spectrum that distin-
guishes the components on the surface of transducers (i.e., WEs). The
binding events are typically associated with an increase of specific
resistance components, which contributes to the high sensitivity of EIS
biosensors.

In addition to the simplicity and high sensitivity of the proposed
sensing method for virus-caused infectious diseases, the low cost of the
proposed biosensors would make the rapid diagnosis more accessible to
economically disadvantaged regions. First, pPPADs are made of paper,
which is a relatively cheap substrate material, and their fabrication does
not require microfabrication techniques as conventional microfluidic
chips do. Second, we proposed a hydrothermal growth method that is
facile and requires no expensive facilities so that the addition of ZnO
NWs to the pPADs retain their merit of low-cost fabrication. Third, the
EIS method we proposed removes the need for extra labeling or signal-
amplifying chemicals; thus, the reagents in this sensing method would
cost less than conventional ELISAs or other highly sensitive methods
based on amplifying reagents. Overall, we estimate the cost of each test
to be CAD $0.1, based on the amounts of reagents involved in each test
and the price of paper substrates.

3.2. Preparation of ZnO-NW-enhanced WEs

The WEs used in this study were made with laser-cut paper pieces
and carbon ink. Before any treatment, the surface of a carbon-ink-coated
paper piece had a non-smooth morphology (Fig. S1). As shown in the
inset of Fig. 1, the hydrothermal growth process generated ZnO NWs
fully covering the surface of carbon ink. Three growth conditions were
utilized to generate varied morphologies of ZnO NWs (Table S1), which
were named as a combination of their relative width (thick, medium,
and thin) and length (long, medium, and short). The concentrations of
zinc nitrate hexahydrate and hexamethylenetetramine were changed
proportionately, and lower concentrations led to thinner ZnO NWs.
Ammonium hydroxide was used as a buffer to suppress homogeneous
nucleation of ZnO in the growth solution and favor heterogeneous
nucleation on ZnO-NP-seeded paper substrates (Li et al., 2015a; Xu
et al., 2009). We adjusted the growth time up to 8 h, as the growth rate
significantly decreases after this time (Li et al., 2015b).

The efficacy of affinity-based biosensor relies on the stable immo-
bilization of probe molecules and the blocking reagent to minimize non-
specific binding. In this study, an organosilane-based surface chemistry
process was used to introduce probe molecules to the surface of ZnO
NWs. A blocking reagent was applied to eliminate non-specific binding
when capturing target molecules. This surface functionalization process
has proved effective in our previous study (Li and Liu, 2016).

3.3. Examining different EIS settings

EIS biosensing has been applied to microscale systems (Jin et al.,
2017; Nguyen et al.,, 2013; Selvam et al., 2017), and researchers
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Fig. 2. CV results of WEs with different electron mediators. (a, b) Three WE conditions were tested for [Fe(CN)6]* "3~ (a) and [Ru(bpy)3]3+/ 2+ (b): pristine carbon-
ink WEs, ZnO-NW-enhanced WEs, and surface-functionalized ZnO-NW-enhanced WEs.
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Fig. 3. EIS results and circuit analysis of ZnO-NW-enhanced WEs. (a) A representative Nyquist plot from EIS measurements and the corresponding circuit model. Ry,
Ca, Ret, and Z,, denote the resistance of solution, the capacitance of the electrical double layer on WE surface, the resistance of electron transfer, and the Warburg
impedance, respectively. (b) Representative modulus and phase results from EIS measurements plotted against AC frequencies.

reported improved sensing performance using WEs enhanced by nano-
materials, such as gold nanoparticles and carbon nanotubes (Fayazfar
et al., 2014; Yang et al., 2013). We reported the first design of pPADs
with ZnO-NW-enhanced WEs for EIS-based detection of protein disease
markers (Li and Liu, 2016). Compared to bulk solutions and
pump-driven microfluidic devices, the liquid environment held by cel-
lulose fibers of paper substrates forms a different type of electrochemical
cell, in terms of the diffusion rates of electrolytes and the evaporation
rates of liquids. Therefore, the settings of EIS for pPADs require tuning to
achieve stable performance.

To improve EIS settings for pPADs, we first examined non-Faradaic
and Faradaic processes. As shown in Fig. S2, non-Faradaic processes
performed with PBS did not generate stable Nyquist plots from EIS
measurements; therefore, we moved our focus to Faradaic processes, for
which both negatively charged [Fe(CN)e]*~/>~ and positively charged
[Ru(bpy)3]3+/ 2+ were examined as electron mediator candidates. We
tested three WE conditions for each pair of electron mediators through
CV measurements: pristine carbon-ink WEs, ZnO-NW-enhanced WEs,
and surface-functionalized ZnO-NW-enhanced WEs. CV measurements
are expected to display clear redox peaks of a pair of electron mediators,
and the middle point of the redox peaks can be used as the constant DC
bias in EIS measurements. The obtained CV results are shown in Fig. 2.
With the pristine carbon WEs, both pairs of electron mediators showed
clear redox peaks. ZnO NWs on WEs substantially elevated the current
readouts probably because of their large surface areas and high electron
transfer rate, whereas the introduction of insulating molecules through

surface functionalization dampened the current. We noted that the
anodic peaks of [Ru(bpy)3]3+/ 2+ were missing from both ZnO-NW-
enhanced WEs and surface-functionalized ZnO-NW-enhanced WEs.
This may be a result of the interaction between [Ru(bpy)s]>™/?" ions
and positively charged ZnO-NW surface in physiological solution
(Pradhan et al., 2010). In the light of these experimental results, we
chose the Faradaic processes with [Fe(CN)6]4_/ 3~ as the pair of electron
mediators.

3.4. Examining the effects of ZnO NWs on EIS measurements

One-dimensional NWs brings apparent morphological changes to the
surface of carbon-ink WEs. We examined how this morphological tran-
sition affects EIS results. For comparison, we first tested carbon-ink WEs
and ZnO-NP-coated WEs, which were both surface-functionalized. As
shown in Fig. S3, the Nyquist plots of these WEs were fluctuating. Thick-
long ZnO NWs with surface functionalization, on the other hand,
exhibited reliable Nyquist plots (Fig. 3a). The instability of carbon-ink
and ZnO-NW-coated WEs mainly occurred at low AC frequencies, and
this frequency range illustrates the electrical resistance part of the
impedance. Therefore, we postulate that surface functionalization de-
generates the conductivity of WEs. In line with our postulation, ZnO
NWs lowered the resistance of WEs even after surface functionalization
(Fig. 2), which led to the reliable EIS results of ZnO-NW-enhanced WEs.

The circuit model for interpreting the EIS results of ZnO-NW-
enhanced WEs is displayed in Fig. 3a. The impedance of the circuit
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Table 1
Morphological dimensions of ZnO NWs (mean + standard deviation).
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ZnO-NW morphology Width (n =50) Length (n =50)

Density (n = 20) Surface area of individual NWs Surface area ratio

#1 (Thick-long)
#2 (Thin-medium)
#3 (Medium-short)

295.95+92.53nm
137.57 £27.84nm
155.05 + 22.08 nm

2431.67 +884.62nm
1485.479 £ 331.59nm
1221.31 £262.56 nm

6.9+1.02 um 2 2.33 pm? 16.81
13.65 +1.39 um 2 0.66 pm? 8.97
13.1+1.48 ym~? 0.614 pm?> 8.04

can be expressed as

1
Z=Zp + (1>
?d, Ry V2w
where
ZR‘ = R:7
—J
Ze,=—+
Ca (J)Cd[ ’
ZR,,, = Rez:
4 .
w == ( l 7-]) bl

o is the angular frequency.

o is the Warburg constant.

The obtained Nyquist plots feature a dome at high frequencies, and
the diameter of the dome corresponds to the resistance of electron
transfer (Re). The impedance modulus and phase plots are shown in
Fig. 3b, where modulus decreased with AC frequencies and phase
became greater around 10 kHz.

3.5. Examining the effect of ZnO-NW morphology on EIS biosensing

By taking advantage of the hydrothermal growth process, we
explored the performance of paper-based EIS biosensors with varied
ZnO-NW morphologies. As described previously, three ZnO-NW mor-
phologies were generated in this study (Table 1, Fig. 4a). Fig. 4b shows
Nyquist plots obtained with thick-long ZnO-NW-enhanced WEs, after
PBS samples with varied p24 antigen concentrations were tested. The
diameters of the dome regions (corresponding to the resistance of
electron transfer) increased at high p24 antigen concentrations, and the
resistance of electron transfer was used as the biosensing readouts
accordingly. Calibration experiments with three different ZnO-NW
morphologies were performed, and the calibration curves are shown
in Fig. 4c, d, and e. Over the same p24 antigen concentration range,
thick-long ZnO NWs generated the biggest resistance change (about
3kQ), and there was no apparent saturation up to the concentration of
1 pgml~L. In contrast, thin-medium and medium-short ZnO NWs led to
relatively small resistance changes over the concentration range (about
2 kQ for thin-medium ZnO NWs and about 1.3 kQ for medium-short ZnO
NWs). In particular, their responses to high p24 antigen concentrations
diminished, which is a sign of getting saturated. With the calibration
curves in Fig. 4, we calculated the limits of detection (LODs) of these EIS
nanobiosensors. Specifically, we referred to triple the standard deviation
of the blank samples and determined the corresponding sample con-
centration in a calibration curve as the LOD. As labelled in Fig. 4c, d, and
e, the LODs achieved with the thick-long, thin-medium, and medium-
short ZnO NWs were 0.4pgml~}, 2.3pgml~!, and 1.2ngml?,
respectively.

3.6. Surface area analyses for improving EIS biosensing

The calibration results with three ZnO-NW morphologies suggest
ZnO-NW morphology affects the sensing performance. In order to un-
derstand this relation, we analyzed the surface areas of the three ZnO-
NW morphologies through microscopic imaging and electrochemical

measurements.

The surface areas of ZnO NWs were first calculated based on SEM
imaging (Fig. 4a). The width and length differences across the ZnO-NW
morphologies are discernible in the images. To estimate the total surface
area of ZnO NWs over a nominal area, we considered the ZnO NWs as
cylinders. The thickness of a ZnO NW in the middle of its length was
assumed to be the diameter of the cylinder. The surface areas of indi-
vidual NWs and surface area ratios (the total surface area of ZnO NWs on
a WE divided by the nominal area of the WE) are organized in Table 1.
Thick-long ZnO NWs have a significantly higher surface area ratio
(16.81) compared to the other two morphologies, while the medium-
short ZnO NWs have the smallest surface area ratio (8.04).

We then performed CV measurements to probe the electrochemical
surface areas of ZnO-NW-enhanced WEs (Fig. S4). The cathodic current
peaks obtained from CV measurements were fitted into linear re-
gressions, as shown in Fig. 4f. According to the Randles-Sevcik equation,
the coefficients of the linear regressions are proportional to electro-
chemical surface areas, assuming the diffusion coefficients of electron
mediators are the same for the three ZnO-NW morphologies. The elec-
trochemical surface areas (reflected as the slopes of fitting lines in
Fig. 4f) of the ZnO-NW morphologies displayed a trend similar to their
morphological surface areas (Table 1): while all the ZnO NWs substan-
tially increased the surface areas of pristine carbon-ink WEs (22.755),
thick-long ZnO NWs (210.73) increased the surface areas more than the
other two ZnO-NW morphologies (82.059 for thin-medium ZnO NWs
and 62.493 for medium-short ZnO NWs).

The results from HIV p24 antigen calibrations and the two surface
area analyses show that greater ZnO-NW surface areas led to higher
saturation levels and sensitivities in EIS biosensing. For example, thick-
long ZnO NWs exhibited the highest surface area ratio among the three
ZnO-NW morphologies, and they generated a greater response to high
HIV p24 antigen concentrations and a better LOD compared to the other
two ZnO-NW morphologies. These results are consistent with the pre-
vious studies where nanomaterials were used to elevate surface areas
and consequently sensing performance (Fayazfar et al., 2014; Yang
et al., 2013). In the future, one can estimate the difference in the sensing
performance of ZnO NW morphologies through the microscopic imaging
and electrochemical measurements we presented here. Our results also
indicate the possibility of further boosting the performance of ZnO-NW
EIS biosensors by increasing the surface areas of ZnO NWs. For example,
alternative compositions of hydrothermal growth solutions may be
explored to generate ZnO-NW morphologies that exhibit greater surface
areas. Replenishing the hydrothermal growth solution before the
depletion of reagents may extend the growth of ZnO NWs, but it is worth
noting that the tips of long ZnO NWs may contact each other, which
limits their further growth. Therefore, fine-tuning the seeding density of
ZnO NPs and the growth condition of ZnO NWs will be necessary for
maximizing the total surface areas of ZnO NWs.

In Table S2, we compare the performance of ZnO-NW-enhanced EIS
biosensors in this work with commercial ELISA kits and previously re-
ported biosensors. Different from commercial ELISA kits (Tang and
Hewlett, 2010), the presented EIS nanobiosensors provide better LODs,
cost less, and can be finished in a much shorter period of time. In
comparison to other biosensors that utilize paper substrates (Wang et al.,
2020) or ZnO-nanostructures-enhanced EIS measurements (Perumal
etal., 2015), the approach presented here combines the benefits of these
factors to achieve both high sensitivity and low cost.
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Fig. 4. Calibration results and surface area analyses with varied ZnO-NW morphologies. (a) SEM images of thick-long, thin-medium, and medium-short ZnO NWs
grown on WEs. (b) Nyquist plots in response to HIV p24 antigen concentrations. The plots are repositioned to (0, 0) for better comparison. (c—e) Calibration results of
EIS biosensors with three ZnO-NW morphologies. The calibration results were fitted into curves based on the Hill equation. Orange dash lines indicate the LODs of
these calibrations, based on triple the standard deviations of blank samples in the corresponding calibrations. (f) CV results from varied ZnO-NW morphologies.
Linear fitting equations are shown for pristine carbon ink (blue), medium-short ZnO NWs (yellow), thin-medium ZnO NWs (green), and thick-long ZnO NWs (red),
respectively. All error bars represent standard deviations (n = 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

3.7. Serological antibody testing for COVID-19

Different from nucleic-acid-based tests utilizing PCR to detect the
viral genetic material in throat or nasal swabs (Udugama et al., 2020),
serological antibody tests reveal the existence of immunological anti-
bodies in blood caused by the viral infection (Lipsitch et al., 2020).

Although PCR-based viral detection is sensitive and can effectively
confirm the early SARS-CoV-2 infection (Qin et al., 2020), the
virus-specific antibody detection for COVID-19 is also important for the
following reasons. (1) Antibody tests do not require PCR-like sample
preparation and thus can be more efficient. (2) They can complement
nucleic acid tests for the diagnosis of suspected cases with negative PCR
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Fig. 5. Experimental results of detecting CR3022 antibody (specific to SARS-
CoV-2 spike glycoprotein S1) in human serum. Error bars represent standard
deviations (n=5).

results. (3) They can survey for asymptomatic infection to control the
virus spread (Tang et al., 2020). In particular, the paper-based EIS bio-
sensing approach presented here features low cost, high sensitivity, and
convenience, which could make the COVID-19 antibody tests more
accessible.

Recent research has shown that IgM and IgG antiviral antibodies can
be detected in the serum samples of patients infected with SARS-CoV-2
(Ma et al., 2020; Teng et al., 2020). In this work, we employed our EIS
nanobiosensors for the detection of CR3022 antibody (specific to
SARS-CoV-2 RBD) in human serum. The assay protocol was the same as
the HIV p24 antigen tests, which can be finished in 30 min. As shown in
Fig. 5, the test results confirm that the paper-based EIS nanobiosensors
can differentiate the human serum samples spiked at different CR3022
antibody concentrations (blank, 10ngml™, 100ngml~}, 1 pgml™).
These results demonstrated the feasibility of our EIS nanobiosensors for
COVID-19 diagnosis.

4. Conclusion

In this work, we reported an experimental method to improve the
performance of paper-based ZnO-NW-enhanced EIS biosensors. The
method of directly synthesizing ZnO NWs on pPADs not only retains the
facile fabrication and low cost of pPADs but also allows the convenient
fine-tuning of ZnO-NW morphology as an approach to better sensing
performance. We showed that the ZnO-NW-enhanced EIS biosensors
achieved high sensitivity for the detection of HIV p24 antigen (LOD
down to 0.4 pgml~?!). Our analyses based on SEM and electrochemical
measurements revealed that the enhancement of sensing performance
could be attributed to the morphological and electrochemical surface
areas achieved by specific ZnO-NW morphologies. We also demon-
strated the capability of the EIS nanobiosensors for detecting CR3022
antibody specific to the spike glycoprotein S1 of SARS-CoV-2 in human
serum as a marker for COVID-19. This work advances the understanding
of nanomaterial-enhanced EIS biosensing and sheds light on possible
avenues to superior EIS biosensing performance by tuning nanomaterial
morphology. Such high-performance paper-based nanobiosensors can
support accurate and rapid diagnosis for managing the crises of infec-
tious diseases.
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