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In the wake of a pandemic, the development of rapid, simple, and accurate molecular diagnostic tests can
significantly aid in reducing the spread of infections. By combining particle imaging with molecular assays, a
quick and highly sensitive biosensor can readily identify a pathogen at low concentrations. Here, we implement
functionalized particle-enabled rotational diffusometry in combination with loop-mediated isothermal amplifi-
cation for the rapid detection of the SARS-CoV-2 nsp2 gene in the recombinant plasmid as a proof of concept for
COVID-19 diagnostics. By analyzing the images of blinking signals generated by these modified particles, the
change in micro-level viscosity due to nucleic acid amplification was measured. The high sensitivity of rotational
diffusometry enabled facile detection within 10 min, with a limit of detection of 70 ag/pL and a sample volume
of 2 pL. Tenfold higher detection sensitivity was observed for rotational diffusometry in comparison with real-
time PCR. In addition, the system stability and the effect of temperature on rotational diffusometric measure-
ments were studied and reported. These results demonstrated the utility of a rotational diffusometric platform for
the rapid and sensitive detection of SARS-CoV-2 cDNA fragments.

1. Introduction enzyme-linked immunosorbent assay (ELISA) (Liu et al., 2021), elec-
trochemical sensors (Kumar et al., 2022), plasmonic metasensors
(Ahmadivand et al., 2021), and nanomaterial-based (Abdelhamid and

Badr, 2021; Rasmi et al., 2021) POC devices have been developed in the

Facing an unprecedented pandemic threat, fast and sensitive mo-
lecular diagnostic tests play an important role in controlling the spread

of infectious pathogens and enable early disease management. In mo-
lecular diagnosis, nucleic acid amplification tests (NAATs) deliver
highly sensitive detection of extremely low-concentrated pathogens in
the early stage of diseases, especially newly emerging and re-emerging
infectious outbreaks (Innis et al., 1988; Sharafeldin and Davis, 2021;
Yang and Rothman, 2004). Recently, COVID-19, caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has grown into a
global pandemic and has become a serious health issue (Kevadiya et al.,
2021). Numerous state-of-the-art techniques such as reverse transcrip-
tase qualitative polymerase chain reaction (RT-qPCR) (Pan et al., 2020),
clustered regularly interspaced short palindromic repeat (CRISPR)
Casl2-based detection (Broughton et al., 2020; Zhang et al., 2022),

past 2 years for the diagnosis of this fatal disease. Among these methods,
nucleic acid amplification-based assays, specifically RT-qPCR, are
considered the gold standard in research and clinical use because of their
high accuracy. However, the complex thermal cycling process, expen-
sive instrumentation, and laboratory setup hinder their exploitation for
point-of-care (POC) diagnostics (Chang et al., 2017; Johnston et al.,
2006; Li et al., 2019).

For this reason, isothermal nucleic acid amplification tests, collec-
tively referred to iNAATSs, have been employed to overcome the draw-
backs of conventional PCR (Craw and Balachandran, 2012; Hai et al.,
2020; Qi et al., 2018; Yue et al., 2021). The most common examples of
such technologies include loop-mediated isothermal amplification
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(LAMP) (Notomi, 2000), recombinase polymerase amplification (RPA)
(Piepenburg et al., 2006), rolling circle amplification (RCA) (Yue et al.,
2021), and nucleic acid sequence-based amplification (Zhao et al.,
2015). Among the iNAATs, LAMP has been found as the most promising
approach in both laboratory and POC diagnostics due to its large product
formation (10°-10° copies) from very few target molecules in less than
an hour (Notomi, 2000). Besides, LAMP has some added advantages in
comparison with the other isothermal amplifications. For example, (1)
LAMP does not require any complicated enzyme system like RPA, in
which a DNA polymerase and single-stranded DNA binding proteins are
required (Suea-Ngam et al., 2020). (2) In LAMP, three pairs of primers
are used with six distinct target regions of the DNA sequence, making it
highly specific compared with NASBA (Trinh et al., 2019). (3) LAMP can
be achieved with a single step reaction, whereas one additional ligation
step is required before amplification for RCA (Kang et al., 2020; Yue
et al., 2021).

Reverse transcriptase LAMP (RT-LAMP) screening emerged as an
alternative molecular diagnostics test for COVID-19 by targeting several
regions of the viral genome, including the spike protein gene (S gene),
nucleocapsid protein gene (N gene), and RNA-dependent RNA poly-
merase gene (RARp gene) (Carter et al., 2021; Davidson et al., 2021;
Ganguli et al., 2021; Pang et al., 2020; Thompson and Lei, 2020). For
example, STOPCovid is a CRISPR-integrated RT-LAMP-based one-pot
process for the detection of COVID-19 with a limit of detection (LOD)
of 100 copies/reaction in 70 min (Joung et al., 2020). Additionally, Yu
et al. (2020) developed an isothermal LAMP-based method for the
fluorometric detection of SARS-CoV-2 (iLACO) with a sensitivity of 10
copies/pL in 40 min. LAMP is not a novel approach only for viral
diagnosis as it has been a familiar tool in bacterial studies. In past de-
cades, a considerable number of LAMP assays have been established for
the rapid detection of food and waterborne pathogens like Escherichia
coli at a range of 48-100 CFU/mL in 25-35 min (Naik et al., 2019;
Nguyen and Lee, 2021; Safavieh et al., 2012; Trinh et al., 2019),
Staphylococcus aureus at 10 CFU/mL in 27 min (Srimongkol et al., 2020),
Salmonella typhi at 23 CFU/mL (Duarte-Guevara et al., 2016), and
Enterococcus faecalis at 130 copies/reaction in 45 min (Martzy et al.,
2017). Meanwhile, LAMP integrated with a microfluidic and
paper-based chip composed of polymethyl methacrylate and
poly-dimethylsiloxane was demonstrated for improved feasibility of
POC diagnostics (Huang et al., 2020; Zhang et al., 2019). Sayad et al.
(2016) designed a disc-based LAMP chip for the detection of Salmonella
with an LOD of 5 pg/pL. A cellulose-based paper microchip in combi-
nation with LAMP was developed by Roy et al. (2017) for the colori-
metric detection of Bacillus subtilis with a sensitivity of 10 pg/pL. These
reports displayed that LAMP is a potential method for the detecting a
wide range of pathogens and biomolecular species with high accuracy
and sensitivity.

Numerous methods have been developed for LAMP readout, where
gel electrophoresis is the most popular technique due to its easy oper-
ation process. However, this method is time-consuming (Gadkar et al.,
2018). To overcome such limitations, other strategies have been
developed, including colorimetric detection using dyes like SYBR Green
I or EvaGreen (Parida et al., 2005), pH analysis (Toumazou et al., 2013),
and electrochemical methods by the addition of metal ion indicators,
such as hydroxy naphthol blue dye and calcein/Mn%* (Goto et al., 2009).
Above all, fluorescent dyes, which display high sensitivity and tolerance
toward proteins, are used extensively in the detection of LAMP (Francois
et al., 2011). A major disadvantage that restricts the use of fluorescent
dyes is the demand for high-tech instrumentation, as well as the reliance
on detection techniques on relative estimations for adjusting the varia-
tion between repeats (Cao et al., 2017; Ocenar et al., 2019; Oscorbin
etal., 2016; Rolando et al., 2019). In the case of pH and electrochemical
sensing, the amplification results cannot be monitored without any use
of power sources and additional indicators (Tanner et al., 2015).

Integration of LAMP with particle imaging can surpass the use of
additional dyes and indicators by maximizing the robustness of LAMP

Biosensors and Bioelectronics 210 (2022) 114293

and the high sensitivity of particle imaging. LAMP generates a large
number of nucleic acid targets, that eventually change the solution
viscosity (Clayton et al., 2017, 2019; Moehling et al., 2020). This
micro-level viscosity change can be quantified using an optical detection
technique called rotational diffusometry, enabled by functionalized
Janus particles (Chen et al., 2019; Das et al., 2021). These half fluo-
rescents and half gold particles produce a significant blinking signal
under a fluorescent microscope (Fig. 1). Images of these blinking par-
ticles are captured through a charge-coupled device (CCD) camera and
analyzed by a cross-correlation algorithm (Chen and Chuang, 2020).
According to the Stokes-Einstein-Debye relation, the rotational diffu-
sion of microscopic particles is inversely proportional to the fluid vis-
cosity (Cruickshank Miller, 1924; Debye, 1929). Therefore, in the
presence of positive LAMP, the increased viscosity will result in a
decrease in diffusivity and particle rotation. Conversely, in the case of
negative LAMP, solution viscosity stays constant. Thus, the diffusivity of
Janus particles remains stable. In our previous proof of concept work,
we successfully demonstrated that rotational diffusometry combined
with LAMP can be employed to detect E. coli with an LOD of 42.8 fg/uL
in less than 10 min (Das et al., 2022).

On the basis of our previous achievements in diffusometric tech-
niques (Cheng and Chuang, 2019; Chuang et al., 2018; Wang et al.,
2018, 2019, 2020; Yang et al., 2020), we propose a rapid, specific, and
sensitive detection of SARS-CoV-2 cDNA fragment in the recombinant
plasmid as a proof of concept for COVID-19 diagnosis (Fig. 1). The
plasmid was synthesized by incorporating the nsp2 gene of the
SARS-CoV-2 viral genome into an available vector. To the best of our
knowledge, this work is the first to attempt detection at a high level of
speed and sensitivity of in vitro SARS-CoV-2 c¢DNA using rotational
Brownian motion in combination with LAMP. Through this biosensing
method, an LOD of 70 ag/pL was achieved in only 10 min. Compared
with conventional PCR, the developed method has been proven to be
10-fold more sensitive and 12-fold faster. Overall, rotational dif-
fusometry pairing with LAMP provides insight into the ultra-fast and
sensitive detection of infectious pathogens. Thus, by incorporating
reverse transcriptase LAMP (RT-LAMP), we envision integrating this
technology into a microfluidic chip for POC diagnostics of COVID-19 in a
timely fashion.

2. Material and methods
2.1. Construction, growth, and extraction of pET-32a-nsp2 plasmid

RNA was extracted from the SARS-CoV-2 virus using a commercial
RNA extraction kit, and the amount was quantified using a microspec-
trophotometer. The complementary DNA of the nsp2 gene from the viral
RNA was synthesized using a commercially available transcription kit.
The synthesized cDNA was inserted into pET-32a (+) vector (Novagen)
by the T4 DNA ligase (Thermofisher Scientific) at the Ndel and Xhol sites
to construct the recombinant pET-32a (+)-nsp2 plasmid and trans-
formed into E. coli (Fig. 2). Bacterial cultures containing the recombi-
nant plasmids were stored in frozen stocks (5 mL of TS broth and 20%
glycerol with 100 pL/mL ampicillin) and used for growing the bacterial
culture (37 °C for 24 h). Gene Spin miniprep plasmid extraction kit (PT-
MP530XL-V3, Pro-Tech Chemicals, Taiwan) was used to extract and
purify the recombinant plasmid from the prepared culture and then
determined using a micro-volume UV-vis spectrophotometer (One Drop
Touch Pro, Biometrics Technologies, USA). The purified plasmids were
serially diluted in molecular grade water and served as a template for
PCR and LAMP reactions.

2.2. Bacterial culture and gDNA extraction
Frozen stocks of S. aureus (ATCC 23360), E. coli (ATCC 25922), and

Klebsiella pneumoniae (ATCC 700603) were obtained from American
Type Culture Collection (Manassas, VA, USA) and grown in TS broth at
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Fig. 1. Conceptual illustration of the experimental
setup for the detection of SARS-CoV-2 using rota-
tional diffusometry combined with LAMP. The re-
combinant plasmid containing the nsp2 gene of
SARS-CoV-2 virus was constructed. Amplification
of these plasmids was performed by mixing the
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Fig. 2. (A) Construction of the pET-32a-nsp2 plasmid. (B) SARS-CoV-2 genome structure.

37 °C for 24 h gDNA extraction and purification from these bacterial
cultures (Gram-negative - E. coli, and K. pneumoniae; Gram-positive -
S. aureus) were performed using a DNA extraction kit (PT-GD112, Pro-
Tech chemicals, Taiwan) according to the manufacturer’s instructions.
The gDNA concentration of each bacterial strain was determined using a
micro-volume UV-vis spectrophotometer, adjusted to the same con-
centration, and used as a template for LAMP reaction.

2.3. LAMP assay for SARS-CoV-2 nsp2 cDNA

Six LAMP primers (Table S1), namely, a pair of inner (FIP and BIP)
and outer (F3 and B3) primers and two loop primers (LF and LB), were
designed to target several district regions of the non-structural protein 2
(nsp2) of the ORF1a gene sequence of SARS-CoV-2 using Primer Explorer
V5. Details of a single (25 pL) LAMP reaction (T100 thermal cycler, Bio-
Rad, USA) are given in Table S2. All the LAMP amplifications were
performed at 70 °C, confirmed by gel electrophoresis using 1.5% agarose
gel at 100 V for 40 min, stained with a clear vision DNA stain (PT-D1001,
Pro-Tech chemicals, Taiwan), and imaged via the BluView Trans-
illuminator (MBE-300, Major Science, USA).

2.4. PCR and real-time PCR of SARS-CoV-2 nsp2 cDNA fragments

Conventional PCR (T100 thermal cycler, Bio-Rad, USA) and real-
time PCR reactions (Step one plus system, Applied Biosystems) were
performed with isolated plasmids using Fast-Run Taq Master Mix (PT-
TMM228-D, Pro-Tech Chemicals, Taiwan) and Fast-start universal SYBR
green master (rox) (4913914001, Roche, Germany), respectively.
Primers with different amplicon sizes of 162 and 266 bp (Table S1) for
the targeted gene nsp2 of the SARS-CoV-2 genome were designed using
PrimerQuest™ Tool. Details of single PCR and real-time PCR (20 pL) are
provided in Tables S3 and S4, respectively. Real-time PCR included an
initial denaturing step at 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 s, annealing, and extension at 60 °C for 60 s.
A thermal denaturation protocol completed the process. Sequence
Detection System (Applied Biosystems) software was used to determine
the cycle threshold (Cr) values. All conventional PCR reactions strictly
followed sequential steps: initial denaturation at 95 °C for 4 min, 30
thermal cycles of denaturation at 95 °C for 30 s, annealing at —55 °C for
40 s, extension at 72 °C for 40 s, and a final extension at 72 °C for 10 min.
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2.5. Working principle of rotational Brownian motion in combination
with LAMP

The microscopic particle in a suspension exhibits natural random
movements, which is known as Brownian motion. According to the
particle’s rotation and vibration, this phenomenon can be classified into
rotational and translational motion. Rotational Brownian motion is
defined according to the Stokes—Einstein—-Debye relation (Debye, 1929),
which can be expressed as follows:

p, =T &)
mud;

where T is temperature, y is fluid dynamic viscosity, kg is Boltzmann
constant, and d, is particle diameter. As mentioned in Equation (1),
rotational diffusivity is inversely proportional to fluid viscosity and
particle diameter and directly proportional to temperature when the two
other variables are constant. Additionally, small particles provide a
better signal than large particles, as the sedimentation due to gravity is
low for the small particles.

LAMP amplifies the number of nucleic acid strands (10°-10'°
copies), which cause a change in microlevel viscosity resulting in a
considerable difference in the diffusivity of the particles (Clayton et al.,
2017, 2019; Moehling et al., 2020). In the presence of target nucleic
acid, positive LAMP increases the sample viscosity, which decreases the
rotational diffusion of the particles, resulting in the generation of slow
blinking signals. However, the fluid viscosity remains unchanged if
there is no target nucleic acid in the sample as it does not undergo the
LAMP reaction. This contributes to a comparatively fast-blinking signal
in comparison with the positive LAMP sample. This microlevel viscosity
change due to nucleic acid amplification was investigated by the
quantification of the blinking signal generated by functionalized Janus
particles (half gold and half fluorescent) using a cross-correlation algo-
rithm (Fig. 1). It involves capturing a series of images of microparticles
undergoing rotational Brownian motion and calculating their correla-
tion intensity of paired images concerning elapsed time. In this statis-
tical method, the blinking signals of the particles are calculated in a
given pair of images (I; and I2) at times 0 and O + At. All images are
divided into four square grid regions known as interrogation windows
for rapid calculation. The correlation intensity of each window is then
added in the correlation domain. The correlation of these images with an
increased time interval will result in cross-correlation intensity, which is
identical to the cross-correlation function’s peak value. Along with time,
the correlation intensity peak value appears to decline because of the
loss of pairs. A slow decrease in correlation intensity peak occurs due to
weak diffusion of the particles. However, the intensity peak drops
rapidly in the case of strong diffusion. The cross-correlation intensity
diagram is normalized using the following exponential regression:

A exp(—é) + B, 2)

where @ is the characteristic correlation time of the intensity diagram, t
is the elapsed time, and A and B are constants established through data
fitting. The correlation time can be expressed as

uv
=2 3
@ T 3)
where V is the volume of the particles. Therefore, the correlation time is
proportional to the fluid viscosity as the equivalent volume of microbead
is fixed at a constant temperature.

2.6. Experimental rotational diffusometric measurements

Functionalized Janus particles (d = 1 pm) were thoroughly mixed
with the LAMP product and dispersed uniformly in the solution through
20 s of sonication. A droplet of 2 pL of the LAMP-particle mixture was
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added on a hydrophobic glass slide, and a glass coverslip was placed on
top of the sample with a spacer of 110 pm to create a sandwiched sus-
pension. This coverslip limited the convective evaporation of the sample
during the image capturing process, as sample evaporation contributed
to changes in the microlevel viscosity. The sample was imaged at 25 °C
using an inverted fluorescent microscope (Olympus, Tokyo, Japan)
equipped with a 10x objective and a mercury lamp. Six measurements,
of which 300 images constituted one measurement, were recorded for
each sample by using a CCD camera at a frame rate of 10 Hz. The
blinking signals generated from the Janus microparticles were analyzed
with a cross-correlation algorithm, and the characteristic correlation
times were plotted using MATLAB code.

3. Results and discussion

3.1. LAMP of SARS-CoV-2 nsp2 cDNA fragment and specificity of
primers

The recombinant plasmids synthesized by incorporating the cDNA
fragment of the SARS-CoV-2 nsp2 gene into a pET-32a (+) vector were
used in this study. The synthesized plasmids were initially analyzed with
PCR where a clear band was observed for both 162 and 266 bp primers
in 1.5% agarose gel electrophoresis (Fig. S1, supporting information).
After a successful confirmation, the plasmid products were subjected to
LAMP. The gel image showed a smear of multiple bands that authenti-
cated the completed LAMP reaction (Fig. S2, supporting information).

Rotational diffusometric studies on the identification of LAMP were
validated by incubating 1 pm functionalized Janus particles with the
LAMP product. The Janus particles were prepared by coating 30 nm gold
film on one side of the 1 pm fluorescent polystyrene particles using an e-
beam evaporator (synthesis procedure is provided in the supporting
information). As a result of the half gold and half fluorescent structure,
these particles produced a blinking signal under fluorescent microscopy.
Additionally, gold exhibited a strong SPR behavior as irradiated by
green light (absorption peak 520-550 nm). This contributed to an
improved LOD by enhancing the rotational Brownian motion (Chen and
Chuang, 2020). The complete characterization of Janus particles and the
working mechanism of rotational diffusometry were thoroughly
explained in our previous work (Chen et al., 2019; Chen and Chuang,
2020). Six measurements were obtained for each sample by placing the
sample-particle mixture droplets (2 pL) with a distance of 200 pm apart
in the microchip setup while maintaining the temperature at 25 °C.
About 2 pL of sample was used to provide a suitable sandwiched sus-
pension and an ideal concentration of particles for image analysis. The
blinking images of sampled microparticles were recorded with a CCD
camera and further analyzed with a cross-correlation algorithm.
Compared with the control, the sample containing LAMP-amplified
SARS-CoV-2 nsp2 cDNA fragments exhibited a relatively higher value
in correlation time with a statistically significant difference (p < 0.001;
Fig. 3A). Here, the control underwent a LAMP reaction containing no
template plasmids. Moreover, a correlation intensity plot derived from
Equation (2) showed a clear decline in the cross-correlation intensity
with time. The decrease in the correlation intensity was observed due to
the loss of pairs. Fig. 3B shows a rapid reduction in the correlation in-
tensity for control; by contrast, in the case of the sample, a slow drop
indicated the weak diffusion of the particles.

The specificity of the designed LAMP primers was tested with E. coli,
K. pneumoniae, and S. aureus (Fig. 3C). No non-specific banding was
distinguished in the gel image other than the desired plasmid, which
indicated the specificity and selectivity of the designed primers. The
specificity of primers was confirmed with rotational diffusometry
(Fig. 3C). Meanwhile, no statistically significant difference was found
for the control strains.
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( A) i (B) Fig. 3. (A) Correlation time of LAMP-amplified
SARS-CoV-2 nsp2 cDNA fragments (sample) in com-

« Control parison with the control. The LAMP reaction was
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3.2. Effect of LAMP reaction time min and the control confirmed the successful detection of SARS-CoV-2

nsp2 cDNA in merely 5 min. These results demonstrated the rapidness
The effect of time on LAMP reaction of SARS-CoV-2 nsp2 cDNA of rotational diffusometry for nucleic acid amplification detection.

fragments was studied using the diffusometric method and gel electro-
phoresis within 5-40 min with a template plasmid concentration of 1
ng/pL. The gel electrophoresis image showed a gain in band intensity
with time, indicating the rise in the amplified product (Fig. 4A). An
anticipated increasing trend in correlation time was also noticed in the
diffusometric measurements (Fig. 4B). A relatively statistically signifi-
cant value (p < 0.05) between the sample that underwent LAMP for 5

3.3. System stability

To understand the effect of external biomolecules on LAMP and
diffusometric measurements, we conducted a series of experiments,
where 2 pL of BSA solution with different concentrations viz. 0.1-10 pg/
mL was added during the LAMP (Table S5). A constant concentration of
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Fig. 4. (A) Gel electrophoresis of LAMP-amplified SARS-CoV-2 nsp2 cDNA fragments in different reaction times. (B) Correlation time plot of LAMP-amplified SARS-
CoV-2 nsp2 cDNA for different reaction times. (*p < 0.05, ***p < 0.001, n > 3).
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plasmid (1 ng/pL) was maintained, and a 40 min LAMP reaction was
performed for all the experiments. Fig. S5A shows the successful detec-
tion of LAMP product within all the different concentrations of BSA with
arelatively statistically significant difference (**p < 0.01, ***p < 0.001)
from the control. An overall decreasing trend in correlation time sug-
gested the reduction of LAMP product due to the interference of BSA. Gel
electrophoresis was also performed to evaluate LAMP assay, in which
the results showed good agreement with diffusometric data (Fig. S3).
Furthermore, to investigate the effect of temperature on diffusometric
measurements, a series of experiments was carried out by changing the
microchip temperature from 15 °C to 35 °C during the image capture of
the LAMP samples (plasmid concentration of 1 ng/pL and 40 min of
LAMP; Fig. 5B). A decreasing trend in the correlation time was observed
with an increase in temperature matching with the condition in Equa-
tion (3). These results exhibited a high tolerance and stability of LAMP
reactions toward the presence of a large concentration of proteins in the
sample, making this a robust method for the detection of pathogens in
contaminated sample matrices.

3.4. Detection of SARS-CoV-2 by rotational diffusometry

LAMP targeting the nsp2 gene was performed with a serially diluted
plasmid solution with concentration ranging from 1 pg/pL to 0.1 fg/pL.
All dilutions were amplified with a 10 min LAMP reaction. The viscosity
changes in these LAMP products were identified by rotational dif-
fusometry (Fig. 6A). Data showed a rising trend in correlation time with
the increase in initial plasmid concentrations. Thus, high amplification
resulted in a large viscosity change. Products of these LAMP assays
showed a statistically significant difference among the control and the
sample dilutions of 0.1 fg/uL (p < 0.01) for rotational diffusometry
(single sample repeats in Fig. S5). The LOD was eventually estimated to
be 70 ag/pL, which followed a three-sigma rule (defined as the inter-
section of the trend line of the concentration and the three standard
deviations of the control; Fig. S4, supporting information). Amplifica-
tions were also confirmed by gel electrophoresis, showing banding up to
100 fg/pL for a 40 min LAMP reaction (Fig. 6B). Our findings were
validated and compared with real-time and conventional PCR (Fig. 6C
and D), and the resulting data were in good agreement with the dif-
fusometric assay. Fig. 6C demonstrated a rapid amplification of nsp2
cDNA fragments with high initial concentrations in real-time PCR. The
detection sensitivity of 1 fg/pL was achieved for real-time PCR with a Cp
value of 31.2, resulting in a total analysis time of 120 min. This result
indicated a 10-magnitude improvement in detection sensitivity and a
12-fold improvement in detection time by the proposed method (anal-
ysis time: 10 min) in comparison with real-time PCR. Conventional PCR
was performed with 266 bp primer pair (Table S1). The gel electro-
phoresis image showed banding up to 10 fg/pL dilution with 30 thermal
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cycles (analysis time: 150 min; Fig. 6D), making rotational diffusometry
100-fold higher in sensitivity and 15-fold faster than conventional PCR.
In comparison with conventional PCR, LAMP produces a very high
number of polymerized DNA chains in a very short period. Thus, ultra-
fast and sensitive detection of SARS-CoV-2 plasmids was achieved with
rotational diffusometric sensors combined with LAMP. The sensitivity
and rapidness of the diffusometric sensor were compared with other
existing methods in the literature for SARS-CoV-2 detection (Table S6).
Notably, the time mentioned for this study in Table S6 is composed of
nucleic acid amplification (10 min) and detection time (5 min). This
result suggested that LAMP-combined rotational diffusometry is a robust
and rapid technique for nucleic acid amplification-based detection of
pathogens with excellent sensitivity.

4. Conclusion

In this work, we demonstrated a rotational diffusometric sensor
combined with LAMP for the ultra-fast detection of SARS-CoV-2 nsp2
cDNA fragments with high sensitivity as a proof of concept for COVID-19
diagnosis. The plasmid was prepared by incorporating the nsp2 gene
segment of the SARS-CoV-2 genome into a pET-32a (+) vector and
transformed into E. coli cells. The presence of the desired gene in the
plasmid was confirmed by PCR and LAMP reactions. By using rotational
diffusometry, we achieved an LOD of 70 ag/pL in 10 min with a sample
volume of 2 pL. This method was 10-fold more sensitive and 12-fold
more rapid than real-time PCR. Additionally, our assay facilitated high
stability in the presence of external protein interference. Altogether,
these results demonstrated that rotational Brownian motion is an ultra-
sensitive, fast, and robust method for revolutionizing the nucleic acid
amplification-based detection of SARS-CoV-2 cDNA fragments. In the
future, we envision bringing the entire process inside a microfluidic chip
to develop a fully integrated LAMP-on-chip platform for rapid, sensitive,
and real-time POC diagnostics of infectious pathogens, including
COVID-19.
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