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Paper-based analytical device for point-of-care
nucleic acid quantification combining CRISPR/
Casl2a and a personal glucose metert

Yohei Tanifuji, Guodong Tong, Yuki Hiruta = and Daniel Citterio "= *

Although CRISPR-based nucleic acid detection has great potential in point-of-care testing due to its sim-
plicity, it has been rarely integrated into paper-based analytical devices (PADs), which are attractive plat-
forms to simplify assays. This work introduces a CRISPR-assisted nucleic acid quantification approach
integrated into a PAD with signal readout by a personal glucose meter (PGM). Retention of magnetic
beads by filter paper and pre-deposition of all required reagents by freeze-drying stabilized with trehalose
enabled the indirect quantification of human papilloma virus (HPV) DNA through a PGM readout without
complicated user intervention and complex reagent handling. The calculated limit of detection was 57
pM, which is comparable with other amplification-free CRISPR-based assays detecting nucleic acids. The
fully integrated device exhibited good storage stability for up to 4 weeks, suggesting its applicability

rsc.li/analyst

Introduction

Since the first report of a nucleic acid detection method
assisted by the clustered regularly interspaced short palindro-
mic repeats (CRISPR)/CRISPR-associated protein (Cas)12a
system, this assay technology has been drawing great attention
for its sensitivity, single-base specificity and simplicity."* It is
notable that the flexible design of CRISPR RNA (crRNA) in
combination with Cas12a proteins enables recognition of any
complemental dsDNA carrying a specific sequence called a
protospacer adjacent motif (PAM). Following this recognition
step, the Casl2a-crRNA-dsDNA assembly exhibits collateral
nuclease activity referred to as trans-cleavage, indiscriminately
cleaving surrounding ssDNA, even at room temperature.'"
Hence, an abundant number of point-of-care CRISPR-based
assays has been reported with colorimetric>® and
fluorescence® > signal detection. However, in terms of user-
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tElectronic supplementary information (ESI) available: Sequences of nucleic
acids, estimated material costs to fabricate the paper-based device, evaluation of
the amount of invertase immobilized on MBs, wax-printing pattern, hydrophobi-
city of the surface of time adjustment film, photograph of the fabricated PAD for
basic evaluation, illustrations and photograph of the fully integrated device,
SEM images for various pore sizes of paper and MBs, SEM images after drying
MB conjugates, workability of trehalose as stabilizer for freeze-drying MB conju-
gates, droplet behaviour depending on orientation of the wax-printed paper
surface, scheme of sample flow inside the paper substrate. See DOI: https://doi.
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toward practical point-of-care nucleic acid quantification.

friendliness, there are remaining challenges for point-of-care
testing (POCT), since the previously reported assays require
multiple steps of operation involving reagent handling, pipet-
ting and separation, among others.

In contrast, paper-based analytical devices (PADs) have
become attractive platforms to achieve POCT, due to their low
cost, ease of operation, disposability, and simplicity."*"*
Taking into account these benefits, some researchers have
combined CRISPR-based assays with PADs. However, these
approaches still involve reagent handling related to the
CRISPR reaction.'>'® Meanwhile, Nguyen et al. have reported a
paper-based face-mask sensor with all the reagents related to
reactions pre-deposited and pre-dried on the paper substrate,"”
minimizing reagent handling by the user. However, their
system has some remaining drawbacks, including counter-
intuitive and qualitative turn-off signal readouts.

Due to their low cost, portability, rapidness, quantifiability,
and reliability, personal glucose meters (PGMs) are widely used
all over the world by diabetic patients as self-diagnostic tools for
monitoring blood glucose levels.'*?° By utilizing invertase, an
enzyme converting sucrose into glucose, PGMs have been
adapted to perform quantitative assays for a broad palette of
non-glucose targets like small molecules,** metal ions,>
proteins,>**® bacteria,”® and nucleic acids.”” These also already
include a number of reports combining PADs with PGMs for
signal detection.”>**>® However, these earlier studies reveal that
either the squeezing of a paper or device disassembly is required
to collect liquid for the final PGM measurements.

Not surprisingly, systems making use of the advantages of
CRISPR/Cas have joined this list of examples for the detection

This journal is © The Royal Society of Chemistry 2024
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of nucleic acids using PGMs.** ! However, these prior assays
still require handling of reagents in microtubes, as well as
multiple steps of operation including magnetic separation,
which is against the concept of POCT. Meanwhile, Li et al
reported a CRISPR-mediated microfluidic biosensor with PGM
readout for human immunodeficiency virus (HIV) detection.*?
While being attractive in terms of eliminating multiple
manual operational steps, there remain some drawbacks, such
as the cost of a 3D-printed device and magnet, reagent
instability, and the requirement for reagent handling before
performing the assay. Our group recently investigated the
stability of CRISPR-related reagents in the dried state, includ-
ing Casl2a-crRNA complex and fluorophore- and quencher-
modified ssDNA on a paper platform, and these showed good
storage stability up to 84 days.** Whereas these results con-
firmed the general applicability of the CRISPR/Cas12a system
in POCT devices, the focus was on the most widely used fluo-
rescent reporter signalling approaches.

In the context of these previously reported approaches, the
current work realizes a CRISPR-based PAD for nucleic acid
quantification with a PGM. To the best of our knowledge, this
is the first report of a CRISPR/Cas-based assay being integrated
into a PAD with PGM signal readout. Pre-deposition of all
required reagents on a multi-layered paper device enables
assays to be performed by end-users with simple operation
without reagent handling, while at the same time extending
the storage stability of the reagents. The developed device has
a multi-layered structure consisting of three paper layers to
perform the following two reactions: (1) CRISPR/Cas12a-based
reaction, and (2) invertase enzymatic reaction. Application of a
sample containing double-stranded target DNA (tgDNA) onto
the first layer of the device activates Cas12a-crRNA complexes,
which subsequently cleave invertase-conjugated ssDNA
immobilized on the surface of magnetic beads (MB conjugate),
resulting in the release of invertase. The released enzyme
passes through a filter layer to reach the third paper layer after
removing a hydrophobic film (time adjustment film) separ-
ating the first and second paper layers, while magnetic beads
are retained by the filtering ability of the paper. It should be
noted that in this work, magnetic beads are only used as a
practical platform enabling surface modification. No magnetic
component is required in the PAD, since magnetic beads are
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retained in the cellulosic filter layer. After reaching the third
paper layer, the released invertase converts the pre-deposited
sucrose to glucose, which is subsequently detected by the PGM
(Fig. 1). The necessary operations by end-users are limited to
sample application, removal of the time adjustment film,
adding washing buffer, and taking the PGM measurement,
which significantly improves the user-friendliness of the assay.
Furthermore, pre-deposition of the necessary reagents could
successfully extend the storage stability of the device, which is
of high relevance for POCT.

Materials and methods
Materials

All the nucleic acids used in this work, including target dsSDNA
(tgDNA), crRNA, and ssDNA for invertase conjugation, were
obtained from Integrated DNA Technologies (Singapore). The
sequences are listed in Table S1.f LbCas12a was purchased
from New England Biolabs, Inc. (Ipswich, MA, USA). Invertase
from baker’s yeast (S. cerevisiae) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Magnetic beads (1.0 and 2.8 pm)
were purchased from Thermo Fisher Scientific (Waltham, MA,
USA).  3-Sulfo-N-succinimidyl 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate sodium salt (sulfo-SMCC) was purchased
from Tokyo Chemical Industry (Tokyo, Japan). Sucrose,
sodium chloride, trisodium citrate dihydrate, BSA, trehalose
dihydrate, and Tween-20 were purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). Tris(2-carbox-
yethyl) phosphine hydrochloride (TCEP) and di-sodium hydro-
gen phosphate heptahydrate were purchased from Nacalai
Tesque (Kyoto, Japan). Dextran (MW: 70 000) was purchased
from Junsei Chemical (Tokyo, Japan). Glycine was purchased
from Kanto Chemical (Tokyo, Japan). As for filter papers,
Whatman Grade 1 (WF1) and Grade 4 (WF4) were purchased
from GE Healthcare Life Sciences (Marlborough, MA, USA),
while Advantec 5C (A5C) was obtained from Toyo Roshi, Co.,
Ltd (Tokyo, Japan). All filter papers were cut to A4 size before
patterning. Transparent film was purchased from EPSON
(Tokyo, Japan). Buffers used in this report are as follows:
buffer A: 0.1 M pH 7.3 sodium phosphate buffer including 0.1
M sodium chloride; buffer B: 0.1 M pH 7.3 sodium phosphate

Film removal
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Illustration of the working principle of nucleic acid quantification with a CRISPR PAD and PGM.
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buffer including 0.1 M sodium chloride, and 0.01% Tween-20;
buffer C: 0.1 M pH 7.3 sodium phosphate buffer including 0.1
M sodium chloride, and 0.1% BSA; buffer D: 20 mM pH 7.5
HEPES buffer including 50 mM sodium chloride, and 20 mM
magnesium chloride; buffer E: 40 mM pH 7.5 HEPES buffer
including 0.1 M sodium chloride, 40 mM magnesium chlor-
ide, and 0-100 g L™" stabilizer (trehalose, dextran, or glycine);
and buffer F: 0.1 M pH 5.6 sodium citrate buffer. All buffers
were autoclaved (SP200, Yamato Scientific Co., Ltd, Tokyo,
Japan) at 180 °C and stored at 4 °C for further use.

Synthesis of invertase-conjugated ssDNA immobilized on
magnetic beads

The invertase-conjugated ssDNA immobilized on magnetic
beads (MB conjugate) was synthesized by referring to pre-
viously reported methods with slight modifications.*"**>°
Specifically, 1 mg of sulfo-SMCC was first added to 400 pL of
10 mg mL™" invertase solution in buffer A, followed by incu-
bation on a rotator for 60 min. The mixture was then centri-
fuged twice to remove solid sulfo-SMCC and purified by using
Vivaspin Turbo 4 (MWCO: 100 kDa) ultrafiltration tubes 6
times with buffer A. The disulfide-modified ssDNA was
reduced before use by either of the following methods: 15 puL
of 0.1 M TCEP in buffer A was added to 15 pL of 1 mM ssDNA
in autoclaved water, or directly to 15 nmoles of freeze-dried
ssDNA, followed by incubation for 60 min. Activated invertase
supernatant obtained after purification was then added to the
reduced ssDNA solution, and the mixture was incubated on
the rotator for 120 min. After further purification using
Vivaspin Turbo 4 (MWCO: 100 kDa) ultrafiltration tubes 6
times with buffer A, 100 pL of 10 mg mL™" streptavidin-coated
magnetic beads (MBs, diameter = 1.0 or 2.8 pm) in buffer B
was added to the supernatant obtained after purification, fol-
lowed by incubation on the rotator for 60 min. Lastly, the
mixture was washed with buffer C 6 times and buffer D 3
times, using magnetic separation. The immobilization of
invertase-conjugated ssSDNA on MBs was confirmed by detect-
ing glucose as the product of the invertase enzymatic reaction
using the PGM (Fig. S17).

Fabrication of the PAD for basic evaluation

Paper spot patterning was achieved by a wax-printing
method.** Specifically, the pattern designed in Adobe
Ilustrator CC software (Fig. S21) was printed by a black solid
ink wax-printer (ColorQube 8580, Xerox, Norwalk, USA). Wax-
printed filter papers were then heated on a hot plate (NHS-450
ND, Nissin Rika, Chiba, Japan) at 150 °C for 2.5 min (WF1 and
WF4) or 3 min (A5C). Subsequently, the patterned filter papers
were cut in a way that three paper spots (diameters of each
spot from the 1st to 3rd layer were 5.5, 5.0 and 5.0 mm before
heating) were included in one row (Fig. S2). For paper block-
ing, 10 puL of BSA (various concentrations as specifically indi-
cated) in autoclaved water was dropped onto the paper spots
of the 1st and 2nd paper layer and dried at 37 °C for 120 min.
The time adjustment film was obtained by modifying the
surface of a transparent film (A4 size, 100 pm thickness,
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Epson, Tokyo, Japan) with black toner deposited using a laser-
printer (DocuCentrelV C2263, Xerox, Norwalk, USA), which
rendered its surface hydrophobic (Fig. S3f) and prevented
liquid leakage. Subsequently, the toner-modified film was cut
into rectangular shapes (25 mm x 7.5 mm) using a Silhouette
CAMEO 3 autocutter (Silhouette, Lindon, UT, USA). Finally, the
wax-patterned and cut paper strip was folded, “origami-style”,
so that the layer with the largest spot diameter was at the top
of the device, the time adjustment film was inserted between
the 1st and 2nd paper layer (toner-modified surface facing
upwards) and all layers were held together using four clips
(Fig. S47).

Investigation of filtering ability

A mixture containing 100 nM Cas12a and 200 nM crRNA
(Cas12a/crRNA) in buffer D was pre-incubated for 15-30 min.
Afterwards, 3 pL of the pre-incubated solution, 1 puL of 20 mg
mL~" MB conjugate in buffer D, 4 pL of buffer D, and 2 pL of 0
or 100 nM tgDNA in autoclaved water were dropped on the
paper spot of the 1st layer of the above-described device. After
incubation for 60 min in a humid environment, achieved by
placing devices in a closed container lined with wetted kitchen
paper towel, the time adjustment film was removed, and the
device was left for a further 5 min for liquid penetration into
the lower layers. Subsequently, the device was unfolded, and
5 uL of sucrose solution (3.75 pL of 1 M sucrose in autoclaved
water, 0.75 pL of buffer F, and 0.5 pL of autoclaved water) was
dropped on the paper spots of the 2nd and 3rd layers, followed
by additional incubation for 60 min in a humid environment.
Lastly, the concentration of glucose produced on the 2nd and
3rd layers was measured by using the PGM. SEM images
(FE-SEM-H2, Hitachi, Tokyo) of paper layers were obtained
without the addition of sucrose after osmium coating (HPC-20,
Vacuum Device, Ibaraki, Japan).

Consideration of drying methods and the necessity of
stabilizers

3 pL of pre-incubated (15-30 min) Cas12a/crRNA mixture and
1 uL of 20 mg mL ™" of MB conjugate in buffer E were dropped
on the paper spot of the 1st layer of the device, followed by
drying for 60 min either at 37 °C or by freeze drying (snap
freezing using liquid nitrogen followed by applying a vacuum).

After applying 10 pL of 0 or 100 nM tgDNA in autoclaved
water onto the device, the assay was carried out as described
in the previous section.

Fabrication of the fully integrated device and its assay use

Wax-printed paper (diameters of each spot from the 1st to 3rd
layer were 5.5, 5.0, and 5.0 mm before heating) was prepared
as mentioned above, with the difference being of cutting each
layer into a separate piece of paper instead of using the
origami strip-folding approach. At the same time of paper
blocking of the 1st and 2nd layers using 10 pL of BSA in auto-
claved water, 3 pL of sucrose solution (2.25 pL of 1 M sucrose
in autoclaved water, 0.45 pL of buffer E, and 0.3 pL of auto-
claved water) was dropped on the paper spot of the 3rd layer,

This journal is © The Royal Society of Chemistry 2024
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followed by drying at 37 °C for 120 min. Subsequently, the
device was assembled by stacking the paper layers with a time
adjustment film placed in between the 1st and 2nd layers, and
double-sided tape (90 pm thickness, Nichiban, Tokyo, Japan)
in between the 2nd and 3rd layers in a “sandwiched style” as
illustrated in Fig. S5A.f The double-sided tape was cut using
the autocutter (16 mm x 16 mm, hole diameter = 3.5 mm).
Afterwards, the sandwiched layers were fixed onto a lamination
film (A4 size, 100 pum thickness, made of polyethylene tere-
phthalate and polyvinyl alcohol as a thermoplastic adhesive,
Jointex, Tokyo, Japan) using tape. To provide a liquid inlet and
outlet, a hole (¢ = 7.0 mm) was cut into the lamination film
using the autocutter before fixing the device. Subsequently, the
device was passed through a hot laminator (Office Pro A3, Leitz,
Oberkochen, Germany). For additional fixation, the device was
stapled twice as shown in Fig. S5B.f As a final step, the adhesive
between the time adjustment film and lamination film was
removed using a thin needle to facilitate removal of the time
adjustment film during the assay. Then, 3 pL of pre-incubated
Cas12a-crRNA and 1 pL of 20 mg mL™" MB conjugates in buffer
E were dropped onto the top paper layer spot of the device and
freeze-dried for 60 min (snap freezing using liquid nitrogen fol-
lowed by applying vacuum conditions).

Assays using the above-prepared devices were performed as
follows: first, 10 uL of tgDNA in autoclaved water was dropped
onto the sample inlet, followed by incubation for 60 min in a
humid environment. After removing the time adjustment film,
10 pL of buffer D was applied as washing buffer. Following
additional incubation for 60 min in a humid environment, the
concentration of produced glucose in the droplet formed on
the back side of the device (below the 3rd layer) was measured
using the PGM.

Storage stability test

Fully integrated devices prepared as mentioned above were
stored at —20 °C in aluminium-coated pouches containing a
silica gel desiccant until further use. Assays were then carried
out as mentioned above.

A MB size: 2.8 ym B
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Results and discussion
Filtering ability for magnetic bead retention

To enhance the tgDNA-dependent signal over the background,
it highly important to retain magnetic beads with invertase-
conjugated ssDNA on the inlet paper layer (1st layer) while
enabling passage of invertase released by trans-cleavage to the
3rd layer with pre-deposited sucrose. To experimentally
confirm the filtering ability, the presence of invertase in the
2nd and 3rd paper layers was evaluated indirectly both in the
absence and presence of tgDNA by measuring the glucose
levels in these layers using the PGM after device unfolding and
sucrose addition. Devices made from three types of filter
papers having different pore size (A5C: 1.0 pm, WF1: 10.8 pm,
WF4: 22-25 pm) and MBs with two different diameters (1.0 pm
and 2.8 pm) were used. As Fig. 2 shows, significant signal
differences between blank samples (0 nM tgDNA) and tgDNA-
containing samples were observed in all cases, which success-
fully demonstrates the retention of magnetic beads with non-
cleaved invertase on the top paper layer. As theoretically
expected, the blank signal on both the 2nd and 3rd layers
increased in the order of the filter paper particle retention
size, due to failure in retaining MBs on the top layer, being
lowest for devices made of A5C paper with the smallest pore
size. Furthermore, comparing the results obtained with
smaller (Fig. 2A) and larger MBs (Fig. 2B), the overall blank
signals were larger in the case using the smaller 1.0 um dia-
meter beads. The retention of MBs depending on paper pore
and MB size was also substantiated by SEM images (Fig. S67),
with the number of MBs on each layer qualitatively indicating
similar trends as the blank signals observed through quantifi-
cation of invertase-generated glucose. Higher blank signals
(Fig. 2) correspond to a larger number of MBs passing through
the top paper layer of the device to lower layers (Fig. S67).
These experiments also revealed overall higher glucose signals
for tgDNA-positive samples, when using smaller sized MBs,
attributed to their 2.8 times larger surface area compared to
their larger counterparts. Considering these results, the A5C

1st layer “
600

*2

2nd layer “

m 100 nM tgDNA

3rd layer “ b

*1 *3

0 nM tgDNA o U
H 100 nM tgDNA 1.0

PGM signal (mg/dL)

Over the detection range

10.8 22-25 1.0
Pore size of filter papers (um)

MB size: 1.0 ym
n=3 2 2 = e
600 *5 *g|
jary
2
£ w00 1
K]
c
S I
2}
g 200
o
o L
10.8 22-25 1.0 108 22-25 1.0 10.8 22-25

Pore size of filter papers (um)

Fig. 2 Dependence of PGM signals detected on the 2nd and 3rd paper layers on MB diameter (A: 2.8 pm and B: 1.0 ym) and pore size of filter
papers (1.0 um: A5C, 10.8 ym: WF1, 20-25 ym: WF4) in the absence (0 nM) or presence (100 nM) of tgDNA; error bars represent the mean values +
16 (n = 3). Results presented without error bars include signals below or above the detection range (20-600 mg dL™%) of the used PGM (*1: <20, 36
and 22 mg dL™%, *2: 579, >600 and 518 mg dL™%, *3: <20, 20 and 20 mg dL™%, *4: all 5600 mg dL™%, *5: >600, >600 and 587 mg dL™%, *6: >600, >600

and 591 mg dL ™).
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filter paper with 1.0 um pore size and the 1.0 pm diameter
MBs were selected for further experiments.

Consideration of reagent drying methods and the necessity of
stabilizers

The Cas12a/crRNA complex and MB conjugates require careful
consideration for drying due to their enzyme content. To inves-
tigate their drying tolerance, two drying methods were first
compared: heat-drying and freeze-drying. As Fig. 3A shows, a
tgDNA-dependent signal difference was confirmed after drying
by either method, proving the retained enzymatic activity of
both the Cas12a/crRNA complex and invertase. However, the
blank signal in the case of the freeze-drying method was sig-
nificantly decreased compared to that after heat-drying, which
is mainly attributed to the different characteristics of the two
drying methods. While MBs in the wet paper are mobile
during gradual water evaporation at 37 °C, this mobility is pre-
vented by the immediate snap freezing in the freeze-drying
procedure, resulting in the prevention of penetration of MB
conjugates into the depth of the paper substrate. This hypoth-
esis is supported by the SEM images recorded at the top and
bottom sides of paper substrates after drying (Fig. S7t), where
the appearance of MBs on the back side was only confirmed
after heat-drying. Therefore, the freeze-drying approach was
selected for further investigations.

Subsequently, the necessity of using protective stabilizer
molecules was investigated. It is generally said that addition of
stabilizers is an important factor to extend the stability of pro-
teins, since most proteins dried in their absence cannot
survive desiccation.’® There are many possible candidates for
stabilizers including osmolytes, sugars, polymers, and pro-
teins. However, their efficiency differs between experimental
conditions.?® Several previous works have reported on the pre-
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Fig. 3 (A) Comparison of tgDNA-dependent PGM signals after heat-
drying or freeze-drying of Cas12a/crRNA complexes and MB conjugates;
(B) PGM signals depending on the presence and type of stabilizers in
buffer E (40 g L™! trehalose, dextran, or glycine) during freeze-drying of
Casl12a/crRNA complexes and MB conjugates; A5C was used as a paper
substrate; concentration of BSA for blocking was 1 wt%; n.s., not signifi-
cant with p > 0.05; error bars represent the mean values + 15 (n = 3).
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served activity of Cas complexes freeze-dried in the presence of
BSA, trehalose, sucrose, dextran, or glycine.*”*® Based on these
facts, the workability of trehalose, dextran, and glycine as
stabilizers for Casl12a/crRNA complexes and MB conjugates
freeze-dried on filter paper substrates was compared.
Unexpectedly, the results shown in Fig. 3B indicate that
tgDNA-positive signals were not significantly increased by
adding stabilizers, which can be explained by the presence of
BSA used for paper blocking working as a stabilizer.*?
However, trehalose most effectively suppressed the blank
signal compared to drying without stabilizers or with dextran
and glycine. This positive influence of trehalose on the back-
ground signal was also confirmed in the case of MB conjugates
being freeze-dried in microtubes (Fig. S8%). This suggests that
the blank signal suppression observed on the paper platform
due to the presence of trehalose during drying is not related to
the prevention of MB conjugate leakage through the paper
layers, but likely to the stabilization of the invertase-MB conju-
gates in the dried state. It has been reported that the binding
between biotin and streptavidin is disrupted when dried, and
that this disruption can be prevented by adding trehalose to
the system before drying.*® Since the invertase-conjugated
ssDNA is anchored to the MBs through the streptavidin-biotin
interaction, any disruption of this linkage results in the
tgDNA-independent release of invertase and, consequently, an
increase in the blank signal. For these reasons, freeze-drying
in presence of trehalose was selected as the optimal preser-
vation method of Casl2a/crRNA and MB
conjugates.

complexes

Development of a fully integrated device

The handling of devices used for the above-described basic
evaluation experiments involved an unfolding step to add
sucrose solution. To realize a fully integrated paper device for
“sample-in—answer-out” assays, a design including pre-de-
posited sucrose was evaluated. To enable signal detection by
the PGM without the requirement for additional user engage-
ment, as in earlier works,>*?*?® it is necessary for a liquid
droplet to form on the back side of the device after the appli-
cation of sample and washing buffer. Through various screen-
ing investigations, it was found that droplet formation
occurred only when the multilayer paper devices were
assembled with the wax-printed face of each paper layer facing
upwards (Fig. S9t). This paper orientation-dependence of the
vertical sample liquid flow can be explained by the wax-pene-
tration behaviour during the paper-patterning step, resulting
in a conical frustum shape.** As a result, a vertical downward
force is only created when the wax-printed paper surface is
oriented upwards (Fig. S107).

PGM assay optimization

For the current assay approach, it is highly important to
efficiently transport invertase released from the surface of the
MB conjugates through tgDNA-induced trans-cleavage at the
top paper layer to the bottom layer with pre-deposited sucrose.
Since proteins are generally easily adsorbed on paper sub-

This journal is © The Royal Society of Chemistry 2024
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strates, surface blocking is required. BSA is among the pre-
ferred well-known blocking reagents, due to its low cost and
limited steric hindrance of specifically binding proteins.*’
With increasing concentration of BSA in the blocking solution,
enhanced tgDNA-dependent signals were observed (Fig. 4A),
confirming the passage of trans-cleaved invertase through the
paper layers. At BSA concentrations of 5% or higher (data not
shown), the applied blocking solution did not dry homoge-
neously, thus 2.5% of BSA was ultimately applied for paper
blocking. Subsequently, the concentration of trehalose stabil-
izer was optimized using the fully integrated device. As a
result, blank signals were most efficiently suppressed at 50 g
L' trehalose added during freeze-drying, with no further
improvement at higher concentrations (Fig. 4B). Lastly, the
dependence of the PGM signal on the reaction times of the
double enzymatic reaction (CRISPR and invertase) was investi-
gated. As shown in Fig. 4C, the signals at lower tgDNA levels of
0.1 and 1 nM were particularly increased by extending the
CRISPR reaction time, with significant tgDNA concentration-
dependent signals obtained after 60 min. These time-depen-
dent signal-change trends for the CRISPR reaction were con-
sistent with previous reports,*""*> suggesting the successful
working of the CRISPR/Cas12a system on the developed paper
device. On the contrary, in differing from the time-dependence
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of the CRISPR reaction (ssDNA-cleavage), there was a linear
relationship between the invertase reaction time (sucrose to
glucose conversion) and the PGM signals (Fig. 4D), the trend
of which again being similar to previously reported assay
systems relying on PGMs for non-glucose target detection.***?

Analytical performance of the assay with the fully integrated
device

The analytical performance of the fully integrated device with the
optimized parameters was investigated. For proof-of-concept,
double-stranded human papilloma virus (HPV) DNA of 43 bp
length was selected as a model. As Fig. 5A indicates, the logarith-
mic concentration-response curve followed a sigmoidal function
(R* = 0.993), fitted with the following Hill equation:

272.3x%917

=857 4
J 100+ w007

indicating the feasibility of tgDNA quantification with the devel-
oped device. The limit of detection estimated according to the 3¢
method was 57 pM, which is comparable to other reported ampli-
fication-free POC CRISPR-based assays for detecting nucleic
acids.>**°

Finally, the storage stability (—20 °C in a freezer) of the fully
integrated device was investigated. As Fig. 5B shows, the orig-
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Fig. 4 PGM signal intensities depending on (A) the concentration of BSA (10 pL applied to the 1st and 2nd paper layers) used for paper blocking and
(B) the concentration of trehalose applied during freeze-drying. (C) The relationship between CRISPR reaction time and PGM signal with 60 min of
invertase reaction time. (D) The relationship between invertase reaction time and PGM signal with 60 min of CRISPR reaction time; n.s., not signifi-
cant with p > 0.05; error bars represent the mean values + 16 (n = 3); the result without an error bar in (D) includes signals below the detection

range of the PGM (<20, <20 and 20 mg dL™).
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(A) Relationship between tgDNA concentration and PGM signal after 60 min of CRISPR reaction time and another 60 min of invertase reac-

tion time. (B) Storage stability of the fully integrated device at —20 °C; error bars represent the mean values + 16 (n = 3); the result without an error
bar includes signals above the detection range of the PGM (521, 596 and >600 mg dL™3).
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inal tgDNA-positive PGM signal was maintained throughout
the 28 days of storage, suggesting no deterioration of the enzy-
matic activities of the Cas12a/crRNA complex and invertase. In
addition, no increase in the blank signal was observed over
time, proving the successful stable immobilization of invertase
on MBs.

Although providing only a very rough estimate, costs of the
materials required to fabricate the fully integrated device are
summarized (Table S2}). It can be stated that the material
costs of the paper-based components including all the pre-de-
posited reagents are of the same order of magnitude as the
market price of the commercialized single-use PGM electrode.
However, it should be noted that the latter includes labour
and manufacturing costs, which are not included in the case
of the former.

Conclusions

The current work established a fully integrated paper-based
CRISPR-assisted nucleic acid quantification device with signal
detection using a PGM. This system has been achieved by sep-
aration of MBs and released invertase by the inherent filtering
ability of paper substrates without a requirement for any
additional equipment. Three factors contributed to the suc-
cessful realization of this system: (1) introduction of a hydro-
phobic film to control the time for the two enzymatic reaction
steps; (2) on-device liquid droplet formation for direct glucose
meter measurements without any additional operational steps;
and (3) stabilizing the MB conjugates in the dry state. The pre-
deposition of all required reagents onto the paper-based
device contributed to simplified operation of an assay, which
conventionally required magnetic separation and multiple-
reagent handling steps. By utilizing widely available commer-
cial PGMs for the signal readout, quantitative assay results are
obtained without sacrificing user-friendliness. Furthermore,
pre-deposition and drying of reagents resulted in extended
storage stability, which is generally difficult to achieve for solu-
tion-state reagents. However, it must be mentioned that the
current study only demonstrates the feasibility of nucleic acid
quantification by a paper-based CRISPR/Cas assay with PGM
signal readout. As in previously reported approaches relying
on the detection of non-glucose targets using PGMs, either
differential measurements or the removal of glucose from the
sample, for example through reaction with glucose oxidase, is
required for application toward clinical samples containing
endogenous glucose.’®*” Yet, we still believe that the current
work represents a first important step towards user-friendly
and quantitative “sample-in-answer-out” POCT for nucleic
acids.
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