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Abstract

Accurate, rapid, and multiplexed nucleic acid detection is critical for environmental and
biomedical monitoring. In recent years, CRISPR-Cas12a has shown great potential in
improving the performance of DNA biosensing. However, the nonspecific trans-cleavage
activity of Cas12a complicates the multiplexing capability of Cas12a biosensing. We
report a 3D-printed composable microfluidic plate (cPlate) device that utilizes miniaturized
wells and microfluidic loading for a multiplexed CRISPR-Cas12a assay. The device easily
combines loop-mediated isothermal amplification (LAMP) and CRISPR-Cas12a readout
in a simple and high-throughput workflow with low reagent consumption. To ensure the
maximum performance of the device, the concentration of Cas12a and detection probe
was optimized, which vyielded a four-fold sensitivity improvement. Our device
demonstrates sensitive detection to the fg/mL level for four waterborne pathogens
including shigella, campylobacter, cholera, and legionella within 1 hour, making it suitable
for low-resource settings.

Keywords: microfluidic, CRISPR, biosensor, Cas12a, molecular diagnosis, waterborne
pathogen


mailto:peng.li@mail.wvu.edu)

Introduction

Nucleic acids, such as RNA, DNA, and miRNAs, are valuable biomarkers for disease
diagnosis and monitoring. Next-generation sequencing (NGS), microarray, and
polymerase chain reaction (PCR) are widely used technologies for nucleic acid screening;
however, they suffer from long turnaround times and are costly."? Clustered regularly
interspaced short palindromic repeats (CRISPR) associated effectors such as Cas12a
and Cas13a-d are promising alternative technologies for nucleic acid biosensing because
of their fast reaction times, specificity, and sensitivity to DNA or RNA.3># In CRISPR-Cas
biosensing, Cas nucleases recognize nucleic acid targets by complementary binding with
CRISPR guide RNA (crRNA). Upon binding, the nuclease is activated and triggers
collateral cleavage activity, cleaving non-targeting DNA. This mechanism is used for
biosensing by adding single-stranded fluorophore-quencher DNA reporters to generate a
detectable fluorescence signal when cleaved by the Cas collateral activity.>® CRISPR-
Cas is typically coupled with preamplification to improve detection sensitivity, such as
recombinase polymerase amplification (RPA)’° and loop-mediated isothermal
amplification (LAMP)'%-'2, CRISPR-Cas biosensing offers high sensitivity and specificity
because of the highly specific crRNA-DNA or RNA target binding event, which can
discriminate single nucleotide variations.'> CRISPR-Cas assays have become a powerful
diagnostic tool for pathogens and viruses because they have achieved 108 M
sensitivities'*'7 with detection times as fast as less than one hour.219.18.19 Coupled with
simple workflow and operation steps, these advantages make CRISPR-Cas assays
suitable for rapid point-of-care (POC) diagnostics.

Multiplexed nucleic acid assays are paramount in clinical settings since they improve
diagnostic power, save time, and reduce costs. Many infectious diseases present with
similar symptoms. Therefore, screening a panel of pathogen markers is essential in
identifying bacterial or viral sources, such as in respiratory infections or water and
foodborne illnesses. However, multiplexing CRISPR-Cas reactions is difficult. Because
of the non-specific trans-cleavage activity of Cas effectors, multiplexing can only be
achieved by physically separating CRISPR-Cas reactions with respective targets.?0?’
This requirement results in using many individual reaction tubes or wells and extensive
manual steps to screen a single sample for multiple targets. Few examples of multiplexed
CRISPR-Cas assays have been presented. SHERLOCKv2 was developed using four
CRISPR enzymes (LwaCas13a, PsmCas13b, CcaCas13b, and AsCas12a), each specific
with trans-cleavage for four fluorescent probes.' CARMEN was developed by using
droplet technology to space-encode and color-code multiplexed reactions to expand the
number of targets.?? A microfluidic device, MiCar, has also demonstrated multiplexing by
compartmentalizing CRISPR reactions into reaction chambers so multiple targets could
be measured on a single device.” While these systems can measure many targets, they
are unsuitable for the point-of-care (POC) because they require off-device sample
preparation, droplet generation, and complex operation. Recently, Hu et al. presented a
CRISPR-based reverse dot blot assay that uses sandwich DNA probes to detect four
targets in parallel on a microfluidic device.?®> However, the horizontal microfluidic design
requires many microfluidic channels to analyze samples, limiting the number of total
reactions on the device. Currently, there are no CRISPR-Cas assays available that can
detect many targets with low cost and simple operation at the POC.



To achieve scalable multiplexing CRISPR-Cas biosensing without the need of external
equipment, we present a 3D-printed composable microfluidic plate (cPlate) device
composed of miniatured microwells and a microchannel loading system. We previously
demonstrated the feasibility of using cPlate-based fluid manipulation to achieve
multiplexed ELISA.?* In this work, we modified our cPlate design to achieve all the
necessary fluid operation of multiplexed LAMP amplification and CRISPR-Cas12a
biosensing without any external fluid manipulation units. The present cPlate device is a
miniaturized 96-microwell plate that overcomes CRISPR-Cas12a multiplexing challenges
by separating amplification and detection for each target into single reaction wells. The
device design and operation are user-friendly and enable up to 96 individual reactions to
be performed on a single device simultaneously. Horizontal and vertical microfluidic
loading systems easily load amplification and CRISPR reagents into the device with high
precision and without excessive manual steps. Additionally, the cPlate does not require
external power sources or technical equipment for loading or operation. Rather, it is easily
loaded by micro pipetting, and sequential reactions are initiated by assembling the plates
by hand. The utility of the present device was demonstrated by screening a panel of
common waterborne pathogens in one device. The device's simple operation and high
performance offer an important step toward translating CRISPR-Cas12a-mediated
reactions to the POC.

Experimental

Materials and Reagents

Poly (ethylene glycol) diacrylate (PEGDA, MW 250), phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide (Irgacure 819), ). 2-nitrophenyl phenyl sulfide (NPS) was purchased from
TCI (Tokyo, Japan). Ultra-Ever Dry super-hydrophobic coating was purchased from
Ultratech (San Jose, CA, USA). Epoxy glue (5-minute epoxy, Devcon) was purchased
from ITW (Glenview, IL, USA). Food color was purchased from Wilton Industries. Water
was purified using a Merck Millipore purification system (Bedford, MA, USA). WarmStart®
LAMP Kit, NEBuffer™ r2.1, and nuclease-free water were purchased from New England
Biolabs ® (lpswich, MA, USA). All primers, DNA and RNA sequences, and Alt-R™ L.b.
Cas12a (Cpf1) Ultra were purchased from Integrated DNA Technologies (Coralville, A,
USA). crRNA sequences were selected using Benchling and cross-referenced using
NCBI BLAST.

Device fabrication

The microfluidic devices were fabricated by an Asiga Pico2 HD 3D printer with an LED
peak wavelength of 385 nm, an X-Y plane resolution (pixel size) of 37 ym, and a Z-axis
control of 1 um. The 3D microfluidic device structures were designed by SolidWorks and
uploaded to the 3D printer. The detailed design of channel plates and well plates are
shown in Figure S1. The printing material for well plates was PEGDA 250 with 0.5% (w/w)
Irgacure 819, which is photocurable and generates colorless structures. For channel
plates, PEGDA 250 with 0.5% (w/w) Irgacure 819 and 0.5% (w/w) NPS was used. NPS
served as an absorber to control the penetration depth of the incident light and enabled
printing of the microchannels inside the chip. We set the build layer thickness as 50 um,
with the exposure time of each layer as 0.3 s for well pates and 1 s for channel plates.



After the 3D printing was completed, the plates were immediately removed from the build
plate and flushed with IPA to dissolve the unpolymerized material. The plates were then
cured by exposing them to UV light (365 nm) for 5 min. To enhance the transparency of
the device and enable microscope observation, the printed plates were fastened onto
glass slides with epoxy glue.

To confine the liquid in the microfluidic channels and avoid leakage and cross-
contamination during the plate assembly process, a superhydrophobic coating was
applied to the outer surfaces of the channel plates and well plates. Ultra-Ever Dry
superhydrophobic coating reagent was applied in two coating steps. The bottom coat
bonded to the material surface, and the topcoat created a hydrophobic surface repelling
the water. An airbrush sprayer was used to apply the two coating reagents and produce
uniform layers on the device surfaces. To avoid unwanted coating on the surfaces of the
wells, shield structures were 3D printed and assembled into the wells of the plates. The
bottom coating was dried for 30 min, and the top coating was dried for 2 h. After coating,
all devices were washed with water and dried with gentle airflow.

Device Temperature Stability Analysis

Two plates were both loaded with an aqueous fluorescein solution and assembled. The
fluorescence intensity was measured across the wells using a Zeiss inverted fluorescence
microscope. The device was then heated to 65°C for 30 minutes, and the fluorescence
intensity of the wells was measured.

Standard LAMP Assay and Validation of LAMP Amplification

The standard LAMP amplification was conducted using the WarmStart® LAMP Kit from
NEB. In brief, a 25 pL solution containing 12.5 pL of WarmStart® LAMP mix, 0.5 uL
SybrGreen, 2.5 pL primer mix, 2 pL target, and 7.5 pL nuclease-free water was prepared
for each target. A solution containing no target and 2 pL of nuclease-free water served as
a non-template control. The reaction was incubated for 30 minutes at 65°C using a
Benchmark Thermal Cycler. After incubation, fluorescence was measured using a Zeiss
inverted fluorescence microscope. Additionally, the products were analyzed using 1%
agarose gel electrophoresis. Gel electrophoresis was done using a MyGel Mini
Electrophoresis System from Accuris Instruments, and the DNA samples were separated
under 50 V for 1 hr.

Validation of the Loading and Fluid Manipulation

The standard LAMP reaction mix was prepared for cholera and loaded vertically into the
cPlate. 1 ng/mL of cholera sample and DI water were loaded into the alternating rows of
a second plate. The two plates were assembled, secured with adhesive tape, and then
heated to 65°C for 30 minutes. The fluorescence intensity of the rows was measured
using a Zeiss inverted fluorescence microscope with a Andor Zyla 4.2 sCMOS camera.
The mean and coefficient of variation for each row were calculated.

500 nM RNP complexes were prepared for cholera by combining 1 yM L.b. Cas12a with
1.25 uM of respective crRNA. The RNP complex was combined with 2 uM reporter probe
and loaded vertically into the cPlate. Alternating rows containing cholera LAMP



amplicons and DI water were loaded horizontally into the sample plate. The LAMP and
CRISPR plates were assembled and secured with adhesive tape, and fluorescence
intensity was measured using a Zeiss inverted fluorescence microscope every 5 minutes
for 30 minutes. The mean and coefficient of variation for each row after 30 minutes were
calculated.

To assess well volume consistency, plate rows were loaded with alternating Alexa-488
dye solution and DI water using the row-loading plate. After loading, the plate was
assembled with a plate containing 0.25 mm shallow wells to remove excess liquid. Then,
a fluorescence image of the plate was taken using a ChemiDoc MP imager, Bio-Rad. The
fluorescence intensity across the rows was analyzed using the matched software.

Cross-reactivity evaluation for gRNA

500 nM RNP complexes were prepared for the 4 targets by combining 1 uM L.b Cas12a
with 1.25 pM of respective crRNA. LAMP amplicons for each target were loaded
horizontally into the sample plate. The RNPs and 2 uM reporter probe were loaded
vertically into the CRISPR plate. The reaction was incubated at room temperature for 30
minutes with fluorescence measurements at 5-minute intervals.

Ribonucleoprotein (RNP) Concentration Optimization

The Cas12:crRNA concentration, or RNP concentration, was optimized by fluorescent
monitoring for each crRNA and waterborne pathogen target. RNPs were prepared by
combining 1 yM L.b Cas12a with 1.25 pM of respective crRNA to bring the final
concentration of RNPs to 275 nM, 630 nM, or 1 uM in NEBuffer™ r2.1. The solution was
incubated at 37°C for 2 hours.

An 18 yL CRISPR-Cas12a reaction mixture was prepared by mixing 275 nM, 630 nM, or
1 uM L.b. Cas12a, 275 nM, 630 nM or 1 uyM crRNA, 2 uM reporter probe, and 1x
NEBuffer™ r2.1. The reaction was then initiated by the addition of 1 ng/mL of cholera
LAMP amplicon to bring the total reaction volume to 20 pL. A reaction without target
addition was used as the non-template control. Reactions with varied concentrations of
RNP were conducted at room temperature and monitored by fluorescent measurement
every 5 minutes using a Zeiss inverted microscope. The reactions were observed for a
total of 30 minutes.

Fluorescent Reporter Probe Concentration Optimization

RNPs were prepared by combining 1 uM L.b Cas12a with 1.25 uM of respective crRNA
to bring the final concentration of RNPs to 630 nM in NEBuffer™ r2. The solution was
incubated at 37°C for 2 hours.

Reporter probe optimization was conducted by fluorescence monitoring in the cPlate.18
ML CRIPSR reaction mixtures containing 630 nM RNP, 1 uyM, 1.25 uM, 1.5 uM, 2 uM,
4.75 uM, or 6 uM reporter probe, and 1x NEBuffer™ r2.1 were prepared. The reaction
was then initiated by the addition of 1 ng/mL of LAMP cholera amplicon bringing with total
reaction volume to 20 uL. A reaction without target addition was used as the non-template
control. Reactions with varied concentrations of reporter probe (1 uM, 1.25 pM, 1.5 uM,



2 uM, 4.75 uM, and 6 pM) were conducted at room temperature and monitored by
fluorescent measurement every 5 minutes using a Zeiss inverted microscope. The
reactions were observed for a total of 30 minutes.

Device Operation Principle for Single and Multiplexed Targets

The principle and operation of the multiplexed cPlate microfluidic are visualized in Figure
1. Briefly, the samples containing target DNA are loaded into the rows of the sample plate
using the horizontally loading channel plate. A row is loaded with nuclease-free water to
serve as a non-template control. A modified WarmStart® LAMP reaction mix was
prepared for each target reaction. 10 yL of 10x primer mix was combined with 25 uL of
WarmStart® master mix. Then, the LAMP amplification mix containing the target primers
and WarmStart® master mix is loaded onto the LAMP plate using the vertically loading
channel plate. The sample plate and LAMP plate are carefully assembled using the corner
holes and posts as a guide. The plates are gently secured using adhesive tape and placed
in a thermal cycler for 30 minutes to 65°C.

After isothermal amplification, the sample and LAMP plates are dissembled, and the
LAMP plate is stored in a humified environment until assembly with the CRISPR plate.
CRISPR-Cas12a reaction mixes were prepared by preparing a solution 4.75 yM
fluorescence probe and 630 nM RNP. The reaction mix for each target was then loaded
into the respective columns on the CRISPR plate using the vertically loading channel
plates. Using the corner holes and posts on the plates as a guide, the LAMP plate and
CRISPR are gently assembled, allowing the fluid from each well to merge with its
complimentary well. The two plates were secured together using adhesive tape.
Fluorescent measurements were acquired every 5 minutes for 30 minutes. Device loading
patterns are visualized in Figure S2.

Results and Discussion

Working principle

A well plate is a convenient platform to physically separate CRISPR-Cas12a reactions for
multiplexing. However, many manual operations or robotics are necessary to process
each reaction. Therefore, the number of manual operations increases linearly with an
increasing number of reactions. The number of operations will further increase with the
increase of sample processing steps, which hinders its application in POC settings. Here,
we utilized the cPlate strategy to achieve simultaneous fluid manipulation in each
individual microwell without the need of external equipment.

The cPlate assay uses three identical well plates and two channel loading plates (Figure
1a). All plates were surface modified with a superhydrophobic coating to facilitate fluid
loading and prevent well cross-contamination. One well plate is designated for each step
in the workflow: sample, LAMP reaction, and CRISPR-Cas reaction. Sample and
subsequent LAMP and CRISPR reagent loading into each well was achieved by
assembling channel plates with well plates by hand. Once assembled and secured, the
fluid is dispensed via a micropipette into the channel inlet. The fluid flows through the
channel plate and fills the wells, so when the plates are disassembled, the fluid remains
in the well plate. The channel plates are patterned with two different loading



configurations. The horizontal loading configuration enables the rows of the well plate to
be individually loaded, while the vertical loading configuration enables column loading
(Figure 1b).

a) 3D printed devices b) Device loading and operation

Device loading LAMP Amplification CRISPR - Cas12a Detection Readout

LAMP + sample assembly CRISPR mix + sample assembly Readout

c) Assay working principle

Sample LAMP Amplicons

s [NZ 21V
lo™]e]

Cas12a + Reporter Probe

Figure 1. a) Animage of 3D printed cPlate devices b) Operation schematic of fluid loading
and plate assembly c¢) Working method of multiplexed LAMP amplification and CRISPR-
Cas12a detection in the cPlate device

The steps of performing LAMP-CRISPR-Cas12a biosensing are as follows: 1) sample
plate and LAMP plate loading and assembly 2) LAMP amplification 3) CRISPR-Cas12
plate loading 4) CRISPR-Cas12 and LAMP plate assembly 5) fluorescent readout. The
entire cPlate-based LAMP-CRISPR-Cas12a workflow is visualized in Figure 1b and
Figure 1c. The samples containing target DNA are loaded into the rows of the sample
plate using the horizontally loading channel plate. Then, the respective LAMP mixes were
loaded onto the LAMP plate using the vertically loading channel plate. The sample plate
and LAMP plate are carefully assembled using the corner holes and posts as a guide.
The plates were gently secured using adhesive tape and placed in a thermocycler for 30
minutes to 65°C. After isothermal amplification, the sample and LAMP plates are
dissembled, and the LAMP plate is stored in a humified environment until assembly with
the CRISPR plate. The CRISPR-Cas12a reaction mix for each target was then vertically
loaded into the respective columns on the CRISPR plate. Using the corner holes and
posts on the plates as a guide, the LAMP plate and CRISPR are gently assembled,



allowing the fluid from each well to mix with its complimentary well. The two plates were
secured together using adhesive tape. Fluorescent measurements were acquired every
5 minutes for 30 minutes to read out the result.

Validation of the Loading and Fluid Manipulation

Before applying the cPlate for multiplexed nucleic acid detection, we validated fluid
manipulation and reaction feasibility in the device. First, consistent well volume is needed
to ensure uniform amplification and signal generation. Both LAMP and CRISPR readout
are highly sensitive to reagent availability and concentration. A large deviation in well
volume for a single sample would result in high standard deviations in the result. Volume
consistency was validated by loading the cPlate with Amplex red and reading the
fluorescence profile. As shown in Figure 2a, the fluorescence intensity is uniform across
loading paths, with a coefficient of variation (CV) of 4.4%. The loading steps were
assessed by loading rows and columns using dye solutions. By visual inspection, we see
there is no dye merger between wells or residual fluid in the spaces between wells (Figure
2b). The superhydrophobic coating and microgroove structures on the device sufficiently
prevent liquid from remaining between wells and merging with other rows and columns.

Next, the cPlate allows for CRISPR multiplexing by compartmentalizing target reactions
into individual wells. Accurate fluid manipulation in the cPlate is critical for effective
multiplexing, so reactions do not cross-contaminate and yield false positives. We first
validated fluid manipulation by conducting LAMP and CRISPR reactions within the cPlate
for a single target and non-template control. For LAMP, a single concentration of cholera
genomic DNA was loaded into 3 rows the sample plate and 3 rows were loaded with DI
water as a non-template control. The LAMP master mix including the intercalating dye
was vertically loaded into the LAMP plate. The plates were assembled and incubated at
65°C for 30 minutes. After incubation the fluorescence intensity for each well was
measured. Positive rows containing cholera amplicons yielded fluorescent intensity
indicating successful LAMP amplification. The fluorescence intensity for each positive row
was averaged and showed no significant difference in intensity (Figure 2d). This indicates
that across rows and wells LAMP amplification is uniform. For negative rows,
fluorescence intensity was significantly lower than the positive rows, indicating no
amplification or liquid merger from positive rows. We then evaluated the CRISPR-Cas12a
reaction. Following the above protocol, the LAMP plate containing LAMP mix and sample
plate containing cholera samples and non-template controls were assembled and
incubated. After amplification, the CRIPSR plate was loaded vertically with respective
RNPs and fluorescent probe and assembled. Positive rows resulted in fluorescence
intensity while negative rows remained low intensity. Again, the mean fluorescence
intensity across rows was not significantly different, showing that fluid manipulation for
the entire workflow is accurate (Figure 2e). Because negative rows did not yield high
fluorescence intensity for both LAMP and CRISPR-Cas12a reactions, there was no fluid
crossover during loading and plate assembly. This is attributed to the superhydrophobic
coating and groove structures that confine fluid to their respective wells during loading,
assembly, and disassembly. In summary, fluid manipulation within the cPlate is precise
and uniform with well intensity CV < 5%, which enables reproducible LAMP and CRISPR
reactions across the device.
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LAMP Assay Validation

Prior to coupling LAMP with Cas12a recognition, the LAMP method and primers were
validated using SYBR Green intercalating dye detection and gel electrophoresis. LAMP
amplicons are confirmed in Figure S3a by gel electrophoresis, where Lane 1 is the ladder
and Lanes 3-7 are the waterborne pathogen targets. To complement the gel
electrophoresis results, the intercalating dye was added to the LAMP reactions for
fluorescence measurement. The fluorescence intensity of the LAMP reaction was
measured for each target reaction and non-template control. The non-template control
sample contained all target primers to ensure that the primers did not yield false positives.
In Figure S3b, LAMP reactions containing target DNA exhibit 90 times higher fluorescent
intensity, indicating the presence of LAMP amplicons due to the intercalating dye binding
with the growing DNA amplicons during amplification.

Temperature stability of the cPlate device during LAMP amplification

We then demonstrated that liquid evaporation was insignificant during 65°C LAMP
reaction. The device was loaded with a fluorescent dye solution and the fluorescence
intensity was measured across the wells. The device was then heated to 65°C for 30
minutes and the fluorescence intensity was measured. As shown in Figure S4 there is an
insignificant change in the average fluorescent intensity, indicating minimal liquid
evaporation from the device. In addition to low fluid evaporation, the device polymer
material and superhydrophobic coating were stable at 65°C.

Evaluation of the CRISPR-Cas12a Assay for cross-reactivity

To ensure crRNA specificity and demonstrate device feasibility for multiplexing, we
conducted a cross-reactivity assay by analyzing the four targets simultaneously in the
cPlate. This assay evaluated whether non-specific Cas12a activity occurs in non-target
sample wells. Each column of the CRISPR well plate was loaded with a single target
CRISPR reaction mix and the sample well plate rows were each loaded with a single
target LAMP amplicon. A row loaded with a four-target mixture was included as a positive
control and a row was loaded with NEBuffer™ r2.1to serve as the non-template control.
The loading pattern can be visualized in Figure S2. The two plates were assembled and
after 30 minutes of room temperature incubation, the fluorescence intensities for all wells
were collected. The wells that contained complimentary CRISPR-Cas12a reaction mix,
and LAMP amplicon target generated high signal intensity, while the mix-matched wells
generated signals comparable to the blank. (Figure 3a) These results confirm the high
specificity of the CRISPR-Cas12 assay and that target DNA regions do not interfere.

Investigation of the Waterborne Pathogen CRISPR-Cas12a Assay Reaction
Conditions

To ensure maximum performance of the LAMP + CRISPR-Cas12a reaction, the reaction
was first optimized by adjusting key reaction conditions including the concentrations of
fluorescence reporter and RNP, respectively. Systematically optimizing reaction
parameters, such as temperature, buffer composition, reporter concentration, and RNP
concentration, have improved assay sensitivity and reaction rate.?>2% Because CRISPR-
Cas reactions follow Michaelis-Menten kinetics, the LOD is primarily governed by kcat and



Km.2>27:28 Both are influenced by the amount of substrate availability. CRISPR-Cas12a
reactions are measured using either endpoint or velocity measurement to distinguish
between positive and negative samples. In this work, we chose to endpoint-based
measurement where a measurement statistically different from the blank by 3 standard
deviations is considered a positive result. This detection scheme enables shorter
detection time with maintained sensitivity.

First, the concentration L.b. Cas12:crRNA, or the ribonucleoprotein (RNP), was
optimized. As demonstrated in other works®'2.17, the concentration of crRNA exceeds that
of Cas12 to ensure adequate Cas12a and crRNA binding; therefore, a ratio of 1:1.25 was
used across all reactions. Two different RNP concentrations were evaluated by using a
constant target DNA concentration, fluorescent probe concentration, and LAMP
conditions. As shown in Figure 3b, increasing the concentration of RNP from 275 nM to
680 nM resulted in 5 times greater fluorescence intensity after 30 minutes of incubation.
While increasing the concentration of RNP from 680 nM to 1 yuM yield improved
fluorescence intensity two-fold, this higher concentration of RNP resulted in rapid
consumption of the Cas12a reagent. In our work, the balance of overall cost and
performance was carefully considered. The RNP concentration at 680 nM was selected
to maintain good assay performance while reducing overall assay cost. Additionally, the
680 nM RNP is concentration consistent with other established CRISPR assays.?%-3"

We then optimized the concentration of fluorescent reporter probe by varying its
concentration from 1 yM to 6 yM in the CRISPR-Cas12a reaction mix (Figure 3c).
Typically, in CRISPR-Cas12a reactions, the fluorescence intensity will plateau over time
due the consumption of the fluorescence reporter. The increased concentration of the
fluorescent reporter increased the signal generated from the reaction because of the
higher reporter availability. Five concentrations of fluorescent probe were evaluated using
a constant target DNA concentration, RNP concentration, and LAMP conditions. 1.25 yM
to 2 uM fluorescence probe yielded similar results, while 4.75 uM probe yielded in 4 times
greater intensity. When the concentration of probe was further increased to 6 pM, the
resulting intensity was not significantly different from 4.75 uM, so 4.75 uM was selected
as the optimized probe condition.

By using the optimized conditions of 680 nM RNP and 4.75 yuM fluorescent probe the
fluorescence signal generation for 1 ng/mL of DNA target was improved to the same
magnitude as 100 ng/mL target (Figure 3d) with 275 nM RNP and 2 uM fluorescent probe.
This demonstrates that optimization improves fluorescent output and detection sensitivity.
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Evaluation of the Optimized CRISPR-Cas12a Assay in the cPlate for a multiplexed
detection

To demonstrate the multiplexing ability of the device, campylobacter, cholera, shigella,
and legionella were selected as these are often screened together as common
waterborne pathogen targets. These bacteria are among those that cause serious
gastrointestinal infections associated with consuming contaminated drinking water.
Target genes for each pathogen are shown in Table S1 and are conserved genes across
strains. The four nucleic acids were detected simultaneously on a single cPlate device.
Each target was assessed for 1 fg/mL to 1 ng/mL of target genomic DNA to generate the



response curves shown in Figure 4 a-d, while Figures S6 and S7 show the real-time
fluorescence curves for representative samples
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Figure 4. Performance evaluation of the optimized multiplexed assay for a) shigella b)
legionella c) cholera d) campylobacter. Values represent the mean + SD of three
independent experiments.

To determine analytical sensitivity, we utilized endpoint fluorescence measurement. The
endpoint was quantified as the time required to achieve a threshold that is greater than
three times the signal-to-noise of the non-template control. For all targets, 30 minutes
was selected as the endpoint needed to quantify a positive result compared to the control
(Figure S5). The 30-minute incubation time is selected to keep an entire assay time at ~1
hour while providing high-sensitivity measurement.

The fluorescence intensity yielded in CRISPR reactions is governed by the target
concentration available to trigger frans-cleavage. It is expected that decreasing the
sample concentration will eventually result in a decrease in the fluorescence signal. As
the decreasing concentration yields lower intensities, we can estimate the sensitivity as
the lowest concentration that is significantly higher than the blank. The fluorescence
intensities are not linearly correlated and show some variation, especially at higher DNA
concentrations. This is attributed to variations in the fluorescence intensity when using



freshly prepared reagents and conducting assays across multiple days and devices. As
shown in Figure S7, fluorescence intensity decreases when stock solutions are reused
with more than 24 hours between experiments.

Compared to other reported CRISPR-Cas12a biosensing technology®'”:32-3% for single
DNA targets, our device demonstrates comparable high sensitivity measurements to the
fg/mL level of starting genetic material, while allowing simultaneous detection of multiple
targets with physical separation. The limits of detection for each target were found to be
10 fg/mL shigella, 1 fg/mL legionella, 10 fg/mL cholera, and 1 fg/mL campylobacter. Assay
sensitivity can be further improved by optimizing LAMP primer and crRNA sequences
since the sequences determine the amplification yield and crRNA and target region
binding efficacy. For example, we optimized the crRNA sequence for the Legionella
assay, which improved the LOD (Figure S8). In this work, 48 reactions were performed
using a single cPlate device, which consists of 2 replicates of the 4 individual targets, one
4-plex mixture, and one negative control. Because of the working principle of cPlate-
based fluid manipulation, the present device is very scalable. More reactions and targets
can be easily added to further expand the screening panel or for handling multiple
samples.

Conclusion

We present the cPlate-based method for CRISPR-Cas12a detection of four waterborne
pathogens. Because of the microfluidic loading system and physical separation of targets,
this device enables simple multiplexing. The device achieved low fg/mL level of LODs for
all four targets. In addition, the entire reaction is completed within one hour without the
need for external fluid manipulation equipment. The device is simple to operate, reduces
the number of manual steps required for multiplexing, and measures multiple samples in
replicate. We successfully demonstrated the feasibility of the cPlate device for screening
a panel of pathogens.

The CRISPR-Cas12a recognition offers a high level of versatility for biosensing
applications. crRNA offers a “plug and play” design, where the target DNA sequence can
be easily modified by changing the crRNA sequence. This advantage, coupled with the
cPlate well design, offers a multitude of possible designs for future studies. Lastly,
because the cPlate is 3D-printed, the devices are simple and cost-effective to fabricate
and do not require external pumps or valves for operation. The device design can be
easily scaled to increase the number of wells on a single device, thus allowing the number
of targets and samples to be modified. Because of the demonstrated sensitivity,
specificity, and ease of operation, this device offers desirable performance and easy
operation for POC nucleic acid biosensing. These attributes, coupled with flexible crRNA
design in CRISPR-Cas12a assays, the multiplexed cPlate device can be further applied
to a wide range of genetic targets.
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