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g r a p h i c a l a b s t r a c t
� Smartphone biosensor combines
isothermal amplification and particle
diffusometry .

� Limit of detection of 50 virus parti-
cles mL-1 from 10% saliva samples on
chip.

� SARS-CoV-2 detected using assays
lyophilized in microfluidic chip.

� Sample amplified with a portable
miniaturized heater.

� Potential use in widespread
screening out in the field for its
portability .
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In 2019 the COVID-19 pandemic, caused by SARS-CoV-2, demonstrated the urgent need for rapid, reli-
able, and portable diagnostics. The COVID-19 pandemic was declared in January 2020 and surges of the
outbreak continue to reoccur. It is clear that early identification of infected individuals, especially
asymptomatic carriers, plays a huge role in preventing the spread of the disease. The current gold
standard diagnostic for SARS-CoV-2 is quantitative reverse transcription polymerase chain reaction (qRT-
PCR) test based on the detection of the viral RNA. While RT-PCR is reliable and sensitive, it requires
expensive centralized equipment and is time consuming (~2 h or more); limiting its applicability in low
resource areas. The FDA issued Emergency Use Authorizations (EUAs) for several COVID-19 diagnostics
with an emphasis on point-of care (PoC) testing. Numerous RT-PCR and serological tests were approved
for use at the point of care. Abbott's ID NOW, and Cue Health's COVID-19 test are of particular interest,
which use isothermal amplification methods for rapid detection in under 20 min. We look to expand on
the range of current PoC testing platforms with a new rapid and portable isothermal nucleic acid
detection device.

We pair reverse transcription loop mediated isothermal amplification (RT-LAMP) with a particle im-
aging technique, particle diffusometry (PD), to successfully detect SARS-CoV-2 in only 35 min on a
portable chip with integrated heating. A smartphone device is used to image the samples containing
fluorescent beads post-RT-LAMP and correlates decreased diffusivity to positive samples. We detect as
little as 30 virus particles per mL from a RT-LAMP reaction in a microfluidic chip using a portable heating
unit. Further, we can perform RT-LAMP from a diluted unprocessed saliva sample without RNA
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extraction. Additionally, we lyophilize SARS-CoV-2-specific RT-LAMP reactions that target both the N
gene and the ORF1ab gene in the microfluidic chip, eliminating the need for cold storage. Our assay
meets specific target product profiles outlined by the World Health Organization: it is specific to SARS-
CoV-2, does not require cold storage, is compatible with digital connectivity, and has a detection limit of
less than 35 � 104 viral particles per mL in saliva. PD-LAMP is rapid, simple, and attractive for screening
and use at the point of care.

© 2022 Published by Elsevier B.V.
1. Introduction

COVID-19, the disease caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), was declared a pandemic in
2020 [1,2]. Many individuals infected with SARS-CoV-2 do not
exhibit symptoms but are still carriers of the virus [3,4]. SARS-CoV-
2 has an average incubation period of 6 days prior to the onset of
symptoms and is more infectious than severe acute respiratory
syndrome (SARS) or Middle East respiratory syndrome (MERS).

[5]. COVD-19 often mimics flu or pneumonia-like symptoms,
making it difficult to diagnose [6,7]. Such ambiguous symptoms
highlights the importance of rapid and specific testing to confirm
and control the spread of COVID-19. Additionally, early detection of
SARS-CoV-2 is a key factor to preventing the spread of the disease
and aiding in proper quarantine and isolation safety protocols [6]
While RT-PCR tests were quickly developed and commercialized for
SARS-CoV-2 detection, the need for RNA extraction and thermo-
cycler equipment limits its use in low resource settings [5].

Nucleic acid amplification tests (NAATs) and serological tests are
the two types of diagnostic testing receiving FDA-EUA approval.
The current gold standard test uses quantitative RT-PCR (a highly
sensitive NAAT) [8]. However, RT-PCR is a laboratory-based tech-
nique that requires trained personnel, specialized equipment,
expensive reagents, and is labor-intensive [6,9]. Some researchers
have developed RT-PCR kits for self-collected salivary samples.
However, the sample then must be sent back to the lab for analysis
[10,11]. Therefore, there is a need for a rapid point of care molecular
diagnostic due to continued high number of cases [6].

An alternative to conventional PCR methods are isothermal
nucleic acid amplification (iNAAT) tests. INAAT-based diagnostics
do not require expensive equipment or trained personnel due to
the ability to amplify DNA without thermal cycling. Specifically,
reverse transcriptase loop-mediated isothermal amplification (RT-
LAMP) allows for sensitive, rapid, and robust detection of nucleic
acids in under an hour with fluorescent, colorimetric, or electro-
chemical read-outs [12e14]. Several research groups are devel-
oping LAMP-based assays for the detection of SARS-CoV-2 [15e18].
RT-LAMP amplifies targeted RNA into 109 copies with more resis-
tance to inhibitors than PCR [19]. This resistance to inhibition al-
lows LAMP assays to be performed in crude sample matrices such
as diluted saliva or urine, eliminating the need for costly and timely
RNA extraction [15,20].

Some of the SARS-CoV-2 diagnostics approved for point of care
testing include Mesa Biotech and Cepheid's RT-PCR tests which
take less than 40 min [21]. Abbott's ID NOW [22], and Cue Health's
COVID-19 test [23] both use isothermal methods for detection in
less than 20 min. These tests use nasal or throat swabs for sample
collection which may be difficult for patients to perform at home
[15]. Alternatively, saliva has recently been found as a promising
non-invasive sample for SARS-CoV-2 detection and contains a
relatively high viral load in comparison to nasopharyngeal swabs
[24e26]. When nasopharyngeal swabs and saliva samples were
collected from the same individuals, saliva was found to provide
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more sensitive results for COVID-19 diagnosis [24,27]. Further,
there have been studies confirming frequent complications such as
chronic nose bleeds from nasal swabs, making saliva a safer alter-
native [28]. The FDA has approved saliva-based tests, but these tests
still rely on RNA extraction followed by qRT-PCR and may take days
to return results [9].

Here, we report the use of RT-LAMP paired with a smartphone
imaging technique, particle diffusometry (PD), to detect SARS-CoV-
2 that can be carried out in 35min from crude saliva samples with a
limit of detection (LOD) of 30 virus particles mL�1 (Fig. 1). We
developed new primers targeting nsp3, a conserved region of the
SARS-CoV-2 ORF1ab gene, and paired these with primers targeting
theN2 region of theN gene for increased sensitivity [29]. Previously
we have shown PD-LAMP to successfully detect pathogen nucleic
acids from Vibrio cholerae (V. cholerae) in water [30] and Plasmo-
dium parasites in unprocessed blood [31]. However, the testing in
these studies were performed with LAMP reactions in tube and
required the amplification product to be transferred to a simple test
chip for measuring with PD. Here, we utilize a portable indium tin
oxide (ITO) coated polyethylene terephthalate (PET) heater. ITO-
PET has been used previously for continuous-flow PCR which re-
quires multiple heating zones as the sample is flowed through and
then analyzed outside of the flow through device [32,33]. Here, we
developed a low power ITO-PET heater for isothermal amplification
directly on chip. This method of on-chip PD-LAMP eliminates the
need for sample transfer from tube and potential cross-
contamination.

The RT-LAMP reagents and positive or negative sample are
loaded onto the chip, amplified using the 1-inch square ITO-PET
heater and analyzed in the smartphone device using PD. PD mea-
sures the diffusion coefficient of fluorescent particles suspended
within the amplification reaction. As amplification occurs, the
streptavidin-coated particles bind to the LAMP products via the
biotinylated LF primer. The long strands of the amplified LAMP
products increase the hydrodynamic radius of the particle as well
as the overall solution viscosity, thereby reducing the diffusion
coefficient of the particles in the solution. The smartphone images
the particle motion and outputs the diffusion coefficient, which
outputs lower for positive samples than negative samples in which
LAMP has not occurred (Fig. 1). Within 35 min, we detected as few
as 50 SARS-CoV-2 viral particles per reaction with up to 10% saliva
in the reaction. The LOD of 50 particles per reaction was further
obtained using lyophilized reagents stored on-chip targeting both
nsp3 and N2 conserved regions in 8% (vv�1) saliva. Resuspending
lyophilized reagents and heating on test chips increases ease-of-
use and eliminates cold storage, both of which are necessary for a
PoC device [34,35]. These detection limits meet the requirements
outlined by the WHO (103 to 101 copies mL�1) for testing and have
the advantage of minimal sample processing [36].



Fig. 1. Illustration of PD-LAMP process. (I) The sample is collected and (II) loaded into the test chip containing lyophilized reagents and streptavidin coated particles for PD. (III) The
chip is heated on an ITO-PET heater for 35 min and then (IV) the amplified product is placed into the (V) smartphone device. (VI) A 30 s video is taken of the sample and the results
are analyzed (VII) indicating the presence or absence of SARS-CoV-2 based on particle diffusivity.
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2. Methods

2.1. Viral targets

The following reagents were obtained through BEI Resources
(Manassas, VA), NIAID, NIH: SARS-Related Coronavirus 2, Isolate
USA-WA1/2020, Heat Inactivated, NR-52286; Middle East Respira-
tory Syndrome Coronavirus (MERS CoV), EMC/2012, Irradiated
Infected Cell Lysate, NR-50549; and SARS-CoV, Gamma-Irradiated
and Sucrose-Purified, 1 � 109 PFU Equivalents per mL in PBS, NR-
9547.
2.2. Reverse transcription loop mediated isothermal amplification
(RT-LAMP)

RT-LAMP was performed using a primer set developed in-house
to target the nsp3 region of ORF1ab (Table S1) and a primer set
targeting the N2 region of the N gene developed by Butler et al.
(Table S2) [37]. The reaction mixture contained the following
components (also listed in Table S3): 1.6 mM FIP/BIP primers, 0.2 mM
F3/B3 primers, 0.4 mM LF/LB primers, 1x Isothermal Amplification
Buffer II (New England Biolabs, Ipswich, MA), 1.4 mM dNTPs (Agi-
lent, Santa Clara, CA), 200 mM Betaine (Sigma-Aldrich, St. Louis,
MO), 0.5x ROX Reference dye (Invitrogen, Carlsbad, CA), 0.4x Eva
Green (Fisher, Hampton, NH), 6U of BST 3.0 DNA polymerase (New
England Biolabs, Ipswich, MA) and 10U of SuperScript IV Reverse
Transcriptase (Invitrogen, Carlsbad, CA) with 1.6 mL of template (8%
saliva experiments; 2 mL of template for 10% saliva experiments) in
a total volume of 20 mL. Pooled saliva (Innovative Research, Novi,
MI) was used as the sample matrix at up to 10% (v v¡1) (2 mL) of the
final reaction volume for saliva experiments.

RNA or heat inactivated virus templates were serially diluted 10-
fold with DEPC treated nuclease free water (Invitrogen, Carlsbad,
CA). Isothermal incubation at 65 �C was performed for 35 min in a
3

QuantStudio 5 Real-Time PCR machine (ThermoFisher, Waltham,
MA) or on ITO-PET (see On-Chip Amplification).

For all on-chip experiments, 400 nm streptavidin coated Dragon
Green fluorescent particles (Bangs Laboratories, Inc. Fishers, IN)
were added to the reactions at a final concentration of 2.3 � 109

particles mL�1 prior to amplification. For initial in-tube amplifica-
tion experiments, the fluorescent beads were added at the same
final concentration prior to detection on-chip.

RT-LAMP products were visualized using an ethidium bromide
stained 2% agarose gel at 100V for 50min. The gel was imaged using
an ultraviolet light gel system (c400, Azure Biosystems, Dublin, CA).
Gel images were collected with an exposure time of 15 s using the
Azure Series software at settings of UV302. Gel images were
transferred from the Azure as.tiff files and have not been edited in
this manuscript.
2.3. Chip fabrication

The chip is composed of 3 layers: 2 layers of 188 mm cyclic olefin
polymer (COP) and,1 layer of 50 mmCOP (Zeonor, Tokyo, Japan). For
the 2 layers of 188 mm COP, patterns are designed using Adobe
Illustrator and transferred to the Silhouette Studio 2.0 Software
(Silhouette America, Lindon, UT). The 188 mm COP layers were cut
using the Silhouette Cameo Craft Cutter (Silhouette America, Lin-
don, UT) with two passes using a 10-blade, force of 29, and a speed
of 10 (arbitrary units within the Silhouette Cameo software). The
top imaging layer, made from 50 mmCOP, was hand-cut to cover the
channel cutout on the 188 mm COP layer (Fig. S1). The first two
layers of 188 mm were bonded together using a Carver 4386 hy-
draulic press (Carver Inc., Wabash, IN) with 1.2 tons of pressure at
120 �C for 2 min. After bonding the two 188 mm layers together, the
remaining 50 mm COP is bonded with the same pressure and
temperature settings in the hydraulic press for 1 min. The final
assembled chip has dimensions of 25.4 mm long by 22.10 mmwide
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and 0.426 mm thick, holding approximately 20 mL of sample
volume.

Prior to loading the reactions, the completed COP chips were
cleaned by flowing three separate rinsing solutions through the
channel: 10% bleach, followed by 70% ethanol, and then MilliQ
water using a pipette and capillary action. Compressed air was used
to blow dry the chips in between each rinse. After rinsing and
blowing with compressed air, the chips were filled with MilliQ
water again without removal and re-annealed by heating in the
Carver press for 60 s at 120 �C and 1 metric ton rotating 180� after
30 s.

2.4. Lyophilization in chip

For lyophilization experiments, the amount of betaine was
reduced to 100 mM final concentration to ensure proper freeze
drying of the RT-LAMP reagents in chip. 10% (w v¡1) trehalose was
added as a cryoprotectant. The chips (Fig. S1) were frozen for
30 min at �80 �C and then placed on a lyophilizer shelf (SP, War-
minster, PA) at �40 �C and 100 mTorr overnight. Before removal,
the shelf temperature was set to �25 �C for 1 h and then �5 �C for
1 h. The reaction was rehydrated with 20 mL of diluted saliva and
SARS-CoV-2 sample or controls.

2.5. On-chip amplification

The heater component was made by using ITO-PET (MSE Sup-
plies, Tucson, AZ) cut into 1.5 � 1.5 inch2 squares with two strips of
0.5-inch copper tape (McMaster-Carr, Elmhurst, IL) adhered to the
ITO making the electrical connections needed to drive heating
(Fig. S1).

To supply the power to the heating unit, a DC benchtop power
supply (Model 1550, B&K Precision, Yorba Linda, CA) was initially
set to 3.5 V. A thermocouple (RDXL4SD, Omega Engineering,
Stamford CT) was used to monitor the temperature at 65 ± 1 �C,
while increasing or decreasing voltage accordingly (Fig. S8). RT-
LAMP reactions were prepared as previously described with 20 mL
reaction volumes embedded into the chip. The chip was then sealed
with PCR tape (Bio-Rad, Hercules, CA) and placed on the ITO heater
for a 35-min reaction time. After 35 min of amplification, chips
were removed from the heater, left to cool under ambient tem-
perature for 2 min allowing the chip to equilibrate to the room
temperature, and then analyzed using the smartphone device.

2.6. Particle diffusometry (PD) theory

PD quantifies the Brownian motion of suspended particles
within the liquid sample by calculating the statistical average
diffusion coefficient using correlation analysis. Individual images
are equipartitioned into smaller areas each containing, on average,
8e10 particles, and pair-wise correlation analysis is performed.

D ¼ S2c � S2a
16M2Dt

(1)

The first image is correlated with a second image that is sepa-
rated by a time step, Dt, for cross-correlation, (Sc), and the image is
correlated with itself for an autocorrelation process, (Sa). Peak
widths from both correlation analyses, Sa and Sc, are calculated, and
Equation (1) is used to determine the average diffusion coefficient
[38]. For statistical robustness and to reduce random error, each
data point is comprised of an average of 100 diffusion coefficients.
For recording the experimental data, sample is placed in chip with
its overall dimension and the imaging chamber size requirements
held by the recording device. Experimental data are imaged via 30 s
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videos collected using an iPhone6-driven custom microscope de-
vice and processed using an in-house smartphone application, fully
described in previous work [30,39].

2.7. Statistical analysis

All PD measurements of SARS-CoV-2 RT-LAMP amplicons were
compared to negative controls with a one-way ANOVA post-hoc
Dunnett's test to determine statistical significance. Tukey's multi-
ple comparison test was used in specificity experiments to compare
each negative control to every positive concentration. Box and
whisker plots were generated for the PD data where the upper and
lower bounds of the boxes represent the 75th and 25th percentile
about the mean, respectively, and the minimum and maximum
values are represented by the upper and lower whiskers.

3. Results

3.1. RT-LAMP primer optimization

To ensure sensitive detection of SARS-CoV-2 we designed a
primer set targeting the conserved nsp3 region of the ORF1ab gene
(Table S1) and tested it in an in-tube RT-LAMP reactionwith various
concentrations of SARS-CoV-2 genomic RNA (gRNA). The in-house
designed primers could amplify the genomic RNA in less than
30 min without any negative amplification occurring. We ran the
assay for 30 min five times (Fig. S2) and found a LOD of 75 genomic
RNA (gRNA) copies per reaction (representative results shown in
Fig. 2). 7.5 gRNA copies per reaction did amplify 2 out of the 5 times.
Therefore our limit of detection was determined to be 75 gRNA
copies per reaction as this concentration amplified for every repeat
(Fig. S2, N ¼ 5).

3.2. On-chip amplification of SARS-CoV-2 virus

After optimizing the RT-LAMP in-tube, we performed further
experiments on-chip using our in-house primer set and inactivated
SARS-CoV-2 viral particles and analyzed the samples with PD-
LAMP. A significant difference in the diffusion coefficient of fluo-
rescent particles in SARS-CoV-2 samples relative to controls in
which no genetic template was added (no template controls, NTC)
was found for each repeat (N¼ 3) (Fig. 3 and Fig. S3). Each chip was
analyzed for 30 s, and the resulting diffusion coefficient measure-
ments were recorded and analyzed using a one-way ANOVA with
post hoc Dunnett's against the NTC. The diffusion coefficients were
all significantly different from the NTC (p < 0.0001 for 5 � 101,
5 � 102 and 5 � 103 virus particles per reaction). We determined a
LOD for on-chip amplification to be 50 virus particles per reaction
which was consistent with our detection limits off-chip of 75 gRNA
copies per reaction and 50 virus particles per reaction. This
detection limit is within the range recommended by theWHO [40].
Therefore, our ITO-PET heater can be used to drive RT-LAMP re-
actions in a portable, and compact manner.

After confirming the LOD of on chip amplification, we investi-
gated the cross-reactivity of the PD-LAMP assay against other vi-
ruses.1.6 mL of Dengue Virus type III (DENV3), SARS, andMERS from
an initial concentration of 1 � 104 virus particles mL�1 were added
as control templates to a total reaction volume of 20 mL. DENV3
causes similar respiratory symptoms to SARS-CoV-2, and SARS and
MERS are coronaviruses, also with similar symptoms to SARS-CoV-
2. After 35 min of amplification on chip, it was confirmed PD-LAMP
was indeed specific to SARS-CoV-2 and did not amplify DENV3,
MERS, or SARS (Fig. 4, N ¼ 3). After the 35 min of reaction, samples
were removed from the chip and run on gel electrophoresis to
visually confirm amplification (Fig. 4B). Diffusion coefficients of



Fig. 2. SARS CoV-2 gRNA LAMP LOD. (A) Representative results of quantitative RT-PCR graph from SARS-CoV-2 genomic RNA showing amplification for 75, 750, and 7500, but not
7.5 gRNA copies per reaction. (B) Representative 2% agarose gel indicating LAMP banding down to 75 copies per reaction.

Fig. 3. LOD of SARS-CoV-2 detection on chip. (A) PD-LAMP diffusion coefficient measurements show a decreasing trend with higher concentration of virus (from 5 � 103 to 5 � 101

virus particles (20 mL reaction) �1). A significant difference from the NTC was seen for 5 � 101, 5 � 102 and 5 � 103 (****p < 0.0001) virus particles per reaction using one-way
ANOVA with Dunnett's post-hoc relative to NTC (N ¼ 3). (B) A representative image of 2% agarose gel confirming amplification in the positive samples as seen by the LAMP
banding pattern.

Fig. 4. On chip heating comparing cross-reactivity of SARS-CoV-2 nsp3 primer set against DENV3, MERS, and SARS inactivated virus. (A) Diffusion coefficient measurements indicate
a significant difference between each off-target viruses and SARS-CoV-2 virus. Diffusion coefficients measurements trend toward lower values for the higher positive SARS-CoV-2
concentrations. While DENV3, MERS, and SARS were not statistically different from one another, significant differences were found for 5 � 101 (*p < 0.05), 5 � 102 and 5 � 103

(****p < 0.0001) SARS-CoV-2 viral particles per reaction concentrations compared to these off-target viruses via Tukey's multiple comparison test (N ¼ 3). (B) 2% agarose gel
confirmed PD results from samples extracted from each chip.
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SARS-CoV-2 at various concentrations were significantly different
from each off-target virus (DENV3, MERS, SARS), using a Tukey's
multiple comparison test (*p < 0.05 for 5 � 101, ****p < 0.0001 for
5 � 102 and 5 � 103 virus particles per reaction). Fig. S4 shows each
individual run. Further, the diffusion coefficients of the off-target
viruses did not exhibit a significant difference from each other
(p > 0.05). These results indicate that PD-LAMP is specific to the
SARS-CoV-2 coronavirus and no other common viruses, even
5

coronaviruses.
3.3. On chip amplification with saliva

Having confirmed that PD-LAMP for SARS-CoV-2 detection had
little cross-reactivity to other viruses, we then investigated the
robustness of PD-LAMP in saliva samples. The viscosity of saliva
reduces the solution's initial diffusion coefficient and can introduce



Fig. 5. On chip heating sensitivity and specificity of PD-LAMP for SARS-CoV-2 samples containing 8% and 10% saliva. MERS and SARS inactivated virus were diluted to a con-
centration of 1 � 104 particles mL�1. SARS-CoV-2 inactivated virus was diluted with DEPC treated nuclease free water at concentrations ranging from 5 � 103 to 5 � 101 virus
particles per 20 mL reaction in 10-fold dilutions. (A) Diffusion coefficient measurements from reactions containing 8% saliva indicate significant differences from the NTC for 5 � 101,
5 � 102 (**p < 0.01) and 5 � 103 (****p < 0.0001) virus particles per 20 mL reaction. The same significance was found against MERS and then SARS. There was no significant
difference between the negative controls. (B) Diffusion coefficient measurements from reactions containing 10% saliva indicate significant differences from the NTC, MERS and SARS
for 5 � 101, 5 � 102, and 5 � 103 (****p < 0.001). There was no significant difference between NTC and SARS or NTC and MERS. However, MERS was significantly different from SARS
(*p < 0.05). Statistical analysis was performed with Tukey's multiple comparison test (N ¼ 3).

Fig. 6. Performing PD-LAMP on-chip with lyophilized reagents. MERS and SARS
inactivated virus were added at a concentration of 1.6 � 104 virus particles per 20 mL
reaction. SARS-CoV-2 inactivated virus was diluted with DEPC treated nuclease free
water at concentrations ranging from 5 � 103 to 5 � 101 viral particles per reaction in
10-fold dilutions. Diffusion coefficient measurements from reactions containing 8%
saliva indicate significant differences from the controls (NTC, MERS, and SARS) for
5 � 101, 5 � 102 (**p < 0.01) and 5 � 103 (****p < 0.0001) virus particles per 20 mL
reaction. Statistical analysis was performed using Tukey's multiple comparison test
(N ¼ 3).
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changes in RT-LAMP amplification. Prior to testing on-chip, we
amplified SARS-CoV-2 gRNA in-tube and performed secondary
confirmation with gel electrophoresis to determine the maximum
concentration of saliva that could be used in an RT-LAMP assay
(Fig. S5). Saliva was added at a final concentration of 8% (v v�1)
(Fig. 5A) and 10% (v v�1) (Fig. 5B) in the 20 mL reaction. SARS and
MERS were again introduced as negative controls at a final con-
centration of 1.6 � 104 virus particles per 20 mL reaction while
SARS-CoV-2 concentrations of 5 � 103 - 5 � 101 virus particles per
20 mL reaction were added to the reaction for on-chip testing. The
chips were heated for 35 min with the ITO-PET heater and then
analyzed via PD. There was a significant difference between the
controls relative to the positive samples (**p < 0.01). PD yielded a
lower diffusion coefficient for the positive samples when compared
to the negative samples for both 8% and 10% saliva (Fig. 5A and B),
indicating that RT-LAMP successfully produced amplicons for
positive samples on-chip. Thus, demonstrating that PD sensitively
measured SARS-CoV-2 presence. Overall, diffusion coefficients
presented lower values in the presence of saliva, which was ex-
pected due to its higher viscosity. Additionally, one of the three
MERS samples amplified in 10% saliva. The MERS amplification may
have been due to a pipetting error, carryover contamination, or
because the diluted MERS template was contaminated. Due to this
negative amplification event, MERS was significantly different from
the other negative control SARS (*p < 0.05). PD-LAMP was still
found to be specific for SARS-CoV-2 viral particles in 8% and 10%
saliva (Fig. 5). Detection of SARS-CoV-2 via PD-LAMP was found to
have a LOD of 50 particles per 20 mL reaction in both 8 and 10%
saliva.

3.4. Amplification from lyophilized master mix on chip

Reactions were unable to lyophilize with the full concentration
of Betaine, an anti-freezing agent. Therefore, the lyophilization
protocol was optimized by reducing the amount of betaine in the
reaction to allow for proper freezing. The master mix containing
two primer sets (S1 and S2 Tables) and 2.3 � 109 fluorescent beads
mL�1 particles in a total reaction volume of 20 mL was lyophilized in
the chips. After at least one day of storage at room temperature the
chips were rehydrated with 20 mL of a mixture containing positive
or negative template, 8% (v v�1) saliva and water. MERS and SARS
were again tested to evaluate cross-reactivity of the combined
6

SARS-CoV-2 primer sets and the off-target viruses at a concentra-
tion of 1.6 � 104 virus particles per reaction volume. SARS-CoV-2
was tested at concentrations from 5 � 103 to 5 � 101 virus parti-
cles per reaction. PD-LAMP was successful in detecting positive
samples from negative and off-target samples (Fig. 6). SARS-CoV-2
amplification resulted in lower diffusion coefficients for the posi-
tive samples relative to NTC and off-target samples. Each of the
SARS-CoV-2 positive concentrations was found to be significantly
different from each of the control samples using Tukey's multiple
comparison test (**p < 0.01 5 � 101 virus particles per reaction,
***p < 0.001 5 � 102 virus particles per reaction, and
****p < 0.0001 5 � 103 virus particles per reaction) (Fig. 6). Per-
forming PD-LAMP from resuspending lyophilized reagents yielded
a LOD of 30 particles mL�1 and was specific to SARS-CoV-2.
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4. Discussion

Tracing and rapidly diagnosing infected patients are key to
controlling disease spread. The COVID-19 pandemic is a prime
example of the importance of affordable and rapid diagnostics
[34,41]. iNAAT-based methods offer an alternative to RT-PCR tests
by eliminating the need for expensive temperature controlling
units [17,42]. Furthermore, the ability to perform RT-LAMP with
minimal sample prep in a portable platformwould provide a highly
sensitive PoC device to aid in rapid confirmation of cases and sur-
veillance of the virus. RT-LAMP provides an alternative to current
serological tests that require strenuous sample prep.

Smartphone devices have advantages such as a GPS, camera, and
advanced computational processing power that can aid in medical
diagnosis [43,44]. The pairing of PoC testing with automated
sample processing is of great importance for scalability and rapid
processing [21]. We were able to target SARS-CoV-2 by performing
RT-LAMP in a microfluidic chip with a LOD of 50 virus particles per
reaction. We achieved LODs with lyophilized reagents and on-chip
heating that are equivalent to those from heating in the PCR ma-
chine. These comparable results are promising for the development
of a portable point of care detection device for SARS-CoV-2.

We performed RT-LAMP in the presence of MERS cell lysate and
SARS inactivated virus to assess the cross-reactivity of the reaction
against other coronaviruses as well as with DENV3 inactivated vi-
rus, a virus with similar symptoms as SARS-CoV-2. We found SARS-
CoV-2 PD-LAMP to be specific even when challenged with other
coronaviruses and DENV3 (Fig. 4). Next, we performed RT-LAMP in
various concentrations of saliva and determined the LOD in 8% and
10% saliva to be 50 virus particles per reaction (Fig. 5). Diffusion
coefficients measured by PD in the presence of saliva were overall
lower when compared to samples without saliva. This was ex-
pected due to higher viscosity of saliva. Regardless, there still may
be room for further optimization of the assay to ensure no non-
specific amplification occurs in the presence of saliva. In the
MERS samples, the average diffusion coefficient-value was signifi-
cantly different than the positive SARS-CoV-2 amplification, and
not significantly different from other negative controls (Fig. 5),
however in some repeats non-specific amplification and primer
dimers may have occurred in some cases, as seen in the increased
standard deviation of MERS sample in Fig. 5B. Comparing the 8%
and 10% saliva samples we saw a greater statistical difference be-
tween positive SARS-CoV-2 samples and controls in the 10% saliva
samples. This difference may be due to the larger volume of virus
and saliva. Investigation of PD-LAMP in minimally processed saliva
samples, moves the technology towards use at the PoC.

In order to realize these methods for PoC testing, the lyophili-
zation of reagents in-chip allows for fewer sample processing steps
and negates the need for cold-chain storage. Fewer sample pro-
cessing steps reduces pipetting operations and possible contami-
nation easing the usability for minimally trained personnel.
Rehydration of the lyophilized reagents in a single step also helps to
prevent contamination. The elimination of cold storage is signifi-
cant as this reduces transportation costs and is key for use in
developing areas where the cold chain may be difficult to maintain.
In addition, drying down multiple primer sets for the targeting of
two genes allows for greater sensitivity in the event of variants and
mutations which are common for SARS-CoV-2 [6,45].

Various lyophilization techniques have been studied but have
been limited by the difficulty in freezing the buffers and dyes of the
LAMP reaction [46,47]. The addition of 10% (w v�1) trehalose as a
cryoprotectant improves the performance of LAMP and aids in
stabilization of proteins [48]. One group explored the creation of
lyophilized LAMP buttons which were stable for at least 24 h at
room temperature but found a degradation in the intensity of the
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dyes needed for their paper-based method [49]. Others have
lyophilized the dyes in the cap of tubes separately from the
remaining reagents to combat the loss in dye intensity [50]. In the
current work dyes are not a necessary component of the assay,
making the lyophilization process less complicated, however
optimization of lyophilization conditions was still necessary. We
found that the lyophilization process would not complete in con-
centrations of betaine greater than 200 mM due to its extremely
low freezing point. The concentrationwas lowered to 100 mMwith
no reduction in assay sensitivity. We performed PD-LAMP on chip
after at least 24 h of room temperature storage and saw a significant
difference from the negative diffusion coefficients with a LOD of 30
virus particles mL�1 and the technique was specific to SARS-CoV-2
(Fig. 6). The performance of PD-LAMP reagents over a range of
storage conditions remains to be studied.

Furthermore to truly make the device field ready, an analysis of
more samples using the current setup and microfluidic chips will
be needed to create proper cut-off values for positive and negative
samples. Previously we have determined cut-offs for PD-LAMP of
150 blinded samples of V. Cholerae in pond water [30]. Coefficients
less than 7.0� 10�13 m2/s were considered positive and coefficients
greater than 7.2 � 10�13 m2/s were negative with all coefficients in
between yielding results which were inconclusive and would need
to be retested. However, the chips used for the previous study were
not the same design as the microfluidic chip described here and the
differences in saliva vs water samples are expected to affect back-
ground solution viscosity. While all negative samples did maintain
values greater than 7.0 � 10�13 there was a wider range for the
positive samples. One limitation of the current chip design, is that it
does not always create an airtight seal. This allows for the sample to
flowwhich can interferewith the true Brownianmotion of particles
and in turn yield higher diffusion coefficients even inmore complex
matrices with higher viscosities than water. After lyophilization,
the contact angle of liquid in the chip changes also inducing greater
susceptibility to flow. This will need to be further explored to
reduce flow or a change in our in-house processing application
made to account for flow. This would aid in improving the
robustness of the assay and readiness for use at the point-of-care.

5. Conclusions

In summary, we demonstrate the performing RT-LAMP on-chip
using a portable ITO-PET heating platform with lyophilized re-
agents with detection of SARS-CoV-2 down to 50 virus particles per
20 mL reaction in 10% saliva via PD-LAMP. This assay could be used
to selectively identify a sample that is negative for SARS-CoV-2
even when other pathogenic viruses are present in the sample.
Performing this assay in less than 35 min is another key step to
placing it within the realm of current FDA-EUA approved di-
agnostics that use isothermal amplification methods such as Abbot
ID Now and the Cue Covid-19 test [22,23]. These approved tests
have 100% sensitivity and specificity. The next steps towards full
integration and use at the point of care for the PD-LAMP detection
of SARS-CoV-2 would be verification with clinical samples.
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