7 ROYAL SOCIETY
PN OF CHEMISTRY

Lab on a Chip

View Article Online

View Journal | View Issue

Viral load quantitation at the point-of-care with
shaken digital droplet RT-LAMP
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Viral load quantitation is useful in clinical point-of-care settings to assess the status of patients with
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infectious disease, response to treatment, infectiousness. However, existing
methods for quantitating viral loads are complex and difficult to integrate into these settings. Here,
we describe a simple, instrument-free approach for viral load quantitation suitable for point-of-care
use. We develop a shaken digital droplet assay that can quantitate SARS-CoV2 with sensitivity

comparable to gold standard gPCR.
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Introduction

Disease monitoring at home or in clinical point-of-care (POC)
settings provides valuable information for guiding patient
behavior and treatment."” These settings, however, place
severe constraints on the testing modality, as the individual
conducting the test is typically unskilled and lacks laboratory
equipment.” The primary approaches appropriate for these
settings are thus lateral flow assays based on antigen
detection or isothermal nucleic acid amplification based on
loop-mediated isothermal amplification (LAMP).®® Antigen
tests are fast and cheap but have limited sensitivity.” " LAMP
tests are sensitive and accurate but, like antigen tests, provide
qualitative results.”>™** Tests that generated quantitative viral
load information would be clinically useful in monitoring
disease status, evaluating response to treatment, and
estimating patient infectiousness.>'®

When viral load must be quantitated, the primary strategies
are plaque assays and laboratory-based qPCR."”*? In addition
to providing an estimate of viral load, plaque assays report on
virus viability; however, they are laborious and take days to
yield a result, negating their utility in POC settings.
Alternatively, qPCR is quantitative, fast (<2 h), and sensitive
(down to ~1.5 copies per uL or ~100 copies per mL) but
requires specialized instrumentation and incorporates steps
that are incompatible with POC testing.*® Moreover, in addition
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to requiring standard curves for normalization, qPCR is
inaccurate at concentrations relevant to many viral infections
(<1000 copies per mL),*"** such that results must nevertheless
be reported as qualitative positive/negative. By contrast, digital
droplet PCR (ddPCR) obtains absolute counts of target viruses
without requiring standard curves and is more accurate at low
concentrations and more reliable in practice; however, ddPCR
machines are complex and even more expensive than qPCR
machines and, thus, only used in settings that can justify the
expense, such as for cancer diagnostics.**>* To make viral load
quantitation practical in POC settings, a new strategy is needed
that obtains accurate, absolute target counts at concentrations
relevant to viral infections, and in a form factor appropriate for
the constraints of this setting.

In this paper, we describe shaken digital droplet reverse
transcription-LAMP (sdd RT-LAMP) for viral load quantitation at
the POC. Our approach is analogous to ddPCR in which target
molecules are counted via optical detection in picoliter droplets.
To make this feasible as a POC diagnostic, we replace the RT-
PCR with isothermal RT-LAMP and use shaken rather than
microfluidic emulsions. Additionally, rather than imaging
droplets individually with high resolution microscopy or
microfluidic-based laser induced fluorescence, we develop a
dual-height imaging chamber that accommodates the full
sample in one photograph captured with a cell phone. The
dual-height chamber allows accurate target quantitation over
three orders-of-magnitude of dynamic range. The result is an
entirely instrument-free viral load quantitation assay meeting
the constraints of POC testing. To demonstrate this, we use it to
analyze 111 patient samples collected at UCSF in 2020-21
during the height of the SARS-CoV-2 Alpha variant wave of the
COVID-19 pandemic. This work demonstrates the feasibility of
quantitative viral load testing in POC settings using digital
nucleic acid quantitation.
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Results and discussion
Quantitative sddRT-LAMP assay for point of care use

For a test to be suitable for point of care use, it must be simple.
Thus, we have designed our viral load quantitation test to use
no specialized microfluidics or laboratory equipment. The test
begins by collecting a sample from the patient (Fig. 1a) and
storing it in viral transport medium. The sample can be frozen
and biobanked for future analysis or analyzed immediately. To
perform the test, the sample is diluted in quick extract buffer
and lysed for 5 minutes; then the RT-LAMP reaction mix and
encapsulation oil is added (Fig. 1b) and the tube shaken by
hand for 30 seconds, generating a polydispersed emulsion
(Fig. 1c¢). The emulsion is heated on a block for 30 minutes at
65 °C during which droplet LAMP occurs. Droplets containing
target virus become positively fluorescent while empty ones
remain dim. To quantitate the sample, the emulsion must be
imaged, which we achieve with an imaging chamber. The
chamber has two heights, a shallow region (80 pum) for single-
layer imaging and a tall region (190 pum) for multi-layer
imaging. To image the sample, we use a fluorescence imaging
device built on a smartphone (Fig. 1d). The images are
processed to detect and count positive droplets, providing the
target concentration.

Shaken emulsion assay for viral load quantitation of
SARS-CoV-2

We developed a sddRT-LAMP assay to detect and accurately
quantitate SARS-CoV-2 RNA using primers and FAM-labeled
probes targeting the nucleoprotein (N) gene of SARS-CoV-2
(Fig. 2a). To perform sddRT-LAMP, the sample and reaction
mix were emulsified by hand shaking for ~30 s with
surfactant laden oil, generating picoliter droplets, some
encapsulating single target molecules. The resultant
polydispersed emulsion had an average droplet size of ~15
um (Fig. 2b, blue). Due to the viscosity and interfacial tension
of the reagents, this was deemed to be the minimum size
easily achievable by hand shaking and provided ~10 million
total droplets for a 20 uL sample. Due to polydispersity and
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Fig. 1 Microfluidic-free digital droplet test for quantification of viral pathogens. a) Nasal or saliva patient samples are collected and lysed. b)
Patient sample and LAMP master mix are combined with emulsification oil. c) Tubes are agitated for 30 s then elevated to 65 °C for 30 minutes. d)

Optical detection of digital droplet readout via smartphone.
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of the sample (Fig. 2b, orange). The inherent polydispersity
of the emulsions allowed a range of reactor sizes in a single
reaction, as illustrated by the optimal loading rate of 10% for
droplets of a given size at different target concentrations
(Fig. 2b, red dashed line). Even polydisperse, =70% of the
sample volume is encapsulated in droplets <65 pm in
diameter (Fig. 2b, orange bars), allowing an accurate
estimation  of  concentration  disregarding  sample
polydispersity for appropriate sample concentrations
(Fig. 2b, red dashed line).

To confirm the efficacy of our assay, we compared sddRT-
LAMP to gold standard qPCR testing. We generated a dilution
series over a range of concentrations from 2.68 to 2680
copies/reaction (536 to 536 000 copies per mL) and analyzed
the samples with both methods, observing good
correspondence (Fig. 2c). These results demonstrated that
sddRT-LAMP provides quantitation equivalent to gold
standard gPCR, but in a form factor practical for POC
applications.

Multilayer imaging allows accurate quantitation over a wide
dynamic range

To enable accurate target quantitation with droplet counting,
we developed an imaging chamber that is easy to load, can
accommodate the entire 20 pL sample in a single field of
view, and allows accurate droplet quantitation over ~3 orders
of magnitude (Fig. 3a). The device consists of a circular
chamber with in- and out-ports that draw in emulsified
sample by capillary action. To allow complete imaging of the
sample, the chamber area and height are designed to
accommodate the total sample volume while optimizing for
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Fig. 3 Dual height imaging chamber for increased dynamical range. a)
The imaging chamber is loaded with emulsion through an inlet port,
which is drawn in by capillary forces. b) The shallow region allows
individual droplet counting under high concentrations (upper-left), and
the tall region allows the entire sample to be accommodated while still
permitting individual droplet counting under low target concentrations
(lower-right). Example fluorescence images of samples with low c) and
high d) target concentrations.
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the size and resolution of the camera sensor. For the
requisite chamber height to accommodate the full sample,
the droplets stack in multiple layers. To allow a portion of
the emulsion to be imaged as a monolayer, we thus include a
shallow region (80 pm) for a portion of the chamber (Fig. 3b).
When virus concentration is low (<10 copies), positive
droplets are rare and, thus, tend to be isolated even in the
multilayer region, allowing them to be individually counted
(Fig. 3c). In contrast, when the target virus concentration is
high (>100 cp), positive droplets are prevalent and tend to
overlap in the multilayer region, impeding their quantitation;
however, the monolayer regions tend to separate the positives
in these cases, allowing them to be accurately quantitated
(Fig. 3d). Thus, this two-height imaging chamber provides a
simple means by which to obtain accurate measurements
over a wide range of target concentrations.

Imaging and counting of droplets using a smartphone

Current smartphones have cameras with high sensitivity and
resolution and, using inexpensive commercially available
hardware, can be used as simple fluorescence microscopes.
To illustrate the feasibility of using such a device for droplet
quantitation, we designed an optical system that mounts on
a smartphone (Fig. 4a). The system consists of a
commercially available device with the components needed
for epifluorescence microscopy, including a 10x objective
lens for high resolution imaging, excitation light sources to
induce fluorescence, and battery power. To use the device for
droplet counting, the sample chamber is placed on the
imaging plate, illumination is activated, and an image
captured by the camera (Fig. 4b). A commercial application
allows the camera settings to be adjusted to achieve the best
picture (Moments by Moment Inc.). To determine the
effectiveness of this device, we first analyzed the sample with
a laboratory epifluorescence microscope, providing a ground-
truth image for droplet quantitation (Fig. 4c). We then
imaged the sample with the smartphone (Fig. 4d). The
smartphone image was of poorer quality, with a higher light
background and overall lower resolution; nevertheless, even
under these conditions, positive droplets were visible in both
the multi- and mono-layer regions, thus demonstrating
feasibility of droplet counting.

Viral load quantitation from clinical SARS-CoV2 samples

To validate our approach for POC settings, we used it to
analyze 111 patient samples collected at the University of
California, San Francisco (UCSF) Clinical Microbiology
Laboratory from 2020-21. Over this time, the Alpha (B.1.1.7)
variant was the dominant circulating SARS-CoV-2 variant,
and thus specifically targeted by our primers. We analyzed
samples with viral titers ranging from 1 to 5000 copies/
reaction (200 to 1000000 copies per mL) using sddRT-LAMP.
Low titers yielded few positive droplets (Fig. 5a) while
medium and high titers yielded corresponding proportions of
positive droplets (Fig. 5b and c). Our assay was specific, with
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negative controls showing no positive droplets (Fig. 5d). The
short and tall viewing regions correlated strongly and
demonstrated the efficacy of dual height imaging for
increasing dynamical range (Fig. 5e). The smartphone tended
to undercount positive droplets likely due to the lower
resolution and higher background, achieving a slope of
~0.56 (Fig. 5f); nevertheless, the correlation coefficient was
superb (~0.98) indicating that while the phone detected
roughly half the positives, it enabled accurate quantitation of
the sample (Fig. 5g). Based on RT-ddPCR measurements
made using commercially available Bio-Rad Kkits,
measured a limit of detection of 1 copy per puL (1000 copies
per mL) with 20/20 using contrived RNA samples. Below this
we detected 17/20 for 1 copy per 5 pL. At this concentration,

we
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Poisson statistics predicts only 12/20 samples will contain
one or more viral copies such that, by increasing total
analyzed sample volume, the LOD may be reduced.
Conversely Poisson statistics predicts 8/20 will have no copies
per 5 pL. This demonstrates the feasibility of our assay for
POC viral load measurements.

Discussion

We have described a simple, microfluidic-free workflow for
viral load quantitation. Our approach matches the accuracy
of gold standard qPCR and uses a smartphone as the
readout. We show through the analysis of over 100 patient
samples the ability to quantitate viral load over 3 orders of

This journal is © The Royal Society of Chemistry 2023
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magnitude. While our results demonstrate the feasibility of
simple, accurate viral load quantitation in the POC, the
current prototype is not ready for broad use, since it relies on
hand shaking to generate droplets and manual transfer of
sample to the imaging chamber. Both steps can vary between
users and, thus, would need to be automated for use by non-
experts. Automated and more controlled emulsification can
be achieved through homogenization, vortexing, and bulk
shearing, with the added benefit of potentially yielding
smaller, more uniform droplets that will increase accuracy.
Emulsification can also be achieved with microfluidics since
it generates monodispersed droplets that simplify
quantitation.>® Further microfluidic optimization of the chip
design can also support sample preparation within the
viewing chamber further minimizing user interactions.*”
However, we have shown here that polydispersed emulsions
can also enable accurate digital molecular counting, with the
added benefit of being simpler to generate.*® The need to
transfer samples can be avoided by integrating the imaging
chamber into the sample holder. Several commercial devices
that use low cost and passive fluidic techniques have been
demonstrated to enable this.*

In addition to providing load
measurements, droplet compartmentalization has other
useful features. Due to its ability to sequester inhibitors in
droplet subsets and run reactions to saturation, droplet
reactions are more robust to inhibition, which is important
for POC settings in which sample pre-processing is difficult.

accurate  viral

Additionally, droplet methods are compatible with
fluorescence multiplexing to simultaneously quantitate
several targets, or to determine co-occurrence of

subsequences within a single target molecule. This can be
used to screen for multiple viruses or variants of the same
virus (e.g, SARS-CoV-2 variants) in a single test or to
determine viral intactness and viability with primers
targeting different locations on each virus to estimate patient
infectiousness.>**' While we have focused on SARS-CoV2,
our sddRT-LAMP reaction can be targeted to any nucleic acid
to which primers can be designed, including from other
viruses or microorganisms, which is relevant to sepsis and
pulmonary, gastrointestinal, and urinary tract infections.

Materials and methods
sddRT-LAMP, RT-ddPCR, and RT-qPCR protocol

sddRT-LAMP reactions were compared to RT-ddPCR and RT-
qPCR. A LAMP master mix is prepared with 1x isothermal
amplification buffer (NEB B0537S), 7.5 mM MgSO, (NEB
B1003S), 1.875 mM dNTPs (ThermoFisher Scientific R1122), 8
U Bst 2.0 WarmStart DNA polymerase (NEB M0538L), 100 U
SuperScript III reverse transcriptase (ThermoFisher Scientific
18080 093) and the LAMP primer set, which consists of 3.4
UM FIP (IDT, GTGCAATTTGCGGCCAATGTTTGTTTTTCAAGGA
AATTTTGGGGACCAG), 3.4 uM BIP-FAM (IDT, /56-FAM/CCAG
CGCTTCAGCGTTCTTCTTTTTCAACCACGTTCCCGAAGG), 5.1
uM BIP*-BHQ1 (IDT, CTGAAGCGCTGG/3BHQ_1/), 1.7 uM LB
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(IDT, AATGTCGCGCATTGGCATGG), 1.7 uM LF (IDT, CAGTTC
CTTGTCTGATTAGTTC), 0.4 uM F3 (IDT, CTGCCACTAAAGCA
TACAATGT), and 0.4 uM B3 (IDT, TTGATGGCACCTGTGTAG
G). A qPCR master mix is prepared using the Luna SARS-CoV-
2 RT-qPCR multiplex assay kit (NEB E3019L) according to
manufacturer guidelines. The ddPCR master mix is prepared
with the One-Step RT-ddPCR Advanced Kit for Probes (Bio-
Rad, 1864021) with COVID N primers (Bio-Rad,
dEXD54243734) according to manufacturer guidelines. The
following reagent was deposited by the Centers for Disease
Control and Prevention and obtained through BEI Resources,
NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/
2020, Heat Inactivated, NR-52286. For the characterization of
sddRT-LAMP, a dilution series of this inactivated SARS-COV-2
intact virus is prepared at 1/200 (2680 copies per uL), 1/2000
(268 copies per pL), 1/20000 (26.8 copies per pL), and 1/200
000 (2.68 copies/uL) dilutions. Lysis is performed on ice over
5 minutes after adding 10 pL of QuickExtract RNA (Lucigen
Corporation, QER090150) to 90 uL of each dilution. For
SddRT-LAMP, 15 uL of sddRT-LAMP master mix is added to 5
pL of each dilution in triplicate and mixed by agitation via
flicking. Emulsification is performed by adding 40 uL of 2%
(w/v) 008-Fluorosurfactant (Ran Biotechnologies) in Novec-
7500 Engineering Fluid (3 M, 98-0212-2928-5) to each
sample, then agitating by shaking for 30 seconds until no
droplets were visible by eye and the emulsion is opaque. Each
sample is checked to ensure complete emulsification of the
entire sample then thermocycled at 55 °C for 10 min, 65 °C
for 30 min, then 25 °C for 5 min. The entire sample is then
loaded into the imaging chamber for imaging using an EVOS
FL Auto (Life Technologies) with a single layer chip allowing
for quantification of positive droplet and polydispersity. For
qPCR, 15 pL of the qPCR master mix is added to 5 pL of each
dilution in triplicate and thermocycled according to 25 °C for
30 s, 55 °C for 10 min, 95 °C for 1 min, then 45 cycles of 95
°C for 10 s and 60 °C for 30 seconds with plate read. For RT-
ddPCR, 15 pL of the RT-ddPCR master mix is added to 5 pL
of each dilution in triplicate. The samples were then run on
the QX200 Droplet Generator (Bio-Rad) according to
manufacturer guidelines and thermocycled according to 50
°C for 60 min, 95 °C for 10 min, then 40 cycles of 94 °C for
30 s and 55 °C for 60 s, followed by 98 °C for 10 min and 4
°C for 30 min. The resulting droplets were then run on the
QX200 Droplet Reader (Bio-Rad) allowing for quantification
of positive droplets.

Fabrication of dual-height imaging chamber and assembly of
iPhone-based fluorescent microscope

Standard photolithography is used to make two-layered
structures (80 and 190 um, respectively) on a 3 inch silicon
wafer with SU-8 3025 photoresist (MicroChem, Westborough,
MA, USA). PDMS prepolymer and curing agent (Sylgard 184
silicone elastomer kit) is mixed at a ratio 1:10, de-gassed in
a vacuum chamber, poured over the mold, de-gassed until no
more bubbles were visible and baked at 65 °C overnight. The
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PDMS replica is removed from the mold, inlets, and outlets
punched with a custom made 3 mm biopsy punch and
individually plasma bonded to glass slides (75 x 25 x 1 mm,
Fisher Scientific) by treating with oxygen plasma for 45 s at 1
mbar (PDC-001, Harrick Plasma). The device is baked at 65
°C overnight and treated with Aquapel (PPG Industries) with
a contact time of about 1 minute and purged with HFE 7500
oil (3 M™ Novec™ 7500 Engineered Fluid). The bottom of
the glass slide is covered with a black vinyl tape-based mask,
with approximately 12 mm circular opening in the middle for
the circular 2-d chamber (also known as the observation
chamber), to limit the amount of light penetrating the PDMS
chip. We used a hollow steel punch (12 mm, 1/2 inch,
General, No. 1280) to make the circular opening in the black
vinyl tape. The black vinyl tape-based mask is covered with a
double-sided adhesive tape from Intertape Polymer Group,
which is punched with a hollow steel puncher (19 mm, 3/4-
inch, General, No. 1280) to create a 19 mm circular opening
that would allow imaging of the whole surface area of the
observation chamber. The other side of double-sided
adhesive tape is used to attach the chip to the iPhone-based
fluorescent microscope during sample imaging. A 470 nm
excitation gel filter (25 x 35 mm Lee Filters, Deep Purple
#797) is attached to the side of the PDMS chip closer to the
shallower part of the 2-d chamber (80 pm in depth).

The iPhone-based fluorescent microscope consists of the
iPhone itself, 10x lens, bandpass filter, fluorescent light
source, and battery powersource. Briefly, the WF10X 18 mm
lens (Semrock, #FF01-524/24-25) and 524/24 nm bandpass
filter is affixed to the iPhone 8+ (Apple, A1897) with a lens
holder (LUXUN, BO8KGDQS8BS). The fluorescent light source
consists of two 470 nm LEDs positioned at 45° angels facing
the corner of the PDMS element, which are powered by two 3
V coin batteries affixed to the lens holder.

Isothermal sddRT-LAMP protocol

The evaluation of patient samples is performed using an
isothermal sddRT-LAMP protocol. In brief, a sddRT-LAMP
master mix consisting of 1x isothermal amplification buffer
(NEB B0537S), 7.5 mM MgSO, (NEB B1003S), 1.875 mM
dNTPs (ThermoFisher Scientific R1122), 8 U Bst 2.0
WarmStart DNA polymerase (NEB M0538L), 7.5 U WarmStart
RTx reverse transcriptase (NEB, M0380S) and the LAMP
primer set is prepared. To lyse the sample, 80 pL of patient
samples collected at UCSF Clinical Microbiology Laboratory
is combined with 20 pL of QuickExtract RNA (Lucigen
Corporation, QER090150) and mixed by pipetting before
incubating at 95 °C for 3 min. After lysis, 40 pL of the sddRT-
LAMP master mix is mixed 10 pL of the lysed sample before
adding 65 pL of 2% (w/v) 008-Fluorosurfactant (Ran
Biotechnologies) in Novec-7500 Engineering Fluid (3 M, 98-
0212-2928-5). Emulsification is performed by shaking for 30 s
to emulsify until opaque and ensuring no droplets were
visible by eye. Afterwards, the emulsion is incubated at 65 °C
for 30 min then 20 °C for 5 min. For imaging, the entire
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emulsion is pipetted into a multi-layered device and then
imaged on either the custom-built iPhone-based fluorescent
microscope or an EVOS FL Auto (Life Technologies).
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