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ARTICLE INFO ABSTRACT

Keywords: In the fight against COVID-19, there remains an unmet need for point-of-care (POC) diagnostic testing tools that
CRISPR can rapidly and sensitively detect the causative SARS-CoV-2 virus to control disease transmission and improve
Point-of-Care patient management. Emerging CRISPR-Cas-assisted SARS-CoV-2 detection assays are viewed as transformative
f]ehzs:erss solutions for POC diagnostic testing, but their lack of streamlined sample preparation and full integration within

an automated and portable device hamper their potential for POC use. We report herein POC-CRISPR - a single-
step CRISPR-Cas-assisted assay that incoporates sample preparation with minimal manual operation via facile
magnetic-based nucleic acid concentration and transport. Moreover, POC-CRISPR has been adapted into a
compact thermoplastic cartridge within a palm-sized yet fully-integrated and automated device. During
analytical evaluation, POC-CRISPR was able detect 1 genome equivalent/uL SARS-CoV-2 RNA from a sample
volume of 100 pL in < 30 min. When evaluated with 27 unprocessed clinical nasopharyngeal swab eluates that
were pre-typed by standard RT-qPCR (Cq values ranged from 18.3 to 30.2 for the positive samples), POC-CRISPR
achieved 27 out of 27 concordance and could detect positive samples with high SARS-CoV-2 loads (Cq < 25) in
20 min.

1. Introduction simplicity suitable for POC testing but their lack of sensitivity undercuts

their usefulness. On the other hand, diagnostic tests that detect viral

Since its initial report in December 2019, COVID-19 has rapidly
spread across the globe (Mattingly et al., 2018). As of June, 2021, there
are more than 170 million confirmed cases and more than 3.7 million
deaths worldwide. In the fight against this pandemic, diagnostic testing
that can rapidly and sensitively detect the causative SARS-CoV-2 virus at
the point-of-care (POC) is identified by the World Health Organization
(WHO) as a top priority (World Health Organization, 2020) toward
controlling disease transmission and improving patient management.
The global scientific community has responded with unprecedented
urgency and has developed a remarkable number of diagnostic tests. To
date, diagnostic tests that detect SARS-CoV-2 antigens via lateral flow
immunoassays (e.g., Sofia SARS Antigen FIA, BD Veritor™ Plus System,
and Abbott BinaxNOW COVID-19 Ag Card) offer the speed and
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RNA via nucleic acid amplification tests (NAAT) generally have higher
sensitivity but have yet to be used at POC. Indeed, despite promising
advances and several evaluation studies (Assennato et al., 2020; Basu
etal., 2020; Brendish et al., 2020; Collier et al., 2020; Gibani et al., 2020;
Zhen et al., 2020), even commercial NAAT-based diagnostic tests such as
Abbott’s ID NOW COVID 19 test (Basu et al., 2020) and Cepheid’s Xpert
Xpress SARS-CoV-2 (Loeffelholz et al., 2020) have mostly remained in
hospitals and centralized clinical labs instead of used at POC.
CRISPR-Cas-assisted diagnostic assays (e.g., SHERLOCK (Gootenberg
et al.,, 2017) and DETECTR (Chen et al., 2018)) have in recent years
captured significant attention (Bhattacharyya et al., 2018; Chiu, 2018;
Li et al., 2019; Zhou et al., 2018). Aided by the elegant detection
mechanism, these assays have demonstrated fast detection while
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obviating instrument-intensive  thermocycling. As a result,
CRISPR-Cas-assisted SARS-CoV-2 detection assays (Broughton et al.,
2020; Guo et al., 2020; Hou et al., 2020; Huang et al., 2020; Patchsung
et al., 2020; Wang et al., 2021) are viewed as transformative solutions
for POC diagnostic testing. Developing a POC diagnostic test from this
nascent method, however, still must address technical requirements
such as ease of use, portability, and resource/infrastructure indepen-
dence, which entails reducing assay steps, minimizing manual operation
in sample preparation, and integrating with automated and portable
devices. Despite their seminal status, both DETECTR-based (Broughton
et al., 2020) and SHERLOCK-based SARS-CoV-2 detection (Patchsung
et al., 2020) are ill-suited for POC use because they involve multiple
manual assay steps and can only be performed with input SARS-CoV-2
RNA that is already extracted and purified by benchtop instruments.
More recent assays (Arizti-Sanz et al., 2020; Ding et al., 2020; Fozouni
et al., 2021; Joung et al., 2020; Ning et al., 2021; Park et al., 2021) are
more tenable for POC use but have yet to fully meet these requirements.
For example, AIOD-CRISPR (Ding et al., 2020), a one-step CRISP-
R-Casl2a-assisted reverse transcription recombinase polymerase
amplification (Piepenburg et al., 2006) (RT-RPA) assay, and the
amplification-free CRISPR-Casl3a assay (Fozouni et al.,, 2021) have
incorporated portable detection modalities (e.g., mobile phone), but
both still require benchtop-extracted SARS-CoV-2 RNA as the input and
separate heating modules for incubation. A new SHERLOCK assay called
STOPCovid.v2 (Joung et al., 2020) aims to address sample preparation
by coupling one-step CRISPR-Casl2b-assisted reverse transcription
loop-mediated isothermal amplification (Notomi, 2000) (RT-LAMP) to
benchtop magnetic-based RNA extraction, but the multiple manual steps
in this assay present challenges for POC use. Thus, there has yet to see a
CRISPR-Cas-assisted SARS-CoV-2 detection assay that satisfies the re-
quirements for POC use (Nouri et al., 2021).

In response, we have developed POC-CRISPR - the first one-step
CRISPR-Cas-assisted assay that is fully integrated with sample prepa-
ration and implemented in a POC-amenable device. Sample preparation
in POC-CRISPR is achieved through droplet magnetofluidics (DM)
(Chiou et al., 2013; Lehmann et al., 2006; Zhang et al., 2011; Zhang and
Wang, 2013), which uses magnetic-based capture and transport of
nucleic acid-binding magnetic beads to concentrate and purify
SARS-CoV-2 RNA from a large volume of swab eluate, as well as to
transport the RNA to downstream amplification and detection. We have
subsequently developed a DM-compatible, one-step, fluorescence-based
CRISPR-Cas12a-assisted RT-RPA assay for SARS-CoV-2 detection. To
facilitate POC use, we have adapted the assay within a thermoplastic
cartridge that is smaller than a lateral flow strip and has comparable
material cost, and we have engineered a palm-sized DM device for
automating the assay in the cartridge. As a demonstration, we tested
POC-CRISPR with 27 unprocessed clinical nasopharyngeal swabs that
were pre-typed by standard RT-qPCR, where POC-CRISPR achieved 27
out of 27 concordance and was able to detect positive samples with high
SARS-CoV-2 loads in 20 min.

2. Material and methods
2.1. Assay cartridge for POC-CRISPR

The assay cartridge, which houses a sample well, a wash buffer well,
and a reaction mixture well, was fabricated from inexpensive plastic
components via laser-cutting and thermoforming. The cartridge was
composed of 3 layers: a top cap layer that was made of laser-cut poly-
methylmethacrylate (PMMA) laminated with polytetrafluoroethylene
(PTFE) tape for establishing a sample injection opening while enclosing
the rest of the cartridge, a center spacer layer that was made of laser-cut
PMMA laminated with pressure-adhesive tape (PSA, 9472LE adhesive
transfer tape, 3M, USA) on both sides for joining the layers, and a bottom
well layer that was thermoformed from a polypropylene sheet for
holding the assay reagents. Upon fabrication of these individual layers,
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the spacer layer and the well layer were first assembled via PSA into an
open cartridge. Both the cap layer and the open cartridge were kept at
room temperature until use.

2.2. Integrated portable DM device for POC-CRISPR

The integrated portable DM device for automating POC-CRISPR was
engineered based on our previous work (Trick et al., 2021). The main
housing and the detachable faceplate of the device were both 3D-printed
(Formlabs Form 2, black resin) and embedded with permanent neo-
dymium magnets, such that the two parts could be aligned and
magnetically clasped for attachment. The device was composed of a
motorized magnetic arm, a miniature heating module, and a fluores-
cence detector (Fluo Sens Integrated, Qiagen), all of which were con-
nected to a microcontroller (Arduino Uno R3) with a motorshield
(Arduino Motor Shield Rev3) and a custom printed circuit board shield.
The motorized magnetic arm, located within the main housing, was a
3D-printed shaft with a pair of permanent neodymium magnets that was
actuated by a rotational servo motor (HS-485HB Hitec RCD, Poway, CA,
USA) and a linear servo motor (PQ12-R Actuonix, Victoria, BC, Canada).
The bi-axial movement of the motorized magnetic arm pulled the beads
in and out of each well, as well as across different wells, of the assay
cartridge, thereby achieving magnetic transfer within the cartridge. The
miniature heating module, located on the detachable faceplate, was an
assembly of an aluminum heat block, a thermoelectric cooler, a heat
sink, and a miniature fan. The temperature of the heating module was
monitored and controlled by the microcontroller with electrical current
supplied by the motorshield.

2.3. POC-CRISPR

Prior to performing POC-CRISPR, assay cartridges with pre-loaded
reagents were prepared. Specifically, 50 pL wash buffer and 20 pL
CRISPR-Casl2a-assisted RT-RPA reaction mixture (see Supplementary
Information for reagents and reaction assembly) were loaded into the
wash buffer well and the reaction mixture well of an open cartridge,
respectively. The cap layer was then capped onto the open cartridge via
PSA before 450 pL silicone oil (50 cSt, Millipore-Sigma, USA) was
injected through the sample injection opening to cover both the wash
buffer well and the reaction mixture well. The immiscible silicone oil
layer above the wash buffer and the reaction mixture served both as a
medium for transporting the magnetic beads in the cartridge and as a
separator that prevented mixing of assay reagents between the wells.
The cartridge was either used immediately or placed on ice with the
sample injection opening sealed with tape (Scotch Magic Tape, 3M,
USA) until use.

For performing POC-CRISPR, a sample (up to 100 pL in input vol-
ume) was pipette mixed with 14 pL magnetic bead buffer and then
loaded into the sample well of the assay cartridge. After sample loading,
the cartridge was tape sealed and mounted onto the faceplate of the
portable DM device with the reaction mixture well of the assay cartridge
seated in the aluminum heat block, whose inner surface was coated with
a thermally conductive paste (Arctic Silver 5, Visalia, California, USA)
for ensuring consistent thermal contact between the reaction mixture
well and the heat block during reaction incubation. The faceplate was
then magnetically clasped onto the main housing of the device, such that
the sample well was positioned between the pair of permanent magnets
of the magnetic arm.

POC-CRISPR began with a 2-min automated sample preparation
process, during which the magnetic beads and bound RNA were
concentrated from the sample well, transferred to the wash buffer well
for wash, and finally transferred to the reaction mixture well. Once the
magnetic beads and bound RNA arrived in the reaction mixture well, the
heating module began heating to initiate CRISPR-Cas-assisted SARS-
CoV-2 RT-RPA with real-time fluorescence detection. All reactions were
incubated at 45.5 °C (unless otherwise specified) for 60 min. After the
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heat block reached 45.5 °C, the fluorescence detector (set at a pre-
defined detector current of 65 mA) measured the fluorescence signal
from the reaction every 10 s.

3. Results and discussion
3.1. Overview of POC-CRISPR

POC-CRISPR detects SARS-CoV-2 virus directly from unprocessed
clinical NP swab eluates in a sample-to-result workflow powered by the
integrated portable DM device (Fig. 1A). POC-CRISPR begins by
injecting the swab eluate and a magnetic bead buffer into an assay
cartridge and mounting the cartridge in the portable DM device. This
process takes < 2 min hands-on time and represents the only manual
process in POC-CRISPR. Within the portable DM device, a motorized
magnetic arm, a miniature heating module, and a compact fluorescence
detector are programmed by a microcontroller to execute DM-enabled
sample preparation (Fig. 1B) and CRISPR-Casl2a-assisted RT-RPA
(Fig. 1C) - the two crucial assay components in POC-CRISPR. In this
work, DM-enabled sample preparation from clinical NP swab eluates is
facilitated by pH-mediated electrostatic attraction between RNA and
functionalized magnetic beads (Cao et al., 2006). Briefly, the swab
eluate is first exposed to a low-pH binding buffer supplemented with a
detergent, in which the viral particles are lysed. The released negatively
charged viral RNA can electrostatically bind to the positively charged
magnetic beads. As the magnetic beads can be concentrated, they offer
an effective strategy for concentrating RNA from large volumes of swab
eluates and boosting the assay sensitivity. When the magnetic beads and
bound RNA are magnetically transported out of the swab eluate, po-
tential inhibitors to CRISPR-Casl2a-assisted RT-RPA are left behind.
Moreover, as the magnetic beads and bound RNA are magnetically
transported into a neutral-pH wash buffer, RNA remains bound to the
magnetic beads while potential inhibitors that may have adsorbed to the
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magnetic beads can be released into the wash buffer, thereby achieving
further purification. As a result of DM-enabled sample preparation,
concentrated and purified RNA can be delivered to the
CRISPR-Cas12a-assisted RT-RPA reaction mixture. Within this reaction,
SARS-CoV-2 RNA is transcribed and amplified by RT-RPA into DNA
amplicons, which activate Casl2a-guide RNA complexes to cleave
single-stranded DNA (ssDNA) fluorogenic reporters, thereby producing
fluorescent signals for detection (Fig. 1C). Finally, the resulting
real-time fluorescence curves signal the presence or absence of
SARS-CoV-2 virus in the NP swab eluate.

3.2. Development of DM-compatible CRISPR-Cas12a-assisted RT-RPA
assay

As a prerequisite for realizing POC-CRISPR, we first developed a DM-
compatible CRISPR-Casl2a-assisted RT-RPA assay using manual mag-
netic bead purification and benchtop reaction incubation. As the test-
bed, we employed standardized synthetic SARS-CoV-2 RNA as the target
and ChargeSwitch magnetic beads and binding buffer as the magnetic
bead buffer as in our previous works (Shin et al, 2017, 2018). For
SARS-CoV-2 amplification and detection, a fluorescence-based CRISP-
R-Casl2a-assisted RT-RPA is adopted and modified from AIOD-CRISPR
(Ding et al., 2020) and our recently developed deCOViD (Park et al.,
2021) that used a more sensitive, Alexa647 fluorophore-based ssDNA
fluorogenic reporter (Hsieh et al., 2020) (Table S1). For developing this
new assay, we mixed SARS-CoV-2 RNA with the magnetic bead buffer
and used a magnetic rack to pellet and wash the magnetic beads and
bound RNA. We next added the CRISPR-Cas12a-assisted RT-RPA reac-
tion mixture and used a benchtop qPCR instrument to incubate the re-
action and measure the fluorescence. We finally analyzed the real-time
fluorescence amplification curves from the reactions to assess the reac-
tion conditions. We note that, aside from differences in assay compo-
nents and conditions, our benchtop DM-compatible CRISPR-Cas-assisted

One-pot CRISPR-Cas-

Samples in 20 min | Assisted RT-RPA: 60 min

4
Sample Prep
+ SARS-CoV- 3 SARS-CoV-2 ==
2 Detection
Time (min)
\x\\\ 2| SARS-CoV-2 =

Time (min)

(C) One-pot Cas12a-Assisted RT-RPA
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Fig. 1. Overview of POC-CRISPR. (A) POC-CRISPR detects SARS-CoV-2 virus from unprocessed nasopharyngeal (NP) swab eluates in a sample-to-answer workflow.
Upon injecting the NP swab eluate into an assay cartridge and mounting the cartridge into a palm-sized droplet magnetofluidic (DM) device, the device performs
sample preparation, reaction incubation, and fluorescence-based SARS-CoV-2 detection in full automation. (B) Within the device, sample preparation is powered by
DM, which leverages magnetic-based capture and transport of nucleic acid-binding magnetic beads to concentrate SARS-CoV-2 RNA and remove potential inhibitors
from a large volume of NP swab eluate, as well as to transport the RNA into downstream CRISPR-Cas-assisted reaction mixture. (C) Within the reaction, SARS-CoV-2
RNA is in vitro transcribed and amplified into DNA amplicons via reverse transcription recombinase polymerase amplification (RT-RPA). The DNA amplicons then
activate Casl2a-guide RNA complexes to cleave single-stranded DNA fluorogenic reporters, thereby producing fluorescent signals for detection.
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SARS-CoV-2 detection assay shares a comparable workflow as STOP-
Covid.v2 (Joung et al., 2020).

We investigated a range of parameters in our benchtop DM-
compatible CRISPR-Cas12a-assisted RT-RPA assay to improve its per-
formance in SARS-CoV-2 detection. In these investigations, we used 100
pL of 100 genome equivalent (GE)/uL RNA as the sample — up to 100-
fold greater in sample volume than typical CRISPR-Cas-assisted assays
in which ~1-5 pL samples are spiked directly into the reaction mixtures
—because magnetic beads could capture and concentrate RNA from such
a large sample volume. We first observed that CRISPR-Cas12a-assisted
RT-RPA produced the strongest amplification signal with the magnetic
beads still in the reaction mixture compared to bead removal prior to
incubation (Figure S1). Also, while multiple reverse transcriptases sup-
ported DM-compatible CRISPR-Casl2a-assisted RT-RPA, WarmStart
RTx reverse transcriptase allowed the fastest and most efficient detec-
tion among the reverse transcriptases we tested (Figure S2). As Warm-
Start RTx reverse transcriptase reacts optimally at 55 °C, we next tuned
the reaction temperature and found that our assay was the most efficient
at 43 °C and 45 °C (Figure S3). Finally, we adjusted the concentrations of
WarmStart RTx reverse transcriptase, Casl2a, Casl12a-guide RNAs, and
ssDNA fluorogenic reporter, and selected 1.50 U/puL WarmStart RTx
reverse transcriptase (Figure S4), 0.32 pM Cas12a in combination with
0.16 pM each of Casl2a-guide RNAs (Figure S5), and 4 pM ssDNA flu-
orogenic reporter (Figure S6) for our assay. Upon tuning these reaction
conditions, when detecting 100 pL of 100 GE/pL SARS-CoV-2 RNA, our
DM-compatible CRISPR-Casl2a-assisted RT-RPA could yield real-time
fluorescence amplification curves with onsets of fluorescence increase
at ~20 min and strong fluorescence signals in 60 min (Figure S5 and
Figure S6).

3.3. Development of assay cartridge and integrated portable DM device
for POC-CRISPR

We next developed the disposable thermoplastic assay cartridge and
the integrated portable DM device for turning the DM-compatible
CRISPR-Cas12a-assisted RT-RPA assay into a POC-amenable assay.
The assay cartridge has a compact footprint that is smaller than a lateral
flow strip (Fig. 2A) and is fabricated via simple assembly (Figure S7) of
low-cost plastic materials (Table S2). The assay cartridge has 3 inde-
pendent wells for holdings the mixture of sample and magnetic bead
buffer (pH = 5), a wash buffer (pH = 7), and the CRISPR-Cas12a-assisted
RT-RPA reaction mixture, which are further separated by an immiscible
oil that prevents evaporation and mixing of these aqueous reagents.
Upon sample loading, to further reduce cross-contamination, each
disposable assay cartridge is tape-sealed and mounted in the integrated
portable DM device. The device houses a motorized magnetic arm, a
miniature heating module, a compact fluorescence detector, and a mi-
crocontroller for automating these components (Fig. 2B; also see
Table S3 for cost breakdown). Briefly, the motorized magnetic arm,
which is equipped with a pair of permanent magnets located at the
opposing ends of the assay cartridge, moves bi-axially to concentrate,
and sequentially transport the magnetic beads from the sample well to
the wash buffer well and then to the CRISPR-Cas12a-assisted RT-RPA
reaction mixture well (Figure S8). Upon the arrival of the magnetic
beads and RNA, the heating module heats the reaction mixture well to
initiate the reaction while the fluorescence detector measures the
fluorescence emitted from the reaction in real time. Finally, the
portable device can be connected to a laptop or even wirelessly
interfaced with a smartphone via Bluetooth connection and a custom
app (Figure S9), which offers an attractive option for resource limited
settings. Finally, for minimizing carryover contamination, which can
be detrimental to POC diagnostic tesing, the sealed cartridge is
discarded after testing.
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Fig. 2. Assay cartridge and integrated portable DM device for POC-
CRISPR. (A) The assay cartridge, which is fabricated via simple assembly of
inexpensive thermoplastic materials, has 3 independent wells for holding the
mixture of sample and magnetic bead buffer (pH = 5), a wash buffer (pH = 7),
and the CRISPR-Casl2a-assisted RT-RPA reaction mixture. An immiscible oil
overlays these aqueous reagents to prevent evaporation and reagent mixing.
After injection of sample into the assay cartridge, the pH-responsive magnetic
beads can bind to SARS-CoV-2 RNA and transport the RNA to the wash buffer —
where the RNA remains beads-bound due to the neutral pH - and finally to the
CRISPR-Cas12a-assisted RT-RPA reaction mixture. (B) The integrated portable
DM device (represented here with a CAD schematic) houses a motorized
magnetic arm for manipulating magnetic beads and executing sample prepa-
ration procedures, a miniature heating module for controlling the CRISPR-
Casl2a-assisted RT-RPA reaction temperature, a compact fluorescence detec-
tor for detecting the fluorescence emitted from the reaction in real-time, and a
microcontroller for controlling these components and hence automating the
assay in the cartridge.

3.4. Rapid and sensitive SARS-CoV-2 detection via POC-CRISPR

To actualize POC-CRISPR, we adapted the benchtop DM-compatible
CRISPR-Cas12a-assisted RT-RPA assay in the assay cartridge and the DM
device. Here, we performed initial characterizations using 100 pL syn-
thetic SARS-CoV-2 RNA (100 GE/pL) as the sample, which was loaded
into the sample well of the assay cartridge before mounting the cartridge
in the DM device and initiating the automated workflow in the device.
To account for potential differences between the benchtop qPCR in-
strument and the miniature heating module in the DM device, we tuned
the reaction temperature in the DM device and set it at 45.5 °C for POC-
CRISPR (Figure S10). We also found that assembled assay cartridges
with CRISPR-Cas12a-assisted RT-RPA reaction mixture could be stored
on ice up to 6 h (Figure S11). In addition to detecting the fluorescence
via the fluorescence detector in the DM device, we set up a simple and
compact fluorescence visualization apparatus using a red LED with an
excitation filter for illuminating the reaction mixture well of the car-
tridge and a smartphone with an emission filter for visualizing the
fluorescence (Fig. 3A(i)). Using this apparatus, we observed strong
fluorescence from 100 GE/pL SARS-CoV-2 RNA but only weak
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Fig. 3. Analytical validation of POC-CRISPR. (A) For simply visualizing POC-
CRISPR results in the assay cartridge, (i) a simple apparatus based on a LED
and a smartphone can be used to image the cartridges and (ii) differentiate the
weak fluorescence in the cartridge with 0 genome equivalent (GE)/pL RNA
(top) from the strong fluorescence in the cartridge with 100 GE/pL RNA (bot-
tom). White scale bar = 0.25 cm. (B) (i) In POC-CRISPR, magnetic-mediated
concentration of RNA from a large sample volume (e.g., 100 pL) and subsequent
automated transfer of magnetic beads and bead-bound RNA to the wash buffer
and the reaction mixture within the cartridge enable sensitive detection of
SARS-CoV-2. Using POC-CRISPR, (ii) 100 GE/pL RNA samples (orange) can be
clearly differentiated from the no RNA controls (gray) and (iii) 1 GE/uL RNA
samples (orange) can also be distinguished from the no RNA controls (gray). (C)
(i) In contrast, “direct sample amplification”, where only a small sample volume
(e.g., 1 pL) can be added into the reaction mixture, can lead to poorer detection
sensitivity. (ii) Directly amplified 100 GE/pL RNA samples (blue) can still be
clearly differentiated from the no RNA controls (gray), but (iii) directly
amplified 1 GE/uL RNA samples (blue) become barely distinguishable from the
no RNA controls (gray). (D) POC-CRISPR detects 10000 to 100 TCIDsq/pL of
SARS-CoV-2 virus spiked into 3 independent NP swab eluates. These results
demonstrate that POC-CRISPR is compatible with multiple biological samples
for viral loads that span 3 orders of magnitude. Data in (B) and (C) presented as
mean (solid line) &+ 1SD (shade), n = 2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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fluorescence from the no RNA control (Fig. 3A(ii)). These results not
only provide an additional verification method for POC-CRISPR, but also
illustrate the potential for further simplifying the instrumentation and
reducing the cost for POC-CRISPR.

To demonstrate the advantage of magnetic-mediated concentration
of SARS-CoV-2 RNA in POC-CRISPR, we compared SARS-CoV-2 RNA
detection via the POC-CRISPR workflow, which entails sample concen-
tration and amplification (Fig. 3B(i)), and direct sample amplification
(Fig. 3C(i)). POC-CRISPR could clearly detect 100 pL of 100 GE/pL RNA,
as the amplification curves showed onsets of fluorescence increase at
~15 min and steady increases thereafter until 60 min, which were
distinct from the slightly decreasing curves in control reactions with no
RNA template (Fig. 3B(ii)). POC-CRISPR could also detect down to 1 GE/
pL RN in 100 pL of sample volume (Fig. 3B(iii)). Notably, the amplifi-
cation curves from 1 GE/pL RNA became distinguishable from the
slightly decreasing curves from no RNA controls after only ~30 min,
suggesting the possibility of shortening the turnaround time of POC-
CRISPR. To our knowledge, these results also represent the first real-
time monitoring of a CRISPR-Cas-assisted SARS-CoV-2 detection assay
within a POC-amenable device. For direct sample amplification, we
spiked 1 pL SARS-CoV-2 RNA directly into the CRISPR-Cas12a-assisted
RT-RPA reaction mixture well of the cartridge and initiated the
reaction (Fig. 3C(i)). Under direct amplification, samples containing
100 GE/pL RNA were still clearly detected (Fig. 3C(ii)), though the
amplification curves showed slower onsets of fluorescence increase at
~20 min and lower fluorescence signals than those from samples that
had been magnetically concentrated. Samples containing 1 GE/uL
RNA yielded amplification curves that decreased during incubation
and appeared similar to control reactions with no RNA template
(Fig. 3C(iii)). This comparison illustrates that sample concentration in
POC-CRISPR helps detect low concentrations of RNA, which would
improve analytical sensitivity, potentially reducing false negatives and
enhancing clinical sensitivity.

We further examined the analytical performance of POC-CRISPR by
testing contrived nasopharyngeal (NP) swab eluates with spiked inac-
tivated SARS-CoV-2 viral particles. To do so, we tested a 10-fold dilution
series from 10000 to 100 TCID5q/pL of viral particles spiked into three
independent negative clinical swab eluates. We could detect SARS-CoV-
2 in all samples, which demonstrates that POC-CRISPR is compatible
with samples of different origins over a broad viral concentration range
(Fig. 3D and Figure S12). Additionally, we demonstrated the flexibility
of POC-CRISPR in using varying sample volumes by testing samples
composed of 10, 30, and 100 pL of contrived samples with 100 TCIDs,/
pL spiked viral particles (Figure S13). The results indicate that the
magnetic beads could indeed capture and concentrate the RNA from
lysed SARS-CoV-2 viral particles from up to 100 pL sample volume, and
the sensitivity of POC-CRISPR for SARS-CoV-2 detection can be poten-
tially improved by increasing the sample volume.

3.5. Evaluation of POC-CRISPR in clinical sample testing

We evaluated the performance of POC-CRISPR in detecting SARS-
CoV-2 directly from unprocessed clinical NP swab eluates. Here, we
tested 27 clinical NP swab eluates, which were pre-typed by benchtop
RT-qPCR using the CDC-approved primers and probe (Lu et al., 2020) as
11 SARS-CoV-2 positive and 16 SARS-CoV-2 negative. For the 11 posi-
tive samples, the RT-qPCR cycle of quantification (Cy) values ranged
from 18.3 to 30.2 (Table S4). Of the 16 negative samples, 2 were
Influenza A (Flu A) positive and 2 were Influenza B (Flu B) positive,
which were included for evaluating the specificity of POC-CRISPR. For
SARS-CoV-2 positive samples, POC-CRISPR yielded robust fluorescence
amplification curves, and samples with Cq < 25 showed onsets of fluo-
rescence increase in < 20 min (Fig. 4A and Figure S14). In contrast, for
SARS-CoV-2 negative samples, POC-CRISPR appropriately showed only
negligible increase in the fluorescence signals and no cross-reactivity
with all Influenza samples after 60 min (Fig. 4A). For accurately
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Fig. 4. Detection of SARS-CoV-2 from unprocessed clinical NP swab eluates via
POC-CRISPR. Twenty-seven clinical NP swab eluates that are pre-typed by
standard RT-qPCR (11 positive and 16 negative including 2 Inflenza A and 2
Influenza B samples) are tested by POC-CRISPR without prior sample process-
ing steps. (A) SARS-CoV-2 positive samples result in fluorescence amplification
curves, whereas negative samples — including the Influenza samples — yield
negligible fluorescence increases. (B) By comparing the normalized endpoint (i.
e., 60 min) fluorescent intensities after POC-CRISPR, the fluorescent signals of
SARS-CoV-2 positive samples are higher than the SARS-CoV-2 negative sam-
ples, resulting in (C) 27 out of 27 concordance between POC-CRISPR and
benchtop RT-qPCR. (D) By virtue of real-time fluorescence detection, POC-
CRISPR accelerates testing turnaround time without sacrificing the sensitivity
for detecting the 11 positive samples. Indeed, 7 out of the 11 positive samples
are identified in 20 min, and all of the 11 positive samples are detected in
50 min.

typing the SARS-CoV-2 positive samples with weaker fluorescence sig-
nals, we defined the fluorescence signal threshold at 3 standard de-
viations above the mean normalized endpoint fluorescence signals of the
16 SARS-CoV-2 negative samples (see Supplementary Information for
explanation). Based on this standard thresholding strategy, POC-CRISPR
could indeed detect the 11 SARS-CoV-2 positive samples (Fig. 4B),
including the positive sample with the weakest fluorescence signals (i.e.,
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Positive Sample #9, RT-qPCR Cq = 30.2) (Figure S14). For these 27
pre-typed samples, POC-CRISPR achieved 27 out of 27 concordance
with RT-qPCR (Fig. 4C). Importantly, real-time fluorescence detection in
POC-CRISPR accelerates testing turnaround time without sacrificing the
sensitivity for detecting the 11 positive samples. Indeed, all 11 positive
samples reported time-to-positive — defined as the time at which the
fluorescence signal reached the fluorescence signal threshold — within
50 min (Fig. 4D and Figure S14). These results demonstrate the potential
of leveraging real-time fluorescent detection and live reporting in
POC-CRISPR for achieving rapid SARS-CoV-2 detection.

4. Conclusion

In summary, we have developed POC-CRISPR, the first CRISPR-Cas-
assisted assay that is fully integrated with sample preparation and
automated within a POC-amenable device. For developing POC-CRISPR,
we first developed an integrated benchtop assay by successfully
coupling CRISPR-Casl2a-assisted RT-RPA with DM-enabled sample
preparation and tuning various assay components (e.g., reverse tran-
scriptase) and reaction conditions (e.g., reaction temperature). We
subsequently actualized POC-CRISPR by adapting the newly integrated
benchtop assay within our inexpensive and disposable assay cartridge
and our palm-sized DM device, which executed the assay in full auto-
mation. By performing an one-step assay that integrates sample prepa-
ration and real-time fluorescence detection within a sealedand
disposable cartridge and an automated and portable device, POC-
CRISPR offers a single-use diagnostic test with can quantitative (and
hence reliable) detection while reducing contamination, making it
highly amenable for POC. We demonstrated that POC-CRISPR is capable
of sensitive and rapid detection of SARS-CoV-2 RNA - 1 GE/pL from a
sample volume of 100 pL in 30 min — which ranks among the most
sensitive and fastest CRISPR-Cas-assisted SARS-CoV-2 detection to date.
We evaluated the performance of POC-CRISPR by testing 27 unpro-
cessed clinical NP swab eluates that were pre-typed with benchtop RT-
qPCR, and POC-CRISPR correctly differentiated the 11 positive sam-
ples with Cy between 18.3 and 30.2 from the 16 negative samples.
Finally, real-time fluorescence detection in POC-CRISPR enabled iden-
tification of positive samples with Cq < 25 in 20 min.

We foresee building on our initial results and taking several routes
for improving and expanding POC-CRISPR. First, we would prioritize
improving the analytical sensitivity of POC-CRISPR toward testing
clinical samples with low SARS-CoV-2 viral loads (e.g., RT-gPCR Cq »
30). This can be achieved by designing and screening new RPA primers
and optimizing the magnetic bead buffer so that the input volume of NP
swab eluate can be further increased. Second, although POC-CRISPR
already involves only a simple manual operation with < 2 min hands-
on time after the NP swab was collected, we envision improving the
user-friendliness of POC-CRISPR with new cartridge designs that
simplify sample injection and mixing with magnetic bead buffers. Third,
we plan to expand the number of reaction wells per assay cartridge so
that we can add a control to POC-CRISPR. Finally, as both DM-enabled
sample preparation and CRISPR-Cas-assisted assay can be readily
designed for other DNA or RNA targets, we foresee applying POC-
CRISPR toward other diseases such as HIV and Influenza. Taken
together, POC-CRISPR not only represents a significant advance for
CRISPR-Cas-assisted diagnostic assays but also has strong potential to
become a useful POC diagnostic tool for COVID-19 and other diseases.
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