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Infection caused by the new coronavirus (SARS-CoV-2) has become a serious worldwide public health
problem, and one of the most important strategies for its control is mass testing. Loop-mediated isother-
mal amplification (LAMP) has emerged as an important alternative to simplify the diagnostics of infectious
diseases. In addition, an advantage of LAMP is that it allows for easy reading of the final result through
visual detection. However, this step must be performed with caution to avoid contamination and false-
positive results. LAMP performed on microfluidic platforms can minimize false-positive results, in addition
to having potential for point-of-care applications. Here, we describe a polystyrene-toner (PS-T) centrifu-
gal microfluidic device manually controlled by a fidget spinner for molecular diagnosis of COVID-19 by
RT-LAMP, with integrated and automated colorimetric detection. The amplification was carried out in a
microchamber with 5 pL capacity, and the reaction was thermally controlled with a thermoblock at 72 °C
for 10 min. At the end of the incubation time, the detection of amplified RT-LAMP fragments was per-
formed directly on the chip by automated visual detection. Our results demonstrate that it is possible to
detect COVID-19 in reactions initiated with approximately 10> copies of SARS-CoV-2 RNA. Clinical

Received 19th October 2020, samples were tested using our RT-LAMP protocol as well as by conventional RT-gqPCR, demonstrating

Accepted 2nd January 2021
DOI: 10.1039/d0an02066d

comparable performance to the CDC SARS-CoV-2 RT-qPCR assay. The methodology described in this
study represents a simple, rapid, and accurate method for rapid molecular diagnostics of COVID-19 in a

rsc.li/analyst disposable microdevice, ideal for point-of-care testing (POCT) systems.

spread of the ongoing outbreak has become a huge public
health issue around the world.*® As with all diseases of great

1. Introduction

The new coronavirus pandemic (COVID-19) has already
affected 266 countries on all continents, according to the
World Health Organization (WHO), causing thousands of
deaths." Coronaviruses (order  Nidovirales, family
Coronaviridae, subfamily Coronavirinae) are a large family of
enveloped, positive-sense, single-stranded RNA viruses, with
genomes ranging from 26 Kb to 32 Kb.> The 2019 novel coro-
navirus (SARS-CoV-2) was first discovered in the province of
Wuhan, China and quickly spread throughout the world. On
March 11, 2020, the WHO classified the novel coronavirus
disease (COVID-19) outbreak as a pandemic."® The rapid
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social impact, early and accurate diagnosis of the infection
caused by COVID-19 is crucial for the correct treatment of
patients and for epidemiological control.’ The ability to detect
an infectious agent quickly in a pandemic is crucial to the
success of quarantine efforts, in addition to sensitive and accu-
rate screening for possible cases of infection in patients in a
clinical setting.

A rapid and sensitive method of diagnosis that can be
carried out from the first day of symptoms is vital to contain-
ing a worldwide pandemic.” Diagnostic tests based on nucleic
acid amplification reactions can achieve high levels of sensi-
tivity and specificity.® Real-time reverse transcription PCR (RT-
gPCR) is the gold standard for molecular diagnosis of
COVID-19.° However, the unprecedented demand for PCR
reagents around the world, resulting in a bottleneck effect, has
substantially reduced the testing capacity of many countries as
the number of cases and necessity for testing increase.'
Furthermore, RT-qPCR is costly and time consuming, and it

This journal is © The Royal Society of Chemistry 2021
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requires highly trained personnel and expensive laboratory
equipment.'!

Currently, isothermal techniques of nucleic acid amplifica-
tion have emerged to overcome the limitations of PCR, provid-
ing faster and lower cost molecular diagnostics, which can be
especially useful for developing countries or in the current
situation where the lack of PCR reagents has become an
important issue.’” Loop-mediated isothermal amplification
(LAMP) is an amplification technique that does not require
heating and cooling cycles; therefore, it requires simpler
instrumentation than PCR. LAMP is based on strand displace-
ment activity, which eliminates the need for denaturation of
double-stranded DNA. The use of a set of 4-6 specific primers
that are able to recognize 6-8 different locations along the
target sequence provides LAMP with better specificity than
PCR, where the target is recognized in only two locations."* ">
However, because it is a very powerful amplification technique,
a high number of amplicons is produced. For this reason,
LAMP manipulation requires extra care to avoid false-positive
results. Thus, several studies have reported the importance of
performing LAMP in a closed environment, without manipu-
lating the solutions after the reaction has started."®

Recently, microfluidic devices built up from different sub-
strates and of diversified fabrication protocols have been
widely applied for molecular techniques of diagnosis of
COVID-19."7 Ramachandran and coworkers'® developed an
electrokinetic method in a glass based microfluidic device
applicable to CRISPR-based diagnostics with application to
detection of SARS-CoV-2 with a total assay time around 30 min
with LOD achieved of 10 copies per pL of SARS-CoV-2 RNA. In
recent published study, Ji and coworkers'® developed a com-
plete diagnosis on a microfluidic disc-direct RT-qPCR (dirRT-
gPCR). The test was performed within 1.5 hours and detected
SARS-CoV-2 with 2 x 10" copies per reaction. Soares et al.>°
developed a cost-effective integrated modular PMMA centrifu-
gal microfluidic platform to perform a 30 min LAMP assay for
SARS-CoV-2 detection. The authors reached a limit of detection
of 10°-10° copies per reaction.

Microfluidic systems have great potential to automate the
manipulation of solutions that support integrated genetic ana-
lysis, reducing both the manual contact of the sample and the
possibilities of contamination during the analyses.*'
Therefore, microfluidic platforms represent an excellent
alternative to LAMP reactions using closed systems since the
detection step has the highest risk of contamination, either
when removing the solution for gel electrophoresis or when
adding the intercalator of DNA for visual detection at the end
of the reaction.?” The integration of steps in microdevices also
allows for better manipulation of solutions and a reduction in
the total analysis time. In this way, rotationally driven micro-
fluidics offer several advantages for diagnostic testing, facilitat-
ing automation and portability of the tests.”® In general, the
operation of the rotating device consists of manipulating it so
that as the device is rotated the fluid is pushed in the opposite
direction to the center of rotation and can be transported
between different chambers through microchannels.>* The
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instrumentation used in this type of device can be simplified,
and usually the centrifugal pumping is performed using a
motor that, through its rotation, moves the fluids in the radial
direction, moving it away from the center of rotation.>® The
flow rate of the fluids within the microchannels depends on
the speed of rotation, channel size, chamber position, and
fluid viscosity.*® Other functions are possible according to the
microfluidic resources used, such as the synchronized release
of fluids through the use of valves.?”*® Ouyang et al?*®
described a simple microfabrication method for creating
hydrophobic valves using a laser-printed toner in a multilayer
polyester-toner (PeT) device. Toner valves have been proven to
be effective with aqueous solutions and are easily opened by
the application of centrifugal force.

Here, we describe the development of the first polystyrene-
toner (PS-T) microfluidic device that is rotationally controlled
by a fidget-spinner for molecular diagnosis by RT-LAMP,
capable of performing visual detection on-chip by automated
mixing of the solution containing the amplicons with the DNA
intercalator. The integrated microdevice was used to develop a
rapid, sensitive, and straightforward method for molecular
diagnosis of COVID-19 by RT-LAMP. The reaction was devel-
oped using a simple heating block and on-chip visual detec-
tion using SYBR Green I intercalator, aided by a hand-held UV
source. Images were obtained with a smartphone.

2. Experimental
2.1. Virus culture

The virus was cultured in VERO cells, concentrated with 1.6 x
10" PFU mL™" and inactivated. The virus was kindly donated
by the Molecular and Clinical Virology Laboratory from
University of Sao Paulo.

2.2. Clinical samples

Naso and oropharyngeal swabs were obtained from patients
with confirmed COVID-19 during an epidemic in Brazil in
April 2020. Confirmation of infection by the COVID-19 virus
was obtained from the RT-qPCR results. This study was
approved by the Research Ethics Committee of the Federal
University of Goias, with protocol number No. 4.111.485. All
experiments were performed in compliance with nationally
required guidelines, following the resolutions CNS 466/12 and
CNS 441/11, and in compliance with institutional guidelines.
Furthermore, consent was obtained from all patients. All
samples were handled and deactivated first in a biosafety level
2 laboratory with personal protection equipment.

2.3. RNA extraction and real-time reverse-transcription PCR

All samples were submitted to RNA extraction using the
BioGene® K204 DNA/RNA Extraction kit (produced by Bioclin,
Quibasa Quimica Basica LTDA; ANVISA Registration:
10269360296), following the protocol provided by the
manufacturer.

Analyst, 2021,146, 178-1187 | 1179
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The US CDC SARS-CoV-2 kit was used in the RT-qPCR
assays. Briefly, a master mixture was made with 20 pL reaction
volume containing 5 pL of RNA template, 13 pL of master mix,
2 pL of primer and probe mix. The PCR mixtures were incu-
bated at 95 °C for 10 min, with 40 cycles of 95 °C for 15 s and
60 °C for 1 min, using the Applied Biosystems Life techno-
logies real-time PCR system. Serial dilution of control plasmids
containing the complete nucleocapsid gene from 2019-nCoV
(Integrated DNA Technologies, IA, USA) was used to generate a
standard curve (SC) for absolute quantification (5 to 2 x 10°
copies of viral RNA) and to obtain cycle threshold (Ct) values.
The real-time data was analyzed using the StepOnePlus™
System provided by Applied Biosystems (California, USA).

2.4. Fabrication of the PS-T centrifugal microdevice

PS-T microchips were fabricated using a previously described
print, cut, and laminate (PCL) protocol.*® Fig. 1St shows the
main steps of the fabrication process and the top of view of
the PS-T centrifugal device. The microchip consisted of four
layers of polystyrene films and contain one RT-LAMP chamber
of approximately 5 pL (chamber 1), one SYBR Green I (1:70)
chamber of approximately 3 puL (chamber 2), and one detection
chamber, with approximately 8 pL, for mixing solutions after
the incubation time. The bottom and top layers of the micro-
device were polystyrene films with hydrophobic toner valves
(3.3 mm wide) printed at 100% grayscale by laser printing
(Brother HL-1212 W) using a black toner cartridge (TN-1060)
to define the barriers. The patterned toner was printed on the
top and bottom surface. The access holes were pre-cut only on
the top sheet. The two intermediated layers were polystyrene
sheets covered with toner on both sides using a laser printer
(Brother HL-1212 W). The design of the chambers was drawn
using Silhouete Studio® software, and the chambers were
created by cutting out with a desktop digital craft cutter
(Silhouete Cameo, Brazil). The four layers were aligned and
laminated together using an office laminator (230c - A4) at
160 °C.

2.5. Fidget-spinner to generate the centrifugal force

We utilized a fidget spinner to provide continuous centrifugal
force, with just the flick of a finger providing the opening of
the valve and the mixture between the amplicons and the
SYBR Green I. We spun the fidget spinner by hand and
measured the rotation speed with the aid of a cell phone
camera. We made videos in slow motion so we could count the
number of rotations per minute. We evaluated the use of the
fidget spinner by different operators, varying the time from
5-15s.

2.6. Optimization of mixing in the centrifugal microdevice

A preliminary study was carried out to investigate the perform-
ance of the fidget spinner to provide a homogeneous mixture
in the microdevice, allowing for correct reading of the results.
In order to evaluate the efficiency of the mixing in the micro-
device, 5 pL of solution from RT-LAMP products that were pre-
viously amplified in a tube was added to chamber 1, while
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3 pL of SYBR Green I was added to chamber 2. Different
mixing protocols were tested by using the fidget spinner until
the best condition was found. The mixing efficiency was evalu-
ated by color analysis (bright green fluorescence) of the ampli-
con solution after mixing with the DNA intercalator (SYBR
Green I). The images were obtained with a smartphone and
evaluated using Image] software. The color intensity was
measured using the green channel of the RGB (red, green,
blue) color channels. The mixing efficiency was evaluated by
calculating the standard deviation of the intensity of green
color in different positions of the detection chamber at the
end of the mixing steps. A total of five microdevices per spin-
ning test were analyzed. The values were compared with a stan-
dard deviation of green color obtained from the premixed
reagents (in a tube) introduced into the detection chamber.

2.7. RT-LAMP amplification of SARS-CoV-2 in a centrifugal
PS-T microdevice

The sequences of primers used for RT-LAMP for SARS-CoV-2
detection, which has been described by Zhang et al.,*' are
shown in Table 1.

The main operational steps of the centrifugal RT-LAMP
microdevice for SARS-CoV-2 detection are illustrated in Fig. 1.

First, the RT-LAMP master mixture was prepared in a tube
and contain: 0.2 pM of each outer primer (F3 and B3), 1.6 pM
of each inner primer (FIP and BIP), 0.4 uM of each loop primer
(LFP and LBP), 6 mM MgSO,, 1.0 mM dNTP, 0.48 U pL~" of Bst
3.0 polymerase, 0.5 pL of 10x isothermal amplification buffer
[20 mM Tris-HCl, 10 mM KCl, 10 mM (NH,),SO4, 2 mM
MgSO,, 0.1% Triton X-100], BSA (0.11 mg mL™"), and varying
amounts of RNA. Before use, the microchambers were passi-
vated with BSA (5.0 mg mL™"), as previously described.*
Afterwards, 5 pL of the RT-LAMP master mixture was added to
the reaction chamber (1), and 3 pL of SYBR Green I (1: 70) was
added to chamber 2. After pipetting the reagents, the top of
the microdevice was sealed using clear contact paper to
prevent evaporation of the solutions during the incubation
time. The microdevice was placed in a thermoblock (Major
Science, Saratoga, CA) at 72 °C for 10 min. At the end of the
reaction incubation time, the clear contact paper was removed
from the top of the microdevice and then the solution with
RT-LAMP products was mixed with SYBR Green I for visual
detection. For this, the microdevice was rotated using the
fidget spinner to generate the centrifugal force necessary to
break the hydrophobic valve and to allow the flow of solution
in the direction of the detection chamber for visual detection
of the amplification products. Then, the detection chamber

Table 1 Sequences of primers for RT-LAMP

Primer 5'to3’

F3 CTGCACCTCATGGTCATGTT

B3 AGCTCGTCGCCTAAGTCAA

FIP GAGGGACAAGGACACCAAGTGTATGGTTGAGCTGGTAGCAGA
BIP CCAGTGGCTTACCGCAAGGTTTTAGATCGGCGCCGTAAC

LFP CCGTACTGAATGCCTTCGAGT

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic illustration of the RT-LAMP amplification and detection in centrifugal PS-T microdevices: (1) addition of reagents and sealing with
clear contact paper; (2) incubation in a thermoblock; (3) centrifugation by fidget spinner for the valve rupture and (4) visual detection by UV

radiation.

was exposed to UV light using an UV transilluminator (Hoefer
Model: UVIS-20, USA), containing a lamp with a wavelength of
320 nm, and images were taken with a smartphone (MI 8 Lite,
M1808D2TG), with the aid of a black acrylic support to control
the arbitrary lighting of the room. The support has a cubic
format (130 x 100 x 100 mm?®) with an opening on top for
viewing the chip and accessing the smartphone camera. To
demonstrate that the fluorescence was from specific amplifica-
tion, the solution was removed from the detection chamber for
agarose gel electrophoresis.

3. Results and discussion
3.1. Centrifugal polystyrene-toner microdevice

We previously demonstrated that PeT devices could be success-
fully used to detect dengue virus (DENV) by amplifying RNA by
RT-LAMP.** Here, we replaced the previously used polyester
films for microdevice fabrication by polystyrene films since
these are more transparent to UV radiation at 320 nm than
polyester films, as shown in Fig. 2S,T increasing the sensitivity
of visual detection. Through the UV-Vis transmittance spec-
trum (Fig. 2S7), it was observed that polystyrene film shows a
significant transmittance spectrum above 290 nm, while poly-
ester transparencies show a significant transmittance spec-
trum only above 340 nm. Probably the polyester transparency
film works as a filter, not allowing UV light to reach the solu-
tion effectively, not causing effective excitation and thus redu-
cing the percentage of transmittance in the visible region of
the spectrum. Thereby, the spectrum shown in Fig. 2S,f
demonstrated that 90.42% of the radiation is transmitted by
polystyrene at a wavelength of 320 nm instead of ~50% as the
polyester film. In order to provide a better visualization of the

This journal is © The Royal Society of Chemistry 2021

fluorescence transmitted directly in the microdevice chamber,
and promote an increase in fluorescence emission upon exci-
tation, we have replaced polyester film to polystyrene film.
Regarding the performance of the RT-LAMP reaction, the poly-
styrene film showed the same compatibility with the RT-LAMP
reagents as the polyester films. In addition to changing the
substrate, here we demonstrated an important advance com-
pared to the previous paper: the integration and automation of
visual detection. In our previous paper, although visual detec-
tion was done directly on-chip, the addition of the DNA inter-
calator was carried out after amplification by pipetting SYBR
Green I at the end of the reaction incubation time. The inte-
gration and automation of visual detection in a closed environ-
ment prevents contamination and false-positive results. To
allow this integration and automation of mixing RT-LAMP pro-
ducts with SYBR Green I at the end of the incubation time,
more functionality was incorporated into the microdevice,
such as the hydrophobic valves described by Ouyang et al.*’
The hydrophobic valves patterned by laser printer lithography
function as a passive valve and provide control of the fluidic
manipulation process, driven by a centrifugal force.

We investigated the use of a simple, hand-powered, and
electricity-free centrifugal platform based on a commercially
available fidget spinner to generate the centrifugal force
needed to open the valve and then mixed the RT-LAMP pro-
ducts and SYBR Green I in an automatized manner to visual
detection. Most of these commercial fidget spinners contain
three wings that present weights that are equally distributed in
relation to the center of rotation.** Centrifugation is initiated
by a hand-generated impulse (external force) on the fidget
spinner’s wing. This impulse induces the wings to rotate
around the central axis through a ball bearing mechanism
present in the center of the flat structure. These spheres

Analyst, 2021,146, 1178-1187 | 1181
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reduce friction during rotation, and although the impulse is
low, the rotation speed remains high due to the low friction
between the outer and inner ring.*> We measured the rotation
speed of the fidget spinner through videos and observed that
the speed reached 1200 rpm, varying, on average, from 600
rpm at low speed to 1200 rpm at high speed. The experiments
demonstrated that the rotation required to open the hydro-
phobic valve with 100% gray scale and a width of 3.3 mm was
300 rpm (data not shown); that is, this valve can be easily
broken with a fidget spinner. Different rotational forces were
used to assess the homogeneity of the mixture in the detection
chamber. The homogeneity of the mixture was evaluated
through the standard deviation of the green color in the detec-
tion chamber. A solution that was considered completely
homogeneous was mixed in a tube and then inserted into the
detection chamber, obtaining a standard deviation of the color
of ~1. Therefore, standard deviations with values close to 1
would correspond to a homogeneous mixture. Fig. 2A shows
that the low speed (600 rpm) and high speed (1200 rpm)
provide a similar homogenization of the mixture after turning
the device twice clockwise (CW) and twice counterclockwise
(CCW) with fidget spinner by 5 seconds in each direction. This
means that even if the fidget spinner does not have controlled
rotation, it is possible to obtain efficient mixing of the solutions,
even if different rotations are applied to the fidget spinner.
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In order to assess the rotation time in each direction and
how many times it would be necessary to produce a homo-
geneous mixture, a series of experiments were carried out at
different times (5-15 s) in alternating directions of rotation
(CW and CCW) (Fig. 2B). According to Fig. 2B, the rotation
time of 5 s demonstrated the best performance of the reagent
mixture, observed by reducing the standard deviation during
each direction of rotation. In this way, a homogeneous mixture
(standard deviation of 1.35) can be obtained within 5 s in each
direction of rotation (totaling 4 rotations CW and 4 rotations
CCW), ending the rotation step in ~40 s.

Since it is not possible to manually control the specific
speed using the fidget spinner and since it has little dissipa-
tive energy force (low friction), the variation in the rotation
rate between different operators is common. In this way, cen-
trifugal forces, created by uncontrolled rotations and operated
by different users, were also explored in order to demonstrate
that even with the existing variations from operator to operator
it is possible to arrive at similar final results. To ensure the
reproducibility with a different user, we randomly chose three
adults (two female and one male) to push the fidget spinner
and evaluated the homogeneity of the mixture. According to
the data shown in Fig. 2C, even with the variations in the
rotation rates from operator to operator, the fluorescence hue
showed a uniform distribution as the mixture was rotated

B)

Time of rotation

25 H5g

20 ] 10s

Standard Color Deviation (U.A.)

CWl CCW1 CW2 CCW2 CW3 CCW3 CW4 CCw4

Direction of rotation

Different operators

® Operator 1
% Operator 2

* Operator 3

= -
L v f

CWl CCW1 CW2 CCW2 CW3 CCW3 CwW4 CCw4

Direction of rotation

Fig. 2 Evaluation of the homogeneity of the mixture through green color distribution by applying consecutive rotations in different rotational direc-
tions (clockwise [CW] and counterclockwise [CCW] rotational movement). (A) Tone standard deviation value at different speeds of rotation, at 600
and 1200 RPM for 5 s in each direction. (B) Evaluation the mixture at different rotation times, 5, 10 and 15 s. (C) Evaluation of the mixture by centrifu-
gal pumping via fidget-spinner, without control of the rotation rate, using 3 different operators.
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alternately CW and CCW. The uniform distribution was found
for the three operators in the fourth rotation cycle through the
values of the standard deviations of 1.31, 0.73, and 1.32 for
operators 1, 2, and 3, respectively. Thus, even at different
speeds of rotation, it is possible to obtain similar results of
homogeneity of the mixture, proving that the test can be per-
formed regardless of the operator.

3.2. RT-LAMP

For SARS-CoV-2 in the PS-T centrifugal microdevice, we
initially optimized the composition of the master mixture. The
concentrations of enzyme, primers, and dNTP were optimized.
As demonstrated in previous studies,”® the LAMP performed
on microfluidic devices requires a higher concentration of
enzyme due to the large area/volume ratio of the reaction
chamber. In this study, we observed that the minimum
enzyme concentration for success of the reaction was 0.48 U
pL ™', and this concentration was sufficient for the success of
the reaction even with low RNA copies. The optimized concen-
trations of dNTPs and primers that demonstrated better
RT-LAMP efficiency and prevented false-positive results were
1.0 mM of dNTP and 0.2 pM of each outer primer (F3 and B3),
1.6 uM of each inner primer (FIP and BIP), and 0.4 uM of each
loop primer (LFP and LBP).

In order to obtain a rapid test for the diagnosis of
COVID-19, maintaining high sensitivity, the incubation time
was optimized by testing 5, 10, 15, 20, and 30 min of heating
at 72 °C. The results of the optimization of the incubation
time showed that 10 min was the shortest time that produced
detectable quantities of fragments in the visual detection and
in the agarose gel (Fig. 3B). False-positive results were observed
with incubation times greater than 20 min (Fig. 3A). Therefore,
all assays were carried out using 10 min of incubation time.

Negative reactions
A) .

5 min 10 min 15min 20 min 30 min

M
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Until today, for SARS-CoV-2 detection by RT-LAMP in micro-
tubes the optimum time of the reaction ranged from 30 min to
60 min'”?*313%37 1n most of these papers the authors used
the Bst 2.0 version, and this explains the longer time of
RT-LAMP. In our previous study, we demonstrated that the Bst
2.0 needs longer heating time than Bst 3.0.>* In addition, use
of the enzyme Bst 3.0 lowers the cost of the reaction since it
does not require the use of an extra transcriptase enzyme, and
it provides results in shorter analysis times. Since Bst 3.0 pro-
vides the fastest amplification time, it is an ideal candidate for
use in methods for the rapid diagnosis of COVID-19.

3.3. Sensitivity

The analytical sensitivity (limit of detection) of RT-LAMP in a
centrifugal PS-T was determined by serial dilution of RNA
from SARS-CoV-2. Reactions were performed with initial
amounts of RNA ranging from 10’ to 10™° copies of RNA. The
centrifugal PS-T platform allowed for detection of amplicons
on the agarose gel in reactions starting with as low as 107*
copies per microliter of viral genome copies (Fig. 4St).

A great advantage of the LAMP reaction is the possibility of
performing visual detection without the need for electrophor-
esis, allowing for easy and quick reading of the results. The
use of DNA intercalating reagents as a strategy for detection
LAMP, due to the methodological convenience, is already well
explored in the literature.***° The fluorescence intensity for
positive reactions varies according to the initial RNA copy
number, as can be seen in Fig. 4A. We show here that analysis
of the intensity of the green color in the detection chamber
can be used for reasonable quantification of the viral load.
The images were obtained with a cell phone camera and evalu-
ated using the Image] program. The intensity of color was
measured using the green channel of the RGB (red, green,

B) Positive reactions

20 min

5 min 10 min 15 min 30 min

Fig. 3 Evaluation of incubation time of RT-LAMP in centrifugal microdevice. In panels A: NTC (non-template control) reactions and B: positive

control reactions. In both panels: M: molecular weight marker.
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Fig. 4 Visual detection of SARS-CoV-2 amplification products via RT-LAMP in different amounts of initial copies of the target (107-10"° DNA copy).
(A) Visual detection; (B) digital analysis of the images of the reactions performed in triplicate, by the ImageJ software for quantitative correlation

with the intensity of the fluorescence. NTC, no template control.

blue) color channels. Fig. 4B shows the reasonable linear behav-
ior, with R> = 0.9647, of the logarithm of fluorescence intensity
versus the number of initial copies of RNA. The RSD values (1 =
3) were calculated and ranged from 0.017 to 6.69%. Considering
the image capture through a cell phone, the RSD values were
satisfactory, thus revealing a good potential for reasonable
quantification of the viral load involving real samples.

The visual assessment of the shade of green and the ana-
lysis of the intensity of green in the RGB channel were in
agreement to electrophoresis gel (Fig. 4St). These results
coincide with the results shown by the electrophoretic separ-
ation in the agarose gel.

Considering 8 independent replicates for each RNA concen-
tration, the probit regression analysis revealed that the limit of
detection at 95% probability was —2.911og;, (~1.0 x 1073)
copies of SARS-CoV-2 RNA, with confidence interval from
—3.58 to —1.29 (Table 2 and Fig. 3S7).

This low limit of detection of RT-LAMP means that the tech-
nique is able to detect the presence of SARS-CoV-2, even in
patients with low viral loads, thus allowing for early diagnosis
of COVID-19.

Currently, some studies have reported the molecular detec-
tion of SARS-CoV-2 by LAMP in tubes with a limit of detection
of 0.1-10 copies per pL.*"** A recently published study by

Table 2 Limit of detection (LOD) of the SARS-CoV-2 RT-LAMP assay.
Probit regression analysis was calculated using MedCalc software
(version 18.11), giving a C95 value (concentration detectable 95% of the
time) of —2.91 log; of initial copies of SARS-CoV-2

SARS-CoV-2 concentration No. of No. of positive Hit rate
(initial copies) replicates results in %
1.0 x 100 8 8 100

1.0 x 1072 8 8 100
1.0x 1073 8 7 87.5
1.0x107* 8 6 75
1.0x107° 8 3 37.5
1.0x107° 8 0 0
1.0x 1077 8 0 0
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Soares et al.”® reported a LAMP assay performed on a PMMA-
based microfluidic platform with a detection limit of 10*-10°
copies per reaction and an analysis time of 30 min. Rodriguez-
Manzano and coworkers*® described a LAMP assay in a car-
tridge microfluidic device for the detection of SARS-CoV-2 RNA
samples showing a limit of detection of 10 RNA copies per
reaction in under 20 minutes. In a study reported by Tian
et al** a fully automated centrifugal microfluidic system was
used to detect SARS-CoV-2 through a 70 min RT-LAMP assay
with a limit of detection of 2 copies per reaction. The limit of
detection found in this present study is lower than those
reported in the literature, which has great potential for diag-
nosing COVID-19, even in the beginning of the infection. In a
study of samples collected during the clinical course of
COVID-19, Wolfel et al.*> demonstrated a high viral load at the
onset of symptoms (the mean RNA load of the virus was 6.76 x
10> copies per swab for up to 5 days). Considering that the
value is substantially higher than the limit of detection
obtained in this study, our methodology presents the possi-
bility of detecting the virus from the first days of infection.
The limit of detection of —2.91 log;, (~107°) RNA copies found
here for SARS-CoV-2 detection was similar to the limit of detec-
tion found in our previous study for Zika virus detection using
Bst 3.0 with 10 min of reaction.*® Due to the impressively low
detection limit, our methodology and platform were proven to
be an important tool that can be used in samples collected
immediately after the onset of symptoms, allowing diagnosis
in the early stages of infection when the detection of anti-
bodies is still negative.

3.4. Evaluation of RT-LAMP in a centrifugal PS-T microdevice
assay in clinical samples

We evaluated the performance of the PS-T centrifugal micro-
device for diagnosing COVID-19 in real clinical samples. As a
proof-of-concept of the capability of our platform in the diag-
nosis of COVID-19, we used 20 real samples previously tested
by RT-qPCR. Of these 20 samples, ten were negative and ten
tested positives by RT-LAMP. The samples confirmed a 100%

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Evaluation of specificity and clinical samples analysis by RT-LAMP for detection of SARS-CoV-2. (A) Visual detection on-chip. (B) Detection

off-chip: agarose gel.

agreement between the RT-LAMP-based test carried out in this
study in the PS-T centrifugal device (with 10 min of reaction)
with qPCR assays, which is considered the gold standard for
the molecular diagnosis of COVID-19.

The specificity of the RT-LAMP primers used in this study
for detection of SARS-CoV-2 was demonstrated by using influ-
enza virus samples from healthy patients and samples from
patients infected with SARS-CoV-2. We found that fluorescence
increased when SARS-CoV-2 was used as the template and not
with other virus samples or healthy human samples (Fig. 5),
demonstrating the high level of RT-LAMP specificity. Fig. 551
shows the visual detection from the 20 real clinical samples
(10 positives and 10 negatives).

These preliminary results revealed that the proposed
RT-LAMP in a centrifugal PS-T microdevice assay had a high
sensitivity and specificity for diagnosis of COVID-19, in
addition to the great potential for applications in point-of-care.

4. Conclusion

We report a 10 min assay for the detection of SARS-CoV-2
based on a RT-LAMP reaction carried out in a disposable cen-
trifugal microdevice. The integration and automation of the
RT-LAMP reaction with visual detection in the centrifugal
device allows the entire process to be carried out in a closed
environment, thus avoiding contamination and false-positive
results. In addition, the advantage of integrated and auto-
mated visual detection provided by a hand-powered, electri-
city-free centrifugation platform using a fidget spinner is to
obtain fast results, eliminating pipetting steps.

In the tests carried out in the PS-T microchip, it was poss-
ible to detect amplicons in reactions that started with
—2.9110g;, (~107%) copies of SARS-CoV-2 RNA with on-chip

This journal is © The Royal Society of Chemistry 2021

detection. This detection limit is significantly lower than
recent published studies describing LAMP in microdevices for
the diagnosis of COVID-19.2%*34

The low detection limit found in this study is due to the
fact that the use of SYBR Green leads to increased sensitivity
when compared with others detection method.”” However, the
inhibitory effect of SYBR Green on the LAMP reaction is well
established.”® For this reason, the intercalating dye addition
step at the end of the reaction is necessary. In this paper, the
microchip developed allowed the integration of this step,
representing advances in relation to previous studies.’*??
However, the demand for extraction off-chip are still limit-
ations to be overcome for the obtainment a fully integrated
microchip for molecular diagnostic.

It is also important to consider the cost of our test, which is
much less than the cost of a test based on qPCR. While a diag-
nosis involving the qPCR methodology costs, on average, ~US
$100.00 per test, the diagnosis using our methodology and our
device costs less than US $5.00 (including microchips and
reagents).

The RT-LAMP based tests carried out in a disposable and
low-cost microdevice represents the first step in the application
of molecular diagnostics for point-of-care tests. The entire
system can be miniaturized to have a specific and simple mole-
cular diagnosis that can be taken to a remote location. Due to
its simple operation and lack of sophisticated instrumentation,
the RT-LAMP performed in the PS-T centrifugal platform has
proven to be a valuable tool for molecular diagnosis of
COVID-19, especially in resource-limited regions of the world.
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