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ABSTRACT: Developing rapid, sensitive, and facile nucleic acid detection
technologies is of paramount importance for preventing and controlling infectious
diseases. Benefiting from the advantages such as rapid response, low cost, and Nelcleic scid dstaction
simple operation, electrochemical impedance spectroscopy holds great promise for

point-of-care nucleic acid detection. However, the sensitivity of electrochemical T
impedance spectroscopy for low molecular weight nucleic acids testing is still Infected patients
limited. This work presents a DNA nanolock-based porous electrode to improve

LOD: ©.03 fM

the sensitivity of electrochemical impedance spectroscopy. Once the target nucleic e wo| PR e
acids are recognized by the DNA probes, the pore-attached DNA nanolock caused g sty Fao

remarkable impedance amplification by blocking the nanopores. Taking SARS- o= e f‘f::

CoV-2 nucleic acid as a model analyte, the detection limit of the porous electrode ol -
was as low as 0.03 fM for both SARS-CoV-2 RNA and DNA. The integration of a ss-DNA ' DA nanolock v e

porous electrode with a wireless communicating unit generates a portable detection

device that could be applied to direct SARS-CoV-2 nucleic acid testing in saliva samples. The portable device could effectively
distinguish the COVID-19 positive and negative samples, showing a sensitivity of 100% and a specificity of 93%. Owing to its rapid,
ultrasensitive, specific, and portable features, the as-designed DNA nanolock and porous electrode-based portable device holds great
promise as a point-of-care platform for real-time screening of COVID-19 and other epidemics.

B INTRODUCTION degree of crowding before and after nucleic acid hybridization,
resulting in an unobvious change in impedance, limiting the
utility of electrochemical impedance spectroscopy for infec-
tious disease nucleic acid testing.'”*° A growing body of
evidence suggests that the rigidity of nucleic acids can be
enhanced greatly by forming a double-stranded complex, and
their molecular volume would change more by confined
structures of electrode interface.”'~>* Inspired by this, the
nanopore structure with a high surface area was introduced
into the electrodes.”* Nucleic acids can block the pore by

Emerging infectious diseases have remained an important
global problem in public health.' ™ Establishing a method for
rapid diagnosis of infectious disease and isolation of infected
individuals can prevent further viral spread and are essential for
controlling disease transmission.””’ At present, the reverse
transcription quantitative polymerase chain reaction (RT-
gqPCR) has been regarded as a gold standard for infectious
disease diagnoses. However, its lengthy processing time and

requirement of specialized laboratories make it ill-suited for formi - :d dowble-stranded struct d this struct
point-of-care tests.® ' A method that is suitable for point-of- orming a rgid double-stranded structure, an 1§ structure

care testing and able to detect infectious disease nucleic acid sharply re'du'ces the real S‘?rface area of nanopore elec'trodes,
sensitively and rapidly is thus urgently required.'"'> thus amplifying changes of impedance value and addressing the
Electrochemical biosensing technologies have attracted sensitivity limitations of impi‘ii@? methods toward detecting
extensive research interest because of their low cost, rapid small nucleic agd molecules.
response, and portability.”’*~'> These merits make the Here, by takln.g SA_RS—COV—Z as a model analyte, we report
electrochemical biosensor a good candidate for point-of-care an electrochemlcail 1mp edanFe Sensot base.d on @ DI,\IA
) . ) . . 716 . . nanolock to achieve nucleic acid detection with high
infectious disease diagnosis. = Electrochemical impedance
spectroscopy can measure target concentrations via changes
in the degree of crowding on electrode interface, avoiding Received: July 19, 2023
tedious steps for addition and preservation of labeled probes, Revised:  October 11, 2023
making detection operations and device integration much Accepted:  October 12, 2023
more accessible for further bedside diagnosis of infectious Published: November 1, 2023
diseases.'”'® However, in planar electrodes, due to the low
molecular weight of nucleic acids, there is little change in the
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sensitivity. The results demonstrate that in the porous
electrode with suitable pore sizes, the target nucleic acid can
block the pore by binding to their complementary sequences.
This DNA nanolock greatly amplifies the impedance responses
and improves the detection sensitivity, achieving a limit of
detection (LOD) of 0.03 fM for both SARS-CoV-2 RNA and
DNA. It is also indicated that the spatial confinement effect in
a porous electrode can effectively limit the reorganization of
nucleic acids on the electrode surface and further improve the
stability and reproducibility of the impedance signal. Finally,
we validated our impedance sensor on 45 saliva samples,
identifying 1S positive SARS-CoV-2 samples and 30 negative
SARS-CoV-2 samples with a sample-to-answer time of 30 min.
Sensitivity and specificity values of 100% and 93%,
respectively, were calculated for saliva samples. Overall, the
as-developed electrochemical impedance-based sensor with an
attached DNA nanolock provides an effective means for
efficient and real-time SARS-CoV-2 detection. Future work can
be directed toward designing a miniaturized and integrated
sensor capable of providing point-of-care detection on various
nucleic acids of interest.

B MATERIALS AND METHODS

Reagents and Materials. Si wafers (P++, 0.1 mQ cm)
were acquired from Siltronix co., Ltd. (France). Tetrachlor-
oauric acid tetrahydrate (HAuCl,-4H,0), hydrofluoric acid
(HF, CAUTION: strong corrosive liquid), potassium
ferricyanide (K;[Fe(CN)q]), potassium ferrocyanide (K,[Fe-
(CN),]), potassium chloride (KCI), mercaptoethanol (MCH),
and ethylene diamine tetraacetic acid (EDTA) were obtained
from Aladdin Reagent Company (Shanghai, China). Con-
centrated sulfuric acid (H,SO,), potassium nitrate (KNOj;),
ethanol, and hydrogen peroxide (H,0,) were bought from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All
oligonucleotide sequences used in this study were synthesized
by Hippobio (Huzhou, China). All other reagents were of
analytical grade and used as received without further
purification. Deionized (DI) water (resistivity ~ 18.2 MQ-
cm) was used throughout the experiments.

Preparation of Porous Silicon Electrode (pSi). Briefly,
pSi was prepared by the electrochemical etching of Si wafers in
a two-electrode configuration using a platinum mesh counter
electrode.”” The Si wafers were contacted on the back side
with a strip of aluminum foil and placed in a Teflon support.
An O-ring with an exposed area of 0.785 cm” is placed on the
front side of the Si wafer, and the etching area was defined by
the O-ring. Then a Teflon cell cap containing a groove fitted
with the size of the O-ring was tightly fixed to the Teflon
support via four screws. The counter electrode was a platinum
wire ring placed above the Si wafer. Prior to electrochemical
etching, the Si wafers were sonicated in acetone and rinsed
with ultrapure water. Electrochemical etching was performed at
a constant current in electrolyte mixture solution of HF (49%)
and ethanol (3:1, v/v).”* After etching, the wafers were
thoroughly rinsed with 95% ethanol and carefully dried in a N,
flow for further characterization and applications.

Preparation of Gold Film-Modified Porous Electrode
(pSi-Au) with Different Pore Sizes. A layer of gold film was
electrochemically deposited on the pSi with different sizes in
the same electrolysis vessel. The pSi and platinum meshes
acted as the cathode and anode, respectively. The electrolysis
vessel was filled with a solution of 0.001% HAuCl,, and
electrodeposition was conducted at a constant current of 5 mA

for 10 min. The resulting pSi-Au was rinsed with distilled water
and ethanol for further use. For the assays of pore diameter
regulation, the etching current was performed for 60 s at 0.04S,
0.06, and 0.12 A, respectively, corresponding to 5 nm pSi-Au,
10 nm pSi-Au, and 40 nm pSi-Au, respectively. For the optimal
experiments of pore depth, the etching current was performed
constantly at 0.06 A, and the etching time was 300, 150, 60, 30,
15, and 6 s, respectively; the pore depths of pSi-Au were 10
um, 5 ym, 2 ym, 1 pum, 0.5 pum, and 0.2 um. The entire
structure of pSi-Au was probed by the optical reflectivity. The
gold film-modified flat electrode (fSi-Au) was obtained by
directly depositing Au film on a Si wafer with the same
electrode surface area.

Reflectance Spectra of pSi-Au Interface. A halogen
tungsten lamp was used to illuminate the surface of pSi-Au
through one arm of a bifurcated fiber optic cable at normal
incidence with a focused spot area of 2 mm” The reflected
light covering the wavelength range of 400—1000 nm was
transmitted through another arm of the bifurcated fiber and
was collected by the Spectra-Suite software (Ocean Optics).
The effective optical thickness (EOT) was obtained from the
as-followed Fabry-Pérot relationship®’

2nL = mA (1)

where m is the spectral order and / is the wavelength of light; n
is the average refractive index of the porous layer, and L is the
thickness of the porous layer. The value of the EOT was
determined by the Fourier transformation of the reflectivity
spectrum. Fourier transformation was calculated with the
IGOR program (Wavemetrics, Inc.) and the calculated results
produced an obvious peak whose position was equal to the
product value of 2 nL in eq 1. The method described herein for
detecting optical thickness is actually Fourier-transform
reflectometric interference spectroscopy (FT-RIFS).
Fabrication of Porous Electrode Sensor. The porous
electrode sensor was fabricated as follows. First, the single-
stranded DNA oligonucleotides (ss-DNA) were dissolved in
S0 mM Tris (hydroxymethyl) aminomethane-hydrochloric
acid-ethylene diamine tetraacetic acid (Tris-HCI-EDTA)
buffer (pH 7.4) to prepare the 1 uM thiolated sensing
probe. The thiolated sensing probe was immobilized on the
porous electrode surface through a Au-thiol bond after staying
at 4 °C for 3 h, and then the free sss-DNA was removed by
vigorously washing the electrode in distilled water. After drying
for several minutes in air, the resulting electrode was
designated as an ss-DNA-modified porous electrode for
characterizations and applications. To achieve the electro-
chemical detection of target SARS-CoV-2 RNA, the 150 yL of
target RNA with different concentrations (from 107'' M to
107'* M amounts) was immobilized on each ss-DNA-modified
porous electrode by incubating at 4 °C for 30 min.
Subsequently, the unreacted target RNA was washed away
with distilled water. The impedance spectrum was investigated
by EIS to estimate the sensing property for target SARS-CoV-2
RNA detection. To investigate whether the ss-DNA could
hybridize to the target on a porous electrode, the optical
thickness detection of porous electrode sensors was conducted
by following the above-mentioned protocols. To investigate
the selectivity of the porous electrode sensors, other interfering
samples were tested under a similar procedure after replacing
the target RNA with structurally similar nucleic acids.
Blinded Testing of Pseudovirus Samples. Saliva
samples were kindly provided by healthy volunteers. Before
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Figure 1. The fabrication and characterization of porous electrode for the detection of SARS-CoV-2 nucleic acid. (A) Schematic illustrating the
fabrication process of the porous DNA nanolock electrode. (B—D) Scanning electron microscopy (SEM) images of porous electrode with pore
sizes of S nm (B), 10 nm (C), and 40 nm (D), respectively. Inset: pore size distribution of porous electrode derived from panels B—D. (E)
Impedance-based detection of SARS-CoV-2 RNA using porous electrode with different pore sizes; target RNA concentration: 10 pM. (F)
Schematic of the change of electrode active area for the SARS-CoV-2 RNA identification using planar electrode (left) and porous electrode (right),
respectively. The blue area represents the range of effective electrode area. (G) Changes in the electro-active surface area of the planar (gray) and
porous electrodes (blue) before and after SARS-CoV-2 RNA was recognized. (H) The impedance changes of planar (gray) and porous electrodes
(blue) after the SARS-CoV-2 RNA was identified. Error bars in panels E, G, and H are standard error measurements with n = 3.

collection, the subject was asked to gargle with 20 mL of saline
for 1 min, and then the sterilized Eppendorf tube was placed
on the oral mucosa of the subject’s lower lip to allow saliva to
flow in naturally, and 3 mL of nonirritating saliva sample was
obtained. The obtained saliva samples were first centrifuged for
10 min (10000 rpm) at 4 °C and then diluted 10-fold with 0.1
M PBS (pH 6.0). Pseudovirus samples were prepared using
SARS-CoV RNA spiked into saliva samples. The saliva samples
delivered to the study team were split into three groups:
interference group, control group, and positive group. The
study team was blinded to the order and number of these
samples. To establish the threshold shown, three samples of
the patients with COVID-19 negative were used. The receiver
operating characteristic (ROC) analysis was only made after
revealing the study results to the polymerase chain reaction
(PCR) team, who performed RT-qPCR determinations
independently.

B RESULTS AND DISCUSSION

Preparation and Characterization of DNA Nanolock-
Based Porous Electrode. As shown in Figure 1A, the porous
silicon electrode (pSi) was prepared by electrochemical
etching of silicon, and a layer of gold film was further
anodically deposited on the obtained pSi wafer (Au-pSi)
(Figure S1). Thiol-modified single-stranded DNA oligonucleo-
tide (ss-DNA) was attached to the gold-plated porous
electrodes, and the ss-DNA assembles into double-stranded
structure on addition of a complementary SARS-CoV-2 RNA
gene target. Electrochemical impedance spectroscopy (EIS)
was carried out to characterize the modification and hybrid-
ization of ss-DNA on a porous electrode (Figure S2).

16670

Compared with the gold-plated porous electrode, the
impedance of the ss-DNA-modified porous electrode was
increased, indicating that the ss-DNA was successfully bound
to the nanopores through Au-thiol bonding. After adding the
target RNA sequence of SARS-CoV-2, the impedance of the ss-
DNA-modified porous electrode was further increased,
supporting that the complementary double-stranded structure
was formed. These results indicate that we have successfully
constructed a porous electrode that can bind to the SARS-
CoV-2 RNA gene target.

The SARS-CoV-2 N gene encodes the most stable and
conserved nucleocapsid (N) protein in the virus, and detection
of it will allow for a more accurate diagnosis of SARS-CoV-2
infection.>”>* Therefore, we chose the 20 bp SARS-CoV-2 N
gene fragment as the target for the ss-DNA-functionalized
porous electrodes (Table S1). Since the length of a single base
is 0.34 nm, the theoretical length of the double-stranded
nucleic acid structure formed by the ss-DNA and the target N
gene is about 10 nm.** ™% To investigate whether a remarkable
impedance change requires the size matching between pore
size and theoretical length of the double-stranded nucleic acid
structure, we constructed nucleic acid double-stranded
structures on porous electrodes with pore sizes of 5, 10, and
40 nm. Then, we characterized the impedance changes of
porous electrodes before and after formation of nucleic acid
double-stranded structure using EIS (Figure 1B—D). It is
reported that the increased degree of the impedance is related
to the pore size.”’ This was probably due to the pore size
matching the theoretical length of nucleic acid double-stranded
structures. In comparison with the porous electrodes with pore
sizes centered at 5 and 40 nm, the porous electrode that has an
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average pore size of 10 nm showed the greatest increase in
impedance responses (Figure 1E). This result is consistent
with the theoretical predictions of pore size. In addition, to
determine the best conditions for the detection of the N gene,
several conditions of pore depth, ss-DNA concentration, and
incubation time with target were evaluated. The impedance
changes of the porous electrode gradually increased and
stabilized with increasing pore depth, ss-DNA concentration,
and extended incubation time. Under the optimized conditions
of pore depth (2 pm), ss-DNA concentration (100 nM), and
incubation time (30 min), the impedance change of the porous
electrode eventually plateaued (Figure S3). Therefore, we
chose a pore size of 10 nm, a pore depth of 2 ym, an ss-DNA
concentration of 100 nM, and an incubation time of 30 min for
the detection of the SARS-CoV-2 N gene.

It is well-known that the change in the electrochemical
active area is a key factor affecting electrode impedance.
Reducing the electrochemical active area often results in an
increase of the impedance of the electrode.””*® To
demonstrate whether the remarkable impedance change of
porous electrodes was derived from the remarkable reduction
in the electrochemical active area by binding to the target, the
changes in the electrochemical active area and impedance of
porous and planar electrodes were measured before and after
identification of SARS-CoV-2 RNA (Figure 1F). We first
characterized the electrochemical active area of planar and
porous electrodes before and after target recognition using
cyclic voltammetry (Figures S4 and SS). The electrochemically
active surface area of the porous electrode decreased 54-fold
after adding SARS-CoV-2 RNA, while the area of the planar
electrode decreased only 3.3-fold, indicating that the reduction
in the electrochemical active area of the porous electrode is
much greater than that of the planar electrode after target
binding (Figure 1G). To investigate whether a greater change
in electrochemical active area leads to a more remarkable
change in impedance, the impedance spectra of planar and
porous electrodes modified with probe ss-DNA before and
after target recognition were investigated. The impedance
signal of the porous electrode was considerably amplified
compared with that of the planar electrode (Figure 1H). This
result indicates that the porous electrode could induce a more
evident change in impedance than the planar electrode did.
The above results demonstrate that the substantial impedance
change of porous electrodes is due to a greater reduction in
electrochemical active area upon binding to the target.

To investigate whether the ss-DNA could hybridize to the
target on a porous electrode, we first characterized the spectral
changes upon RNA binding using Fourier-transform reflecto-
metric interference spectroscopy (FT-RIFS) (Figure 2A). After
being irradiated by incident light, the reflected light at the
surface of the porous electrode and the background silicon
interface interferes to produce an interference spectrum. Then
FT-RIFS can be obtained by appropriate analysis of the
Fourier transform of the spectrum. The change in effective
optical thickness of the porous layer (2 nL) can be observed
intuitively in the FT-RIFS, where n is the refractive index of
the porous layer and L is the thickness of the porous layer.*”*’
Increasing the thickness of nucleic acid layer in the pore
channels results in a decrease in the refractive index of the
porous layer, leading to a blue shift in the 2 nL value.*' Thus,
the 2 nL value can be used to determine the thickness of the
nucleic acid layer on the electrode surface. As shown in Figure
2B, a blue-shift in 2 nL occurred when the ss-DNA was
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Figure 2. Increased sensitivity and stability of porous electrode by
DNA nanolock. (A) Schematic of the changes in impedance of the
DNA nanolock porous electrode through the open—closed switching.
(B) FT-RIFS of porous silicon (orange), gold-plated porous silicon
(gray), gold-plated porous silicon modified with ssDNA (blue), and
the counterpart subsequently incubated with target to form double-
stranded oligonucleotides in the pore channels (green). The inset
shows the basic principles of FT-RIFS. (C) Real-time FT-RIFS of
small molecule indicators entering the pore before the porous
electrode was closed (without target) and after the porous electrode
was closed (with target). The small molecule indicators were added at
1000 s. (D) The impedance spectra of the DNA nanolock porous
electrode between open and closed states. The inset shows the
simulated circuit diagram. (E) Confocal fluorescence images of the
FAM-modified recognition probes on flat and porous electrodes in
three successive stages: (i) fluorescence imaging before photo-
bleaching; (ii) fluorescence imaging after photobleaching; and (iii)
fluorescence imaging of FAM-modified recognition probes following
rearrangement for 2 h. (F) Impedance spectra before and after target
recognition on porous electrode (left) and planar electrode (right) at
0 and 2 h; recognition probe concentration: 100 nM.

introduced, confirming that the ss-DNA was successfully
modified on a gold-coated porous electrode. When the ss-
DNA-modified porous electrode was exposed to solution of
SARS-CoV-2 RNA, the 2 nL value of the porous layer revealed
a further blue-shift, indicating the increase in the thickness of
the nucleic acid layer. According to previous reports,20 this is
due to the ss-DNA complementarily binding to the target RNA
to form a more stretched and rigid double-stranded structure,
eventually leading to an increase in the thickness of the nucleic
acid layer and a decrease in the refractive index.

The adsorption of small molecule indicators on nanopores
will affect the optical thickness of the nanopore, thus allowing
the changes in permeability of the nanopore to be reflected by
the small molecule indicator-induced 2 nL value change."”"
To investigate whether the double-stranded nucleic acids block
the nanopore, we incubated the small molecule indicators
insulin with ss-DNA-modified porous electrodes and used the
real-time FT-RIFS to characterize the changes in the 2 nL
value before and after ss-DNA binding to target SARS-CoV-2
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RNA. It was observed that adding the small molecule
indicators into ss-DNA-modified porous electrodes signifi-
cantly increased the shift in the 2 nL value (Figure 2C),
indicating that small molecule indicators can penetrate into the
ss-DNA-anchored channel and be adsorbed to the pore wall in
the absence of target RNA. Conversely, when the small
molecule indicators of the same concentration were added
after ssDNA hybridized with complementary SARS-CoV-2
RNA, the 2 nL value hardly changed over time (Figure 2C),
demonstrating that the small molecule indicators did not enter
the nanopore. To determine whether the double-stranded
structure closing the nanopore is pivotal in impedance changes,
the impedance spectrum characterizations of both single-
stranded and double-stranded nucleic acid-modified porous
electrodes were performed. The experimental results suggest
that the half-circle diameter in impedance of the double-
stranded nucleic acid-modified porous electrodes was signifi-
cantly higher than that of the electrodes modified with single
strand, indicating that the formation of double-stranded
nucleic acids significantly increased the electrode impedance.
This finding is consistent with the results of real-time FT-RIFS
(Figure 2D). In summary, the rigid double-stranded nucleic
acids cause substantial impedance amplification by closing the
nanopores, and this structural change leading to impedance
variation is commonly referred to as DNA nanolock.””
Improvement of Sensitivity and Selectivity by DNA
Nanolock. The thiol-modified recognition probes on the
electrode surface can undergo desorption and rearran§err_1ent,
thereby affecting the stability of the DNA nanolock.”™* To
investigate the stability of the DNA nanolock on the porous
electrode, we first studied the desorption-rearrangement
process of the recognition probes on the gold-coated porous
electrode surface. The recognition probes were labeled with 6-
carboxy-fluorescine (FAM) fluorescent dye and modified on
porous and flat electrodes, respectively. The fluorescence
intensity of the recognition probes on the two electrodes was
monitored in real-time by confocal microscopy (Figure 2E).
Before photobleaching, a bright green fluorescence was
observed on both electrodes. After continuous irradiation for
10 min, the fluorescence was quenched on the two electrodes.
With incubation for 2 h, the fluorescence of the porous
electrodes did not recover, while the flat electrodes showed
obvious fluorescence recovery. This result suggests that the
unbleached DNA probes on the flat electrodes can readily
dissociate and reassociate with the bleached regions, while the
DNA probes on the porous electrodes remain stable. We also
tested the impedance spectra of the recognition-probe-
modified porous and flat electrodes to characterize the
desorption-rearrangement process. The porous electrodes did
not undergo impedance drift after standing for 2 h, and a
remarkable impedance response was observed at both 0 and 2
h after recognizing the SARS-CoV-2 RNA (Figure 2F, left
panel). By contrast, after 2 h of incubation, the planar
electrodes had high levels of background impedance, resulting
in an irrational impedance decrease after addition of SARS-
CoV-2 RNA at 2 h (Figure 2F, right panel). These data
demonstrate that the inhibition of the desorption-rearrange-
ment process was achieved on the porous electrode surface.
The stability of the recognition probes on the porous electrode
surface can be ascribed to the spatial confinement effect in
porous electrodes. When the size of the DNA is similar to that
of the nanopore, the rearrangement of DNA at the interface is
inhibited, leading to the stabilization of the electrochemical

active area and impedance signal. However, when the pore size
is much larger than the size of the DNA, or when the DNA is
on a flat electrode, the spatial confinement effect is remarkably
weakened. To further demonstrate the influence of the spatial
confinement effect on detection reproducibility, we repeated
the detection 6 times using the probe-modified porous
electrodes with pore size of 40 and 10 nm and the probe-
modified flat electrodes and calculated the average error rate.
Our results showed that the relative error for the flat electrodes
and the porous electrodes with pore sizes of 40 nm were 26%
and 16%, respectively, significantly higher than the relative
error of 2% for the porous electrodes with pore sizes of 10 nm
(Figure S6). The flat electrodes had the largest relative error,
indicating that the detection reproducibility can be significantly
improved by the spatial confinement effect. The high mobility
of thiolated DNA chemisorbed on the planar gold electrode
surface has been demonstrated by previous studies.”*” The
steric-hindrance effect of the nanopore electrode was reported
to effectively inhibit the mobility of thiolated DNA molecules
across the metal surface and the dissociation of DNA on the
electrode. The enhanced stability of the DNA probe on the
porous electrode interface herein is consistent with previous
findings. Taken together, our results indicate that the spatial
confinement effect is critical for maintaining the stability of
DNA nanolock and is a requisite for the excellent stability in
impedance tests.

Next, the capability of porous electrode sensors to detect
SARS-CoV-2 nucleic acid has been investigated. To determine
whether the individuals were previously infected with SARS-
CoV-2, the SARS-CoV-2 RNA or the ¢cDNA reverse-tran-
scribed from SARS-CoV-2 viral RNA was detected in
practice.”*® The electrochemical cell for electrochemical
etching and electrochemical impedance spectroscopy (EIS)
measurements was designed, and the capability of the porous
electrode sensors to detect both the SARS-CoV-2 RNA and
SARS-CoV-2 ¢DNA was investigated (Figure 3A). First, the
probes targeting the SARS-CoV-2 RNA or the cDNA are
functionalized on porous electrodes, respectively. Then,
impedance changes are measured upon successive addition of
SARS-CoV-2 RNA or cDNA with concentrations ranging from
the pM to fM regime. The impedance response of the porous
electrode is measured upon successive addition of SARS-CoV-
2 RNA or cDNA with concentrations from fM to pM (Figure
3B,C). The results showed that more added targets binding to
the pore surface lead to the larger impedance change. The
statistical results showed that the AR /R value of the porous
electrode follows a linear relationship with the SARS-CoV-2
RNA or the cDNA concentration on a logarithmic scale,
indicating that the nucleic-acid-induced pore blockade is in a
target concentration-dependent manner. This linearity could
be used for quantitative SARS-CoV-2 nucleic acid testing in
actual samples (Figure 3D). Notably, because the cDNA was
acquired by reverse transcription, the prolonged cDNA strand
and error-prone cDNA synthesis resulted in a lower efficiency
in hybridization between cDNA and the capture probe.” As
shown in Figure S7, the melting-temperature (T,,) of RNA and
probe DNA hybrids (68.9 °C) was higher than that of cDNA
and probe DNA hybrids (66.4 °C), respectively, demonstrating
that the hybrids of RNA and probe DNA were more stable
than those of cDNA and probe DNA hybrids. Hence, the slope
of the standard curve for cDNA detection was lower than that
for RNA detection. The LOD for both SARS-CoV-2 RNA and
cDNA was estimated to be as low as about 0.03 M. The results
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Figure 3. Assessment of the performance of porous electrode on
SARS-CoV-2 nucleic acids testing. (A) Schematic diagram of a porous
electrode device and the work flow of SARS-CoV-2 nucleic acid
testing. The inset shows a photograph and SEM cross-sectional image
of the porous electrode. RE: reference electrode; CE: counter
electrode; WE: working electrode. Impedance spectra response upon
addition of SARS-CoV-2 RNA (B) and cDNA (C) solutions with
different concentration (107'! to 10™'* M) in buffer solution using the
porous electrode sensor. (D) Plots of IAR,/R.l of the porous
electrode sensor versus SARS-CoV-2 RNA or cDNA concentration.
Impedance changes were calculated using the following equations:
AR, /Ry = (Ry — R,)/Ry, where Ry is the final charge transfer
resistance after target sequence addition and R is the initial charge
transfer resistance measured before addition of target sequence. (E)
IAR./R.| response of pSi-Au upon addition of SARS-CoV-2 RNA,
MERS-CoV virus RNA, two-base mismatch RNA (TM), and random
sequence RNA (Random).

suggested that the porous electrode sensor had a low LOD for
SARS-CoV-2 nucleic acids (Table S2) and showed a good
linear correlation with the target concentration, indicating that
the porous electrode sensor can be used for the high-sensitivity
detection of SARS-CoV-2 nucleic acid.

Since the SARS-CoV-2 RNA could be detected after lysis,
the direct detection of RNA using a portable device can
provide a faster diagnosis of SARS-CoV-2 infection.”
Therefore, direct analysis of SARS-CoV-2 RNA was performed
in the following experiments.” Comparing the LOD of porous
electrodes for detecting RNA with corresponding measure-
ments of planar electrodes, the results showed that the LOD of
the porous electrodes for quantitating SARS-CoV-2 nucleic
acid was much lower than that of the planar electrodes
(Figures 3D, S8, and S9). This verifies that the nanolock
structures in the porous electrodes can cause a greater change
in the impedance (Figures 1 and 2). To validate the selective
recognition of SARS-CoV-2 virus by the porous electrode
sensors, MERS-CoV virus RNA and double-base mismatched

RNA that have molecular structures similar to SARS-CoV-2
RNA and random sequence RNA were selected as the targets
for the selectivity experiments. The results showed that SARS-
CoV-2 RNA caused a remarkable increase in the diameter of
the semicircle of the impedance spectrum, while MERS-CoV
virus RNA, double-base mismatched RNA, and random
sequence RNA resulted in almost no change in the diameter
of the semicircle (Figure S10). This indicates that the
impedance change induced by SARS-CoV-2 RNA is much
higher than that caused by other targets, showing high
specificity in the SARS-CoV-2 nucleic acid testing (Figure
3E). Altogether, these experiments show that this porous
electrode sensor has the advantages of ease of use, low
detection limit, and good specificity to achieve the detection of
SARS-CoV-2 nucleic acids.

Developing a Porous Electrode-Based Portable
Device to Detect SARS-CoV-2 RNA in Actual Saliva
Samples. To enable portable detection of SARS-CoV-2 RNA,
an electrochemical portable device integrating the porous
electrode, potentiostat, analog-to-digital converter, and Blue-
tooth module was designed (Figures S11 and S12 and Table
S3). The impedance signals were acquired through the porous
electrode and wirelessly transmitted to an accompanying
smartphone app (Figure 4A). Since saliva samples are easy to
collect and facilitate rapid detection, saliva samples were used
for subsequent testing. To investigate whether the porous
electrode portable device could detect SARS-CoV-2 RNA in
actual saliva samples, different concentrations of SARS-CoV-2
RNA were spiked in actual saliva samples to obtain
pseudovirus samples, and the impedance changes in the saliva
samples were detected directly by the porous electrode
portable device (Figure 4A). As the concentration of SARS-
CoV-2 RNA in the sample is increased, the diameter of the
semicircular region in the impedance spectrum gradually
increases (Figure S13), and the AR /R, value showed a linear
dependence upon the SARS-CoV-2 RNA concentration on a
logarithmic scale (Figure 4B), indicating that SARS-CoV-2
nucleic acid from actual samples could be detected
quantitatively by the portable device. The LOD for
pseudovirus obtained from the linear standard curve was
about 1 fM. The above results demonstrate that the porous
electrode portable device offers accurate and sensitive
detection of SARS-CoV-2 nucleic acids in actual saliva samples.
The ability of the device to distinguish COVID-19-positive
cases among pseudovirus samples was further evaluated. The
threshold value was set as 0.37 to distinguish the COVID-19
positive and negative samples (Figure S14). MERS-CoV RNA,
PBS buffer, and SARS-CoV-2 RNA were added to the
interference group (samples 1—15), control group (samples
16—30), and positive group (samples 31—45), correspond-
ingly. Double-blind testing of pseudovirus samples was
performed, and the porous electrode-based portable device
was used to distinguish COVID-19-positive cases. The
experimental results showed that the signal values of samples
1-10 and 12—30 were lower than the threshold and were
considered negative, while the signal values of samples 11 and
31—45 were higher than the threshold and were considered
positive (Figure 4C). The accuracy in identifying positive and
negative samples was 98%, and the sample exhibited high
consistency with gold-standard RT-qPCR results (Table S4
and Table SS). In addition, the box plot showed that the
median value of the positive group was 23 and 29 times higher
than those of the control and interference groups, respectively
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Figure 4. SARS-CoV-2 nucleic acids detection in saliva samples using
porous electrode-based portable devices. (A) Schematic of SARS-
CoV-2 nucleic acid testing using porous electrode-based portable
devices. (B) Calibration curves obtained from the device in (A) in
diluted saliva, detecting IAR_/R] values for various concentrations of
SARS-CoV-2 RNA in logarithm scale. The error bars represent the
standard deviations (n = 3). The limit of detection (LOD) is 1 fM.
(C, D) IAR, /R, responses (C) and box plot (D) of the detection
results upon the addition of MERS virus nucleic acid, blank buffer,
and SARS-CoV-2 nucleic acid in full artificial saliva. The threshold is
0.37. Threshold line (red) is plotted as mean readout value for
controls plus 3 standard deviations. PS: positive samples. (E) ROC
curves generated from the sample data of the porous electrode-based
portable device (n = 45). The area under the curve (AUC) was 0.99.
By applying a threshold (the red dotted line as indicated in panels C
and D), this device showed sensitivity of 100% and specificity of 93%.

(Figure 4D). The minimum value of the positive group was
much higher than the maximum value of the control and
interference groups, indicating that the porous electrode-based
portable device could accurately distinguish COVID-19-
positive samples from COVID-19-negative samples.

To evaluate the clinical potential of the porous electrode
based portable device for detecting SARS-CoV-2 nucleic acids,
the receiver operating characteristic (ROC) analysis was
conducted to assess the sensitivity and specificity of the
device.”” Based on the testing of 45 pseudovirus samples
mentioned above, the threshold was performed using the SPSS
Statistical software, and we obtained the ROC curve of the
sample data. As shown in Figure 4E, the blue line represents
the ROC curve, and the area under the ROC curve (AUC) is
99%, demonstrating that the porous electrode-based portable
device had good accuracy toward SARS-CoV-2 nucleic acids. A
sensitivity of 100% and a specificity of 93% were achieved
based on the optimal detection threshold, and these values are
significantly higher than that estimated by electrochemical

16674

detection (sensitivity of 92.3% and specificity of 87.5%) and
fluorescence detection (sensitivity of 87.0% and specificity of
92.0%).°*>* These results indicate that the porous electrode-
based portable device could enable accurate COVID-19
diagnosis.

B CONCLUSION

In summary, this work demonstrates a porous electrode
constructed by a DNA nanolock for sensitive and accurate
detection of viral nucleic acid. Furthermore, a portable porous
electrode-based device is developed for the point-of-care
detection of SARS-CoV-2 nucleic acids in saliva samples. After
recognizing SARS-CoV-2 nucleic acids, the surface-attached
DNA nanolock effectively blocks the pore and therefore
reduces the active area of the electrode, resulting in impedance
amplification of the porous electrode and great improvement
of sensitivity to detect SARS-CoV-2 nucleic acid. Meanwhile,
the stability of the DNA nanolock structure can be enhanced
by a spatial confinement effect. For the detection of analytes in
solution, the impedance change of the porous electrode follows
a linear relationship with the SARS-CoV-2 RNA or the cDNA
concentration on a logarithmic scale, and the detection limit
was estimated as low as 0.03 fM for both SARS-CoV-2 RNA
and cDNA. This electrode was also able to reliably distinguish
other structurally similar nucleic acids. Additionally, the porous
electrode was integrated with a circuit control module to
fabricate a portable detection device that can transmit data
wirelessly. The device showed high performance in distinguish-
ing SARS-CoV-2 positive cases among 45 double-blind
samples with an accuracy of 98%. Under the optimal detection
threshold, the porous electrode-based portable device allows
for the detection of SARS-CoV-2 RNA with 100% sensitivity
and 93% specificity. This portable device has substantial
advantages, including quick diagnoses, high sensitivity, good
accuracy, and portability, offering an affordable and accessible
solution for the point-of-care detection of SARS-CoV-2
viruses. By changing the recognition nucleic acid probes, this
device holds promise for the analysis of other infectious viruses
in the future and could be potentially translated into standard
clinical practice for infectious or critical disease diagnostics and
prognosis.
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