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Abstract This article describes a highly sensitive and specific
capacitive immunosensor for rapid, low cost and simple-to-
use detection of virus particles from clinical swab samples. An
inhomogeneous AC electric field is applied on sensor elec-
trodes. This induces positive dielectrophoresis that attracts
virus particles to the sensor electrodes. As a result, rapid and
sensitive detection of influenza A virus is accomplished with-
out the need for nucleotide isolation and amplification. The
same AC signal is used to detect the binding of virus particle
to the sensor surface immobilized with the antibody probe.
The assay is highly suitable for point-of-care use. When test-
ing clinical swab samples, the response of samples at various
dilutions is analyzed, and an optimal dilution is found and
used for subsequent blind tests of clinical swab samples.
Analytical experiments on standard influenza virus sample
demonstrate a limit of detection of 0.25 pg⋅mL−1. Other figures
of merit include (a) an assay time of 30 seconds; (b) a diagnos-
tic sensitivity of 90%; and (c) a specificity of 70%. Blind tests
are conducted for a panel of twenty nasal swab samples, and
the results are in good agreement with those by using the com-
mercial reverse transcription polymerase chain reaction.

Keywords Alternating current electrokinetics . Interfacial
capacitance . Dielectrophoresis .Microelectrode

Introduction

Influenza is a very common infectious disease. While it usu-
ally causes only mild illness, it can be life-threatening for
infants, elderly and immunodeficient people. Worldwide, sea-
sonal influenza is estimated to result in 250,000–500,000
deaths per year [1]. Worldwide human health has been chal-
lenged by pandemic threats including the emergence of highly
pathogenic influenza Avirus frommutation of avian influenza
or other animal reservoirs. Timely detection of influenza is
critically important, which can shorten the delay in treatment,
reduce the duration of hospitalization, and improve the quality
of patient care.

Accurate diagnosis of influenza virus is done by either
virus isolation detection of virus-specific antibodies [2] or
genomic detection by reverse-transcription quantitative poly-
merase chain reaction (RT–qPCR) [3]. Conventional viral tis-
sue cell culture approach has been used for viral disease diag-
nosis for decades, but the isolation of viral pathogens in cell
culture is usually slow (3–10 days) and requires technical
experience [4]. Shell vial assays can reach cell culture diag-
nostic results faster (3 days) than conventional cell culture
method, except for that shell vial assays lack the ultimate
sensitivity (60% sensitivity versus 94% in conventional cul-
ture). So rapid cell culture method still requires conventional
cell cultures to assure the diagnosis sensitivity [5]. Nowadays,
diagnostics by RT-qPCR is routinely done in many laborato-
ries for detection of RNAviruses, such as influenza A, which
yields results in hours and is used increasingly for early diag-
nosis. However, RT-qPCR has a high risk of sample contam-
ination despite its being operated by trained operators, and it
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requires good financial and technical resources to perform,
is often restricted to central laboratories. The tests discussed
above require relatively expensive equipment, skilled exam-
iners, and at least several hours to get a result. These disad-
vantages delay the decision-making process and prevent their
use in resource-limited settings.

A rapid point-of-care (POC) diagnosis for infectious dis-
eases is desired and will have significant impact on the
healthcare. Rapid Influenza Diagnostic Tests (RIDTs) are
commercially available POC tests for early detection of influ-
enza. They have high specificity, however their sensitivity is
modest (62.3%) and highly variable with a reasonable likeli-
hood of producing false negative diagnosis. Hence, similar to
other diagnostic tests that need confirmation, RIDTs are often
inconclusive until further laboratory testing through rt-PCR in
specialized diagnostic laboratories [6]. In addition, RIDTs are
not quantitative. Therefore, a new rapid, sensitive and quanti-
tative POC detection method for influenza A (or many other
viruses) is highly desired for effective control of the outbreak
and spread of diseases.

One major thrust for biosensor research is to develop POC
diagnostics. Table 1 shows a summary of biosensor methods
for influenza virus detection and their performances. Types of
biosensors mainly include electrochemical [7] and optical sen-
sors (such as surface plasmon resonance, SPR [8], or with
luminescence resonance energy transfer, LRETSPR [9]),
within which there are many variations in the instrument de-
signs. Another relatively convenient and desirable alternative
is impedance immunosensors which detects binding of influ-
enza virus by using electrochemical impedance spectroscopy
with interdigitated microelectrodes [10]. Typically, in an im-
pedance immunosensor, the detection is based on the increase
in the charge transfer resistance (Rct) due to specific binding at
the electrode surface. To separate Rct from other components
in the sensor impedance, multiple steps and special measuring
buffers are usually needed, such as baseline measure-
ment, sample incubation, washing, sometimes air drying,
and measurement and data extraction. Extraction of Rct is of-
ten a subjective process, prone to human intervention, affect-
ing the robustness of detection results. Being label-free, thus
eliminating the need for labeling (fluorescent, chemical, or
radioisotope) target molecules, is also important. While con-
siderable research effort has been devoted to biosensors for

diagnosis at the bedside or in the clinic, there are few POC
devices being routinely used in real applications.
Successful POC diagnostic systems require the following crit-
ical attributes: sufficient sensitivity, robustness, simple test
procedure and short sample-to-result time.

In our previous study, we presented a label-free, highly
sensitive and specific affinity-sensing technology that can be
performed rapidly (1 min from sample to result) by a lay
person with a single-step and no wash operation. This tech-
nology is called alternating current electrokinetics (ACEK)
capacitive sensing method [11, 12]. As shown in Fig. 1a, in-
terfacial capacitance between the electrode and the sample
fluid is used to quantify biomolecular deposition or capture
on functionalized microelectrodes’ surface, and a detection
protocol is developed to obtain interfacial capacitance directly
without complicated data interpretation. Capacitive affinity
sensors were reported in the past for virus detection [13, 14],
however, they used bulk capacitance which is in parallel to the
impedance of bulk solution. As a result, the detection results
were strongly affected by matrix effect. To achieve specificity,
in conventional capacitive biosensors, a reference signal was
needed from a control test to subtract background signal.
Additionally, in the two reports, target viruses were prepared
and measured in standard buffers such as phosphate-buffered
saline buffer, KH2PO4/K2HPO4 buffer or Na2HPO4/KH2PO4

buffer instead of complex fluids, due to limited specificity
from measuring bulk capacitance. In comparison, interfacial
capacitance (Cint) can reflect with high sensitivity and speci-
ficity any topological changes such as molecular deposition at
the sensor surface, as Cint can be isolated easily from the
resistance of bulk solution.

Another feature of ACEK capacitive sensing is the accel-
eration of detection and improved sensitivity from ACEK ef-
fects incorporated into capacitive measurement. Conventional
biosensors including impedimetric and capacitive sensors suf-
fer from long response time and low sensitivity, because they
rely on Brownianmovement for target bioparticles to random-
ly move to the binding sites on electrodes. To break diffusion
barrier, ACEK capacitive sensing method uses an AC signal
capable of inducingACEK effects to interrogate the interfacial
capacitance on microelectrodes. In this method, interdigitated
microelectrodes (as shown in Fig. 1b) functionalized with
analyte-specific probes (antibody here) is employed as

Table 1 Overview of influenza
virus detection by biosensors Method Label free Limit of detection Time

Electrochemical nuclei acid detection after RT-PCR [7] √ 7.5 pg⋅mL−1 15 min

Optical (SPR) [8] √ 20 ng⋅mL−1 1 h

Optical (LRETSPR) [9] × 7.7 pg⋅mL−1 2 h

Impedance immunosensor [10] × 10 pg⋅mL−1 30 min

This technique √ 0.25 pg⋅mL−1 30 s
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sensors, and low voltage AC signal is applied over the micro-
electrodes to induce ACEK effect attracting analytes towards
the electrode surface and accelerating the binding to
immobilized probe molecules, which takes place concurrently
with the measurement of interfacial capacitance.

Since its advent in late 1990s, ACEK has been investigated
by many researchers to accelerate the travel of macromole-
cules towards sensing areas, and improvement in sensor re-
sponses has been observed after applying ACEK effects
[15–17]. Several kinds of ACEK effects can occur [18, 19]
when an inhomogeneous AC electric field is applied through
microelectrodes to an aqueous solution. Directed particle
movement can be caused by dielectrophoresis (DEP) [20],
and particle can also be carried by microflows such as AC
electroosmosis (ACEO) [21] or AC electrothermal (ACET)
flows [17, 22–24] to reach the microelectrodes. However, in
almost all the existing label free ACEK devices, the amplitude
of AC signal used is usually in the range of 10 V, and the
ACEK concentration step is separate from the detection step
[17, 25, 26]. Applying a ~10 V voltage over biofluids raises
the concerns of electrolysis, biofouling, etc. Steps such as
separate pre-concentration and possibly labeling would in-
crease the complexity and time of sensor operation. These
reasons severely limit the use of ACEK in biosensing. In con-
trast, ACEK capacitive sensing method is a rapid, single-step
operation without any wash steps. Low voltage (<1 V) AC
electrokinetic (ACEK) effects for bioparticle enrichment and
label-free measurement of interfacial capacitance (Cint) are
conducted simultaneously by using the same AC signal.

This method was used in a series of proof-of-concept ex-
periments detecting specific protein biomarker, pathogens,
small molecules, etc. [11, 12, 27, 28]. For influenza A virus
detection, the method uses a commercially available interdig-
itated microelectrode array shown in Fig. 1b at a cost of
~$0.80 USD per test. It is simple to use by users. All it takes
is to read the sensor capacitance continuously at an optimized
ACEK frequency and voltage. With a response time of 30 s,
we demonstrated a limit of detection (LOD) of 0.25 pg⋅mL−1

and diagnostic sensitivity of 90% and specificity of 70% for
20 clinical swab samples when bench-marked against an
Xpert® Flu by Cepheid (based on RT-qPCR).

Experimental section

Buffer and sample preparation

Sample solution in this work is prepared using as 0.1×PBS
(1 mM phosphate-buffered saline [pH 7.0] containing 15 mM
sodium chloride) with a conductivity of 0.15–0.16 S/m (600–
700 Ω∙cm). 0.1×PBS containing 0.05 v/v% Tween 20 (Fisher
Scientific, Pittsburgh, PA, https://www.fishersci.com/us/en/
home.html), called 0.1 x PBS-T, is used as the dilution
buffer for testing. 0.1× buffer B is 0.1× PBS-T containing
10 v/v% SuperBlock (Pierce Biotechnology, Rockford, IL,
https://www.thermofisher.com/us/en/home/brands/thermo-
scientific/pierce-protein-biology.html) and is used as the
blocking reagent. The chemical linker used for improving
surface functionalization with antibody is 10 v/v% 3-
aminopropyltriethoxysilane (APTES, Thermo Scientific,
Waltham, MA, http://corporate.thermofisher.com/en/home.
html) in absolute ethanol and 2.5% glutaraldehyde in water.
Antibody solution used for electrodes functionalization is 41.
5 μg⋅mL−1 anti-influenza A antibody in distilled water.

Antibody used as negative control is 40 μg⋅mL−1 bovine
IgG whole molecule (Johnson ImmumoReserch, West Grove,
PA, https://www.jacksonimmuno.com) in water. In this paper,
the electrode coated with negative control antibody is termed
dummy electrode. Spiked influenza A virus samples are 1.
525, 0.1552 and 0.01525 μg⋅mL−1 of influenza A virus
suspended in 0.1×PBS-T. Clinical nasal swab samples are
preserved in M4RT (Remel, KS, http://www.remel.com/
Home.aspx) and is diluted up to 1:100,000 using 0.1×PBS-
T. Level of virus in the clinical swab samples are assessed by
RT-qPCR.

Microelectrode sensors

The electrode chips are modified from AVX Corps’ PARS
433.92 Surface Acoustic Wave (SAW) chip. The metal cover
of the SAW resonator is removed mechanically to expose the
working electrode array for use, as shown in Fig. 1b. The
sensor consists of aluminum interdigitated electrodes deposit-
ed on quartz substrate. Each electrode finger is 2.0 μm wide,

Fig. 1 (a) Capacitive sensing mechanism and equivalent circuit of (b) the commercially available surface acoustic wave (SAW) electrode chip
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170 μm long, with 2.0 μm spacing from each other. The metal
housing around the electrode chip is about 4 mm (L) × 2.5 mm
(W) × 1 mm (H), and accommodates ~10 μL of sample. The
interdigitated electrodes are electrically connected to two con-
tact pads on the chip bottom, which are then connected to an
impedance analyzer (Agilent 4294A, http://www.agilent.com/
home).

Sensor cleaning

Electrode preparation includes exposing and cleaning the
electrodes, and surface functionalization with probemolecules
to achieve specificity. Prior to incubation with linker and
probe molecules, the microelectrode chip is thoroughly
cleaned by washing with acetone, isopropyl alcohol and de-
ionized water, and then treated with ozone. The surface quality
is closely monitored by measuring the Cint [29].

Sensor functionalization

After the electrode cleaning, electrode surface is func-
tionalized with probe molecules to achieve specificity.
The 3-aminopropyltriethoxysilane (APTES)-mediated
method is used to improve binding or adhesion between
organic polymers and metal substrates [30]. The elec-
trodes are immersed in 10% APTES in ethanol for
15 min and then baked at 125 °C for 30 min. After
the electrodes cool down to room temperature, 2.5%
glutaraldehyde in water is added onto electrodes, which
then are left at room temperature for 1 h. After the
probe (antibody) immobilization, to minimize non-
specific binding, the electrodes are further treated with
blocking agent (0.1×buffer B) for 30 min. This blocking
step is taken to block unoccupied aldehyde groups of
glutaraldehyde molecules.

Measurement

Based on our prior work on ACEK capacitive sensing of
bioparticles [12], our experiments use an AC frequency
range between 1 kHz and 1 MHz, which is much lower
than the SAW chip’s resonant frequency of 433.92 MHz,
so no piezoelectric effects need to be considered in our
experiments. Electrodes functionalized as described above
are loaded with a viral suspension and connected to an
impedance analyzer for measurement. A high precision
impedance analyzer (Agilent® 4294A) is used for apply-
ing the AC signal and simultaneously measuring the ca-
pacitance change. Each test data point is run with 5 rep-
licates. Least square linear fitting algorithm is performed
to determine the capacitance change rate.

Results and discussion

Direct capacitance measurement

In this work, the interfacial capacitance is sensed and used as
an indicator of probe-analyte binding. As shown in Fig. 1a, the
interfacial capacitance can be defined as

Cint ¼ Aint=
1

εp
dp þ 1

εs
dedl

� �
ð1Þ

where εs and εp are permittivities of the solution and
bioparticle, respectively, Aint is the surface area of the interfa-
cial capacitor of the functionalized electrode, dp and dedl are
the thickness of biomolecular deposition and electric double
layer formed on the electrodes surface respectively.With bind-
ing process continuing, the thickness of interfacial layer, dint,
keeps increasing which leads to a decrease of Cint. By moni-
toring the change rate of Cint, specific binding of analyte with
probe molecules can be detected. Additionally, using Cint im-
proves the sensor specificity, as illustrated by an equivalent
circuit in Fig. 1a, which consists of the electrode’s self-
resistance (Rwire), interfacial capacitance (Cint), charge transfer
resistance (Rct), Warburg coefficient (ZW), fluid bulk resistance
(Rs) and dielectric capacitance of the electrode cell (Cs). The
effect of interfering constituents and undesired electroactivity
in a complex fluidmostly shows up through the fluid resistance
Rs, which can be easily eliminated when we only measure Cint.
Consequently, high specificity can be achieved, and no wash
step is required for our sensing method.

In order to measure Cint directly, the sensor impedance
should be able to be simplified as a serial connection of R
and C at the measuring frequency. At the measuring fre-
quency, Cint should pose a much smaller impedance than
Rct, and Cs is negligible, i.e. Cs poses a higher than imped-
ance than Rs. Furthermore, ACEK effects at this frequency
should help surface binding [12]. The measured and fitted
impedance spectrum can be found in Fig. S1(b) of the
supporting information. The fitted values of the equivalent
circuit elements are found as follows: Cint = 40 nF, Rct =
10 Ω, ZW = 270 kΩ, Rs = 1500 Ω and Cs = 3.2 pF. Our prior
work using optical detection found that, at 100 kHz, bind-
ing enhancement by ACEK effects was the most pro-
nounced [31]. Here, it was found that around the frequency
of 100 kHz, the circuit can be simplified as Rs in serial with
Cint. Hence, 100 kHz is chosen as the working frequency.
At this frequency, the impedance of interfacial capacitance
is calculated to be 39.79 Ω. As a result, 2.576% of the total
applied AC signal (~0.26 mV) is applied over the interface
and 97.101% (~9.70 mV) on the bulk solution. Therefore,
there is very little electrical stress on immobilized probe
molecules, and the majority of the applied electric field is
used to induce DEP for bioparticle enrichment.
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Proof of concept

Experiments are conducted to test the capability of the capac-
itive immunosensor. The measuring signal is 10 mV, 100 kHz
AC signal. 0.1×PBS-T and 1.52 ng⋅mL−1 influenza A virus is
tested on functionalized electrodes as control and positive
tests, and 152.5 ng⋅mL−1 influenza Avirus sample on dummy
electrodes as negative test. Prior work has shown that biolog-
ical samples based on 0.1×PBS is compatible with protein-
protein interactions to detect high affinity interaction of
antibody-antigen pair [11]. Here, a slightly different buffer
system, 0.1×PBS-T, is used here to improve specificity.
Added non-ionic detergents do not affect the affinity of inter-
actions between antibody and viral protein. It is expected to
enhance the specificity of our assay. Firstly, detergents are
known to reduce non-specific binding of protein to surfaces.
Secondly, virus in clinical swab samples may become clus-
tered with other particles presented in the bodily fluid, which
may block the interaction between virus and antibody.
Detergents can help to dissociate the virus from those inter-
fering particles and enhance the sensitivity of the assay.

Figure 2 shows the representative changes of normalized
interfacial capacitance |Cint| with time for positive, negative
and control samples. Normalized interfacial capacitance |Cint|
is found with respect to the Cint of each sample at initial time
point. Therefore, problems with baseline drift or the need for a
reference sensor can be avoided, greatly simplifying the detec-
tion procedure and instrumentation. Furthermore, it also relaxes
the requirements on instrument precision, and minimizes the
effect of difference between sensors. To quantify the changes
in Cint, the percentage change of normalized |Cint|, d|Cint| /dt in
%⋅min−1, is adopted as the detection metric and used for the
remainder of this work. The capacitance vales of the control and
negative tests stay rather constant, yielding near zero

capacitance change rates, 0.11 and 0.50%⋅ min−1, respectively.
The positive test leads to a change rate of −6.52%⋅min−1, which
can be clearly differentiated from the negative and control tests.
As shown in Eq. 1 previously, the decrease on interfacial ca-
pacitance is due to the increase of thickness of interfacial layer
caused by binding reaction on the surface.

Testing condition optimization

An important component of ACEK capacitive sensing is the
induction of ACEK effects during capacitive sensing, which
attract target bioparticles towards sensor. ACEK includes
DEP, ACEO and ACET effect. This work mainly utilizes pos-
itive DEP for enrichment of bioparticles around electrodes.
DEP is caused by interactions between a particle’s dipole mo-
ment and a non-uniform field [18]. This technique has been
studied in great details for controlled manipulation of particles,
binary separation, and characterization of particles. The DEP
velocity on a spherical particle can be described as follows [18]

uDEP ¼ εma2

6η
Re

ε*p−ε*m
ε*p þ 2ε*m

" #
∇ Ej j2

¼ εma2

6η
Re K ωð Þ½ �∇ Ej j2 ð2Þ

where εm is the medium permittivity, a is the radius of the
particle, εp

* and εm
* are particle and medium complex permittiv-

ity respectively. Complex permittivity is defined as ε* ¼ ε− j σ
ωε

(where σ is conductivity and ω is angular frequency). K(ω), a
function of ω, is known as Clausius–Mossotti factor. Therefore,
the DEP velocity uDEP is frequency dependent. The real part of
the Clausius–Mossotti factor is a determining factor for DEP
velocity on a particle. For Re[K(ω)] > 0, positive DEP (pDEP)
happens, particles are attracted to electrodes, while for
Re[K(ω)] < 0, negative DEP (nDEP) happens, particles are re-
pelled from electrodes. In this work, pDEP will be induced to
accelerate the binding reaction between virus and antibody.
Usually pDEP happens when the particle conductivity is higher
than the fluid conductivity. In Ref. [17], pDEP of E.coli bacteria
was observed in a solution with ~1 S/m conductivity (much
higher than in this work) at 300 kHz. There is also prior report
inducing pDEP for virus particles under similar fluid conduc-
tivity and AC signals [32]. Using optical detection, our prior
work also observed DEP enrichment of antibodies and DNA
molecules at 100 kHz [31, 33]. So it is expected that influenza
A virus particles will experience positive DEP at 100 kHz.

Accompanying DEP, the other two ACEK effects, AC
electroosmosis (ACEO) and AC electrothermal (ACET) ef-
fects, will also be induced by an AC signal to various degree.
ACEO and ACET effects generate microflows that can carry
small biomolecules, and effective enrichment of biomolecules
for detection has been realized by ACEO [34] and ACET

Fig. 2 Capacitance change of tests with negative (152.5 ng⋅mL−1

influenza A virus sample on dummy electrodes), control (0.1×PBS-T on
functionalized electrodes) and positive tests (1.52 ng⋅mL−1 influenza A
virus on functionalized electrodes)
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effect [25]. As DEP effect depends on the size of biomole-
cules, while ACEO or ACET effect is size independent, the
relative importance of ACEK effects varies with the size of
target molecules. In [25], both ACETand DEP were shown to
be important for enriching DNA molecules of 150 base-pairs
(~48 k Dalton). Under the same conditions used in this work,
prior experimental work observed that DEP is dominant for
biomolecules comparable to antibodies (~150 k Dalton) or
larger [24]. For this work, the target analyte is influenza A
virus particle, which is much larger than antibodies, so DEP
should be the major enrichment mechanism. Order of magni-
tude estimation of ACEK velocities using equations in our
previous work [34] and a diameter of 100 nm for virus particle
found the DEP and ACET velocities for influenza A virus
particles to be 3.87×10-9 and 7.61×10−13 m⋅s−1 respectively,
in qualitative agreement with the experimental results.

To elucidate the effects of ACEK mechanisms on detection,
the first set of experiments is to find out the effect of AC fre-
quency on the sensor response. Based on Eq. 2, DEP effects are
frequency-dependent. AC signals of various frequencies at
10 mVare used to measure the capacitance changes from influ-
enza Avirus samples at a concentration of 1.525 ng⋅mL−1. The
measured capacitance change rates are given in Fig. 3a. The

response shows a bell-shape dependence on AC frequency,
with its optimal frequency between 50 and 100 kHz, which
indicates that the DEP is the dominant enrichment mechanism.
Consequently, AC signal at 100 kHz is used in all the subse-
quent experiments.

Next, AC voltages varying from 5 mV to 100 Vare used to
measure 1.52 ng⋅mL−1 influenza A virus sample on function-
alized electrodes. The background blank buffer, which is
0.1×PBS-T, is also tested on the functionalized electrodes
from 5 to 100 mV as control. Negative control experiments
with 152.5 ng⋅mL−1 influenza A virus sample are measured
under the same voltage conditions on dummy electrodes (elec-
trodes without antibody). Experiments with each voltage are
repeated three times.

As shown in Fig. 3b, responses of the 0.1×PBS-T control
samples on functionalized electrodes and 152.5 ng⋅mL−1 in-
fluenza A virus sample on dummy electrodes remain quite
small through the voltage range of 5–100 mV, with a limited
response ranged from −0.14 to −0.24 and 1.02 to
−0.01%⋅min−1. For tests on functionalized electrodes, due to
DEP effect, the capacitive response decreases as the voltage
increases from 5 to 100mV, indicating that more binding takes
place with higher AC voltage.When the voltage level is above
10 mV, the increase of sensor’s response becomes limited due
to saturation of binding sites on the sensor. Therefore, 10 mV
is chosen as the measuring voltage. At this voltage, DEP effect
will be weak for particles smaller than virus such as protein to
cause appreciable capacitance change [12], therefore im-
proved the sensor specificity in complex matrix.

Dose response and limit of detection (LOD)

Dose response of influenza A virus samples in various con-
centrations (15.25, 152.5 pg⋅mL−1, 1.525, 15.25 and
152.5 ng⋅mL−1) is shown in Fig. 4. All tests are repeated four
times and the averaged responses of dC/dt are −2.72

Fig. 3 Responses of 0.1×PBS-T, 1.52 ng⋅mL−1 influenza A virus on
functionalized electrodes, and 152.5 ng⋅mL−1 influenza A virus sample
on dummy electrodes (a) when using 10 mVAC signal with its frequency
varied from 20 to 200 kHz and (b) when using 100 kHzAC signal with its
voltage varied from 5 to 100 mV

Fig. 4 Dose response of influenza A samples as a function of
concentration with an LOD of 0.2513 pg⋅mL−1
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± 0.34%⋅min−1 for 15.25 pg⋅mL−1 virus sample, −3.67
± 0.37%⋅min−1 for 152.5 pg⋅mL−1, −5.06 ± 0.29%⋅min−1 for
1.525 ng⋅mL−1, −6.46 ± 0.64%⋅min−1 for 15.25 ng⋅mL−1and
−7.59 ± 0.46%⋅min−1 for 15.25 ng⋅mL−1. Reponses of control
tests and dummy electrodes are 0.18 ± 0.19 and 0.73
± 0.23%⋅min−1 respectively, which can be easily differentiated
from the responses of functionalized electrodes. Linear fitting
line of the dose response is expressed by Eq. (3) with a corre-
lation coefficient (R2) of 0.994.

dC
dt

%⋅min−1
� � ¼ −1:236⋅lg x ng⋅mL−1� �� �

−4:855 ð3Þ

where x is sample concentration in ng⋅mL−1.
LOD is defined as three times the standard deviations

(0.5816%⋅min−1) from the background response, which is
0.1×PBS-T (0.1769%⋅min−1). The LOD, also the threshold
value for differentiating the positive samples from the nega-
tive, is calculated to be −0.4048%⋅min−1 which corresponds to
0.2513 pg⋅mL−1 influenza A virus.

Experiments with clinical swab samples

It is common practice to dilute clinical samples in standard
buffer. Due to the complexity of clinical samples, highly di-
luted samples can reduce non-specific binding, which im-
prove the selectivity of the sensor. With more dilution of clin-
ical samples, chances of false positive results can be reduced.
However, sensor’s sensitivity will also suffer since the con-
centration of target particles is reduced at the same time. The
optimization dilution factor helps to decide which dilution can
be used for the bind tests of unknown swab samples in the
next step. In addition, unlike the spiked samples in previous
sections, clinical swab samples are in M4RT instead of
0.1×PBS-T. M4RT is a liquid medium commonly used in
the transport of clinical specimens to the laboratory for qual-
itative microbiological procedures for viral and chlamydial
agents. M4RTwith no dilution can cause a decrease in capac-
itance (−0.48 ± 0.035%⋅min−1), but for M4RT with 1:1,000
dilution or more in 0.1×PBS-T its effect can be neglected
(0.46 ± 0.45%⋅min−1 at 1:1000 dilution). So dilution factors
higher than 1:1000 are studied. To find out the optimal dilu-
tion factor to test, two clinical nasal swab samples (one posi-
tive and one negative) at various dilution factors from
1:100,000 to 1:1,000. Each sample is tested in triplicates,
and each chip is tested with three dilutions in the sequence
of 1:100,000, 1:10,000 and 1:1,000. Based on the sensor’s
readout (please refer to Fig. S2 in the supporting information),
response reaches the highest at 1:10,000 dilution of positive
sample. The 1:1000 dilution did not yield a larger response
due to the saturation of the limited available binding sites on
the electrode’s surface. Nevertheless, 1:100,000 dilution is
adopted instead of 1:10,000 since the response of sample at

1:100,000 dilution (−4.09 ± 2.06%⋅min−1) is located around
the median of the dose response line shown in Fig. 4. So
1:100,000 dilution is chosen in order to acquire a larger dy-
namic range in sensor response, desirable for clinical swab
samples measurement in blind tests.

Blind tests for a panel of 20 nasal swab samples (10 posi-
tive, 10 negative) are conducted. All samples are 1:100,000
diluted with 0.1×PBS-T. The threshold value is set at
−0.40%⋅min−1, which is also the LOD from previous tests
with spiked samples, meaning that samples with a response
more negative than −0.40%⋅min−1 will be considered as pos-
itive samples and others negative. As shown in Fig. 5a, nine
out of ten positive and seven out of ten negative samples are
correctly identified by ACEK capacitive sensors. A negative
sample with influenza B virus is also correctly identified. All
these samples are verified by RT-qPCR, yielding a sensitivity
of 90% and specificity of 70% for the panel. Figure 5b shows
a positive correlation between the capacitance change rate and
PCR cycles number. Weak positive samples are chosen for
this set of experiments. Among all the detected positive

Fig. 5 Comparison of results from ACEK capacitive sensors and those
from commercial tests for a blind panel test of influenza virus A from
nasal swabs. (a) Responses of all tested samples differentiated by the
−0.40%⋅min−1 cut-off line (blue) and (b) correlation between PCR
cycles and responses of samples determined as positive by ACEK
capacitive sensor in blind tests. The strongest positive sample is the
limit of a commercial rapid influenza test

Microchim Acta (2017) 184:1649–1657 1655



samples, only the sample with the highest response can be
detected by a commercial RIDT, which corresponds to 22
PCR cycles. ACEK capacitive sensor can detect virus level
corresponding to 35 PCR cycles. There is a false negative
corresponding to 29 PCR cycles. This is possibly due to error
during dilution or the binding site on the virus not being
exposed.

Conclusions

This work presents a capacitive immunosensor based on
ACEK for detection of specific virus particles from clinical
samples. As a direct sensing method, this technology does not
require any label, washing step, preconcentration or amplifi-
cation for measurement. It is rapid, simple to operate, and
work with clinical samples. Due to its high sensitivity, at a
1:100,000 dilution factor, the sensor still achieves a clinical
sensitivity comparable to that of a RT-PCR with a 30 s re-
sponse time. Dilution of clinical sample is needed to ensure
the detection specificity. The sensor’s specificity, which is
70%, can be further improved by optimizing the dilution so-
lution. In addition, by changing the probe immobilized on the
electrodes’ surface, this sensor can be expanded to detect other
protein biomarkers and pathogens. This sensor is highly
promising for on-site disease detection and diagnosis.
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