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A B S T R A C T   

Differential diagnosis of pathogenic diseases, presently coronavirus disease 2019 (COVID-19) and influenza, is 
crucial with due attention to their superspreading events, presumably long incubation period, particular com-
plications, and treatments. In this paper, a label-free, self-powered, and ultrafast immunosensor device working 
based on triboelectric effect is proposed. Equilibrium constants of specific antibody-antigen reactions are 
accompanied by IEP-relevant electric charges of antigens to recognize SARS-CoV-2 and H1N1. Simulation at-
tributes including fluid flow and geometrical parameters are optimized so that the maximum capture efficiency 
of 85.63% is achieved. Accordingly, antibody-antigen complexes form electric double layers (EDLs) across the 
channel interfaces. The resultant built-in electric field affects the following external electric field derived from 
triboelectricity, leading to the variation of open-circuit voltage as a sensing metric. The device is flexible to 
operate in conductor-to-dielectric single-electrode and contact-separation modes simultaneously. While the 
detection limit is reduced utilizing the single-electrode mode compared to the latter one, surface treatment of the 
triboelectric pair contributes to the sensitivity enhancement. A threshold value equal to − 4.113 V is featured to 
discriminate these two viruses in a vast detectable region; however, further surface engineering can allow the on- 
site detection of any electrically-charged pathogen applying the emerging triboelectric immunosensor enjoying a 
lower detection limit.   

1. Introduction 

The ongoing outbreak of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) Infection has augmented the significance of 
early-stage detection and management of patients with suspected 
coronavirus disease 2019 (COVID-19) to impede epidemics and pan-
demics. Detection techniques of viral agents are divided into cell culture, 
molecular approaches relevant to nucleic acid detection (e.g., polymer-
ase chain reaction (PCR) [1] and loop-mediated isothermal amplifica-
tion (LAMP) [2]), serology based on antibody testing (e.g., enzyme- 
linked immunosorbent assay (ELISA) [3] and rapid diagnostic tests 
such as lateral flow immunoassay (LFIA) [4]), direct imaging, and sur-
face characterization [5]. Although molecular tests are mainly “gold 
standards” with the highest analytical sensitivity and specificity, most of 
them suffer from being resource-limited and complicated, lengthy 
technical procedures, and costly apparatus [6,7]. 

Aside from clinical detection methods, micro-total analysis systems 
(μ-TAS) such as point-of-care (PoC) devices emerged to achieve lab-on- 
a-chip technology; accordingly, antigen/antibody rapid detection tests 

have evolved the biosensor industry in virtue of low sample require-
ment, portable and high-throughput detection, easy-to-operate, cost- 
and time-effective monitoring of health conditions, and great accessi-
bility on the user’s end with comparable accuracy and sensitivity [8]. 
Early PoC diagnosis based on nucleic acid tests, immunoassays, and 
state-of-the-art biosensors is thus conducive to epidemic control and 
timely treatment [9–11]. Besides, to overcome misdiagnosis and low 
accuracy in PoC diagnostic devices, efforts have been made in line with 
developing sensitive detection methods based on high-performance 
transducers and amplifiers. A paper electrode-based pressure-tight 
sensor has been modified with multiwalled carbon nanotubes as a signal 
amplification for PoC immunoassay of carcinoembryonic antigen (CEA) 
with digital multimeter readout [12]. Analogously, an electrochromic 
device has been integrated with a pressure-based immunoassay to detect 
CEA using the capture antibody and Pt nanoparticles-labeled detection 
antibody in a reaction cell. In these sensing platforms, signal amplifi-
cation is prompt due to the outstanding catalytic ability of Pt nano-
particles and the huge volume change from liquid (H2O2) to gas (O2) 
[13]. Synergetic sensing effect of self-powered photoelectrochemical 
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immunoassay catalyzed with chemiluminescence-functionalized Au 
nanoparticles and a phosphomolybdic acid-based photochromic visu-
alization platform has been revealed on rapid detection of disease- 
related protein [14]. Moreover, a self-powered photothermal − ther-
moelectric coupled immunoassay of α-fetoprotein exhibited a low 
detection limit over a wide linear range [15]. Subsequently, nanozyme- 
based [16], fluorescence resonance energy transfer (FRET)-based [17], 
optical [18], piezoelectric and magnetostrictive [19], surface acoustic 
wave [20], and electrochemical [21] immunosensors have been devel-
oped up to this point for the detection of viral respiratory infections. 
Among them, nanomaterial-based electrochemical sensors have grabbed 
attention owing to their ability to directly identify the analyte in low 
concentrations with increased sensitivity and reduced response time and 
signal noise [22]. In addition, electrochemical biosensors are the most 
consistent with the general trend toward acceleration and simplification 
of the bioanalytical process [57]. Recently, a molecularly imprinted 
polypyrrole (MIP)-based electrochemical sensor has been designed to 
detect SARS-CoV-2 spike glycoprotein. Pulsed amperometric detection 
was applied as an electroanalytical method [24]. In a label-free SAR-
S-CoV-2 immunoglobulin G (IgG) sensor based on an organic electro-
chemical transistor, sensitivity has been enhanced by increasing Debye 
length and protein net charge through regulation of electrolyte ion 
concentration and pH value, respectively [25]. 

In this regard, microfluidics-based diagnostic systems facilitate the 
addressing and screening of infectious agents by integration of sample 
preparation, preprocessing, reaction, and detection steps into a minia-
turized chip [26]; thus, microfluidic systems combined with PoC tests 
have excellent potential to accurately and conveniently quantify anti-
gens/antibodies and biomarkers [27,28]. Microfluidic PoC equipment 
can meet the low-cost real-time detection within minutes [10]. Notably, 
the precise manipulation of molecular interactions allows for minia-
turization and rapid processing of samples, with experimental tech-
niques in lab-on-a-chip analytical platforms [29]. An electrochemical 
microfluidic immunosensor array has provided multiple measurement 
data for co-infection markers from a single run with remote capability 
[30]. The transduction of the target-induced molecular activation into 
an enhanced electrochemical signal has been attained by way of a sys-
tem integrating reconfigurable responsive nanostructures and auto-
mated microfluidics [31] to detect SARS-CoV-2 specific RNA directly 
and enhance signaling catalytically. 

To approach benchmark standardization of PoC devices, the world 
health organization (WHO) enacted a set of criteria for an ideal test in a 
health care system, so-called by the acronym ASSURED − Affordable, 
Sensitive, Specific, User-friendly, Robust and Rapid, Equipment-free, 
and Deliverable to remote areas [32]. Most of the aforementioned 
detection techniques, except for laboratory-based ones, are potent to 
meet the ASSURED criteria; however, the efficiency of electrochemical 
assays is further limited by the requirements of electrically powered, 
expensive equipment in developing nations. Therefore, integration of 
real-time connectivity, detection, and read-out steps into an automated, 
self-powered PoC device is desired. Recently, triboelectric nano-
generators (TENGs), developed initially for high-efficiency energy har-
vesting, are used as self-powered biosensors and PoC monitoring devices 
simultaneously [33,34]. In such cases, the interaction of a biological 
target with one of the triboelectric pairs (transducer) changes the 
triboelectric output adopted directly as a sensing signal. 

At present, the differential diagnosis between respiratory tract in-
fections, prominently influenza A and SARS-CoV-2, is critical in proper 
treatment and outbreak control. COVID-19 and influenza share many 
resemblances in transmission route and symptoms, inflicting misdiag-
nosis, cross-infection, treatment delay, and unnecessary wastage of 
medical resources [35]. This work demonstrates the detectability of 
these viruses based on the Ag-Ab binding affinity and isoelectric point 
(IEP)-relevant net charge of the receptor-binding domains (RBDs) on 
their surface proteins. The design of the proposed millifluidic TENG 
device is flexible to operate in both vertical contact-separation and 

single-electrode modes. Geometry- and fluid flow-related optimizations 
are performed to maximize the viral capture efficiency and triboelectric 
output signals concurrently. The triboelectricity-driven immunosensing 
extracted along with the open-circuit voltage (Voc) and short-circuit 
charge transfer (Qsc) contribute to detecting electrically charged viral 
agents in the electrolyte. Surface treatment is also applied to enhance 
the sensitivity and reduce the detection limit. 

2. Detection platform and biosensing mechanism 

The proposed immunosensing device combines a biological recog-
nition mechanism (triboelectricity) with antibodies immobilized to the 
transducer, which generates a measurable signal in response to the 
presence of antigens in an infected analyte. Indeed, this device operates 
based on antigen-antibody interactions and identifies antigens attrib-
uted to the respiratory viruses with common symptoms and different 
medications, SARS-CoV-2 and H1N1, as model viruses of microorgan-
isms (VoMs). 

Since the protein is detected on the signal-transducing surface in 
biosensors, the development of such sensors necessitates the design of a 
surface with sufficient protein recognition capabilities [36]. Regarding 
TENG-based biosensors, surface engineering is a substantial element, 
especially in Ag-Ab affinity sensors [58]. Like the molecular assay, the 
antigen detection method allows defining the presence of a current viral 
infection, whereas the principle of the test procedure is similar to that of 
the serological assay and is based on the detection of specific 
antigen-antibody complexes. Definitely, appropriate treatment of the 
friction materials is needed to offer a selective TENG-based sensor. Here, 
antibodies immobilized on the bottom electrode capture the target an-
tigens specifically and rectify this concern. Once virus-free and once 
again, virus-contained PBS electrolytes are injected into the milli-
channel continuously and contacted with the bottom electrode directly. 
The corresponding output voltages are compared to calculate and 
analyze the sensitivity and other performance criteria. The device 
structure consists of a millichannel made from an arbitrary biocompat-
ible material, a Polydimethylsiloxane (PDMS) cap as an 
electron-acquiring triboelectric layer, an aluminum top electrode as an 
electron-donating triboelectric film above the PDMS layer, SARS-CoV-2 
anti-spike IgG immobilized on the surface of Au bottom electrode 
through physical adsorption, and an electrolyte medium including an-
tigen (SARS-CoV-2 spike protein (SCoV)) suspended in a PBS solution 
(pH 7.4). SARS-CoV-2 IgG is bound with spike protein through Ag-Ab 
reaction during incubation according to eq. (1): 

IgG(ads)+ SCoV →
ka
←
kd

IgGSCoVcomplex; inPBSsolution (1) 

Markedly, Antibody and antigen surface proteins comprised of 
zwitterionic amino acid sequences with positively- or negatively- 
charged functional groups corresponding to the IEP and pH values of 
the electrolyte. Most of the therapeutic monoclonal antibodies (mAbs) in 
infected human serum, e.g., anti-SARS-CoV-2 IgG and anti-H1N1 IgG, 
suggest IEP values above 8.0 and thereby carry a slight net positive 
charge in phosphate-buffered saline (PBS) solution (pH 7.4) [25]. 
Moreover, each virion keeps its RBDs distribution, being consistent with 
specific cell receptors on the host cell’s membrane [6]. The spike (S) 
protein of SARS-CoV-2 is composed of S1 and S2 subunits, mediating the 
receptor recognition and infection of SARS-CoV-2 [37]. It has been 
recently demonstrated that in the charged amino acids in RBDs of S1 and 
S2 units, positive and negative charges predominate, respectively [38]. 
This observation is compatible with their IEP ranges of 7.30 ~ 8.37 and 
4.41 ~ 5.87, respectively, in the electrolyte pH 7.4 [39]. Furthermore, 
the seasonal influenza A virus can be divided into subtypes based on the 
glycoproteins (hemagglutinin and neuraminidase) present in the viral 
envelope. Under the physiological condition (neutral pH level), both 
RBD proteins of H1N1 have an IEP range of 4.25 ~ 4.50, deduced 
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negatively charged [40]. The charged molecules, therefore, throw their 
impact on the surface potential of the electrodes in a transducer con-
verting biological signals into electrical ones. The main idea is that the 
electric charges of antigenic protein and the subsequent Ag-Ab complex 
induce an electric dipole due to inhomogeneity and, as a result, an 
immunoelectrophoresis field during the triboelectrification. These di-
poles undergo potential drops across the two electric double layers 
(EDLs) on the PDMS/electrolyte and the bottom electrode/electrolyte 
interfaces. Consequently, the charged complexes on the bottom elec-
trode can change the surface potential leading to a shift of the open- 
circuit voltage arising from the triboelectric effect. 

In addition, to develop a sensitive immunosensor for virus detection, 
the physicochemical information of the kinetics of specific antibodies 
and nucleoprotein binding is predominant. Association and dissociation 
rate constants (ka and kd) are representatives of the strength of Ag-Ab or 
receptor-ligand affinity interaction. The strength is a result of a set of 
intermolecular forces involving Van der Waals forces, hydrogen or ion- 
dipole bonds, hydrophobic, and electrostatic interactions between 
oppositely-charged antigen and antibody protein structures [41]. 
Therefore, the equilibrium constants imply an electrical nature accom-
panied by RBD electric charge. Long-range forces such as electrostatic 
and hydrogen bonds are important in the rate of formation of antigen- 
antibody complexes at the points of contact (i.e., binding affinity); 
while the short-range forces contribute significantly to bond strength by 
reducing the rate of complex dissociation. Interaction kinetics of SARS- 
CoV-2 nucleoproteins and specific antibodies against these proteins 
have been determined through total internal reflection ellipsometry 
[42]. Applying this technique, high sensitivity of spectroscopic ellips-
ometry is achieved in combination with the surface plasmon resonance 
effect [43]. 

3. Device flexibility in operation modes 

TENGs operate based on the coupling of contact electrification and 
subsequent electrostatic induction. When two materials of typically 
significant discrepancies in their charge donation/acquisition properties 
(e.g., polarity and dielectric constant) are brought into contact with or 
rubbed against each other, the charge neutrality disappears, and two 
surfaces acquire equivalent but opposite charges. Electrostatic charges 
induced on the back-electrodes further generate a potential drop, 
driving electrons to flow between the two electrodes [25]. Taking four 
operation modes of TENG into account, lateral sliding and freestanding 
modes require an additional surface modification such as super-
hydrophobicity for fluid-based TENGs [44]. It is arising from the fact 
that the higher the surface hydrophobicity, the larger the effective 
contact area with the analyte; subsequently, the superior the triboelec-
tric outputs. Hence, vertical contact-separation and single-electrode 

modes mainly simplify the structural design; especially, fluid-based 
TENGs enjoy a relatively stable output and durability [45]. 

3.1. Dielectric-to-conductor contact-separation mode 

Assuming the triboelectric pair (PDMS and Al top electrode as a 
counter triboelectric material) is fully-contacted, the electroneutrality is 
preserved. Upon separating (releasing step), equal and, opposite surface 
charges are generated on the electrodes. During electrification, the Al 
electrode loses electrons and becomes positively charged; while, PDMS 
gains electrons and becomes negatively charged. The resultant electric 
potential during the separation process drives the migration of electrons 
from the bottom electrode to the top one through a circuit to balance the 
change in the electric potential caused by the electrostatic induction. 
Further, approaching the triboelectric elements in the pushing step re-
sults in electrons flowing in the opposite direction, and a change in the 
polarity of the electric potential is attained. The procedure is repre-
sented schematically in Scheme 1. Since the electrolyte and the bottom 
electrode are in contact, potential distribution on the Au electrode can 
induce the electrical reaction between them. Indeed, the electrolyte 
contributes also to the balancing process in virtue of the present electric 
potential. 

3.2. Dielectric-to-conductor single-electrode mode 

In this configuration, electrostatic neutrality can be achieved by 
electron transfer between the bottom electrode, the reference electrode 
connected with the ground, and the electrolyte. The resultant potential 
difference is regarded thereby as a sensing metric. Like the contact- 
separation mode, the potential distribution leads to the charge transfer 
from the ground to the bottom electrode, and inverse, generating the 
electric current (Scheme 2). As demonstrated further, although output 
signal levels are more pronounced in contact-separation mode, the 
single-electrode mode allows reflecting the presence of the antigenic 
targets more strongly. It is attributed to the fact that the transferred 
electrons onto the top electrode could be conserved with due attention 
to the lack of direct electrical connection between the top and bottom 
electrodes. 

4. Simulation strategy and numerical modeling 

The proof-of-concept simulations have been accomplished in COM-
SOL Multiphysics 5.6 software applying the finite-element method to 
discretize the equations. The antigenic analyte is flown from the lower 
inlet. At the same time, the buffer solution is injected through the upper 
one with a velocity field ratio of 0.166 mm/s to 0.238 mm/s, respec-
tively, proportional to the whole device length and the required 

Scheme 1. (a) Illustration of the proposed TENG immunosensor and (b-e) the working procedure based on contact-separation mode.  
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incubation period. This configuration will squeeze viral antigens from 
the lower inlet close to the mAb-immobilized bottom electrode region. 
According to Eq. (1), Ag-Ab interaction kinetics with two equilibrium 
reactions are defined in a 0D reaction column to direct specific back-
ground bindings on the bottom electrode surface. This procedure is 
implemented through a Reaction Engineering interface coupled further 
to a 2D model including Chemistry, Transport of Diluted Species, Sur-
face Reactions, Laminar Flow, and Electrostatics modules. To model the 
behavior of an analyte based on triboelectric effect, coupling of two 
physics interfaces of Electrostatics and Transport of Diluted Species is 
required in the form of Nernst-Planck-Poisson equation: 
{
Ji = − Di∇ci − um,iziFci∇V

∇.( − ε∇V) = ρ →
∂ci
∂t + ui∇ci − ∇.

[

Di

(

∇ci +
zieci
kBT

∇V
)]

= 0→ − ∇.(ε∇V) =
∑

i
zieci

(2) 

The Nernst-Planck equation represents the electrodiffusion (Ji) of the 
charged species in terms of their concentration (ci) in an electrolyte. In 
this equation, Di, ui, zi, F, kB, T, V, ε, and ρ denote diffusion coefficient, 
mass averaged velocity, charge quantity, Faraday’s constant, Boltzmann 
constant, absolute temperature, electric potential, dielectric constant, 
and charge density. The first term in the definition of Ji is the flux due to 
diffusion, and the second one interprets the flux due to electromigration. 
The Poisson equation describes the electrostatic interaction of the 
charged nanoparticles immersed in an electrolyte and the subsequent 
formation of EDL, leading to electrokinetic phenomena (E = − ∇V). 
The terms ε, ρ, and E denote permittivity (mainly for the solvent), free 
charge density, and electric field, respectively [46]. 

The millifluidic channel has a length of 5 cm, a width of 1 cm, and a 
height of 1 mm as the default. The viral antigen concentration varies in a 
range of 104 ~ 109 particles/ml. Accordingly, the concentration ratio of 
the antigenic solution to the viral-free buffer solution is considered in 
the range of 10− 16 ~ 10− 11 throughout the simulation. The molar mass 
of serum-specific IgG equals 700 ~ 1600 mg/dl, and its molecular 
weight is 150 ~ 170 kDa; therefore, IgG concentration is assumed 46 ~ 
106 μmol/m2. In addition, the viral flow rate and the reactive patch size 
(mAb immobilization site) are regarded as 0.1 ml/min and 3 cm, 
respectively, as the default. Figure S1 indicates the velocity magnitude 
and pressure contour of the streaming flow, which enables fluid flow at 

desired velocity from both inlets. Figures S2 and S3 illustrate concen-
trations of the Ag solution applied into the millichannel and the corre-
sponding Ag-Ab complex produced, respectively, during which time 
interval the solution passes through the device. In the following, the 
abovementioned attributes are optimized to maximize the viral capture 
efficiency. 

4.1. Viral capture efficiency 

Since viral capture efficiency is correlated further with the voltage 
shift of the bottom electrode, we investigate the factors affecting this 
figure-of-merit at the first step, which is defined as:   

The capture efficiency is a function of the viral Ag to immobilized 
mAb concentration ratio, the flow rate of Ag solution, reactive patch 
size, the equilibrium constant in the Ag-Ab binding, and diffusion co-
efficients of Ag and Ab. Fig. 1(a) illustrates the increment of Ag-Ab 
concentration proportional to the accessible Ag concentration. This 
rise continues until the increased Ag concentration is comparable to 
mAb concentration, leading to an efficiency drop, as shown in Fig. 1(b). 
Similarly, increasing the mAb concentration to a certain extent, 
depending on the Ag concentration, contributes to enhancing the pro-
duced species [Fig. 1(c) and (d)]. On the other hand, the test time for 
such a label-free device is mainly limited by the incubation period of 
antigens on the sensor; hence, the flow rate of the Ag solution is another 
influential component that can affect the incubation time. The large 
velocity fields impede the appropriate Ag-Ab binding, and it is failed to 
produce an adequate specific Ag-Ab complex for the detection of target 
species [Fig. 1(e)]. Moreover, the broader the mAb immobilization area 
is devised, the higher the binding capacity is provided, and the higher 
efficiency is achieved, as shown in Fig. 1(f). 

Apart from the distinction of virus particles in terms of their IEP- 
relevant RBD net charge, the association and dissociation rate con-
stants of the corresponding specific Ag-Ab can be also distinct for 
different viruses. The strength of the Ag-Ab interaction is measured by 
the affinity constant, which is defined according to: 

Scheme 2. (a) Illustration of the proposed TENG immunosensor and (b-e) the working procedure based on single-electrode mode.  

ViralcaptureefficiencyMax.[%] =
ConcentrationofAg − Abcomplexonimmobilizationsite

InputAgconcentration
× 100 (3)   
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kA =
[Ag − Ab]
[Ag][Ab]

(4)  

where [Ag] and [Ab] denote molar concentrations of unoccupied 
binding sites on the antigen and antibody, respectively, and [Ag-Ab] 
represents the molar concentration of the antigen-antibody complex in 
the bulk solution. Indeed, the affinity constant describes how many Ag- 
Ab complexes per volume are formed at the moment equilibrium is 
reached [47]. The time required for this to occur depends on diffusion 
coefficients of Ag and Ab. Also, the immunocomplex concentration 
adjacent to the immobilization surface ([Ag − Ab]s) can be expressed by 
the Boltzmann distribution [48]: 

[Ag − Ab]s = [Ag − Ab]exp(− eψs/kBT); (5) 

in which ψ s denotes the surface potential. Therefore, the affinity 
constant can in turn modulate the triboelectric output voltage, as seen 

further. These considerations and the relevant parameters have been 
applied throughout simulations to distinct SARS-CoV-2 and H1N1 an-
tigens. Fig. 1(g) and (h) represent that the larger the association rate 
and/or the smaller the dissociation rate, the higher the capture effi-
ciency. The kinetic parameters (ka and kd) used here have been calcu-
lated with a surface plasmon resonance imaging (SPRi) platform, 
corresponding to a virtual ligand-based screening that targets pockets on 
each side of binding sites on the RBD. Selected protein-grafted regions in 
the SPR images were analyzed, and the average reflectivity variations of 
the chosen areas were yielded as a function of time. Real-time binding 
signals were recorded and analyzed by Data Analysis Module [49]. The 
affinity parameters of recombinant SARS-CoV-2 (spike) and H1N1 
(hemagglutinin) RBD proteins are consistent with those of related 
studies [42,50]. Considering these quantities according to Table 1, the 
highest capture efficiency equal to 85.63% is attained for the proposed 
immunosensor device. 

Fig. 1. Dependency of the antigen-antibody product concentration and capture efficiency on (a,b) antigen concentration injected into the channel, (c,d) antibody 
concentration immobilized on the transducer surface, (e) antigenic solution velocity field, (f) immobilization site, (g) forward rate constant, and (h) reverse rate 
constant in Eq. (1). 
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4.2. Triboelecricity-derived optimization of geometry 

Posterior to the binding of the antigenic RBD of the spike protein 
with the anti-spike protein antibody specifically, the Al electrode is 
separated from the PDMS layer to drive triboelectricity in vertical 
contact-separation mode. The device dimensions are optimized so that 
enhanced output signals are achieved. A general equation that describes 
the charge-voltage relation in terms of separation distance (y) in tribo-
electric devices is given by: 

V = −
1

C(y)
× Q+Voc(y) (6) 

Notably, in the open-circuit condition (Q = 0), the above equation is 
equivalent to V = Voc, and in short-circuit condition (V = 0), we have 
Q = Qsc = C× Voc, in which C denotes the capacitance between two 
electrodes. The V-Q-y relation is illustrated in Fig. 2(a) for the tribo-
electric millichannel with an Ag-contained mock medium. In virtue of 
electrostatic induction, the higher potential for counter electrode drives 
electron migration from the bottom electrode to the top one, as shown in 
Fig. 2(b). The minor asymmetry seen in the potential of Al and Au 
electrodes, particularly at higher distances, is attributed to the potential 
drop across EDLs in the electrolyte, according to Scheme 3. This dif-
ference reflects the presence of antigenic charged molecules (like SARS- 
CoV-2 Spike S2 RBD) near the antibody-immobilized bottom electrode 
and the subsequent formation of electric dipoles on its surface. In 
addition, Ag residues (like SARS-CoV-2 Spike S1 RBD) adjacent to the 
PDMS layer as well as cationic species of the PBS electrolyte can form an 

additional EDL at the PDMS/electrolyte interface leading to the elec-
trophoresis. This implication can affect the electric field generated by 
tribo-charges transferred onto this layer and change in turn, the output 
signal (Figure S4). The result is a reduction in Voc values, and a rise in Ag 
concentration intensifies Voc drop explicitly, as depicted in Fig. 2(c). 
Apparently, EDL thickness in the electrolyte and PDMS layer affects the 
output signal level, which is in good agreement with [51]. Lengthening 
the channel in conjunction with enlarging the effective surface area of 
the triboelectric pair will mainly enhance the capacitance and subse-
quent charge transfer efficiency [Fig. 2(d)]. On the contrary, the channel 
height is inversely proportional to electric field strength and the resul-
tant potential difference between electrodes [Fig. 2(e)]. Similarly, PDMS 
layer thickness will affect the potential distribution at the PDMS/elec-
trolyte interface; thus, its increment weakens the output signal slightly 
[Fig. 2(f)]. According to Poisson’s equation, the surface charge density, 
related to the dielectric, triboelectric materials applied in the device, is 
directly proportional to the potential gradient [Fig. 2(g)]. As a conse-
quence, the geometrical parameters are opted according to Table 1 for 
further biosensing simulations so that the highest output magnitudes of 
Voc and Qsc are provided. 

5. Biosensing results and discussion 

The detection process of the charged antigenic species involves the 
following two steps: (i) incubating an antigenic solution on the mAb- 
immobilized Au electrode for optimal 60 s; and (ii) applying an immu-
noelectrophoresis field stemming from the triboelectric effect. The un-
derlying concept is the triboelectric response of the charged Ag-Ab 
complexes with different binding affinities in the PBS electrolyte under 
the physiological condition. An EDL is formed in the presence of the 
positively-charged anti-S protein mAb of SARS-Cov-2 and the 
negatively-charged antigen (S protein S1 RBD). The resultant electric 
field inflicts a potential upon the bottom electrode, which will further 
change the triboelectricity-driven electric field to balance the charge 
neutrality. The charge regulation is, therefore, eventuated considering 
interactions between unequally charged surfaces. Subsequently, an 
additional capacitance will ensue, affecting the output signal. The 
effective capacitance density (Ci) of the millifluidic channel is equal to 
the total capacitance of two capacitors in EDLs’ interfaces (CEDL(Up) and 
CEDL(Down) ) connected in series according to: 

Ci =
CEDL(Up)CEDL(Down)(

CEDL(Up) + CEDL(Down)

)
S

(7) 

in which S denotes active surface area. In this way, the geometry 
effect of the capacitance structure is excluded. The formation of dipoles 
on the Au electrode induces a shift in the potential of both electrodes in 
the same direction with different magnitudes (Scheme 3). As indicated 
in Fig. 3(a), the bottom electrode exposed to these dipoles is more sus-
ceptible as Ag concentration rises. According to Eq. (7), this potential 
difference is ascribed to the effective dielectric constant (C = ΔQ/ΔV =

ε0εrA/d), being unique for each virus due to its protein/nucleic acid 
composition [52]. Fig. 3(b) shows that the presence of polar and/or 
charged Ag molecules in the PBS electrolyte generates an electric field 
weakening the triboelectricity-derived electric field around both elec-
trodes, in conjunction with a minor additional charge transfer. Fig. 2(b) 
and 3(b) describe properly the charge regulation due to interaction 
forces between surfaces and modifications of the surface charge upon 
variations of the separation distance. This observation confirms the 
potential drop across EDLs in Scheme 3; in effect, the output signal will 
drop. Hence, the sensitivity is defined as the following for SARS-CoV-2 
detection: 

Response =

⃒
⃒
⃒
⃒
⃒

Voc(Antigen− freePBSmedium)

Voc(Antigen− containedPBSmedium)

⃒
⃒
⃒
⃒
⃒

(8) 

Table 1 
Physiochemical and geometrical parameters for simulation of the TENG 
immunosensor device in COMSOL.  

Category Quantity Value 

Fluid flow Antigen (spike protein) molar 
mass [kDa] 

76.5 

Antibody (anti-spike protein 
IgG) molar mass [kDa] 

150 

Antigen concentration [mol/ 
m3] 

1.66 × 10− 12 

Antibody concentration 
[mol/m2] 

3.80 × 10− 5 

PBS buffer concentration 
[mol/m3] 

151.50 

Antigenic solution flow rate 
[ml per min] 

1 

PBS buffer flow rate [ml per 
min] 

1.32 

SARS-CoV-2 (Wild-type) Ag- 
mAb equilibrium reaction  
[38] 

Diffusion coefficient for 
anion/cation in PBS [μm2/s] 

50 / 50 

Diffusion coefficient for Ag/ 
mAb in PBS [cm2/s] 

8.62 × 10− 8 / 
2.81 × 10− 7 

pH of aqueous-phase mock 
medium in the channel 

7.4 

Forward rate constant (ka) 
[m3 s− 1 mol− 1] 

175 

Reverse rate constant (kd) 
[s− 1] 

7.75 × 10− 3 

Triboelectricity Surface tribo-charge density 
of PDMS (σ) [nC/m2] 

− 21.79 

Relative permittivity of PDMS 
layer 

2.75 

Relative permittivity of 
electrodes 

Infinite 

Relative permittivity of 
aqueous-phase mock medium 

80 

Device geometry Reactive patch size on the 
bottom electrode [cm] 

4.85 

Channel length [cm] 5 
Channel height [mm] 1 
PDMS layer thickness [mm] 0.50 
Thickness of electrodes [μm] 100 
Maximum separation 
distance [cm] 

5  
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Despite acquiring high sensitivity at high viral concentrations 
applying contact-separation mode, the detection limit is undesirable (≈
106 particles per ml). Considering the single-electrode configuration, the 
output value of |Voc| is much lower than that of the contact-separation 
mode, as shown in Fig. 4(a). This can be ascribed to that the farther 
the top electrode is located, the poorer the effect on the electric field 
distribution around the electrodes is yielded (Figure S5); thus, the more 
limited the output is obtained. As a result, QSC plateaus slowly in single- 

electrode TENGs [Fig. 4(b)], in good consistency with [53]. However, 
the single-electrode mode is preferred for our sensing application with 
due attention to the two points: (i) this operation mode provides more 
resolution to selectively detect viral agents, especially in lower Ag 
concentrations in which Voc values are relatively small and close for 
different antigenic biomolecules of viruses. This structure can be thus 
conducive to enhancing selectivity and lowering detection limit ac-
cording to Fig. 4(a); (ii) the on-site detection only based on antigenic 
molecules bound to immobilized mAb is desired irrespective of any 
anionic/cationic species in the PBS electrolyte. The single-electrode 
structure realizes this purpose by fading the upper EDL effect. It is the 
reason why signal-ratio is almost unchanged for different separation 
distances, prior and posterior to the sensing, as represented in Fig. 4(b). 
To compensate for the deficiency of the sensitivity, the PDMS layer is 
patterned so that the influence of ions and counterions present in the 
PBS medium on the potential of the Au electrode is disappeared [Fig. 4 
(c)]. Certainly, the stronger electric field through the edges in the semi- 
dome-shaped PDMS layer draws undesirable ionic species off 
(Figure S6). 

As aforementioned in Section II, the difference in IEP values for 
antigenic proteins in SARS-CoV-2 and H1N1 in the same aqueous me-
dium results in different immunoelectrophoresis fields across the lower 
EDL, inducing different potential distribution around the bottom elec-
trode and the resultant sensing signal. The higher the antigen 

Fig. 2. Dependency of the output characteristics of the TENG immunosensor device on (a,b) separation distance, (c) viral antigen concentration, (d) channel length 
and (e) height, (f) thickness and (g) surface tribo-charge density of the triboelectric material. 

Scheme 3. Illustration of the dipole formation and potential drops in both 
EDLs through electrophoresis, which contributes further to the detection of 
viruses using the TENG immunosensor device. 
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concentration, the stronger the electrophoresis force. Cooperatively, 
different binding affinities (ka and kd) in specific Ag-Ab interactions for 
SARS-CoV-2 and H1N1 [54,55] augments the sensitivity by producing 
different concentrations of Ag-Ab complex for the same input viral 
concentration. By applying the optimal structure for the triboelectric 
immunosensor in the single-electrode mode, the sensitivity and detec-
tion limit of H1N1 sensing are studied and compared to those of SARS- 
CoV-2. Since both antigenic subunits in H1N1 are negatively-charged in 
PBS electrolyte (pH 7.4), the surface energy of the Au electrode can 
increase during triboelectrification. As a result, the potential magnitude 
increases with Ag concentration, unlike SARS-CoV-2, as indicated in 
Fig. 4(d). Accordingly, the numerator and denominator are substituted 
in Eq. (8) to maintain the concentration-response relation. As a dis-
tinguishing criterion, the landmark is − 4.113 V so that sensing signals 
(Voc) exceeding this value reveal the presence of SARS-CoV-2, taking the 
detection limit into account. While, for Voc values inferior to this value, 
the H1N1 virus is identified. Furthermore, the detection limit represents 
a reduction of one order of magnitude for H1N1 detection compared to 
SARS-CoV-2. 

Most of the electrochemical immunosensors developed to date are 
powered by batteries with the disadvantages of large-size, heavy- 
weight, frequent charging, and limited lifetime, hindering the modern 
designed conception of mobility and sustainability. Particularly, the 
probable heating and toxicity can lead to the infected cell lysis and low 
accuracy of the detection. Thus, a reliable and biocompatible power 
resource supplying the portable PoC sensor with no battery requirement 
has been suggested in this work. The proposed TENG-based device has 
been demonstrated to establish a platform for developing self-powered 
sensor systems and flexible electronics to harvest mechanical energy 
from the surrounding environment into electricity. Furthermore, the 
TENG-driven energy-autonomous sensor can be applicable everywhere 
and at any time with simple operation and fabrication. The device has 
the potential to meet the ASSURED criteria outlined by WHO for a 
successful low-cost diagnostic tool. On the other hand, a conventional 
method to flow zwitterionic and/or polarized particles in a suspension is 
dielectrophoresis, where high external DC/AC voltages are applied. The 
proposed triboelectric sensor has also suggested an appropriate solution 
to this issue with the least power consumption. In addition, the 

Fig. 3. SARS-CoV-2 sensing signal in terms of (a) viral antigen concentration in the PBS electrolyte and (b) separation distance in contact-separation mode.  

Fig. 4. SARS-CoV-2 sensing signal in terms of (a) viral antigen concentration in the PBS electrolyte and (b) separation distance in single-electrode mode applying 
planar and (c) semi-dome-shaped PDMS layers in the device structure; (d) the counterpart diagram presented in (c) for H1N1 detection. 
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biosensor can directly detect the viral agents without the use of tags, and 
thus, is known as a label-free assay. The rapid response is attributed to 
that the response time is constrained mainly to the incubation period of 
the specific Ag-Ab interaction and the required number of contact- 
separation cycles to attain stability in experiments, which is expected 
to be within minutes. 

The proposed methodology adopted from electrical signatures of the 
associated viruses can be upgraded to be applied in situ, which will not 
only pave the way for direct and rapid detection of viruses in biological 
samples but also enable their early-stage detection in infected in-
dividuals. In comparison with the previous similar researches 
[25,52,56], it is expected that our proof-of-principle work will enjoy 
comparable performance metrics such as specificity and power con-
sumption, and may in fact be superior in real samples. 

6. Conclusion 

In this paper, a label-free, self-powered, ultrafast, and simple milli-
fluidic immunosensor was proposed to recognize SARS-CoV-2 and H1N1 
infections based on the electrokinetic behavior of viral antigen-antibody 
complexes in conjunction with the implication of triboelectricity-driven 
electric field. The viral nucleic acid genomes are wrapped in proteins 
with zwitterionic amino acids; therefore, the net charge of a virus de-
pends upon the cumulative charges of the genetic material and the 
protein. The main reason for choosing two similar viruses with almost 
the same symptoms and different medications was to demonstrate the 
sensitivity of the current method. The leading interaction of a virus 
particle with its surrounding medium occurs through antigenic proteins 
on its surface RBDs. In the best case, this binding eventuated an effi-
ciency of 85.63% for SARS-CoV-2. Simulation results revealed that the 
resultant Ag-Ab detection species are directed with the generated 
immunoelectrophoresis field. Thence, the charge segregation derived 
from the presence of dipoles in the EDL induces an electrical potential 
profile across the interface, which affects the subsequent triboelectric 
open-circuit voltage. Meanwhile, to reach the optimal sensitivity and 
detection limit, distance dependency of the triboelectric outcomes was 
studied, taking contact-separation and single-electrode operation modes 
into account. As expected, irrespective of the type of the analyte applied, 
separation increment strengthens Voc and Qsc outputs. Nevertheless, 
the single-electrode configuration outperformed by eliminating the 
intervention of ionic species present in the electrolyte. Therefore, the 
detection limit decreased by about two orders of magnitude. In addition, 
surface engineering of the triboelectric pair led to an about 2x 
enhancement in the sensitivity. Significantly, the detection time is 
limited by the incubation period of antigens on the antibody- 
immobilized electrode as a signal transducer, less than a few minutes. 
The proposed triboelectric device as a self-powered active immuno-
sensor can be a promising candidate for high-throughput and multi-
plexed detection of electrically charged pathogens with different IEPs 
and equilibrium constants of the corresponding antigen-antibody reac-
tion in the same electrolyte. 
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