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ABSTRACT: Of various molecular diagnostic assays, the real-time
reverse transcription polymerase chain reaction is considered the
gold standard for infection diagnosis, despite critical drawbacks
that limit rapid detection and accessibility. To confront these
issues, several nanoparticle-based molecular detection methods
have been developed to a great extent, but still possess several
challenges. In this study, a novel nucleic acid amplification method
termed nanoparticle-based surface localized amplification
(nSLAM) is paired with electrochemical detection (ECD) to
develop a nucleic acid biosensor platform that overcomes these
limitations. The system uses primer-functionalized Fe3O4−Au
core−shell nanoparticles for nucleic acid amplification, which
promotes the production of amplicons that accumulate on the nanoparticle surfaces, inducing significantly amplified currents during
ECD that identify the presence of target genetic material. The platform, applying to the COVID-19 model, demonstrates an
exceptional sensitivity of ∼1 copy/μL for 35 cycles of amplification, enabling the reduction of amplification cycles to 4 cycles (∼7
min runtime) using 1 fM complementary DNA. The nSLAM acts as an accelerator that actively promotes and participates in the
nucleic acid amplification process through direct polymerization and binding of amplicons on the nanoparticle surfaces. This
ultrasensitive fast-response system is a promising method for detecting emerging pathogens like the coronavirus and can be extended
to detect a wider variety of biomolecules.
KEYWORDS: DNA-functionalized nanoparticles, magnetic responsibility, gene amplification, electrochemical assay, nucleic acid biosensor,
coronavirus, molecular diagnosis

Over the past few years, the development of nucleic acid
biosensors using nanomaterial-based electrochemical

assays has gained much attention due to their rapid response,
low cost, and exceptional sensitivity.1 Efforts have been made
to improve the sensitivity and selectivity of these biosensors by
tuning the morphology (nanoparticles, nanotubes, nano-
channels, etc.) and elemental components constituting the
nanomaterials.2 Nanoparticles (NPs) are a popular choice for
research because of their electrochemical catalysis, surface
conductivity, general accessibility, large surface area, excellent
biocompatibility, and well-established bioconjugation chem-
istry with some functional groups.3,4 Since the report of the
first programmable assembly of DNA-functionalized NPs,
research on their assembly has progressed to a great extent.5,6

Considerable development of the nanostructure has taken
place, particularly regarding electrochemical detection (ECD)
of genetic material.7,8 Thus, the significance of NPs as a nucleic
acid biosensor platform for ECD is well recognized, and
research in this field continues to produce notable results.

Since December 2019, COVID-19 (SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2), has caused a global
pandemic with over 624 million confirmed cases resulting in
more than 6.5 million deaths worldwide.9 A wide variety of
methods have been developed for the detection of SARS-CoV-
2 and related betacoronaviruses.10 Although the real-time
reverse transcription polymerase chain reaction (real-time RT-
PCR) method is considered the gold standard for SARS-CoV-
2 diagnosis, the method possesses critical drawbacks that limit
the accessibility of the assay, restrict rapid treatment, and
hinder important treatment-related decisions made by medical
personnel under critical situations.10 Thus, it is imperative to
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develop faster and more accurate diagnostic methods for this
outbreak and future coronavirus pandemics, as the likelihood
of encountering more virulent and rapidly spreading viruses is
high11

Over the past few years, several different approaches for
SARS-CoV-2 molecular detection have been developed to
improve or substitute real-time RT-PCR. NP-based systems
have gained much attention and have shown notable results in
detecting SARS-CoV-2 genetic material (Table 1).12−19

However, the detection performances of these methods
possess room for improvement as it is challenging to acquire
both high sensitivity and short detection runtime for any single
approach. Methods with high sensitivity often involve lengthy
procedures, while faster methods generally require greater
concentrations of viral genetic material for detection.

We aimed to develop an ECD system using DNA-
functionalized Fe3O4−Au core−shell nanoparticles (CSNPs)
as a nucleic acid assay platform to detect SARS-CoV-2 and
additional coronaviruses that may cause future pandemics.
This study presents a novel nucleic acid amplification method
termed nanoparticle-based surface localized amplification
(nSLAM) that uses CSNPs as multifunctional platform
nanomaterial for gene amplification and accumulation. The
main component of nSLAM is the CSNP, which is surface
functionalized with DNA oligo primers that can amplify
specific target gene sequences. The amplification procedure is
identical to conventional PCR, which is well-known and easy
to execute. However, the resulting products show a
prominently contrasting phase as the amplicons are anchored
and accumulated on the CSNP surfaces rather than in a free-
standing form. Compared to previous NP-based amplification
studies, the CSNPs in the nSLAM system possess great novelty
as they act as dispersible nanoplatforms that directly bind to
and amplify target genetic material on the NP surfaces.12,20

The contact efficiency between the target material and DNA

Table 1. Recent Nanoparticle-Based Strategies for Detection
of SARS-CoV-2 Genetic Materiala

assay target gene LoD (copies/μL) runtime (min)

electrochemical12 N, S 1 <120
electrochemical13 S 3.01 × 104 60
SERS14 E, RdRP 2.37 × 105 40
LSPR15 RdRP 2.26 × 104 N/A
colormetric16 N 10 <60
colormetric17 N, E 225 (N), 300 (E) 45
colormetric18 N 1.17 × 107 <10
fluorescence19 N 4 40

aSERS, surface-enhanced Raman spectroscopy; LSPR, localized
surface plasmon resonance; N, nucleocapsid protein; S, spike protein;
E, envelope protein; RdRP, RNA-dependent RNA polymerase; LoD,
limit of detection.

Scheme 1. nSLAM Detection System Using the SARS-CoV-2 Modela

aCreated with BioRender.
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primers is significantly enhanced, which promotes amplifica-
tion acceleration that is absent in conventional PCR. The
amplicons remain anchored to the CSNP surfaces after
amplification, which enables easy collection of the target
material to electrode surfaces by applying an external magnetic
field. Collection of the CSNPs results in a significant sensitivity
improvement during subsequent ECD of the amplified target
material, reducing amplification cycles for more rapid detection
of the target.

The sensitivity of our system reached a limit of detection
(LoD) of ∼1 RNA viral copy/μL with 35 cycles of
amplification, demonstrating significant detection performance
compared to recent NP-based SARS-CoV-2 detection systems
as well as commercial SARS-CoV-2 molecular detection
systems.12−19,21,22 Further analysis regarding the reduction of
amplification cycles based on the ultrasensitivity showed a
minimum of 4 cycles (∼7 min runtime) to detect 1 fM of
complementary DNA (cDNA), which is considerably shorter
than conventional real-time RT-PCR or other detection
systems.12−19,23 Our findings indicate the significance of the
nSLAM system as it is a method that enables ultrasensitive
detection of SARS-CoV-2 in a rapid manner. The system is an
innovative detection platform that can potentially replace
conventional diagnostic methods for a more rapid, efficient,
and cost-conscious response against future coronavirus-based
pandemics.

■ RESULTS
Target Detection Using the nSLAM System. The

nSLAM method promotes DNA nucleic acid amplification
using multifunctional surface-functionalized magnetic CSNPs
as a platform for amplicon accumulation (Scheme 1), which is
the fundamental basis of our molecular detection system for
pathogenic coronaviruses. Initially, CSNPs functionalized with
reverse primers on particle surfaces are treated with free-
standing forward primers, viral genetic material (acquired from
infected human patients), and other reagents. The mixture is
subjected to multiple cycles of amplification as in conventional

PCR. As a result, double-stranded amplicons with target gene
sequences anchor to and accumulate on the NP surfaces.

The NPs are loaded onto an electrochemical detection cell
layered with an indium−tin oxide (ITO) glass sheet beneath
the cell. A magnetic field is applied to the bottom of the cell to
collect the NPs onto the ITO glass surface, followed by the
addition of an electrocatalytic reporter pair (ERP) solution
composed of ruthenium (Ru) complexes (Ru(NH3)63+) and
iron (Fe) complexes (Fe(CN)63−). The Ru complexes are
electrostatically attracted to the negatively charged DNA
backbone of the amplicons and localize near the NPs collected
on the ITO glass surface. Next, an electric potential is applied
to the cell using a differential pulse voltammetry (DPV)
method, which has a low capacitive current, narrow
voltammetric peak, and short time resolution for higher
sensitivity, selectivity, and faster detection of analytes
compared to other voltammetry methods.24

Upon application of a specific voltage, electrons travel along
the ITO glass (working electrode), Au surface, and hop
through the Ru complexes localized near the DNA backbone,
reducing Ru(NH3)63+ to Ru(NH3)62+. The reduced Ru
complex is subsequently oxidized back to Ru(NH3)63+ by a
nearby Fe complex, regenerating the Ru complex to its original
state.25 The regenerated Ru complex reacts multiple times,
enabling continuous oxidation and reduction of the ERP
complexes. Typically, the amount of Ru complexes surround-
ing the DNA is limited and thus produces relatively small
current signals. However, using both Ru and Fe complexes
enables the continuous regeneration of Ru complexes, which
has been proven to amplify current signals and increase
detection sensitivity. Therefore, a significantly high redox
current induced by the active movement of electrons is
produced during ECD.25

A voltammogram with a Gaussian curve is produced with
the peak positioned at the Ru complex reduction potential.
The peak size depends on the amount of Ru complexes
reduced, which is proportional to the number of complexes
localized near the amplicons. Since complex localization is

Figure 1. Morphology of CSNPs. (a) Low-magnified BFTEM images of CSNPs. (b) SAED pattern of CSNPs constructed by fcc-Au attributed to
the (111), (200), (220), and (311) Au planes at d = 2.3, 2.0, 1.4, and 1.2 nm. (c) STEM images of CSNPs (Au shell: bright contrast, Fe3O4 core:
dark contrast). (d) HRTEM image of CSNPs with the fast Fourier transform (FFT) pattern in the inset derived from the lattice fringe in the solid
square region. (e) EDX spectroscopy/elemental mapping images of CSNPs compared with BFTEM and STEM images.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c02512
ACS Sens. 2023, 8, 839−847

841

https://pubs.acs.org/doi/10.1021/acssensors.2c02512?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02512?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02512?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02512?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c02512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


controlled by the quantity of negatively charged DNA
backbone, nSLAM samples with double-stranded amplicons
of target gene sequences produce higher current peak signals
than samples with single-stranded reverse primers anchored to
NP surfaces.25 Therefore, the amplified current is an indicator
of the successful amplification of the target gene through
nSLAM because the absence of genetic material or the
presence of nonspecific genetic material prevents the synthesis
of target gene amplicons. Our system utilizes the identification
of these indicators for several specific target genes to determine
the existence of SARS-CoV-2 genetic material.

Characterization of CSNPs. The basis of our detection
system is the CSNP that anchors reverse primers on its surface.
The large surface area, strong Au−S binding interaction of the
Au shell, and the exceptional magnetic property of the Fe3O4
core account for the high-density collection and easy extraction
of amplicons using nSLAM. These advantages can be
attributed to the well-defined morphology of the material
acquired using elaborate procedures for particle synthesis
(Supporting Information, Methods S1−S5).26,27

As shown in the bright-field transmission electron
microscopy (BFTEM) image (Figure 1a, Supporting Informa-
tion, Figure S1), CSNPs with a size of 236 ± 17 nm (184 nm
sized Fe3O4 core, 26 nm sized Au shell) were uniformly
synthesized, confirmed by the bright and dark contrast,
respectively. The selected area electron diffraction (SAED)
ring pattern indicated that the Au shell was deposited on the
Fe3O4 core (Figure 1b, Supporting Information, Figure S1).
The Z-contrast in the scanning transmission electron
microscopy (STEM) images showed that the Au region
conformally covered the surface of the Fe3O4 core (Figure 1c).
The core−shell structure and clear interface are also supported
by high-resolution transmission electron microscopy
(HRTEM) and energy-dispersive X-ray (EDX) spectroscopy/
elemental-mapping images of CSNPs (Figure 1d,e).

The CSNP sizes measured by transmission electron
microscopy (TEM) (Figure 2a) were approximate to the
intensity-based diameter of the CSNPs measured using
dynamic light scattering (DLS) in an aqueous solution (Figure
2b), indicating that the NPs were well dispersed in water.
Functionalization of reverse primers to the NP surface
(Supporting Information, Method S6) can be identified by
the increase in intensity-based diameter measurements (Figure
2b) and hydrodynamic diameter measurements (Supporting
Information, Table S1). The Fe3O4 core of the CSNPs was
synthesized using a nonclassical crystallization model devel-
oped by our group in previous studies.27,28 Owing to this
method, the CSNPs exhibited superparamagnetic properties
with rapid magnetic response while maintaining an almost zero
magnetic coercivity (Hc = 0.29 mT) and remanence (Mr = 0.08
emu/g), which prevented aggregation by minimizing the
magnetic dipole interaction (exchange coupling) between the
NPs (Figure 2c,d). Characterization of NP morphology
(Supporting Information, Method S7) using various methods
confirmed the physical properties of the NP and supported
their use as an ideal platform for nSLAM and the electro-
chemical detection of genetic material.

The CSNPs used in this study were treated with primer
attachment and salt-aging methods that maximized DNA
loading on the NP surfaces (Supporting Information, Method
S6). The average ratio of the unit NP surface area (cm2) to the
DNA footprint (nm2) per NP unit surface area was also shown
to be ∼1:1 with the larger Au−NP sizes (>200 nm diameter),

which implied that the functionalized CSNP surfaces were
densely packed with oligonucleotide primers.5 This dense
packing minimized the exposure of the Au surface, which
reduced nonspecific interactions between PCR components
and the NP surface that could potentially inhibit the DNA
amplification process.29

Target Amplification with nSLAM. The amplification
mechanism of nSLAM using reverse primer-functionalized
CSNPs (Rp nSLAM) is an elaborate stepwise process (steps
1−8) and is illustrated in Scheme 2 with SARS-CoV-2 cDNA
as the target genetic material (Supporting Information, Note
S1). Multiple cycles of amplification create double-stranded
amplicons with identical sizes and genetic sequences to the
target gene covering the majority of the NP surface. Occasional
amplicons that have both double-stranded and single-stranded
sections in a single DNA complex are also formed due to the
anchored long complementary single strands (Scheme 2, step
3) that create partial double-stranded DNA amplicons
(Scheme 2, step 5). Conversely, nSLAM using forward
primer-functionalized CSNPs (Fp nSLAM) produces uniform
double-stranded amplicons of target length that accumulate on
the NP surfaces.

As shown in Scheme 2 (step 8), The NPs in the Rp nSLAM
sample have a greater capacity for attracting Ru complexes due
to the partially double-stranded DNA amplicons that enable
larger amounts of negatively charged DNA backbone to
interact with the positively charged complexes electrostati-
cally.25 Therefore, Rp nSLAM samples produce higher ECD
signals than Fp nSLAM samples using the same cDNA
concentration (Supporting Information, Note S2, Figures S2
and S3, Methods S8−S10). However, the amplicon length and
frequency of the partially double-stranded DNA amplicon on

Figure 2. Size and magnetization characterization of nanoparticles.
(a) Diameters of the Fe3O4 core and CSNPs obtained through
measurements using TEM images (n > 50 nanoparticles). (b)
Intensity-based sizes of bare CSNPs and primer-functionalized
CSNPs measured by DLS. Mean diameters and standard deviations
(s.d.) in panels a and b calculated by fitting the columns using a
Gaussian function (solid lines). (c) M−H hysteresis curves of the
Fe3O4 core and CSNPs. (d) M−H hysteresis curves near the origin.
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Scheme 2. Step-by-Step Process of nSLAM Using Reverse Primer Surface-Functionalized Nanoparticles (Steps 1−8)a

aSARS-CoV-2 cDNA used as the target material. Created with BioRender.

Figure 3. Sensitivity analysis of the nSLAM system. (a) Mean DPV signals of RdRP-targeted nSLAM samples (n = 5) with different cDNA
concentrations. (b) ECD signals from panel a shown with an RNA concentration gradient. Mean value and s.d. of each sample expressed as
individual blue circles and error bars, respectively. Logistic fitting of signals and calibration line represented as red solid curve and dashed line,
respectively. Green triangles and labels represent individual “real-like” samples on the calibration line. (c) ECD signals from panel a shown with a
cDNA concentration gradient. Black dashed line and shaded pink area in panels b and c represent threshold and “no-call region”, respectively. (d)
Cross-reactivity analysis of the nSLAM system (n = 3). Asterisks show signal contrasts between SARS-CoV-2 and nonspecific SARS-CoV-2 samples
(two-sample Student’s t-test). Individual ECD signals, mean values, and s.d. in panels c and d shown as dots (circles in panel d), columns, and error
bars, respectively. Black dashed lines represent threshold.
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each CSNP are inconsistent and induce signal fluctuations
between samples (Supporting Information, Figure S3). Never-
theless, the results emphasize the advantage of using reverse
primer surface-functionalized NPs for nSLAM and ECD as
they produce greater current signals that can enhance the
detection limit of the sensor system. To verify this hypothesis,
additional experiments were conducted to identify the
existence of the long DNA strands anchored to NP surfaces
(Scheme 2, step 3) in Rp nSLAM samples (Supporting
Information, Method S11, Figures S3 and S4).

Sensitivity Analysis of the nSLAM Detection System.
The ECD signal enhancement due to Rp nSLAM can
potentially improve the sensitivity of a sensor as nSLAM
samples produced with extremely low cDNA concentrations
would generate detectable ECD signals above the threshold.
Therefore, a detailed investigation of the system sensitivity
regarding the LoD for the SARS-CoV-2 genetic material was
conducted using a dynamic range of cDNA concentrations
since the concentration of extracted genetic material can differ
greatly between patients (Supporting Information, Methods
S12 and S13, Figures S5 and S6).30

The selected target genes for amplification (Supporting
Information, Figure S7) are three of the most frequently
selected genes (RNA-dependent RNA polymerase (RdRP),
envelope (E), and nucleocapsid (N, specifically N2 for its high
sensitivity)) for SARS-CoV-2 molecular diagnosis. We
implemented the World Health Organization guidelines that
required positive detection of at least two different targets for
positive diagnosis and selected three genes for detection, which
theoretically results in a higher accuracy compared to single-
target and double-target assays.21,23,31,32 The primer sets for
amplification were selected based on their sensitivity profiles
and the absence of cross-reactivity with other coronaviruses
tested in previous studies (Supporting Information, Figure S7,
Table S2).32−34 Of these sets, the RdRP_SARSr primer set
(Charite,́ Germany) was selected for LoD analysis because it
best represented the sensitivity of the detection system.32

DPV peaks of the selected cDNA concentrations in Figure
3a were converted to RNA concentrations as copies/μL based
on empirical measurements of cDNA produced from reverse
transcription of SARS-CoV-2 RNA (Figure 3b, Supporting
Information, Table S3, Method S14). The error bars in the
1.18 × 101−1.18 × 105 copies/μL range showed visible signal
fluctuations (Figure 3b), which can be attributed to the
previously mentioned inconsistent length and frequency of the
partially double-stranded DNA amplicons that accumulate on
the NP surfaces during Rp nSLAM. However, the sizable error
bar at the lowest RNA concentration (1.18 × 10−1 copies/μL)
indicated a lack of viral genetic material (near the Poisson
limit) for nSLAM, which is expressed in Figure 3c as sporadic
data points at 10−18 M cDNA concentration showing signals
both above and below the threshold (= control signal mean + 3
× s.d. of control signal). Therefore, a “no-call region” with a
range 2 μA above the threshold was established to evaluate the
authenticity of the current signals and ensure the reproduci-
bility of detectable signals. Signals and error bars within or
below the “no-call region” range were considered unstable and
uncertain for detection, which secured a lower limit standard
for reproducible signals. The LoD was identified as the lowest
concentration at which the signal exceeded the “no-call
region.” Based on interpolation, the calibration line intersected
with the upper limit of the “no-call region” at ∼1 RNA copy/
μL (Figure 3b), which indicated a significantly low LoD for the
RdRP target that excelled the sensitivity performance of many
previously developed methods (Table 1, Supporting Informa-
tion, Table S4).

Additional testing with “real-like” samples of unknown target
gene RNA concentrations confirmed the validity of the
calibration line as the concentrations calculated from measure-
ments with the system were approximate to concentrations
analyzed with digital PCR (Figure 3b, Supporting Information,
Table S5). We also confirmed that the system eliminated
nonspecific currents produced by other biological components
through thorough washing, which provided a signal that was
purely generated by the target gene (Supporting Information,

Figure 4. Runtime analysis of the nSLAM system. ECD signals of (a) RdRP-targeted nSLAM samples, (b) E-targeted nSLAM samples, and (c) N2-
targeted nSLAM samples produced using different numbers of nSLAM cycles. (d) Comparison of the minimum required nSLAM cycles for
detecting each target gene from panels a−c in a stacked arrangement. The mean value and s.d. of each sample (n = 3) expressed as individual circles
and error bars, respectively. Logarithmic fitting of signals, calibration lines, and threshold represented as solid red curves, red dashed lines, and black
dashed lines, respectively. Red dashed arrow in panel d represents the minimum nSLAM cycle number required to detect all three genes.
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Method S15). The results also verified the positive effect of the
Ru−Fe ERP solution on ECD signal enhancement (Support-
ing Information, Figure S8).

Cross-reactivity analysis with viral strains related to SARS-
CoV-2 was also conducted for all the target genes to verify
whether the sensitivity results were produced with high
specificity (Supporting Information, Methods S16 and 17,
Note S3). The results showed that, for all target genes, nSLAM
samples with SARS-CoV-2 genetic material alone produced
signal values above the threshold, indicating a high level of
specificity (Figure 3d, Supporting Information, Figure S9).
Although the LoD of the system does not follow the criteria of
other studies that analyze multiple clinical tests with at least
95% reproducibility, the significance of this value is still
recognizable as a representation of the system’s sensitivity
expressed through the SARS-CoV-2 RdRP gene as a target.21

Runtime Analysis of the nSLAM Detection System.
The LoD measurements emphasized the potential of the
system for ultrasensitive diagnosis, which is a significant feature
that can contribute to the reduction of amplification cycles
needed for detection. The high sensitivity requires fewer copies
of amplified gene fragments to generate ECD signals above the
threshold value, which corresponds to fewer amplification
cycles and shorter amplification runtimes. Therefore, we
analyzed the minimum number of nSLAM cycles and
amplification runtimes required for detectable levels of gene
amplification (Supporting Information, Method S18). The
RdRP gene was initially selected as the target for the nSLAM
runtime assay. cDNA (1 fM) (∼118 copies/μL RNA)
(Supporting Information, Table S3), was used to match the
average concentration of the clinically extracted SARS-CoV-2
genetic material (∼100 copies/μL RNA) and to compare the
cyclic threshold (Ct) values and detection runtime of
commercial molecular diagnostic kits and NP-based detection
methods with our system using similar amounts of genetic
material.12−19,22,23,35,36

As shown in Figure 4a, the calibration line intersected with
the threshold at 2.3 nSLAM cycles, which was ∼1/16th the Ct
value of conventional molecular diagnostic tests and
significantly shorter than previous NP-based meth-
ods.12−19,22,23 Based on these results, we analyzed E and N2
genes to test whether all target genes of our system shared
similar values because the detection of all target genes must be
synchronized to reduce the overall runtime.

For the N2 and E genes, a simplified nSLAM cycle range was
established based on the dynamic tangent slope shift of the
logarithmic function shown in Figure 4a at 3−10 nSLAM
cycles, as this range appeared crucial for runtime analysis. As
shown in Figures 4c,b, the lowest numbers of nSLAM cycles
capable of detection in E and N2 gene-targeted nSLAM
samples were identified as 3.1 and 3.9 cycles, respectively. A
comparison of the three target genes (Figure 4d) near the
threshold value showed that the N2 gene-targeted measure-
ments required the highest number of nSLAM cycles at 3.9
amplification rounds, which was sufficient for detecting all
targets. Thus, we concluded that at least 4 full cycles of
nSLAM were required to detect all targets (Figure 4d),
yielding 7.5 min for amplification leading to a major reduction
in runtime compared to other molecular detection meth-
ods.12−19,22,23

This groundbreaking discovery emphasizes a major advant-
age of our system, as it compensates for a critical drawback of
commercial molecular diagnostic kits and NP-based methods

by significantly reducing the time spent on genetic
amplification, providing faster diagnoses that facilitate rapid
treatment of patients in critical conditions and assists
individuals to seek immediate professional help.

■ DISCUSSION
The superior sensitivity, short runtime, and high specificity of
our system indicate its relevance as a high-accuracy fast-
response nucleic acid biosensor platform for detecting SARS-
CoV-2 and potential future pandemic coronaviruses. Despite
these strengths, the system is currently limited to the DNA
amplification process and requires separate viral RNA
extraction and reverse transcription procedures. Although
there has been recent research using one-step and extraction-
free methods for point-of-care diagnosis, several of them still
require RNA extraction preprocessing, additional procedures
before and after DNA amplification, and reaction runtimes
longer than the nSLAM system.16,37,38 These methods focus
on the amplification process of nucleic acid detection, which
shows significance regarding detection sensitivity and potential
point-of-care treatment.12,39 The nSLAM system presented in
this study also shared this concept and aimed to enhance
detection performance through the development of a novel
amplification mechanism. With further research regarding the
incorporation of one-step amplification and extraction-free
methods, the practicality of the nSLAM system shows
significant potential for improvement.

■ CONCLUSIONS
Using a “no-call region” as a current signal standard, the
nSLAM system can detect concentrations as low as ∼1 copy/
μL RNA using SARS-CoV-2 genetic material, which is a
significant LoD against most commercial kits and NP-based
detection methods. Analysis to reduce the amplification
runtime by lowering the number of nSLAM cycles showed
that at least 4 cycles of nSLAM are required for the detection
of the N2, E, and RdRP target genes with 1 fM cDNA (a
concentration near the average extracted viral load),
corresponding to a total runtime of 7.5 min with high
specificity for SARS-CoV-2.

The nSLAM detection system shows great significance in the
field of nucleic acid biosensors as DNA-functionalized NPs
participate directly in the nucleic acid amplification process as
a multifunctional platform for amplicon production and
accumulation. This feature sets the system apart from other
nanoparticle-based detection methods and significantly enhan-
ces the detection performance. We plan to expand the system
to incorporate one-step amplification and extraction-free
methods for use in point-of-care treatment. Furthermore, the
integration of these methods with careful primer design can
develop the system into a point-of-care multipurpose
biomolecule sensor that can detect the genetic material of
potentially any biomolecule of interest onsite in a short
amount of time.
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The Supporting Information is available free of charge at
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