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A B S T R A C T   

The current ongoing outbreak of Coronavirus Disease 2019 (COVID-19) has globally affected the lives of more 
than one hundred million people. RT-PCR based molecular test is recommended as the gold standard method for 
diagnosing current infections. However, transportation and processing of the clinical sample for detecting virus 
require an expert operator and long processing time. Testing device enables on-site virus detection could reduce 
the sample-to-answer time, which plays a central role in containing the pandemic. In this work, we proposed an 
intelligent face mask, where a flexible immunosensor based on high density conductive nanowire array, a 
miniaturized impedance circuit, and wireless communication units were embedded. The sub-100 nm size and the 
gap between the neighbored nanowires facilitate the locking of nanoscale virus particles by the nanowire arrays 
and greatly improve the detection efficiency. Such a point-of-care (POC) system was demonstrated for corona-
virus ‘spike’ protein and whole virus aerosol detection in simulated human breath. Detection of viral concen-
tration as low as 7 pfu/mL from the atomized sample of coronavirus aerosol mimic was achieved in only 5 min. 
The POC systems can be readily applied for preliminary screening of coronavirus infections on-site and may help 
to understand the COVID-19 progression while a patient is under prescribed therapy.   

1. Introduction 

The novel severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) has spread globally and more than 100 million cases have been 
recorded. Statistical studies show that SARS-CoV-2, like severe acute 
respiratory syndrome (SARS) and the Middle East Respiratory Syndrome 
(MERS) (Wu et al., 2020), is a highly lethal virus with a faster trans-
mission speed. The transmission model clearly indicates that rapid and 
accurate identification of SARS-CoV-2 in the initial diagnosis can greatly 
help control the pandemic (Garba et al., 2020). The reverse 
transcription-polymerase chain reaction (RT-PCR) technique is recom-
mended as the guideline for SARS-CoV-2 detection by the World Health 
Organization (World Health, 2020). However, current RT-PCR detection 
still requires sample collection, RNA extraction, amplification, the long 
processing time, requirement of a well-equipped laboratory, and expert 
operator may not provide the ability to detect all the suspected cases in a 
full outbreak (Ai et al., 2020). Moreover, recent reports show positive 
RT-PCR test results for patients recovered from COVID-19, which in-
dicates the false positive with the genetic materials-based molecular 

bioassays (Lan et al., 2020). Thus, there is an urgent need to develop 
alternative methods for direct detection of viral pathogens in clinical 
samples, preferred with a miniaturized sensing system, which can 
perform Point-of-Care (POC) diagnostics anywhere and anytime (Hus-
sein et al., 2020; Li et al., 2020). 

Besides molecular diagnosis approaches, many efforts have been 
made to explore non-invasive bioassays for selective detection of the 
SARS-CoV-2 virus. Immunosensing chip functionalized with specific 
monoclonal antibodies against the SARS-CoV-2 spike protein has been 
reported for diagnostics of COVID-19 (Liu et al., 2020). However, as the 
viral particles are very small in size (typically around 100 nm), it is 
rather challenging to use current immunosensors for direct virus 
detection, which is due to the limited diffusion of viral particles towards 
the sensor surface in the typical low Reynolds number hydrodynamic 
conditions (Zourob et al., 2008). To improve the sensing performance, 
nanotechnology is emerging as one of the solutions to achieve highly 
sensitive viral pathogen detections. Due to the high surface area, various 
smart nanostructures and nanomaterials have been applied to enhance 
the capture and enrich the viral particles in solution and ambient air 
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samples (Draz et al., 2018; Ganganboina et al., 2020; Islam et al., 2019; 
Leung and Sun, 2020; Lum et al., 2012; Xia et al., 2019; Yeh et al., 2016). 
Nanoscale biosensors, such as nanotubes (Palomar et al., 2020; Vadla-
mani et al., 2020), nanowires (Ishikawa et al., 2009), and 2D materials 
(Yang et al., 2018)) have been applied for virus direct detection without 
labeling. Benefitted by the nanoscale transducer, nanobiosensors have 
demonstrated greater sensitivity, shorter response time, and rather low 
power assumption, which is ideal for developing as POC devices 
(Kaushik et al., 2020). In a very recent report, functionalized 2D gra-
phene was fabricated as a bioFET for SARS-CoV-2 virus detection and a 
limit of detection of 200 copies/mL in clinical samples was achieved 
(Seo et al., 2020). However, nasopharyngeal swabs samples are still 
required and the collection and handling of these clinical samples may 
still result in contaminations and spreading of the virus. 

As a typical respiratory infectious disease (COVID-19), the SARS- 
CoV-2 virus spreading through breath aerosolization has been proved. 
Studies have shown that early COVID-19 patients emit a large number of 
SARS-CoV-2 viral particles through breathing, coughing, talking, or 
sneezing (Dhand and Li, 2020). An appropriate face mask can be used as 
a simple but efficient tool to avoid human-to-human transmission. For 
example, N95 masks are widely recommended for prophylaxis against 
inhaled viral aerosols. These masks use permanently charged electret 
fibers as the filtering medium, and in vitro experiments have revealed 
that they collect 95% of the aerosolized particles. It was also reported 
that exhaled breath collection through a face mask could provide a least 
invasive and convenient way for sampling the pathogens (Pleil et al., 
2018). In contrast to nasopharyngeal swabs, breath sampling does not 
require trained medical personnel or privacy, does not create potentially 
infectious wastes, and can be done essentially anywhere in any time 
frame. 

In this work, we designed and developed an intelligent face mask as a 
POC system, where a nanoscale impedance immunosensor composed of 
high density conductive nanowire arrays, a miniaturized impedance 

circuit including A/D converter, operational amplifier, and wireless 
transmission units were embedded (Fig. 1). The spacing of the nano-
wires is designed to match the size of the virus aerosol, which enables a 
highly efficient capture of the target. The impedance signals will be 
changed if target viral particles were detected through specific bio- 
recognitions. Through the integrated miniaturized impedance circuit 
and Bluetooth module, the results can be wirelessly transmitted to a 
smartphone. The nanowire array is fabricated on a flexible plastic sub-
strate by a nanoscale soft printing approach, which largely reduces the 
cost and facilitates the attachment to the face mask. As a POC device, the 
face mask is used as an enrichment apparatus of viral particles and the 
designed high density nanowire arrays could efficiently trap and collect 
the exhaled viral aerosols in a subtle way within only several minutes. 
The POC device is applied to detect spike proteins and gastroenteritis 
virus (coronavirus mimics) in diluted aqueous solution and simulated 
breath aerosols. Considering the rather small in size, fast response, and 
ultra-low power consumption benefited by the nanowires, the devel-
oped miniaturized impedance biosensor is intuitive to use, safe, simple, 
non-invasive, suitable for a wide range of people, easily stored, and 
inexpensive. The combination of a face mask with nanoscale sensors 
provides an affordable and sensitive POC tool with a wide range of ap-
plications in the diagnosis and management of respiratory infections. 

2. Material and methods 

2.1. Sensor design 

We designed the nanosensor as a disposable device, which can be 
embedded in regular face mask specifically with N95 requirements, a 
typical mask version for everyday use. As shown in Fig. 1a, the nano-
scale sensor contains three layers: the outside layer is a polycarbonate 
(PC) porous membrane, whose functions as droplets collection and 
sensor protection; the nanowire array with bio-functional groups as the 

Fig. 1. Schematic illustration of the nanoscale sensor design, includes PET, nanowires array, gold lead, Sav, anti-S, porous membrane, and virus particle a), virus 
sensing mechanism (Rb: the equivalent resistance of surface binding antibody; Rc: the equivalent capacitance of surface binding antibody; Rg: the equivalent 
resistance of surface binding antigen; Rg: the equivalent capacitance of surface binding antigen; Rw: the equivalent resistance of nanowires) b), the images of the 
constituted intelligent face mask c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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sensitive layer is in the middle; considering the curved surface of the 
face mask, a flexible polyethylene terephthalate (PET) substrate is used 
as the bottom supporting layer to facilitate the adhesion between the 
sensor and the mask. Regarding the design of the sensor, a few important 
aspects need to be addressed such as the wetting of the surface, the di-
mensions of the electrodes, the bio-conjugation steps, and the stability of 
the sensors, which all involve the viral particles capture efficiency and 
sensor performance.  

i) As the surface of the face mask is rather hydrophobic, hydrophilic 
porous PC membrane was applied here as a surface energy trap to 
collect and enrich the respiratory droplets (Tucker et al., 2020). 
Considering the size distribution of the typical viral particles in 
the exhaled breath is approximately 100–300 nm (Leung and 
Sun, 2020), the pore size of the membrane was set as 400 nm, 
which can prevent larger particles encountering to the bottom 
sensitive nanowire interface, Besides, the porous membrane also 
reduces the jet velocity of the breathed aerosol, avoiding the 
direct impact of the airflow to the sensor stability.  

ii) The nanowires array was designed to parallel patterned on the 
substrates and vertically connected with the gold interdigitated 
electrodes (IDT). The width and spacing of the nanowires were 
set both as 75 nm (Fig. 1a). Such high density nanowire arrays 
allows higher collision frequency between the immobilized an-
tibodies and target antigens, thus ensuring the efficient capture of 
the nanoscale viral aerosols (Campos et al., 2020). Besides, the 
increased surface area by the nanoscale electrodes improves the 
sensitivity as well as signal to noise ratio of the sensor (Liu et al., 
2017). The molecular design of the bio-ink was introduced in 
detail in our previous work (see also the Supplementary Materials 
S1) (Xue et al., 2019). Poly (3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) is negatively charged and poly-
electrolytes (PLL-g-OEG4-Biotin) is positively charged, which 
leads to the direct formation of bio functionalized nanowires 
without multiple post modification steps (Figure s1). The intro-
duced PEG groups provide a nonfouling surface which can in-
crease the selectivity of the sensor. The proposed bio-ink is 
water-soluble, thus it can be directly patterned using low-cost 
soft printing approach without requirement of the cleanroom. 
For coronavirus detection, antibodies studies have shown that 
spike proteins (S-protein) from SARS-CoV-2 have greater reac-
tivity (Shang et al., 2020). Thus anti-spike proteins were used in 
this work. The directly doped biotin groups on the surface of 
nanowires facilitate the immobilization of the anti-spike proteins 
through the specific streptavidin (SAv)-biotin interactions.  

iii) PET was selected as the bottom layer of the sensor considering its 
water proof but gas permeability. Considering the device is 
mounted inside of a face mask, thus the bending of the device 
cannot be avoided. In order to conform to the face mask, the 
metal electrode was designed as a snake shape for maintaining its 
conductivity under bending conditions. The three layers of the 
sensor are all flexible, which makes the proposed sensor has good 
shape compliance. 

Materials and reagents used were shown in Supplementary Materials 
S8. 

2.2. Sensing principle 

The sensor is constructed as a non-Faradic impedance biosensor to 
enable a label-free virus particles detection through the specific 
antibody-antigen immuno-interactions. The detection principle of the 
immunosensor is in accordance with the impedance model (Fig. 1b). The 
surface binding antibody can be simulated by the resistance Rb and 
capacitance Cb in parallel. After the target viral particles are captured, 
the surface is equivalent to the impedances of antigens, that Rg is parallel 

to Cg. The nanowires between the two contact electrodes exhibit pure 
resistance behavior, which could be simulated by the series resistance 
Rw. It conforms to a series equivalent circuit model (Yao et al., 2017), 
which is shown in eq. (1). 

|Zt| = |Rw| + |Rb

/ /
1

jωCb
| + |Rg

/ /
1

jωCg
| (eq.1) 

Therefore, the amount of target antigens adsorbed on the nanowires, 
increases with an increase in the sample concentration, which leads to 
an increase in the impedance of antigens captured, |Zg| = |Rg / /

1
jωCg

|, and 
leads to an increase in the measurement impedance, |Zt |. 

2.3. Intelligent face mask construction 

To develop as a POC device, a miniaturized impedance circuit was 
designed to embed on the outside of the face mask, which was connected 
with the sensor through silver wires. The impedance circuit is used to 
convert the sensing signals from the nanowires to digital data and 
transmit wirelessly to a smartphone (Fig. 1c). It has an A/D impedance 
module, an operational amplifier, and a Bluetooth wireless transmission 
unit. The circuit size is less than 2.5 × 3.5 × 0.5 cm3, which matches the 
size of the regular respiration valve of typical N95 mask. A smart phone 
compatible APP was developed as well to display and analysis the 
sensing signals in real-time. Since the impedance circuit is not exposed 
to pollutants, it can be simply recycled and reused. 

Overall, the design of the intelligent face mask as a wearable device 
for the rapid on-site screening of exhaled coronaviruses particles has the 
advantages of low cost and high compatibility with existing 
manufacturing methods. It can meet the large needs of requirements for 
preliminary screening of the coronavirus infections, such as in airport, at 
customs control etc. The wireless communication can be adapted to 
artificial intelligence (AI) to acquire maximum information from the 
response allowing mask wearer to make a quick decision. 

3. Results and discussion 

3.1. Fabrication and characterization of the nanowire array-based 
immunosensor 

The nanowires were fabricated on PET substrate using the nanoscale 
soft printing approach. A nanoscale soft model based on poly-
dimethylsiloxane (PDMS) and mr-I T85 (Microresist) was prepared 
using a thermal imprint to form nanogroove structures (Tang et al., 
2019). Nanochannels were formed by soft bonding the nanogrooves 
with the PET substrate. The rather large Laplace pressure facilitates the 
bio-ink filling to the channels. The design of the bio-ink and detail 
fabrication process of the nanowires were shown in Supplementary 
Materials S1. After removing the soft mode, PEDOT:PSS nanowires 
doped with the biotin groups corresponding to the width of the nano-
channels were patterned on the flexible substrate. 

Fig. 2a shows the AFM (Atomic Force Microscope) height image of 
the original silicon template. Fig. 2b and c shows the AFM height and 3D 
images of the patterned PEDOT:PSS nanowires on the PET substrate. The 
nanowires are uniformly patterned and parallel to each other. The width 
and spacing of the nanowires are approximately 75 nm (Fig. 2d), which 
is consistent with the size of the template. Unlike the disordered nano-
wires, where sensitive sites readily overlap with each another, the par-
allel patterned nanowire arrays minimize the steric hindrance for target 
capturing and ensures the device repeatability from different batch. In 
particular, considering the size of the viral aerosol is larger than 100 nm, 
the high density sub-100 nm nanowire arrays ensures the efficient 
capture of the individual viral particle by the nanowires. 

The electrical behavior of the sensor was then characterized by an 
electrochemical impedance spectroscopy with a two electrodes config-
uration. The nanowires-based sensor was detected by the B1500A, 
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Keysight for Current–voltage (I–V). IV measurements were performed 
using a voltage sweep of − 1 to +1 V between the two metal electrodes of 
the PEDOT:PSS nanowires. When the voltage is applied to both ends of 
the nanowires, the conductivity of the nanowires showed a typical 
Ohm’s behavior and the current increases linearly. The result shows that 
the nanowires are purely resistive with linear conductivity and have 
good continuity in the sensing area (Fig. 2e). The resistivity of the 
nanowires was calculated as 5.6 × 10− 1 Ω m, which is consistent with 
the geometry design of the nanowires array (see also Supplementary 
Materials S2). These results prove that the good quality of the fabricated 
nanowires array. Next, the immobilization of the SAv and anti-spike 
proteins were checked by the impedance measurement. As shown in 
Figure s2b, as the SAv and antibodies were linked to the nanowires, the 
corresponding impedance increased successively, indicating the pro-
posed biosensor can detect protein adsorption on the surface of the 
nanowire by recording the change in the impedance spectrum and the 
antibodies are successfully immobilized on the nanowires. The lifetime 
of the sensor depends on the immobilized antibodies. We stored the 
sensor at room temperature for three days and no degradation of the 
sensing performance was observed. For longer storage, it is 

recommended to refrigerate it at 2–8 ◦C. 
We then tested the bending effect to the sensor performance. The 

impedance response of the sensor in flat and bended (∠15◦) states were 
recorded. As shown in Figure s2e, slight bending hardly affects the 
impedance response of the device. 

3.2. Spike protein detection in solution 

After immobilization of the anti-S protein, the nanoscale impedance 
device was tested for S protein sensing. The good conductivity of the 
PEDOT:PSS nanowires makes it possible to measure its impedance at 
low frequency range with low background signal. We used electro-
chemical workstation (Versa STAT 4 electrochemical workstation, USA) 
to record the impedance spectra of the sensor from 1 to 9 Hz both at dry 
and wet conditions. In all impedance measurements, the recommended 
amplitude is not more than 1 V (Gao et al., 2018). Here, measurements 
were completed with voltage amplitude of 200 mV at room temperature. 
Fig. 3a shows the impedance magnitude of the nanowire in dry state. 
After dipping in liquid, a change of the impedance spectrum was 
observed (Fig. 3b & Figure s4a). The decrease of the impedance which is 

Fig. 2. AFM surface morphology analysis of 
the silicon mode a); the nanowires fabri-
cated on a PET substrate b); the three- 
dimensional AFM image of the nanowires 
c); the height information of the nanowires 
(The width of the light green box is 75 nm) 
d); The relation between current and voltage 
of nanowires fabricated on flexible sub-
strates by nanoscale printing technology e). 
Scale bar in the image denotes 200 nm. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 3. The impedance spectra of nanowire-based immunosensor before a) and after wetting b); after contact the solution containing the spike protein in wet c); and 
under dry conditions d); The insert graph is the schematic diagram of nanowire binding protein. The impedance value plotted with different concentrations of the 
spike protein e) and in log (μg/mL) f). The slope is 0.048 MΩ/log (concentration). 
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likely due to the swelling of the humidity-sensitive PSS particles in the 
nanowires (Zhou et al., 2020). The impedance signal was increased by 
contacting with the S protein solution (0.1 μg/mL) (Fig. 3c & 
Figure s4b). Fig. 3d shows the impedance spectrum of the nanowire 
device after completely dried. The impedance value is again signifi-
cantly higher than that without contact with the S protein (Fig. 3a), 
indicating that the antibody functionalized the nanowires can success-
fully capture the S protein in solution. The above results show that the 
prepared nanowire-based immunosensor can detect whether the S pro-
tein is bound on the nanowire surface by measuring the impedance 
spectrum. 

Next, different concentrations of spike proteins (0.1 μg/mL to 100 
μg/mL) were applied to the sensor surface. After blow drying, the 
impedance magnitude at 3.55 Hz was plotted in Fig. 3e. The frequency 
of 3.55 Hz was found to have the highest linearity in the frequency range 
of 1–9 Hz (Figure s4c). The results show that the impedance magnitude 
increases with an increase in the protein concentration. The impedance 
values detected by the sensor at each concentration were averaged after 
three measurements. The data from Fig. 3e was fitted with Langmuir 
equation, the affinity constant Kd for S protein is calculated about 1.8 
nM, which is close to the reported value (Chi et al., 2020). As shown in 
Fig. 3f, linear logarithmic relationship was found between the imped-
ance change (R2 = 0.951), ΔZ in MΩ, and the protein concentration, in 
log (μg/mL), and the limit of detection was determined to be 0.02 μg/mL 
(3δ/Sensitivity). The above results confirm that the prepared 
nanowire-based immunosensor can detect whether the spike protein is 
bound on the nanowire surface by measuring the impedance spectrum. 
It is also observed that the impedance values begin to plateau after in-
cubation of S-protein at 10 μg/mL, which suggests the saturation of the 
sensor surface. 

3.3. Face mask integration and exhaled protein detection 

After detection of the S protein in spiked solution, we integrated the 
nanosensor in a real face mask and tested its performance for exhaled 
sample detection. The sensor is placed inside of a face mask, which is 
located opposite of the nose and mouth region to facilitate the direct 
capture the exhaled virus aerosol (Fig. 4a). A miniaturized impedance 
circuit is mounted on the outside of the face mask, which is connected to 
the flexible sensor through two silver wires (Fig. 4b). It contains an 
AD5933 chip, which can collect the impedance values, an operational 
amplifier AD820 chip, a central processing module and a Bluetooth 
module (Fig. 4c). The power supply is provided by a 3.6 V button bat-
tery. The circuit design architecture is shown in Figure s5a. Figure s5b 
shows the calibration curve of the miniaturized impedance circuit for 
standard components. The circuit size is designed to be less than 2.5 ×

3.5 × 0.5 cm3 and the weight is 7.6 g, which can be easily mount to the 
face mask and will not affect the wearable comfortability 
(Figure s5e&s5f). The collected impedance spectrum can be wirelessly 
transmitted to a smartphone via Bluetooth and is displayed using a 
specific application (APP) in real-time (Fig. 4d). A customized nebulizer 
(model TK-3, Kanghua, Changzhou, China) is used to atomize the so-
lution containing spike protein sample. The aerosols were expelled into 
the face mask through the throat of the dummy to simulate human 
exhalation. 

As shown in Fig. 4e, initially, the sensor was in a dry state. After 
blank solution was applied, the impedance value increased. We also 
observed that the impedance value reaches the maximum value after 5 
min atomization which indicates that the humidity in the face mask is 
stabilized then. After blow drying the face mask, the impedance value 
went back to the original level. This proves that if the exhaled air vapor 
does not contain target S proteins, the response will not be changed. 1 
ng/mL and 10 ng/mL of S protein solution was added in the nebulizer, 
after 10 min atomization under the same conditions, the impedance 
spectrum was collected by the smartphone APP (Fig. 4f). The calculated 
impedance value at 7 Hz was significantly higher than that of the control 
solution and S protein with higher concentration (10 ng/mL) results 
higher impedance magnitude as well. These results prove that the 
developed nanowire sensor together with the miniaturized impedance 
circuit can be well performed to detect atomized protein in a face mask. 

3.4. Virus aerosol detection 

After successfully demonstrated for S protein sample detection, we 
applied the POC device for real exhaled viral particles detection. Here, 
porcine transmissible gastroenteritis virus (TGEV) was applied as a 
coronavirus aerosol mimic since it contains spike membrane proteins 
and will not infect human. TGEV has an aerodynamic diameter of 
approximately 120 nm (Riquelme et al., 2002) which is widely used as a 
viral aerosol substitutes due to its robustness and morphological simi-
larity to pathogenic viruses (Kim et al., 2007). Here, TGEV aqueous 
solution (700 pfu/mL, 5 mL) was injected into a customized nebulizer 
and an atomizing rate of 0.3 mL/min was used for the bioaerosol sam-
pling test. Compressed clean air was passed into the nebulizer at a flow 
rate of 6 L/min. The viruses could remain active in the expelled aerosols 
(Lee et al., 2020), and can be accumulated easily in face mask. Two 
concentrations of viral particles (7 pfu/mL, and 700 pfu/mL) were 
measured (Video S1). After 5 min exposure, the impedance data were 
recorded by the cell phone. Fig. 5a plots the impedance spectrum curve 
together with the control sample (without virus). It clearly shows that 
the proposed sensor can distinguish between a coronavirus-free, low and 
high concentration of coronavirus. The smallest distinguishable 

Fig. 4. The setup of the breath simulation 
experiment a). The top b) and back side c) of 
the miniaturized impedance circuit (1: 
STM32; 2: AD5933; 3: AD820; 4: Bluetooth 
model). The display of the smart phone d). 
Impedance peak recorded at different sensing 
status and contacted with two different pro-
tein concentrations e). Impedance spectra plot 
with different concentrations of S proteins 
measured in the atomized state f) (yellow: 0, 
red: 1 ng/mL; blue: 10 ng/mL). (For inter-
pretation of the references to colour in this 
figure legend, the reader is referred to the 
Web version of this article.)   
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concentration is 7 pfu/mL, corresponding to an air concentration of 
0.35 pfu/L, which is below the previously reported virus aerosol 
detection limits (e.g. 104.294, 50% egg infectious dose (EID50)/m3 and 
1.9 × 107 pfu/L, respectively (Lee et al., 2020; Usachev et al., 2014)) and 
can meet the requirement to identity the early stage COVID-19 patients 
from their aerosols (Ma et al., 2020). The response consistency (R.S.D.) 
for the simulated coronavirus aerosols is less than 96.3% (Figure s6a). 
Compared with the protein detection, the sensor responses even faster. 
This is likely due to the design of the high-density sub-100 nm nanowires 
array, which can effectively capture even a few viral particles and larger 
particles actually result higher impedance change. 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2021.113286 

AFM was then applied to visualize the captured viral particles. 
Fig. 5b shows that a viral particle attached on one of the nanowires with 
a diameter of 112 nm and 38 nm in height (Fig. 5c), which indicates the 
successful capture of the nanoscale viral particles by the nanowire array. 
To test the specificity of the sensors, Adenovirus which does not contain 
S-protein was applied as a control sample (Bandaly et al., 2019). 700 
pfu/mL Adenovirus solution was atomized by the nebulizer at the same 
condition. The impedance spectrum was then recorded at the same time 
frame. As shown from Fig. 5d, the peak value of adenovirus (orange) is 
almost the same as the blank solution (yellow). These results demon-
strate that the intelligent face mask can selectively detect the virus 
particles containing the S-protein with simulated human breathing. The 
sensor will have cross reactivity with other virus particles, which also 
contain S-protein, since it is not available of antibodies specific to the 
targeted SARS-CoV-2. However, the goal of the proposed antigen 
detection POC device is to screen large amount of people who may 
carrying coronavirus with S-protein quickly and conveniently, as it does 
not rely on target amplification. The identified positive infected people 
can be further checked by the regular RT-PCR, thus it can reduce the 
heavy loading to detect all the suspected cases by PCR in a full outbreak. 

In this work, the nanowires sensor was covered by a porous mem-
brane to prevent potential contaminations. Introduction of a reference 
sensor together with differential measurement circuit may be considered 
to further reduce other interferences. Regarding the cost, the face mask 
including the nanowires sensor should be disposable to prevent poten-
tial cross infections. However, the circuit embedded on the outside of the 
face mask can be simply recycled after disinfection. The nanowires 

sensor is fabricated based on batch printing process and the PEODT:PSS 
is rather cheap materials. Thus the cost of the sensor is low enough for 
one time usage. 

4. Conclusions 

In this work, a nanoenabled intelligent face mask has been proposed 
for screening breathed coronaviruses aerosols. Antibody functionalized 
sub-100 nm conductive nanowire array together with an impedance 
circuit are constructed as a miniaturized impedance immunosensor, 
which is small, lightweight, and enables integration with a regular face 
mask. The nanowires were fabricated with nanoscale soft printing, 
featured with low cost and mass producible. The design of the nanowires 
array ensures the capture efficiency of the target viral particles. The 
experimental results show that the proposed intelligent face mask can 
distinguish the coronavirus aerosols, which atomized from the solution 
as low as 7 pfu/mL within only a few minutes. The proposed nanowire 
sensor integrated face mask enables aerosol mediated diagnosis, which 
can detect the aerosols of coronavirus particles in a simple and unat-
tended way. It does not require trained medical personnel, does not 
create potentially infectious wastes, and can be done essentially any-
where in any time frame. Especially, it can solve the problems of medical 
resource saturation caused by the influx of a great number of suspected 
cases and it is suitable for the scenarios such as customs and airports 
where rapid screening is required. 
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