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Abstract

HIV molecular detection plays a significant role in early diagnosis and antiretroviral therapy
for HIV patients. CRISPR technology has recently emerged as a powerful tool for highly
sensitive and specific nucleic acid-based molecular detection when used in combination with
isothermal amplification. However, it remains a challenge to improve the compatibility of

such a multi-enzyme reaction system for simple and sensitive molecular detection. Inspired

by the multi-compartment structures in a living cell, we present a nanoporous membrane-
separated (compartmentalized), artificial, cascade reaction system to improve the compatibility
of a CRISPR-mediated multi-enzyme reaction. We further integrated the multi-enzyme cascade
reaction system with a microfluidic platform and glucose biosensing technology to develop

a bioinspired, CRISPR-mediated cascade reaction (CRISPR-MCR) biosensor, enabling HIV
molecular detection by a simple glucose meter, analogous to diabetes home testing. We applied
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the bioinspired CRISPR-MCR biosensor to detect HIV DNA and HIV RNA, achieving a detection
sensitivity of 43 copies and 200 copies per test, respectively. Further, we successfully validated
the bioinspired biosensor by testing clinical plasma samples of HIV, demonstrating its great
application potential for point-of-care testing of HIV virus and other pathogens at home or in
resource-limited settings.
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HIV virus, which causes acquired immunodeficiency syndrome (AIDS), is one of

the world’s most serious public health challenges!. Simple, sensitive, and affordable
molecular detection of HIV plays a crucial role in the early diagnosis, timely treatment,

and antiretroviral therapy (ART) of HIV patients'—3. Quantitative reverse transcription-
polymerase chain reaction (RT-gPCR), which is considered the gold standard of HIV virus
testing, typically requires expensive instruments and highly trained personnel, all of which
limit its utilization to only well-equipped laboratories. Therefore, there is an unmet need for
a rapid, sensitive and affordable approach for molecular detection of HIV at the point of
care.

In recent years, clustered regularly interspaced short palindromic repeats (CRISPR)-
associated (Cas) proteins (e.g., Casl2a and Cas13a) have emerged as powerful point of

care tools for nucleic acid-based molecular detection of different pathogens*=° For instance,
researchers have combined CRISPR detection with isothermal amplification technologies,
including recombinase polymerase amplification (RPA) and loop-mediated isothermal
amplification (LAMP), to develop sensitive and specific CRISPR-based molecular
diagnostic technologies, such as SHERLOCK (Specific High-sensitivity Enzymatic Reporter
UnLOCKing)*® and DETECTR (DNA Endonuclease-Targeted CRISPR Trans Reporter)&.7.
However, the isothermal amplification reaction and CRISPR detection systems have limited
compatibility due to the different enzymes and reaction buffer components. Thus, these
methods typically require separate reaction tubes and involve multiple manual operations
(e.g., transferring amplification products), which potentially increases the carry-over
contamination risk and is not ideal for point-of-care applications.
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In living cells (e.g., eukaryotic cells), different enzymes spatially defined within subcellular
organelles work together in multi-step (sequential) reactions like a cascade system10-13,
where the reaction product generated by the first enzyme serves as the substrate for

the next one (Figure 1A). Due to spatially confined enzymatic reactions, a membrane-
separated, compartmentalized reaction system provides a simple and straightforward
strategy to achieve high compatibility of multi-enzyme biochemical reactions, which often
have different reaction conditions (e.g., buffer components, enzymes, ion concentrations)
or show mutual inhibition. Recently, considerable efforts have focused on creating

artificial multi-enzyme cascade reaction systems for various biochemical applications,

such as chemical synthesis1415, disease therapyl6, and biological detoxificationl’. Despite
significant progress, nucleic acid detection in a compartmentalized cascade reaction system
has rarely been explored and remains challenging?8.

In this study, inspired by the multi-compartment structures in a living cell, we propose

a nanoporous membrane-separated (compartmentalized), artificial, cascade reaction system
to improve the compatibility of CRISPR-mediated multi-enzyme reactions. To adapt the
cascade reaction system to a simple point-of-care molecular diagnostic application, we
further integrated the compartmentalized cascade reaction system with a microfluidic
platform and glucose biosensing technology to develop a bioinspired, CRISPR-mediated
cascade reaction (CRISPR-MCR) biosensor for HIV molecular detection. The HIV nucleic
acid can be digitally detected through a personal glucose meter at the endpoint, analogous
to reading glucose levels in blood, eliminating the need for an expensive instrument (e.g.,
PCR thermocycler). We used the bioinspired CRISPR-MCR biosensor to detect both HIV
DNA plasmid and HIV viral RNA. To demonstrate its clinical utility, we further utilized the
bioinspired CRISPR-MCR biosensor to detect HIV virus in clinical plasma samples.

RESULTS AND DISCUSSION
Principle and Construction of the Bioinspired CRISPR-MCR Biosensor.

To improve the compatibility of a multi-enzyme reaction system (e.g., CRISPR-Cas12a,
DNA polymerase), we developed a nanoporous membrane-separated, artificial, cascade
reaction system inspired by the elegant multi-compartment structures of the living cell
(Figure 1A and B). In the CRISPR-mediated cascade reaction system, the porous membrane
separates the reaction system into two reaction chambers: i) a lower RPA/RT-RPA reaction
chamber, and ii) an upper CRISPR reaction chamber. As shown in Figure 1B, the two
reaction chambers are spatially separated but connected through a nanoporous membrane
(right bottom inset). In the presence of HIV nucleic acid, millions of RPA amplicons

are generated in the RPA reaction chamber due to exponential amplification of the DNA.
These short amplicons (137 bp) can easily diffuse into the CRISPR reaction chamber
through the nanoporous membrane due to the concentration gradient (difference) and small
molecule size, which leads to specific activation of the CRISPR-Cas12a enzyme in the
CRISPR reaction chamber. Thus, the activated CRISPR-Cas12a non-specifically cuts the
single-stranded DNA (ssDNA)-conjugated invertase immobilized on the magnetic beads,
resulting in the release of free invertase for downstream electrochemical detection. On the
contrary, the rapid diffusion of other biological molecules, including enzymes and potential
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inhibitors, are limited or delayed by the nanoporous membrane between the two reaction
chambers, which significantly improves the compatibility of the CRISPR cleavage reaction
and electrochemical detection.

To adapt the CRISPR-mediated cascade reaction system for point-of-care diagnostic
applications, we further integrated it into a microfluidic platform and with glucose
electrochemical biosensing technology to develop a bioinspired CRISPR-MCR biosensor for
molecular detection of HIV by using a personal glucose meter (Figure 1C, Supplementary
Figure S1 and S2). The bioinspired biosensor contains four major functional units: i)

a blister pouch filled with water, ii) a membrane-separated, CRISPR-mediated cascade
reaction system, iii) an invertase-catalyzed glucose chamber with pre-stored, lyophilized,
sucrose substrate, which can be hydrolyzed into glucose in the presence of the invertase
enzyme, and iv) a glucose testing strip for electrochemical biosensing detection (Figure

1C). To enable simple electrochemical detection of HIV nucleic acid by the glucose

meter (Figure 1D), we used magnetic beads immobilized with ssSDNA-invertase (termed
“MB-ssDNA-invertase™) conjugates as the reporter of our biosensor (Figure 1B). In the
presence of the HIV nucleic acid, the CRISPR enzyme will be activated to cleave the sSDNA
of the MB-ssDNA-invertase, resulting in the release of the free invertase enzyme in the
CRISPR reaction chamber. When the blister is pressed, the pre-stored water moves the free
invertase released from the magnetic beads into the invertase-catalyzed glucose chamber
while the magnetic beads remain in the CRISPR reaction chamber due to the magnetic force
generated by the neodymium disc magnet under the biosensor. In the catalytic chamber,

the invertase enzyme hydrolyzes pre-stored sucrose into the glucose, which can be detected
by the glucose meter (left inset, Figure 1C). Thus, the HIV nucleic acid can be digitally
detected by a personal glucose meter (Figure 1D), analogous to home diabetes testing and
eliminating the need for complex equipment (e.g., PCR thermal cycler).

Nanoporous Membrane-separated, Artificial, CRISPR-mediated Cascade Reaction System.

To simplify the testing operation and minimize the carry-over contamination, researchers
have proposed several strategies to combine nucleic acid amplification and the CRISPR
reaction process into a single “one-pot” reaction system, such as the physical separation
method?9:20, multi-phase reaction18:21 and engineered CRISPR crRNAZ2.23_ In our initial
experiment, we tried to adapt a “one-pot” approach without membrane separation to develop
our CRISPR-based nucleic acid detection by using a glucose meter. Unfortunately, we
found that the RPA reaction solution significantly interferes with the CRISPR reaction and
electrochemical detection, even resulting in false negative signals (Figure 2A). Interestingly,
the higher the volume of the RPA reaction solution, the lower the electrochemical detection
signal in the same detection sample (Figure 2A). In particular, the personal glucose meter
readout drops to 10 mg/dL or below when the volume of the RPA reaction solution is at or
above 64% of the whole reaction volume (total volume 25 uL). Therefore, we decided to use
a porous membrane to separate the RPA reaction solution from the other reaction solution
and minimize its interference effect to the CRISPR-mediated cascade reaction.

To optimize the compartmentalized, CRISPR-mediated cascade reaction system, we first
tested and compared the performance of different hydrophilic porous membranes with

ACS Nano. Author manuscript; available in PMC 2023 May 19.
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a low protein binding property. To monitor the CRISPR reaction in real time, we
introduced the single-stranded DNA fluorophore-quencher (ssDNA-FQ) reporter into the
CRISPR reaction chamber and recorded the fluorescence intensity of the CRISPR reaction
chamber by a portable USB fluorescence microscope. As shown in Figure 2B, both
polyvinylidene fluoride (PVVDF) membrane and polyethersulfone (PES) membrane worked
well in our compartmentalized, CRISPR-mediated cascade reaction system. However, the
PES membrane showed approximately two times higher fluorescence signal than the PVDF
membrane in the CRISPR-mediated cascade reaction system. Thus, we selected the porous
PES membrane to further develop our bioinspired CRISPR-MCR biosensor.

PES membranes have been widely used for biochemical separation applications because

of their high hydrophilicity, excellent chemical resistance, and low protein binding
properties?425, To optimize the PES membrane for our system, we further determined

the effect of the membrane pore size on the CRISPR-mediated cascade reaction. We
evaluated and compared four commercially available PES membranes with various pore
sizes ranging from 0.03 to 8 um (Figure 2C and D). Surprisingly, the fluorescence signal

of the CRISPR-mediated cascade reaction system significantly increased when the pore size
of the PES membrane decreased (Figure 2C). For instance, the fluorescence intensity of

the compartmentalized, cascade reaction system with an 0.03 um porous membrane was
two times stronger than that of the system with an 8 um porous membrane. Although a
larger pore size facilitates the rapid diffusion of DNA amplicon biomolecules, it enables and
speeds up the diffusion of other molecules (e.g., enzymes) between the reaction chambers,
reducing the enzymatic reaction efficiency and resulting in low fluorescence signal. To
further validate it, we tested and compared the relative diffusion rate of several primary
components in our CRISPR-MCR reaction system, including RT-RPA amplicons (dsDNA),
RPA enzymes, Lba Cas12a enzyme and Invertase enzyme. As shown in Figure 2E, for

all these molecules, the smaller the pore sizes of the PES membranes are, the lower their
relative diffusion rate is. Especially, the diffusion of the enzymes was significantly limited
by the 0.03 um porous PES membrane because of the relatively large molecule size of
these proteins. Thus, the 0.03 um porous PES membrane could efficiently confine different
functional enzymes in their own compartmentalized reaction chambers, enabling highly
efficient CRISPR-MCR assay. Although the diffusion process of RT-RPA amplicons was
also restricted, there are still sufficient DNA amplicons diffusing into the CRISPR reaction
chamber due to: i) a high concentration gradient caused by the exponential amplification

of the RPA reaction, and ii) the smaller molecular size of DNA amplicons (e.g., 137 bp)
compared to proteins. Therefore, we applied the 0.03 pm nanoporous PES membrane in the
bioinspired CRISPR-MCR biosensor for our subsequent experiments.

Electrochemical Detection of HIV Nucleic Acids by a Personal Glucose Meter.

We used three-dimensional (3D)-printing technology to fabricate our bioinspired CRISPR-
MCR biosensor (Figure 3A and Supplementary Figure S2) because of its simplicity and
low cost26-28, To adapt our biosensor to detect HIV nucleic acid by using a simple

glucose meter, we used magnetic beads immobilized with sSDNA-invertase conjugates as
the electrochemical detection reporter (Figure 3B). To functionalize the magnetic beads
with the invertase conjugates, we first mixed the streptavidin magnetic beads with biotin-
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ssDNA-invertase (Bsl) conjugates and then washed the magnetic beads to remove the free
conjugates according to previous literature2%-30, To optimize the immobilization efficiency,
we determined the ratio of the streptavidin magnetic beads and Bsl conjugates by adding
various amounts of the magnetic beads (from 0.2 to 1 mg) to 100 pmole Bsl conjugates.
After magnetic separation, we washed the synthesized MB-ssDNA-invertase reporter using
washing buffer at least twice. Next, we introduced 40 pL of 50 mM sucrose solution and
incubated the solution at 40°C for 10 min. We then detected the glucose generated from
sucrose hydrolysis by the glucose meter. As shown in Figure 3B, the higher the usage
amount of the magnetic beads, the higher the electrochemical signal of the glucose meter.
When the usage amount was 0.8 mg or higher, the electrochemical readout of the glucose
meter reached saturation. Thus, we used 0.8 mg magnetic beads per 100 pmole Bsl probe to
synthesize the MB-ssDNA-invertase reporter.

Next, we evaluated the usage of the MB-ssDNA-invertase reporter to optimize the CRISPR-
mediated electrochemical detection. We tested different amounts of MB-ssDNA-invertase
reporters (0.2, 0.4, 0.8, 1.6, and 2.4 mg) in a 50 uL CRISPR reaction system. After a
60-min incubation at 40°C, the magnetic beads were separated from the CRISPR reaction
solution. Next, 20 UL supernatant containing released invertase was mixed with 20 pL

100 mM sucrose solution and incubated at 40°C for 10 min. Then, the generated glucose
was quantified by the glucose meter. As shown in Figure 3C, the greater the amount of
MB-ssDNA-invertase reporter, the higher the glucose meter’s readout. However, using too
much of the MB-ssDNA-invertase reporter significantly increases the testing cost. Thus, we
used 2 mg MB-ssDNA-invertase reporter in the 50 pL reaction solution, which corresponds
to a final concentration of 40 pg/uL in the CRISPR reaction system. To obtain direct
information of the MB-ssDNA-invertase reporter, we investigated its morphology by SEM
and transmission electron microscopy (TEM) (Figure 3D and 3E) and performed a surface
analysis by energy dispersive X-ray spectroscopy (EDS) (Supplementary Figure S3). As
shown in Figure 3E, the invertase layer can be clearly observed as a light-colored coating on
the surface of the MB-ssDNA-invertase reporter.

Detection of HIV Nucleic Acid with the CRISPR-MCR Biosensors.

With the optimized experimental conditions above, we designed and developed a bioinspired
CRISPR-MCR bhiosensor integrated with the CRISPR cascade reaction system and
evaluated its analytical performance for detection of HIV nucleic acid. We determined the
performance of the bioinspired CRISPR-MCR biosensor by testing HIV DNA plasmid and
HIV RNA samples. We first detected HIVV DNA plasmid in the bioinspired biosensor. We
used digital PCR to quantify the HIVV DNA plasmid samples (Supplementary Figure S4). As
shown in Figure 4A, the longer the catalytic reaction time, the higher the electrochemical
signal. At a fixed catalytic reaction time (e.g., five min), the biosensor could consistently
detect 43 copies of HIV DNA plasmid per test, which is comparable to that of conventional
fluorescence-based RPA/CRISPR detection (Supplementary Figure S5).

Next, we detected HIV RNA by using the bioinspired biosensor. We extracted the HIV RNA
targets from commercially available HIV-positive controls. To enable accurate evaluation,
we detected and quantified the HIVV RNA by digital RT-PCR (Supplementary Figure

ACS Nano. Author manuscript; available in PMC 2023 May 19.
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S6). As shown in Figure 4B, similar to the HIV DNA plasmid detection, the higher

the HIVV RNA target concentration, the stronger the electrochemical detection signal. In
addition, with an increase in the catalytic reaction time, the background signal of the
electrochemical detection increased, which may be attributed to the presence of unexpected
free invertase molecules during the preparation of the MB-ssDNA-invertase reporter.
Overall, the bioinspired biosensor can consistently detect HIV RNA with a sensitivity of 200
copies per test, which is comparable to the fluorescence-based RT-RPA/CRISPR detection
using a real-time PCR machine (Supplementary Figure S7).

Clinical Validation of the Bioinspired CRISPR-MCR Biosensor for HIV Virus Detection.

To further validate the clinical utility of our bioinspired CRISPR-MCR biosensor, we
detected HIV clinical samples, including HIV-positive and HIV-negative samples determined
by standard RT-PCR (Figure 5A). To ensure reliable testing, we tested each sample three

or four times. HIV RNA was first extracted from the clinical plasma samples by using
commercial nucleic acid extraction kits. When testing for HIV by the bioinspired biosensor,
the biosensor was first incubated in the heater at 40°C for 60 min for the RT-RPA/CRISPR
reaction. After pressing the water blister, the device was incubated at 40°C for 10 min for
the invertase catalysis. Then, the biosensing strip of the bioinspired biosensor was inserted
into the glucose meter for HIV detection (Supplementary Figure S8). Figure 5B displays
the representative HIV test results of 15 clinical samples and positive/negative controls on
the bioinspired CRISPR-MCR biosensors by the glucose meter. When the readout of the
glucose meter shows under-range (LO), it means that the glucose level is below 10 mg/dL.
According to the 3 o criterion31:32, the cut-off threshold of 14 mg/dL is calculated and set
as U £ 3o, where [ is the mean value of the negative control and o is the standard deviation
(sd).

Figure 5C shows the quantification cycle (Cq) values for clinical samples by the RT-gPCR
method. Each sample was tested three times. All the data are presented as mean +sd. When
the cutoff (Cq = 39) was applied, seven samples were determined to be positive, and eight
samples were negative. Sample S11 and S14 had an average Cq value of 38.7 and 39.6,
respectively, in the RT-PCR method, both close to the cutoff Cq of 39. To further confirm
these samples, we utilized the digital RT-PCR method. As shown in Supplementary Figure
S9, sample S11 showed a weak positive signal in the digital RT-PCR chip. According to
the quantitative result of the digital RT-PCR, the target concentration of sample S11 was
estimated to be 170 copies per test in our biosensor detection, which is slightly below

its detection sensitivity of 200 copies per test. For sample S14, we could not detect any
positive signal in the digital RT-PCR chip, which is consistent with that of our bioinspired
CRISPR-MCR biosensor. Therefore, as a simple, low-cost, portable molecular diagnostic
device, our bioinspired CRISPR-MCR biosensor provides a promising diagnostic alternative
to HIV virus detection and quantification.

CONCLUSIONS

In this study, we have presented an artificial, compartmentalized, cascade reaction system
embedded with a nanoporous membrane, thus improving the compatibility of a CRISPR-
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mediated, multi-enzyme reaction for nucleic acid detection. We further integrated the
compartmentalized cascade reaction system into a microfluidic platform and developed a
simple, portable bioinspired CRISPR-MCR biosensor for HIV nucleic acid quantification
by using a low-cost glucose meter, eliminating the need for complex instruments and
well-trained personnel. We applied our bioinspired CRISPR-MCR biosensor to detect HIV,
achieving detection sensitivities of 43 copies of HIVV DNA plasmid and 200 copies of HIV
RNA per test, respectively. Further, we clinically validated the bioinspired biosensor by
testing HIV virus in clinical plasma samples and obtained comparable performance with the
state-of-the-art RT-PCR method. In the future, we will integrate the nucleic acid extraction
function unit into the microfluidic biosensor to develop an integrated “sample-to-result”
molecular detection device.33 In addition, the detection time may be further reduced by
using engineered CRISPR crRNAs.34:3% Overall, our simple, sensitive bioinspired CRISPR-
MCR biosensor exhibits great potential for rapid detection of HIV virus and other infectious
diseases at the point of care.

MATERIALS AND METHODS
(RT)RPA/CRISPR reaction system.

The (RT)RPA/CRISPR reaction system was developed according to the literature.6:28

The RPA kit, TwistAmp® Basic, was obtained from Twist Dx Limited (Maidenhead,

UK). Rnase H and nuclease-free water were purchased from New England BioLabs

(MA, USA). SuperScript™ 1V Reverse Transcriptase was purchased from ThermoFisher
Scientific (MA, USA). HIV plasmid and HIV primers (Supplementary Table S2) were
synthesized from Integrated DNA Technologies (1A, USA). AcroMetrix™ HIV High
Control and ACCURUN® 315 Series 500 HIV RNA Positive Control were purchased from
ThermoFisher Scientific and SeraCare (MA, USA), respectively. The final 50 pL RT-RPA
reaction system contained 1 dried pellet, 29.5 uL primer-free rehydration buffer, 0.5 uM
each for forward and reverse HIV primers, 2 U/uL Superscript IV reverse transcriptase,
0.1 U/pL Rnase H, 14 mM MgOAc, and 1 pL target RNA extracted from an HIV-positive
control. For the RPA reaction, reverse transcriptase was not included, and HIV DNA plasmid
was tested.

Lba Cas12a was purchased from New England BioLabs (MA, USA). CRISPR RNA
(crRNA) and fluorescent reporter (ssSDNA-FQ) (Supplementary Table S2) were synthesized
from Integrated DNA Technologies. The final volume of the CRISPR reaction was 50 L,
containing 400 nM Lba Cas12a, 200 nM each HIV crRNA1 and HIV crRNA2, 1X NEBuffer
2.1 (50 mM NaCl, 10 mM Tris-HCI, 10 mM MgCl,, 100 pg/mL BSA, pH 7.9, 25 °C),

RPA product, and reporter. For fluorescence detection, 4 uM fluorescent reporter sSDNA-FQ
was used. For personal glucose meter detection in the bioinspired CRISPR-MCR biosensor,
ssDNA-FQ was replaced with the MB-ssDNA-invertase reporter.

MB-ssDNA-invertase reporter synthesis.

Dynabeads™ M-280 Streptavidin was purchased from ThermoFisher Scientific. Oligo
invertase conjugation Bsl probe (Supplementary Table S2) was synthesized by Biosynthesis
(TX, USA). Washing buffer (0.1 M NaCl, 0.1 M NagPOy, pH 7.3, 25°C), preservation buffer

ACS Nano. Author manuscript; available in PMC 2023 May 19.
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(0.1 M NaCl, 0.1 M NagPQyq, 0.05% Tween-20, pH 7.3, 25°C), and sucrose solution (50 mM
and 100 mM, pH 7.3, 25°C) were prepared in the laboratory. To synthesize the MB-ssDNA-
invertase reporter, the MB solution was first washed with washing buffer thoroughly and

the supernatant was discarded. Typically, each 1 mg MB was washed with 80 uL washing
buffer. Next, 100 pmole Bsl probe was added to 0.8 mg MB in a 50 L reaction solution

and mixed at room temperature for 20 min. After thoroughly washing with the buffer to
remove the free Bsl probe, the MB-ssDNA-invertase reporter was ready for use. For future
use, the preservation solution was used to store the MB-ssDNA-invertase reporter in a 4°C
refrigerator. The preservation solution is discarded before use.

Real-time fluorescent detection in the CRISPR-MCR biosensor.

In real-time fluorescent detection of RPA/CRISPR reaction in the CRISPR-MCR biosensor,
50 UL RPA reaction solution with or without target template was inserted into the RPA/RT-
RPA chamber, and 50 pL CRISPR reaction solution containing sSSDNA-FQ reporter was
introduced into the CRISPR chamber. Next, the biosensor was sealed by Microseal ‘B’
PCR Plate Sealing Film (Bio-Rad, CA, USA) and incubated on Mini Block Heater (VWR)
at 40 °C. In the meanwhile, a portable USB fluorescence microscope (AM4113T-GFBW,
Dino-Lite Premier, AnMo Electronics, Taiwan, China) was used to record the fluorescence
signals in real time. Further, the fluorescence photos of the CRISPR reaction chamber were
acquired and generated normalized average fluorescence intensities at every specified time
interval (e.g., 1 min interval). Normalized fluorescence intensities were plotted against time
to obtain real-time fluorescence curves.

Diffusion rate experiment.

RPA enzymes were acquired from TwistAmp® Liquid Basic RPA kit from Twist Dx Limited
(Maidenhead, UK). Lba Cas12a enzyme was purchased from New England BioLabs (MA,
USA). Invertase (CAS:9001-57-4) was purchased from Sigma-Aldrich (MO, USA). 137-bp
dsDNA (Supplementary Table S2) was synthesized from Integrated DNA Technologies

(1A, USA) as the RPA amplicons. The spectrophotometer analysis was performed by
NanoDrop™ OneC Microvolume UV-Vis Spectrophotometer purchased from Thermo Fisher
Scientific (MA, USA). Before carrying out the diffusion experiment, we determined and
evaluated the detection sensitivity and quantitative range of the spectrophotometer by

using a serial dilution of these components (Supplementary Figure S10). In the diffusion
experiment, we separately prepared 10 pM dsDNA, 2* RPA enzymes mixture, 2 uM

Lba Cas12a and 10 mg/mL Invertase as their own initial solution. To avoid mutual
interference of different components during measurement, the diffusion experiment of each
component was run independently. First, we introduced the initial solution into one chamber
(termed “Initial chamber”) of the CRISPR-MCR biosensor and water into another chamber
(termed “Blank chamber”). Then, the biosensor was incubated in the mini-heater at 40°C
for 1 hour like our CRISPR-MCR assay. Next, we collected the solution in the Blank
chamber and measured the component’s concentration. Theoretically, at the ideal diffusion
equilibrium condition, the component will uniformly diffuse into the blank chamber and
form a homogeneous solution in two chambers. Thus, the component’s concentration in

two chambers is the same and can be calculated based on its initial concentration and
chambers’ volume. Here, the relative diffusion ratio of each component was calculated as

ACS Nano. Author manuscript; available in PMC 2023 May 19.
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the ratio of the measured concentration in the Blank chamber over the calculated theoretical
concentration at the ideal diffusion equilibrium condition.

Bioinspired CRISPR-MCR biosensor fabrication and operation.

As shown in Supplementary Figure S1 and S2, the bioinspired CRISPR-MCR biosensor
consists of two 3D-printed microfluidic parts: i) a top part and ii) a bottom part. These

two parts were first designed by Solidworks software and printed by a Form 2 3D printer
from FormLabs (MA, USA). Next, PES membrane obtained from Sterlitech (WA, USA) was
fixed between the two parts by using ring-shaped double-sided tape. To enable waterproof
sealing, 3D-printing clear resin was added between the two 3D-printed parts and treated
under UV light for polymerization. Then, 150 uL water blister and personal glucose meter
strip were mounted in the biosensor by using double-sided tape and epoxy AB glue,
respectively. After adding the sucrose solution in the cotton, it was inserted into the catalytic
chamber of the biosensor and lyophilized by the FreeZone 2.5-L benchtop freeze dry system
(Labconco Corporation, MO, USA). Last, the biosensor was sealed with Microseal ‘B’ PCR
Plate Sealing Film (Bio-Rad, CA, USA).

When the biosensor was tested, 50 uL. RPA or RT-RPA reaction solution with or without
target template was inserted into the RPA reaction chamber, and 50 pL CRISPR reaction
solution was introduced into the CRISPR chamber. Next, the biosensor was incubated on a
Mini Block Heater (VWR) for 60 min at 40°C. After incubation, one cylinder neodymium
magnet with an 8 mm diameter was placed at the bottom of the RT-RPA chamber of

the CRISPR-MCR biosensor. Then, the water blister was pressed down and the CRISPR
reaction solution was pushed into the catalytic chamber along with the water in the blister.
After catalytic incubation at 40°C, the electrochemical signal in the catalytic chamber was
digitally detected and read out by a personal glucose meter. The workflow of the bioinspired
CRISPR-MCR bhiosensor is shown in Supplementary Figure S8.

SEM, TEM morphology characterization and EDS analysis.

The SEM characterization and EDS analysis were conducted on a Nova NanoSEM 450
microscope with an electric beam operated at 2 kV and 2.0 spot. For the MB-ssDNA-
invertase, the samples were washed by the buffer at least three times before SEM image
acquisition. To observe cross-section images, the porous membranes were placed in liquid
nitrogen for 5 min before breaking them with two tweezers. All samples were sputter coated
with gold on their surface before SEM observations, but no coating was applied for the EDS
analysis. The TEM characterization was conducted by FEI Tecnai 12 G2 Spirit BioTWIN
with AMT NanoSprint12 camera. Before TEM image acquisition, the samples were washed
by water at least three times.

Digital PCR quantification for target template.

QuantStudio™ 3D Digital PCR Master Mix v2 (Cat. #A26358) and BioRad™ Reliance One-
Step Multiplex RT-gPCR Supermix (Cat. #12010176) were purchased from ThermoFisher
Scientific and BioRad, respectively. According to the protocol, the PCR or RT-PCR mixture
was first prepared. After 14.5 yL of reaction mixture was loaded into the 3D Digital PCR
chip (Cat. # A26316) by using a 3D Digital PCR Chip Loader (Cat. # A29154), the chip was
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placed on a ProFlex™ 2 x Flat Block Thermal Cycler (Cat. # A26316) for PCR reaction. At
the end of the PCR/RT-PCR reaction, the chip was read on either QuantStudio™ 3D Digital
PCR Instrument (Cat. # A26316) or a fluorescence microscope Axio Observer from ZEISS.

Clinical sample preparation and RT-PCR detection.

All clinical plasma samples were de-identified and in compliance with ethical regulations
and under the approval of the Institutional Review Board of the University of Connecticut
Health Center (protocol #: 21-014-2). HIV RNA samples were extracted from clinical
samples using the QlAamp Viral RNA Mini Kit from QIAGEN (Hilden, Germany)
according to the manufacturer’s protocol. A real-time fluorescence RT-PCR assay was used
to detect HIV RNA. The GoTaq Probe 1-Step RT-gPCR kit from Promega (W1, USA) was
used to prepare the RT-PCR reaction solution. The 20 uL RT-PCR mix included 1x GoTaq
Probe Master Mix, 1x GoScript RT Mix for 1-Step RT-gPCR, 0.5 uM HIV forward primer,
0.5 uM HIV reverse primer, 0.2 probe, and 2 pL of the target. The RT-PCR protocol contains
three steps: i) reverse transcription (15 min at 45°C), ii) RT inactivation and polymerase
activation (2 min at 95°C), and iii) denaturation and extension (40 cycles of 15 s at 95°C
and 60 s at 60 °C). Real-time fluorescence PCR/RT-PCR detection was performed using the
Bio-Rad CFX96 Touch Real-Time PCR Detection System.

Statistical analysis.

Statistical significance analyses were performed by OriginLab 2020. All statistical analyses
were performed using a one-way analysis of variance (ANOVA), where n. s. = not
significant with p > 0.05, and the asterisks (*, **, ***, ****) denote significant differences
with p values (* =0.001 < P £ 0.05, ** = 0.0001 < P < 0.001, *** = 0.00001 < P < 0.0001,
**** = P <0.00001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bioinspired CRISPR-MCR biosensor overview.
A) Structure of a eukaryotic cell containing multi-compartment structures (e.g., subcellular

organelles) for a multi-enzyme cascade reaction.12 B) Working principle of the nanoporous
membrane-separated, CRISPR-mediated cascade reaction system for HIV nucleic acid
detection inspired by the eukaryaotic cell. The cascade reaction system is separated by

a hydrophilic nanoporous membrane (right bottom inset) into two compartments: i) an

RPA or RT-RPA reaction chamber, and ii) a CRISPR reaction chamber. Due to the
concentration gradient (difference), the short DNA amplicons generated by RPA exponential
amplification can diffuse into the CRISPR reaction chamber through the nanoporous
membrane to specifically initiate the downstream CRISPR cleavage reaction for HIV nucleic
acid biosensing. C) Schematic illustration of the bioinspired CRISPR-MCR biosensor
integrating the CRISPR-mediated cascade reaction system, catalytic reaction chamber, and
glucose biosensing strip. Left bottom inset: catalytic chamber where pre-stored sucrose is
hydrolyzed into fructose and glucose in the presence of the released invertase enzyme from
the MB-ssDNA-invertase in the CRISPR reaction chamber. D) Detection of HIV nucleic
acid using a personal glucose meter (PGM).

ACS Nano. Author manuscript; available in PMC 2023 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lietal.

PGM readout (mg/dL)

Page 15

]

== ‘
== ] I(
e under-range ———
T T T T T T T T T T T T T T T T T T T T
0 2 4 8 12 16 0 10 20 30 10 50 60 0 10 20 30 40 50 60 80 90
RPA product usage (ul.) l'ime (min) Time (min)

Diffusion rate

70 6 20
RT-RPA amplicons| o ' ) @ Lba Casl2a @ T invertse

bl 60% o LI 4, [s0v
12 «f3 .
= R St w2
0% S |so%
seque i

rodae

o
- |
*.- 50%
aeleo - 1
40% 0%+ i -
o s® 1 etey soduet
30% . s0%ud | ® 0%
e | .

#“ | |single-suanded DNA-binding protein!
ﬁ suand-displacing polymerase
T T T T

0.03 um

T T T T T
0.2 um 12 pm S 0.03 pm 0.2 pm 12 ym Sum 0.03 pm 0.2pm 12 ym Sum 0.03 g 02pm

Figure 2.
Nanoporous membrane-separated, CRISPR-mediated cascade reaction system for HIV

nucleic acid detection. A) Effect of the RPA reaction solution volume on the electrochemical
detection of HIV nucleic acid by the glucose meter. * = 0.001 < P < 0.05, ** = 0.0001 <

P <0.001, *** = 0.00001 < P < 0.0001. B) Comparison of real-time fluorescent detection
of the RPA/CRISPR reaction with and without membrane separation. Both PES membrane
and PVDF membrane were tested for comparison. C) Real-time fluorescent signal in the
CRISPR-mediated cascade reaction system embedded with PES membranes of different
pore sizes (0.03, 0.2, 1.2, and 8.0 um). D) Scanning electron microscope (SEM) image of
cross-sections of the PES membranes with different pore sizes (0.03, 0.2, 1.2, and 8.0 um).
E) Relative diffusion rate of different components in the CRISPR-MCR assay through the
PES membranes with various pore sizes (0.03, 0.2, 1.2, and 8.0 um). n.s., not significant
with p > 0.05. The asterisks (*, **, ***, ****) denote significant differences with p values
(*=0.001 <P <0.05, ** =0.0001 < P <0.001, *** = 0.00001 < P £0.0001, **** =P <
0.00001).
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Figure 3.
Bioinspired CRISPR-MCR biosensor and its optimization. A) Photograph of the bioinspired

CRISPR-MCR biosensor fabricated by 3D-printing technology. The glucose biosensing strip
was incorporated into the biosensor for electrochemical detection of HIV nucleic acids

by a glucose meter. B) Optimization of the usage of magnetic beads to synthesize the
MB-ssDNA-invertase reporter. C) Effect of the amount of MB-ssDNA-invertase reporter

on CRISPR-mediated electrochemical detection. n.s., not significant with p > 0.05. The
asterisks (*, **, *** ****) denote significant differences with p values (* =0.001 < P
<0.05, ** = 0.0001 < P <0.001, *** = 0.00001 < P < 0.0001, **** = P < 0.00001).

D) Representative SEM image of the MB-ssDNA-invertase reporter for glucose biosensing
detection in the bioinspired CRISPR-MCR biosensor. E) TEM image of the MB-ssDNA-
Invertase reporter.
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Detection of HIV nucleic acids in the bioinspired CRISPR-MCR biosensor by using a
glucose meter. A) HIV DNA detection in the biosensor by using a glucose meter after
various catalytic reaction times of 5, 15, and 30 min. B) HIVV RNA detection in the biosensor
by using a glucose meter after a catalytic time of 10 and 20 min. NC, negative control. n.s.,
not significant with p > 0.05. The asterisks (*, **, *** ****) denote significant differences
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Figure 5.

Clinical validation of the bioinspired CRISPR-MCR biosensor to detect HIV virus in clinical
plasma samples. A) Procedures of the CRISPR-MCR biosensor and the RT-qPCR assay for
HIV detection in clinical samples. B) Representative HIV test results of 15 clinical samples
and positive/negative controls by the bioinspired CRISPR-MCR biosensor. C) Cq values of
the clinical plasma samples and positive/negative controls by RT-PCR. D) Detection results
of HIV in clinical samples by using the CRISPR-MCR biosensor and glucose meter. PC and
NC are, respectively, positive control and negative control. The cut-off threshold value was

set as 14 mg/dL according to the 3o criterion.
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