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Abstract

Recently, CRISPR-Cas technology has opened a new era of nucleic acid-based molecular
diagnostics. However, current CRISPR-Cas-based nucleic acid biosensing has a lack of the
quantitative detection ability and typically requires separate manual operations. Herein, we
reported a dynamic aqueous multiphase reaction (DAMR) system for simple, sensitive and
quantitative one-pot CRISPR-Cas12a based molecular diagnosis by taking advantage of density
difference of sucrose concentration. In the DAMR system, recombinase polymerase amplification
(RPA) and CRISPR-Cas12a derived fluorescent detection occurred in spatially separated but
connected aqueous phases. Our DAMR system was utilized to quantitatively detect human
papillomavirus (HPV) 16 and 18 DNAs with sensitivities of 10 and 100 copies within less than
one hour. Multiplex detection of HPV16/18 in clinical human swab samples were successfully
achieved in the DAMR system using 3D-printed microfluidic device. Furthermore, we
demonstrated that target DNA in real human plasma samples can be directly amplified and
detected in the DAMR system without complicated sample pre-treatment. As demonstrated, the
DAMR system has shown great potential for development of next-generation point-of-care
molecular diagnostics.
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Introduction

Molecular diagnostics is critical for the identification of pathogens and genotyping, which
makes an outstanding contribution to clinical diagnostics, biosecurity and environmental
monitoring. Nucleic acid amplification testing, such as polymerase chain reaction (PCR), is
the most commonly used technique in molecular diagnostics.! However, PCR technique
typically requires sophisticated system and well-trained operator.2 Therefore, there is an
unmet need to develop a novel nucleic acid-based molecular testing method for simple,
rapid, sensitive, reliable and cost-effective detection at the point of care.

Nucleic acid isothermal amplification detection,34 such as recombinase polymerase
amplification (RPA), loop mediated isothermal amplification (LAMP), is an attractive
alternative to conventional PCR method because of its outstanding advantages including
simple, rapid and low cost. However, there remains a challenge to adapt it to develop an
accurate and reliable point of care (POC) diagnostics for clinical applications due to
undesired non-specific signals (e.g., false-positive).> Recently, CRISPR-Cas system, has
been widely applied as a revolutionary gene-editing technique in epigenetic engineering,
gene regulation and genetic screening.® Besides its extraordinary gene editing ability, it
shows great promise for the next-generation of rapid and highly sensitive nucleic acid
detection. Recently, a series of Cas effectors including Cas9, Cas12a, Cas13 and Cas14 have
been developed to establish CRISPR-Cas-based nucleic acid biosensing detection.”12 For
example, the Cas12a owns collateral cleavage activities on single stranded DNA (ssDNA).8
The cleavage activity of Cas12a can be activated, and indiscriminately cleave the collateral
ssDNA reporter once recognizing their specific DNA targets.® To achieve a high sensitive
molecular detection, it is necessary to combine target nucleic acid amplification (e.g., RPA)
with CRISPR-based detection. For instance, DETECTR method has recently been developed
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for highly sensitive and specific nucleic acid detection by combining the RPA amplification
with Cas12a detection.8 However, due to poor biocompatibility of two different reaction
systems, the DETECTR assay typically requires separate target amplification and detection
steps. Such “two-step” assay has some drawbacks for POC diagnostics because: i)
transferring of RPA amplicons exposes the nucleic acid-rich sample (e.g., RPA amplicons)
to the environment, potentially increasing the risk of carry-over contamination, and ii) it

cannot accurately quantify the target nucleic acids due to the separate target amplification.
8,13-15

Herein, we have developed a dynamic aqueous multiphase reaction (DAMR) system for
simple, rapid, sensitive and quantitative detection of nucleic acids, where the RPA reaction
and CRISPR-Cas12a detection were carried out in spatially separated but connected phases
in one-pot. The DAMR system was established by taking advantage of density difference of
sucrose concentration (Fig. S1). This miscible multiphase system provides a unique dynamic
diffusion interface, which can combine incompatible but related reactions together and
enable one-pot, quantitative RPA-CRISPR/Cas12a molecular detection.

Experimental Methods

Dynamic aqueous multiphase reaction (DAMR) system

The DAMR system was established using various concentrations of sucrose solution due to
its good biocompatibility. Stock sucrose solutions at high concentrations were prepared in
Milli-Q water. To investigate the dynamic diffusion of the DAMR system (Fig. S1A), we
added equal volumes (15 L) of sucrose solution (from 10% to 50%, w/w) and water into
tubes and incubated at 37 °C for different times (0, 0.5 and 2h). In addition, sucrose solution
from 10% to 30% were utilized to form multi-phase systems (Fig. S1B).

One-pot RPA/CRISPR-Cas12a detection in the DAMR system

In the DAMR system, RPA-based target amplification and CRISPR-Cas12a based
fluorescent detection was connected through dynamic diffusion. TwistAmp Basic reagent for
the RPA reaction was purchased from TwistDx. EnGen Lba Cas12a (Cpfl) (100 uM) was
purchased from New England BioLabs (Ipswich, MA). High-density RPA reaction solution
(bottom phase) was mixed by 0.48 uM forward and reverse primer, 14 mM magnesium
acetate, targets and sucrose in 1x rehydration buffer. Low-density CRISPR-Cas12a detection
solution (top phase) was mixed by 100 nM Cas12a, 50 nM ssDNA-FQ reporter, and 62.5 nM
crRNA (Integrated DNA Technologies) in 1X cleavage buffer (100 mM KCI, 20 mM Tris-
HCI (pH 7.8), 5 mM MgCls, 50 pg mL~1 heparin, 1% (v/v) glycerol and 1 mM DTT). The
DAMR system for one-pot RPA/CRISPR-Cas12a detection was incubated in PCR tubes at
37 °C and the real-time fluorescence signal was monitored by CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad). After reaction, the endpoint fluorescent images were
taken by ChemiDocTM MP Imaging System and the fluorescence intensity was analyzed by
Image J. The bright-green images were taken directly by the smartphone camera under blue
light.
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Optimization of RPA/CRISPR-Cas12a detection in the DAMR system

The dynamic diffusion between two phases is crucial to connect incompatible but correlative
reactions, which depends on sucrose concentration and the volume ratio of RPA bottom
phase and CRISPR-Cas12a top phase. To optimize the DAMR system, 20 pL RPA reaction
solution with 104 copies HPV16 DNA and different concentration of sucrose (0%, 5%, 10%,
20%, 30%, 40%, and 50%) was used as the bottom phase and 10 uL CRISPR-Casl12a
detection solution was used as the top phase for one-pot RPA/CRISPR-Cas12a detection at
37 °C. To optimize the volume ratio of RPA bottom phase (10% sucrose) and CRISPR-
Casl2a top phase, different volume ratios (1: 1:5, 1:2, 1:1, 2:1, 5:1) was investigated under
the same reaction condition.

Sensitivity and specificity

To investigate the sensitivity of the DAMR system for one-pot RPA/CRISPR-Cas12a
detection, ten-fold serial dilutions of HPV 16 or 18 DNA from 0 to 10° copies were added
into 20 PL RPA reaction phase with 10% sucrose with specific forward and reverse primers.
HPV 16 or 18 specific crRNA was added in 10 L CRISPR-Cas12a reaction top phase.8 The
DAMR system was incubated in PCR tubes at 37 °C for 1h. To investigate the sensitivity of
“two-step” method with separate target amplification and detection steps, ten-fold serial
dilutions of HPV 16 or 18 DNA from 0 to 10° copies were firstly amplified in 20 L RPA
reaction at 37 °C for 15 min. Then 5 uL DNA amplicons from RPA reaction was added into
15 uL CRISPR-Cas12a reaction solution and incubated at 37 °C for another 60 min. To
investigate the specificity of DAMR system for one-pot RPA/CRISPR-Cas12a detection, 10
copies HPV 16, 18 and 31 DNA was added into 20 L RPA reaction bottom phase with 10%
sucrose and HPV16 or 18 specific primers, respectively. HPV 16 or 18 crRNA was added
into 10 uL CRISPR-Cas12a reaction solution as the top phase. The DAMR system was
incubated at 37 °C in PCR tubes on CFX96 Touch™ Real-Time PCR Detection System for
1 hour.

Multiplexed detection

To investigate the multiplex detection ability of DARM system, 0.48 uM HPV 16 and HPV
18 RPA primers were mixed in 20 uL RPA reaction solution with 10% sucrose as the bottom
phase. Specific HPV16 or HPV18 crRNA was added into 10 pL CRISPR-Cas12a reaction as
the top phase. The DAMR system in PCR tubes was incubated at 37 °C for 1h to achieve
multiplexed detection.

To realize high-throughput multiplexed detection, a microfluidic device with three respective
chambers was fabricated by 3D-printing and was inserted into the wells of 96-well
microplate. 0.48 pM HPV 16 and HPV 18 RPA primers were mixed into 70 pL RPA reaction
as the bottom phase and added to the wells of the 96-well microplate. 3D-printed device was
inserted into the wells and the respective chamber was added with 10 pL CRISPR-Cas12a
reaction solution without crRNA, with HPV16 crRNA, and with HPV18 crRNA,
respectively. After sealing with a Microseal® B Adhesive sealer (Bio-Rad), the 96-well
microplate was incubated at 37 °C for 1h and the end-point image was taken by
ChemiDoc™ MP Imaging System (Bio-Rad). The fluorescence intensity was analyzed by
Image J after reaction.
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Human clinical swab sample collection and DNA purification

Clinical cervical swab samples were obtained from the Hospital of the University of
Pennsylvania and approved by the ethics committee (IRB protocol #: 829760). To extract
target nucleic acids from human clinical swab samples, 500 pL samples were centrifuged at
1000X g for 2 min to collect cell pellets. The cell pellets were suspended and washed by
ddH,0 for 3 times. Then cell pellets were resuspended and digested in 200 uL PBS solution
with proteinase K. DNeasy Blood & Tissue Kit (Qiagen) was used for the extraction and
purification of HPV DNA from the cell pellets. After purification, HPV DNA was directly
used for detection or put in the freezer at —20 °C for storage.

Detection of HPV DNA in untreated human plasma sample

Human plasma samples were purchased from Innovative Research. In our three-phase
system, 10* copies of HPV16 DNA was added into 10 uL plasma sample with 40% sucrose
as the bottom phase. 20 UL RPA reaction solution with 10% sucrose was used as the middle
phase and 10 L CRISPR-Cas12a reaction solution as the top phase. For comparison, we
prepared two-phase system in which above-mentioned bottom phase and middle phase were
mixed together as one phase. To optimize the sucrose concentration in the bottom plasma
phase of our three-phase system, different concentration sucrose solutions (20%, 40%, 60%
and 80%) were investigated.

In addition, target DNA in untreated human plasma samples were detected by LAMP and
PCR by using our DAMR system. 10* copies of HPVV16 DNA was added into 10 pL plasma
sample with 40% sucrose as the bottom phase and 20 pL LAMP or PCR solution was used
as the top phase. For comparison, 10 pL plasma sample spiked with 10 copies of HPV/16
DNA was mixed to 20 uL LAMP or PCR solution as one phase. The LAMP reaction was
incubated in PCR tubes at 63 °C for 1h.16 The PCR reaction was included at 95°C for 10
min, followed by a two-step cycle of 15 s at 95 °C and 1 min at 57 °C for 60 cycles.’

Result and Discussion

Dynamic agueous multiphase reaction system

As shown in Fig. 1, target nucleic acids are firstly amplified by the RPA reaction in high-
density bottom phase. Next, the amplified nucleic acids dynamically diffuse to the low-
density top-phase and sequence-specifically trigger the nonspecific cleavage activity of
Cas12a endonuclease with crRNA, which further cleaves fluorophore quencher (FQ)-labeled
ssDNA probe to generate fluorescent signal for nucleic acid detection. To our best
knowledge, it is the first time to adapt a dynamic aqueous multiphase system to achieve
incompatible biochemical reactions in one-pot.

To evaluate the performance of the DAMR system, 10* copies of human papillomavirus
(HPV) 16 DNA was detected by using 20 pL RPA reaction solution with 10% sucrose as the
bottom phase and 10 UL CRISPR-Cas12a fluorescence detection solution as the top phase.
For comparison, we thoroughly mixed all-above mentioned reaction reagents in a one-phase
system for HPV16 testing. As shown in Fig. 2A, obvious fluorescent signals can be observed
after 30-min incubation in the DAMR system, whereas not in the one-phase system.
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Interestingly, the fluorescent signal firstly generated at the top phase of CRISPR-Casl12a
detection and then diffused into the bottom phase of the RPA reaction, which indicated that
the DAMR system provided relatively independent, but dynamical diffusion environment
during the incubation process. As shown in Fig. 2A and S2B, no fluorescent signal can be
observed in the one-phase system until incubated at 37 °C for 48 hours, which is 100 times
slower than that of the DAMR system. Additionally, the fluorescence signal in the DAMR
system is more than 100 times higher than that of the one-phase reaction in the same
incubation time (Fig. 2A-ii and S2), which may be attributed to the unique dynamic
multiphase reactions in our DAMR system. On one hand, the bottom phase of the DAMR
system provided an independent reaction environment for the RPA amplification due to
density-driven phase separation and sucrose hydrogen bond network.18-19 On the other
hand, the small nucleic acid amplicons generated in the bottom phase dynamically diffused
into the top phase and triggered the cleavage activity of CRISPR-Cas12a for fluorescence
detection.

Optimization of the DAMR system

In our DAMR system, the dynamic diffusion between different phases plays a crucial role in
connecting incompatible but related reaction systems, which is dependent on sucrose
concentration and the volume ratio of two phases.19-20 To optimize our DAMR system, we
added different concentration sucrose (from 5% to 50%) into 20 pL RPA reaction solution
with 104 copies of HPV16 DNA target as the bottom phase and 10 pL CRISPR-Cas12a
detection buffer as the top phase. The fluorescence signal during incubation was monitored
in real-time by PCR machine and the endpoint fluorescent images were taken by
ChemiDoc™ MP Imaging System. As shown in Fig. 2B, the RPA reaction solution with
10% sucrose exhibited the strongest fluorescent signal (Fig. 2B-i and 2B-iii) with the
shortest threshold time (Fig. 2B-ii). Considering temperature could affect the dynamic
diffusion and the enzyme efficiency, the effect of temperature was investigated in the DAMR
system. As shown in Fig. S3, The DAMR system exhibits the optimal performance at 37°C.
Next, we optimized the volume ratio of the RPA bottom phase (10% sucrose) and CRISPR-
Casl2a top phase. As shown in Fig. 2C, the fastest reaction could be achieved in the volume
ratio of 5:1 but its fluorescent intensity was much lower than that of the volume ratio of 2:1.
Considering the strong fluorescence signal plays a crucial role in visual detection of nucleic
acid, 20 uL RPA reaction solution with 10% sucrose as the bottom phase and 10 pL
CRISPR-Cas12a as the top phase were used in our optimized DAMR system for the one-pot
RPA/CRISPR-Cas12a detection.

Quantitative detection and the sensitivity of the DAMR system

Pathogens quantitative detection plays a crucial role in estimation of health risks and
classification of disease severity.2! In the previous study, RPA amplification was separated
from CRISPR-Cas12a detection due to poor compatibility of these two reaction systems.8
Therefore, the high concentration of DNA amplicons produced from the “first-step” RPA
amplification leads to saturated fluorescence signals at the “second-step” regardless of initial
nucleic acid target concentration, which could not realize accurate quantitative detection
(Fig. S4 and S5). To investigate the quantitative detection performance of our DAMR
system, tested ten-fold serial dilution of HPV 16 and 18 DNA by one-pot RPA/CRISPR-
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Cas12a method in the DAMR system, respectively. As shown in Fig. 3A-C and S6A-C, we
can consistently detect 10 copies of HPVV16 DNA and 100 copies of HPV18 within one hour,
respectively, which was comparable with other reported detection methods.8: 22-24 |n
addition, a good linear relationship between the threshold time and DNA target
concentration was achieved (Fig. 3D and Fig. S6D), which confirmed the excellent
quantitative detection capability of our DAMR system. Furthermore, the endpoint
fluorescence signal can be read directly by naked eyes under blue light (Fig. 3B), enabling
simple, rapid and affordable point-of-care diagnosis without need for complicated
equipment. Also, with specific primers during RPA reaction and specific crRNA during
CRISPR-Casl2a based detection, satisfied selectivity was achieved using one-pot RPA/
CRISPR-Cas12a in our DAMR system (Fig. 3E and Fig. S7). Therefore, our one-pot RPA/
CRISPR-Cas12a assay in the DAMR system provides a simple, rapid, sensitive and reliable
method for the quantitative detection of nucleic acids.

Detection of high-risk genotype HPV16 and HPV18 in clinical samples

High-risk genotype HPV16 and HPV/18 are responsible for 70% cervical cancer cases.2>-26
To evaluate the feasibility of our DAMR system for HPV clinical testing, DNA extracted
from clinical human swab samples was first detected by the one-pot RPA/CRISPR-Cas12a
in the DAMR system. As shown in Fig. 4A, HPV16 and HPV18 DNA were accurately
identified by our DAMR within one hour and classified into four groups according to the
threshold time difference, which was comparable with that of the conventional gPCR
method.1” Additionally, there was no obvious non-specific signal, which may be attribute to
the stronger fluorescent signal and shorter threshold time during the DAMR detection. Next,
we tested multiplexed detection ability of our DAMR system to simultaneously distinguish
HPV 16 and 18, which is still a challenge in current CRISPR-based detection.2” We added
both HPV16 and 18 primers in the RPA bottom phase and specific HPV16 or 18 crRNA in
the top phase. As shown in Fig. 4B, HPV16/18 can be accurately identified and
distinguished from each other. To further demonstrate the feasibility of our DAMR system
for high-throughput multiplex detecion at point of care, we designed and fabricated a 3D-
printed microfluidic device that can be inserted into the well of 96-well microplate (Fig.4C
and S8). We used black polylactic acid (PLA) filament to fabricate 3D printed microfluidic
devices because it showed low auto-fluorescence (Fig. S8A-D). As shown in Fig. S8E, three
separated chambers of the 3D-printed devices did not influence each other, which should
contribute to low diffusivity of the RPA bottom phase and the specific design of the insert
3D-printed device (Fig. 4C). As shown in Fig. 4D, both HPV16 and HPV18 primers were
added into the RPA bottom phase and specific crRNA of HPV 16 or 18 were, respectively,
added to the top phase in the respective chambers of the 3D-printed device. As shown in Fig.
4E, target HPV DNAs from clinical swab samples (Sample No.1, 11, 12 and 15) was
successfully detected and identified in the 3D printed microfluidic devices after one-hour
incubation at 37 °C. Therefore, all these results confirm that the DAMR system can achieve
multiplexed detection of high-risk genotype HPV16 and HPV18 from clinical samples.
Especially, by coupling with microfluidic technology, the DAMR system shows great
potential for high-throughput CRISPR-based multiplex detection.
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Detection of spiked HPV16 DNA in untreated human plasma sample

Previous studies have shown that there are many inhibitors in human samples (e.g., plasma),
such as immunoglobulin G, hemoglobin, lactoferrin and anticoagulant (e.g., EDTA), which
can inhibit nucleic acid amplification detection (e.g., RPA, LAMP or PCR).28-30 |t js
necessary to extract and purify nucleic acids from human samples before enzymatic
amplification, which is typically time consuming and tedious. To verify high tolerance of our
DAMR system to the inhibitors, we directly detected HPV DNA spiked in untreated human
plasma sample by using three-phase system. As shown in Fig. 5A, the three-phase system
consists of: i) 10 pL plasma sample with 104 copies of HPV16 DNA and 40% sucrose
(bottom phase), ii) 20 uL RPA reaction solution with 10% sucrose (middle phase), and iii)
10 uL CRISPR-Cas12a solution (top phase). After one-hour incubation at 37 °C, significant
fluorescent signals were detected in the three-phase DAMR system under an optimized
sucrose concentration (Fig. 5B and C). In contrast, no fluorescent signal was observed in
two-phase system in which the bottom phase and middle phase were mixed as one phase,
which confirmed that the DAMR system minimized the effect of the inhibitors by size-
dependent dynamic diffusion3! and was able to directly work raw human sample. To further
evaluate the versatility of our DAMR system, we adapted it to detect HPV DNA in untreated
plasma by the LAMP and PCR method, respectively (Fig. 5D). As shown in Fig. 5E and 5F,
LAMP assay in our DAMR system worked well with raw plasma sample but gPCR method
not, which may result from the rapid convection diffusion of the inhibitors in sample during
PCR thermal cycling process. Therefore, the DAMR system provides a novel strategy to
directly detect target DNA in clinical human samples without complicated sample pre-
treatment.

Conclusions

In summary, we developed a novel aqueous dynamic multiphase reaction system for simple,
rapid, sensitive and quantitative detection of nucleic acid by using one-pot RPA/CRISPR-
Casl2a assay. By combining with a 3D-printed microfluidic device, multiplex detection of
HPV16 and 18 from clinical human swab samples was achieved using the DAMR system
with excellent specificity and reliability. Additionally, we demonstrated that the our DAMR
system has high tolerance to the inhibitors, enabling direct detection of nucleic acid in raw
human samples (e.g., human plasma) at the point of care without need for complicated
sample pre-treatment. We envision that such simple, robust, multiplexed, quantitative,
CRISPR-based detection platform is compatible with various nucleic acid biomarkers and
has a great potential for POC diagnosis and disease prevention.
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Figure 1.
Schematic illustration of dynamic aqueous multiphase reaction (DAMR) system for simple,

sensitive and quantitative DNA detection by one-pot RPA/CRISPR-Cas12a assay. Inset is an
image of aqueous multiphase system with different sucrose concentrations.
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Figure 2. Optimization of one-pot RPA/CRI SPR-Casl2a detection in the DAMR system.
A: Fluorescent monitoring of the one-pot RPA/CRISPR-Cas12a reactions at different

incubation times in the DAMR and one-phase system, respectively. B: Series sucrose
concentration (0%, 5%, 10%, 20%, 30%, 40%, and 50%) were added to 20 pL RPA bottom
phase and tested in the DAMR system. C: Effect of the volume ratios (1: 1:5, 1:2, 1:1, 2:1,
5:1) of the RPA bottom phase and CRISPR-Cas12a top phase on DNA detection in the

DAMR system. Error bars denote s.d. (n=3).
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Figure 3. Quantitative detection of HPV DNA using one-pot RPA/CRISPR-Casl2ain the DAMR
system.

A-D. Ten-fold serial dilution of HPV 16 DNA (0, 1, 10, 102, 103, 104, 10° copies/reaction)
was added into 20 uL RPA reaction bottom phase (with 10% sucrose) in the DAMR system
and incubated at 37 °C for 1h. A. Endpoint fluorescent image taken by ChemiDocTM MP
Imaging System. B. Endpoint fluorescent image taken by smartphone camera under blue
light. C. Real-time fluorescent signal monitored by PCR machine. D. Linear relationship
between the threshold time and HPV16 concentration (copies/reaction). (n=3) E. The
selective detection of 104 copies HPV 16 DNA over HPV18 and HPV31 using RPA/
CRISPR-Cas12a detection in the DAMR system.
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Figure 4. Multiple HPV DNA detection in clinical human swab sample.
A. Top: Schematic outlining of the detection of HPV DNA from human swab samples by

RPA/CRISPR-Cas12a assay in the DAMR system. Bottom: HPV 16/18 detection results of
15 clinical samples using qPCR (left) and RPA/CRISPR-Cas12a assay in the DAMR system
(right), respectively. B. HPV16/18 detection in separate PCR tubes by RPA/CRISPR-Cas12a
in the DAMR system. C. 3D-printed microfluidic device in 96-well microplate for
multiplexed detection of HPV DNA in the DAMR system. D. Three chambers of 3D-printed
device with or without specific crRNA (1: without crRNA, 2: with HPV16 crRNA and 3:
with HPV18 crRNA). E. Endpoint fluorescent image of multiplex detection of HPV DNA

with 3D printed device in the DAMR system.
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Figure5. Direct DNA detection in untreated plasma samplein the DAMR system.
A. Schematic illustration of three-phase system (plasma/RPA/CRISPR-Cas12a) for direct

DNA detection using untreated plasma sample. B. Comparison of three-phase system and
two-phase system for detection of HPV16 DNA in the untreated plasma. C. Optimization of
sucrose concentration in the plasma bottom phase. D. Schematic illustration of two-phase
system for DNA detection using untreated plasma samples by LAMP or gPCR method. E.
Comparison of LAMP-based two-phase system and one-phase system for DNA detection in
plasma samples. F. Comparison of PCR-based two-phase system and one-phase system for
detection of DNA in plasma samples.
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