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ARTICLE INFO ABSTRACT

Keywords: Rapid point-of-care tests for infectious diseases are essential, especially in pandemic conditions. We have
SARS-Cov-2. o developed a point-of-care electromechanical device to detect SARS-CoV-2 viral RNA using the reverse-
?f:&;edlated isothermal amplification transcription loop-mediated isothermal amplification (RT-LAMP) principle. The developed device can detect

SARS-CoV-2 viral RNA down to 10° copies/mL and from a low amount of sample volumes (2 pL) in less than an
hour of standalone operation without the need for professional labor and equipment. Integrated Peltier elements
in the device keep the sample at a constant temperature, and an integrated camera allows automated monitoring
of LAMP reaction in a stirring sample by using colorimetric analysis of unfocused sample images in the hue/
saturation/value color space. This palm-fitting, portable and low-cost device does not require a fully focused
sample image for analysis, and the operation could be stopped automatically through image analysis when the
positive test results are obtained. Hence, viral infections can be detected with the portable device produced
without the need for long, expensive, and labor-intensive tests and equipment, which can make the viral tests

Point-of-care testing
Electromechanical systems
Colorimetric detection

disseminated at the point-of-care.

1. Introduction

RNA viruses are pathogenic organisms that cause important diseases
in humans, and diagnostic tests are of great importance for the early
diagnosis and treatment process of these viruses [1]. Immuno-based
methods are performed based on capturing antibodies produced
against the virus and are widely used but are not effective in the early
detection of the virus [2]. With the spread of COVID-19, early detection
methods have gained great importance in order to take timely preven-
tive measures [3]. Although RT-qPCR has a high accuracy that is
accepted as the gold standard method for COVID-19 detection, its usage
is limited because it is a non-portable, laboratory-dependent, and
high-cost test, and it also needs technical expertise for its operation [4].
On the other hand, LAMP tests are performed at a constant temperature,
they eliminate the need for a thermal cycler and can offer a cost-effective
analysis, unlike the RT-qPCR method [5]. The LAMP method, which has
been widely used in studies for COVID-19 detection, has revealed sen-
sitive and easy-to-use analysis [6]. Colorimetric detection can be used
for LAMP tests, where the color change is appeared for a positive sample
with an altered pH value due to the reaction [7]. For instance, the viral

genome of SARS-CoV-2 could be detected in real-time by the RT-LAMP
method [4]. With the use of this diagnostic method, by targeting
ORFlab and N regions of SARS-CoV-2 RNA performed on the heating
block, 10% copies/mL limit of detection was reached using naked eye
inspection in 25 min [8]. In another LAMP-based diagnostic system, an
artificial SARS-CoV-2 genome was detected in real-time using micro-
electrodes [9]. In this portable platform supported by Arduino to control
temperature and measure electrical potential, the presence of viral
genome was studied in the 10-10* copies in a 50 pL sample by moni-
toring the pH change through the electrical potential that could increase
the cost per test. RT-LAMP-based SARS-CoV-2 detection can also be
performed using electrochemical sensors. For instance, disposable
electrochemical test strips containing screen-printed electrodes were
used for the detection of N and ORFlab genes of the SARS-CoV-2 [10].
This sensor with a detection limit of 38 x 107° ng/pL was successfully
tested in wastewater samples. Furthermore, a potentiometric device
monitoring pH changes of the LAMP process was developed for
point-of-care detection of SARS-CoV-2 [11]. The device could detect
SARS-CoV-2 in 25 min with a limit of detection of 10° copies in 25 pL
sample. Based on RT-LAMP, the Palm Germ-Radar (PaGeR) platform can
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Fig. 1. Illustrations and photographs of automated LAMP analysis device for COVID-19 diagnosis. The device is composed of LEDs, Peltier heaters, a mixing
apparatus, a DC motor, a temperature sensor, a camera, and a 3D-printed frame. The scale bar is 10 mm.

detect the COVID-19 viral genome down to 1-5 x10° copies/mL within
1 h with a naked-eye using three detection methods, which were
colorimetric, fluorimetric, and lateral dipstick [12]. However, the plat-
form could not enable real-time in situ quantitative monitoring.
Furthermore, the handheld portable platform contains a single-use
microfluidic cartridge integrated with ion-sensitive field-effect transis-
tors (ISFET) to identify voltage changes due to pH variations in LAMP
reaction [13]. Although the detection limit of 10 copies/reaction has
been reached with 20 min of reaction, the high cost of cartridge due to
ISFET could be a limiting issue. The detection limit is important for the
diagnosis of COVID-19, since the viral load of the collected sample could
be down to §103 copies/mL in the early-stage of the infection [14]. This
may result in tests that do not have a low detection limit giving false
results in the first days of COVID-19. Although some methods were
developed for COVID-19 detection, a complete solution for automated
LAMP testing at the point-of-care is limited. Here, we present a new
COVID-19 diagnostic device using the LAMP method with automatic
image analysis to monitor color change in the sample for real-time
detection of a low amount of viral RNA. This low-cost device offers
portable, rapid, and automated viral RNA detection without the need for
expensive instruments, and technical expertise.

2. Materials and methods
2.1. Template and primer design

The LAMP primers used in the device were designed for the N gene
region of SARS-CoV-2 (GenBank Accession no: NC_045512, positions
28,285-28,529), where designed primers are highly conserved for
different variants of SARS-CoV-2 (e.g., Delta B.1.617.2 (GenBank
Accession no: 0X000604.1), and Omicron BA.5.2 (GenBank Accession
no: OP136952.1)) [15]. Forward outer primer (F3: TGGACCC-
CAAAATCAGCG), backward outer primer (B3: AGCCAATTTGGT-
CATCTGGA), forward inner primer (FIP: CGTTGTTTTGATCGCGCCCC
ATTACGTTTGGTGGACCCTC), backward inner primer (BIP: TACTGCGT
CTTGGTTCACCGCATTGGAACGCCTTGTCCTC), forward loop primer

(LF: TCCATTCTGGTTACTGCCAG), and backward loop primer (LB:
GCAAGGAAGACCTTAAATTCCCTC) were initially designed using New
England Biolabs (NEB) LAMP Primer Design Tool Version 1.0.1. All
primers were synthesized (Triogen Biyoteknoloji, Turkey). As a positive
control, a SARS-CoV-2 RNA positive sample of QCMD SARS-CoV-2 EQA,
2020 panel was used, while a sample carrying human cytomegalovirus
DNA (CMV, QCMD Human Cytomegalovirus DNA EQA panel, 2019) and
hepatitis C virus RNA (HCV, QCMD Hepatitis C Virus RNA EQA Pro-
gramme, 2020) were chosen as negative controls. Nucleic acid extrac-
tion of both positive and negative controls was done by an EZ-1 virus
mini kit (Qiagen, Germany). The specific amount of template RNA and
negative controls carrying CMV DNA, and HCV RNA were obtained from
QCMD standards sample code as SCV2_101S-04, CMVDNA19S-02, and
HCVRNA20C1-01, respectively. SARS-CoV-2 RNA concentrations were
adjusted by dilution of the known SCV2.101S-04 sample (10%%°
copies/mL) in distilled water (dH20). The LAMP reaction mixture was
prepared using 25 pL. Warmstart Colorimetric LAMP 2X Master Mix
(New England Biolabs, USA), 2.5 pL of primer mix containing 6 LAMP
primers, 8 pL of dH>0, and 2 pL of the sample. 2 pL of dH20 was used
instead of RNA sample as a blank group.

2.2. Fabrication of electromechanical device

The fabricated automated electromechanical device allows the
amplification of the SARS-CoV-2 viral gene. The device’s dimensions are
kept small for portable operation (50 mm x 50 mm x 39.3 mm) (Fig. 1).
SARS-CoV-2 viral gene detection is conducted on this device, which
automatically analyses color change due to LAMP reaction at a constant
temperature of 65 °C. As the LAMP reaction takes place, there is a color
change from pink to yellow in the reaction solution. The temperature
required for the LAMP reaction is supplied with four Peltier heaters
(TEC1-04905, Thermonamic, China) surrounding the disposable PCR
tube, where LAMP amplification takes place. It is hard to couple tem-
perature sensors on the rotating PCR tube containing the sample. Here, a
low-cost thermocouple temperature sensor (WRN-02B-NiCr-Ni Ther-
mocouple, ISISO, Turkey) was used to monitor the temperature nearby
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Fig. 2. The illustration of the RT-LAMP protocol conducted in the presented device. RT-LAMP protocol was realized in the PCR tube with F3/B3 (forward/backward
outer primers), FIP/BIP (forward/backward inner primers), and LF/LB (forward/backward loop primers) for the exponential amplification. The color change in the
PCR tube indicating the presence of SARS-CoV-2 RNA is monitored with a camera. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

the rotating PCR tube during operation. Temperature is controlled with
an Arduino microprocessor (Arduino Mega 2560 R3, Italy) using the
temperature sensor and it is maintained at 65 + 2 °C by powering on/off
Peltier heaters automatically. The wiring schematic and control algo-
rithm for temperature control were shown in Fig. S1 and Fig. S2,
respectively. A DC motor (Micro Metal Gearmotor HPCB 3061, Pololu,
USA), which is driven with 1.2 V, rotates the PCR tube at 300 rpm to mix
the sample in order to accelerate LAMP amplification [16,17] and obtain
a homogeneous color in the reaction tube [18]. The observations of
LAMP amplification are done by taking the photos with the camera
(Raspberry Pi Camera Module V2, Raspberry Pi, USA) from the bottom
of the PCR tube. The camera is mounted 2.5 cm away from the bottom of
the PCR tube, but it does not need to focus well on the tube which makes
the device size minimum. Camera control and analysis of the obtained
photos are made on a microcomputer (Raspberry Pi 3 B+, Raspberry Pi,
USA). The lighting of the platform is maintained with two white LEDs
(12383, Robotistan, Turkey), which are located at the opposite top
corners of the platform and are operated with 5 V supplied from the
microcomputer (Fig. S1). The technical drawing of the complete device
is shown in Fig. S3.

2.3. Detection procedure

For the LAMP amplification, the device is first heated for 2 min to
reach 65 °C and then the PCR tube containing the LAMP reaction
mixture is mounted on the mixing apparatus found on the lid of the
device (Video S1). After the lid is closed, sample mixing and LAMP re-
actions are initiated. LAMP uses forward outer primer (F3), backward
outer primer (B3), forward inner primer (FIP), backward inner primer
(BIP), backward loop primer (LB), and forward loop primer (LF) to
recognize target RNA (Fig. 2). The amplification is initiated with the
annealing of the inner primer to the target region which is then extended
by RNA polymerase. The outer primer anneals to the original backbone
to displace the product then reverse complementary sequences on the
product anneals to each other and forms a self-hybridizing loop struc-
ture. This process goes with the displacement-annealing cycles to form a

dumbbell structure. The dumbbell structure is a seed for the exponential
LAMP amplification containing multiple initiations and annealing sites
for primers. Thus, the amplification takes place in these multiple re-
gions, and the products increase and form yellow color in the PCR tube
for the detection [19]. The camera on the device starts to take photos of
the PCR tube three times every 5 min for the entire amplification process
without stopping the tube rotation.

Color analysis of the captured PCR tube photos is made in hue/
saturation/value (HSV) color space by masking specific color intensity
at a certain threshold [20,21]. As explained in Fig. S4 and Fig. S5, the
captured images are first converted from the red-green-blue (RGB) color
space matrix to the HSV color matrix with the color gamut conversion
algorithm [22], and then they are processed to measure the yellow color
intensity value indicating the presence of SARS-CoV-2. For this purpose,
the HSV representation of the captured images are masked with the hue
value (hue: >0.982 and < 0.257) for specifying the specific hue value of
the yellow color, the brightness value (brightness: >1.0 and < 0.528) for
masking unwanted dark and bright fields, and the saturation value
(saturation: >1.0 and < 0.287) for determining the color change from
pink to yellow due to the amplification. By doing so, positive samples
can be identified with increased saturation value depending on the
yellow color intensity. Each experiment was repeated 3 times and
saturation values of experiments every 5 min were calculated as mean +
standard deviation (SD) by using the photo giving maximum saturation
values from three consecutive photos of the PCR tube in each
experiment.

3. Results and discussion

The device was tested at different rotational speeds to ensure opti-
mum mixing for amplification without affecting HSV analysis on
captured photos. 3 repeated photographs of yellow food dye in PCR
tubes were captured with continuous rotation at 0, 100, 300, and 600
revolutions per minute (rpm). The observations show that rotational
speeds up to 300 rpm did not affect the HSV analysis (Fig. 3). The HSV
saturation value decreases due to the change in a blur of moving objects
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Fig. 3. HSV saturation values at different rotational speeds. HSV saturation
values of the masked photographs taken at 0, 100, 300, and 600 rpm rotational
speeds were measured. Data were calculated as the mean =+ SD of 3 replicates of
experiments. Statistical differences were obtained using a one-way ANOVA test
at each rotational speed. The symbols (*), (**), and (***) represent p < 0.05, p
< 0.01, and p < 0.001, respectively. ns means non-significant.

at 600 rpm rotational speed. Therefore, 300 rpm was chosen as the
optimal mixing speed having a negligible effect on the HSV analysis that
can allow real-time analysis without stopping the rotation. The reason
for taking photos without stopping the mixing process is to model the
real-time RNA detection process which could inform users immediately
about the positive results without waiting for the whole pre-set duration
of the LAMP process. The effect of the mixing procedure on the LAMP
process was also examined. It was shown that the mixing process
improved the difference between the detection signals of positive sam-
ples (Fig. S6).

Furthermore, camera to PCR tube distance was examined to show the
effect of the camera focusing on HSV analyses. The HSV saturation value
decreases as the PCR tube moves away from the camera in order to focus
the photos. (Fig. S7). The camera to PCR tube distance should be set to
10 cm to get focused images that can enlarge the device size. Although a
macro lens could be used to get focused photos at a shorter distance, this
lens could increase the cost and the size of the device. On the other hand,
the whole PCR tube is not visible at distances below 2.5 cm. Because of
that camera to PCR tube distance is set to 2.5 cm in the device to get
maximum HSV values.

The device was tested with different concentrations of SARS-CoV-2
RNA, negative controls carrying CMV DNA and HCV RNA, and the
blank group without any nucleic acids. The color change started to be
seen at 10° copies/mL (~15 fg/mL) and 10* copies/mL of SARS-CoV-2
RNA concentrations on PCR tube photos after 55 min (Fig. 4a). HSV
masked images were also obtained from captured photos (Fig. 4b). The
saturation values of HSV masked images were analyzed (Fig. 4c). A
significant difference was observed for >10° copies/mL of SARS-CoV-2
RNA after 50 min compared to blank and control groups. However, there
was no significant difference at 102 copies/mL SARS-CoV-2 during 70
min of the whole amplification process. Due to used low sample volume
of 2 pL, which is in the range of advised sample volume (2-10 pL) in the
LAMP 2X Master Mix datasheet, the probability of RNA copies available
inside the sample is low at this concentration level. This indicates that
the detection limit of the platform is ~10° copies/mL. To decrease the
detection limit further, the sample volume and also the LAMP reaction
mixture could be increased but this would increase the cost per test.
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Fig. 4. Detection results obtained on the platform. (a) Unmasked raw photos of
PCR tubes taken at 5th, 30th, and 55th min of the incubation time for different
SARS-CoV-2 RNA concentrations (10 copies/mL, 10° copies/mL and 102
copies/mL), 2.5 x 10° copies/mL CMV sample (negative control), 1.98 x 10°
copies/mL HCV sample (negative control), and blank group (0 copies/mL). (b)
HSV masked images of the PCR tube having 10* copies/mL of SARS-CoV-2
RNA. The inset images show the unmasked raw photos. The scale bars are 2
mm. (c) Time-dependent graph of saturation values of HSV masked images.
Data were shown as the mean + SD of 3 replicates of experiments. Statistical
differences were compared with the blank using a 2-way ANOVA test in each
time set. The symbols (*), (**), and (***) represent p < 0.05, p < 0.01, and p <
0.001, respectively.

Moreover, no statistical differences were obtained for the 2.5 x 10°
copies/mL (~10 pg/mL) CMV sample and 1.98 x 10° copies/mL HCV
sample (~10 fg/mL) used as negative controls with DNA and RNA vi-
ruses compared to the blank. Thus, used LAMP protocol allows high
specificity for detecting SARS-CoV-2 RNA.

After 70 min of LAMP amplification for different samples, spectro-
metric measurements, which are also gold standards to analyze the color
changes [23], were conducted. For this purpose, 12.5 pL of dH20 was
added to 37.5 pL of amplification solution to make up to 50 pL final
solution to conduct absorbance measurements on a 96-well plate using a
spectrophotometer (Multiscan Go, Thermo Fisher Scientific, USA). The
spectrometric absorbance measurements between 300 and 800 nm
wavelengths were shown in Fig. 5a. The amplifications gave peak values
at around 432 and 560 nm wavelengths, since the wavelength of 432
nm, and 560 nm represent the intensity of the yellow and pinkish colors,
respectively. The ratio of these two values (432 nm/560 nm) can mea-
sure how much color change occurs from pink to yellow in the ampli-
fication that can be used to quantify the RNA sample [24]. As shown in
Fig. 5b, there were significant differences for >10° copies/mL
SARS-CoV-2 compared to control groups as in HSV analysis in the pre-
sented device. Moreover, 10* copies/mL of SARS-CoV-2 showed a higher
detection signal, which was also observed in HSV analysis. Hence,
instead of using an expensive spectrophotometer, a simple camera
module combined with HSV analysis can be utilized for sensitive anal-
ysis of SARS-CoV-2 samples.
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In addition, the device was tested with different SARS-CoV-2 con-
centrations to analyze the performance of the device for quantitative
detection (Fig. 6). The analyses were conducted on images taken after
70 min of amplification. The limit of quantification (LOQ) signal was
calculated as mean + 10 x SD of the mean of the HCV negative control
group, which gives the highest detection signal among the control
groups [25]. The HSV values for the concentration of >10° copies/mL
are bigger than LOQ, so these concentrations 10° copies/mL) could be
sensed in the device. Although high standard deviation values were
observed for different SARS-CoV-2 RNA concentrations, a linearity be-
tween the measured HSV saturation values and spiked RNA concentra-
tions was seen (Fig. 6).

The comparison of the LAMP-based devices to detect SARS-CoV-2
was shown in Table S1. The presented device has solid features and
qualifications for detecting SARS-CoV-2 RNA in terms of limit-of-
detection, cost, and real-time monitoring. The limit-of-detection value
of our device (10° copies/mL) is sufficient for diagnosis from swab
samples at the early stage of infection [9]. The real-time detection
feature of this device could terminate the protocol earlier depending on
viral loads. Although electrochemical detection methods could improve
the detection time further, these methods need special electrodes that
should be disposed of after each test. On the other hand, colorimetric
detection methods, which monitor only the color changes in the sample,
could reduce the cost of tests by eliminating the need to dispose of
high-cost detection sensors. Moreover, the integrated heater on the
presented device could maintain the required temperature for LAMP
process without external components. Automated readout could also be
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Fig. 6. The analyses in the device for different SARS-CoV-2 RNA concentrations
at 70th minute of amplification. Data were shown as the mean + SD of 3
replicates of experiments. The coefficient of determination (R?) value calcu-
lated using semi-log regression analysis of the data was shown on the graph. R?
was evaluated on the mean HSV saturation values of each concentration.
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*k Fig. 5. Spectrometric measurements of LAMP
mixture after amplification. (a) Absorbance graphs
for different SARS-CoV-2 RNA concentrations (10%-
10* copies/mL), 2.5 x 10° copies/mL CMV sample
(negative control), 1.98 x 10° copies/mL HCV sample
(negative control), and blank group (0 copies/mL).
The inset images show PCR tube photographs for
different samples captured outside the device.
Absorbance values are shown as the average of 3
replicates of experiments. (b) Absorbance ratio at the
wavelengths of 432 nm and 560 nm. Data were
shown as the mean + SD of 3 replicates of experi-
ments. Statistical differences were compared with the
controls using one-way ANOVA by Holm-Sidak sta-
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used to quantify SARS-CoV-2. These features ensure user-friendly and
plug-and-play operation of the device.

4. Conclusion

The proposed device was applied to detect SARS-CoV-2 RNA using
LAMP protocols at a constant temperature with automatic and real-time
colorimetric analysis. Real-time detection could reduce viral detection
assay time of qualitative tests by terminating the LAMP amplification
procedure when positive test results were observed. The device allows
sensitive detection of viral RNA down to 102 copies/mL in ~55 min with
low-cost components. In this way, it could permit early-stage COVID-19
detection with low detection limits. This affordable device costs less
than $200 with low-cost components like Peltier heaters, DC motor,
thermocouple temperature sensor, microcomputer, and camera and it
requires only ~$2 per virus detection test. It can be 3D printed,
assembled, and installed easily with accessible components even in
remote rural regions. The device can detect viral RNA at point-of-care
settings without the need for any professional equipment or personnel
and is portable due to its small dimensions. Hence the device and the
developed assay can provide rapid and point-of-care detection of
COVID-19 and improve on-site monitoring of the infection. It provides a
stable temperature for amplification and automated SARS-CoV-2 RNA
detection with a mounted camera module at the bottom of the device
using unfocused PCR tube photos. Although primers specific to the N
gene of the SARS-COV-2 Wuhan-Hu-1 virus were used in the platform,
primer sequences can be designed for other gene regions or different
variants so that genomic changes can be tested, and other regions of the
virus can be identified to obtain more precise results. The primers can
also be designed for different viruses. Thus, this automated electrome-
chanical device can be easily updated to detect viral RNA/DNA of in-
terest, making it useable in future epidemics and pandemics.
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