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ARTICLE INFO ABSTRACT

Keywords: In this work, personal glucose meter (PGM) as a portable electrochemical device was utilized for sensitive
Personal glucose meter detection of non-glucose targets: N-gene and PCB77, respectively. DNA hydrogel, which can respond to CRISPR/
CRISPR/Cas12a

Cas system, was prepared for label-free encapsulating invertase. In the presence of targets, the repeated sequence
for the activation of Casl2a was obtained due to the performance of RCA. Unlike “one-to-one” recognition,
activated Casl2a can efficiently cleave multiple single-stranded linker DNAs on DNA hydrogels, thus releasing
many invertase that can be used for PGM detection. With the amplification of RCA and CRISPR/Cas system, high
detection sensitivity can be obtained even using portable PGM. The detection limits for N-gene and PCB77 were
2.6 fMand 3.2 x 107> ug/L, respectively, with high specificity and good practical application performance. The
developed biosensor can be used for online monitoring with the merit of low cost, easy operation and can be used
for various targets analysis.

DNA hydrogel
SARS-CoV-2 N-Gene
Polychlorinated biphenyls (PCB 77)

1. Introduction surface-enhanced Raman scattering (SERS) and surface plasmon reso-
nance (SPR) et al., can provide accurate detection results. However,
Conventional biosensors, including fluorescence, electrochemistry, these methods require professional operators, complex and expensive
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instruments, which cannot meet the requirements for convenient, online
detection and hinders their practical application to a great extent. In
order to overcome the above shortcomings, people urgently need to find
other analysis methods for food safety testing, health assessment, and
environmental monitoring [1,2]. Colorimetry, which can observe color
changes directly with the eyes, has attracted much attention in recent
years [3]. But this method cannot provide digital detection information
for quantitative detection. Recently, some digital detection methods,
including temperature, pressure, distance, electrochemical signal, and
so on, have been used in biosensors [4-9]. Among them, the personal
glucose meter (PGM), as a mature electrochemical detection device, has
attracted extensive research interest because of its advantages of
portability, low cost, easy operation, and high accuracy. PGM can not
only be used to monitor the blood glucose of diabetics but also to detect
a variety of non-glucose targets, including DNA [10], cocaine [11], ATP
[11,12], aflatoxin B1 [13], miRNA [14], metal ions [15] and protein
biomarkers [16] et al.

To increase the sensitivity of PGM, several methods have been
developed. For example, Yang et al. encapsulated a large amount of
sucrase in liposomes for signal amplification [17]. Wang et al. developed
a sensitive PGM sensor through the amplification of a DNA walking
machine [13]. Xu et al. used an isothermal circular strand-displacement
polymerization strategy to improve the sensitivity of PGM detection
[18]. Loop-based DNA competitive hybridization reaction was applied
by Liu’s group for amplified PGM signals [19].

The CRISPR/Cas system as an adaptive immune system of archaea
and bacteria has attracted much attention in the field of genome editing
as well as nucleic acid-related detection [20]. Among various Cas pro-
teins, Casl2a (Cpfl) has attracted much attention due to DNA
endonuclease-targeted CRISPR trans reporter (DETECTR). The binding
of the Casl2a/crRNA complex to single-stranded DNA (ssDNA) or
double-stranded DNA (dsDNA) with a protospacer-adjacent motif (PAM,
T-rich) sequence results in indiscriminate trans-cutting to surrounding
ssDNA [21]. At present, CRISPR/Cas12a system has been used in the
field of colorimetry [22], fluorescence [23], electrochemistry [24],
electrochemiluminescence [25], photoelectrochemistry [26] and
Raman [27] et al. Recently, CRISPR-Cas12a amplified PGM sensor was
developed for the detection of microRNA [28] and SARS-CoV-2 [29].
These works required the modification of invertase with DNA. Such
modification will complicate the sensing procedure and may influence
enzyme activity to a certain extent. Consequently, a label-free strategy
for CRISPR/Cas12a triggered PGM sensor is urgently needed.

DNA hydrogel has the characteristics of good biocompatibility,
portability, and mechanical stability. Recently, Li’s group prepared
hydrogel based on DNA tetrahedron for sensing DNA methyltransferase
using PGM [30]. Yang’s group synthesized “sweet” hydrogel to detect
small molecules with PGM [11]. Based on these works, we designed a
smart DNA hydrogel to overcome the one-to-one recognition of a target
molecule to a DNA strand in the DNA hydrogel and improve detection
sensitivity as well as expand the range of object. This DNA hydrogel can
respond to CRISPR/Cas12a system and release the encapsulated inver-
tase for PGM detection. Here, SARS-CoV-2 N-gene (nucleocapsid phos-
phoprotein gene) and PCB77 (3,3,4,4'- tetrachlorobiphenyl) were
selected as model targets. The former is an essential marker for
COVID-19 viral infection [31], and the latter is a highly toxic environ-
mental persistent organic pollutant [32]. These two targets are selected
to prove that the proposed sensor can be used to detect different types of
targets. By ingenious design of DNA sequences, the same crRNA can be
used to detect two completely different targets.

2. Experimental section
2.1. Preparation of the invertase-encapsulated DNA hydrogel

DNA Hydrogel was prepared according to previous literature with
some modifications [33,34]. Solution A and B were prepared at first.
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Solution A consisted of 10 mM Tris, 200 mM NaCl, 1 mM EDTA and 4%
acrylamide (pH 8.0). Next, 0.01 g (NH4)2S20s, 5 pL N,N,N/,
N’-Tetramethylethylenediamine (TEMED) were added to 100 pL DEPC
water to form solution B. The acrydite-modified DNA-A and DNA-B were
diluted to 100 pM with solution A, respectively, and then placed in a
vacuum desiccator at 37 °C for 10 min to remove air. Then, the newly
prepared solution B was added to the solution of DNA-A or DNA-B at a
ratio of 0.014:1 (V: V). Finally, the mixture was put in a vacuum
desiccator again at 37 °C for 15 min to give the polymer strands A (PS-A)
and the polymer strands B (PS-B), respectively.

To the mixture of PS-A, PS-B, and invertase, the linker DNA was
added. The ratio of the PS-A, PS-B, and the linker DNA was 1:1:1. The
final concentration of invertase was 0.025 pg/pL. After vigorous
shaking, the obtained homogeneous solution was reacted at 50 °C for 5
min, followed by cooled naturally to 25 °C to give invertase-
encapsulated DNA hydrogel.

2.2. Rolling circle amplification (RCA) assay

First, 10 pM padlock 1, 10 pM primer and different concentrations of
N-genes in 1 x T4 DNA ligase buffer were annealed at 95 °C for 5 min
and slowly cooled down to 25 °C. Then T4 ligase was added to make a
final concentration of 10 U/pL. After incubation at 16 °C for 2 h, the
mixture was heated to 65 °C for 10 min to denature ligase and then
cooled down slowly. To 10 pL of the reaction solution obtained above,
phi29 DNA polymerase (phi 29 DP, final concentration 1 U/pL), 2 mM
dNTP, 1 x phi29 DP buffer, and 1 x BSA were added and reacted at
30 °C for 2 h.

2.3. CRISPR/Cas12a assay

15 pL mixture containing Casl2a (200 nM), crRNA (300 nM), RNase
inhibitor (5 U) and 1 x NEBuffer 2.1 (50 mM NaCl, 10 mM Tris-HCI, 10
mM MgCly, 100 pg/ml BSA, pH 7.9) was incubated at 37 °C for 30 min.
After adding 5 pL of RCA product, the mixture was homogenized by
oscillation and then added to 10 pL DNA hydrogel. Finally, the mixture
was reacted at 37 °C for 1 h.

2.4. PGM assay

The mixture containing 10 pL supernatant from Cas12a treated DNA
hydrogel obtained above, 30 pL of 1 M sucrose, 6 pL of 0.1 M sodium
citrate buffer (pH 5.6) and 4 pL deionized water was incubated at 37 °C
for 30 min. Then, 5 pL solution was pipetted for PGM analysis.

2.5. PCB77 detection

Firstly, PCB77 was dissolved in DMSO (5%) and then diluted with
DEPC water. In the detection process, 1 pM PCB77 aptamer and 1 pM
cDNA were annealed at 95 °C for 5 min, and naturally cooled down to
25 °C to form double-stranded DNA. Then, different concentrations of
PCB77 were added and reacted at 37 °C for 2 h. The replaced cDNA can
be used to initiate RCA reaction in the presence of padlock2. Finally,
Casl2a activation and PGM detection were performed as described
above.

3. Results and discussion
3.1. Working principle of the developed biosensor

As for the detection of N-gene, the biosensor platform involves two
essential processes. One is the pre-amplification via RCA process and the
activation of Cas12a. The other is the dissociation of DNA hydrogels and
PGM detection. As shown in Scheme 1, padlock 1 consisted of an N-gene
recognition part (green color), a universal non-trigger DNA strand (NTS,
purple color) and a complementary sequence of primer (gray color).
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Scheme 1. Schematic representation of the DNA hydrogel sensing platform for sensing N-gene via a PGM.

Specifically, when target N-gene was present, it hybridized with padlock
1 and induced the circularization with the assistance of T4 DNA ligase.
Next, the RCA reaction occurs in the presence of primer and phi 29 DP to
generate long DNA amplicons with repeated trigger DNA strands (TS,
purple color). The TS fraction could activate Cas12a after hybridization
with crRNA, which triggered the trans-cleavage process for single-

A

stranded DNA. When detecting different target genes, only the recog-
nition part of the padlock DNA strand needs to be replaced and the NTS
sequence remains unchanged. In this way, we can detect different target
sequences with the same crRNA.

In the detection step, polymer strands A (PS-A) was prepared through
copolymerization of acrydited DNA-A with acrylamide. When acrydite-

Fig. 1. Characterization of DNA hydrogels (A) Image of a piece of transparent gelatinous DNA hydrogel; TEM (B) and AFM (C) images of DNA hydrogel; (D) SEM

image of lyophilized DNA hydrogel.
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modified DNA-B was used instead, PS-B could be obtained by the same
method. Then the invertase-embedded 3D DNA hydrogel was obtained
after the hybridization of linker DNA with DNA on the side chain of PS-A
and PS-B in the presence of invertase. It should be noted that in addition
to the binding parts with PS-A and PS-B side chains, linker DNA also has
some single-stranded sequences remaining (TTATTTTATT), which can
be cut by the activated Casl2a obtained above. The nonspecific trans-
cleavage activity triggers the cleavage of ssDNA in the DNA hydrogel
network. The breakdown of the DNA hydrogel network will release the
encapsulated invertase, which can catalyze the hydrolysis of sucrose to
glucose. Thus, quantitative detection of target RNA can be achieved by
measuring the produced glucose in the supernatant with a PGM.

3.2. Formation of DNA hydrogel

The formation of polymer strands PS-A and PS-B can be verified by
agarose gel electrophoresis. As shown in Fig. S1, both PS-A and PS-B
were at the top of the electrophoresis lane, suggesting the successful
formation of the polymer. On the other hand, the hybridization of DNA-
A, DNA-B and linker DNA was confirmed by polyacrylamide gel elec-
trophoresis (Fig. S2). After incubation of PS-A and PS-B with linker DNA,
the sample lost fluidity and formed a gelatinous form at the bottom of
the EP tube (Fig. S3). When lifted with a pipette tip, a transparent
gelatinous mass could be found (Fig. 1A). The zeta potential of the DNA
hydrogel shown in Fig. S4 was more negative compared to that of PS-A
and PS-B. The morphology of prepared DNA hydrogel was characterized
by transmission electron microscopy (TEM), atomic force microscopy
(AFM), and scanning electron microscopy (SEM). As shown in Fig. 1B
and C, a 3D network-like structure was observed. The height of the gel
fibers was about 2 nm (Fig. S5). The SEM image of the lyophilized DNA
hydrogels in Fig. 1D showed a perfectly porous structure. All these
proved that DNA hydrogel was prepared successfully.

3.3. The detection feasibility

The detection process includes RCA amplification, the activation of
Cas12a system, the release of invertase due to the breakdown of the DNA
hydrogel, and PGM detection. Gel electrophoresis showed that padlockl
could hybridize with N-gene and primer, followed by initiating RCA
reaction under the catalysis T4 DNA ligase and phi29 DP (Fig. S6 and
Fig. S7). Subsequently, the activation of Cas12a/crRNA system could be
verified by the trans-cleavage of fluorophore and quencher labeled
ssDNA (FQ) reporters. As shown in Fig. 2A, without target N-gene, no
fluorescence for FQ reporters was found (black curve). In the presence of
the N-gene, the RCA reaction could be triggered to produce long-
stranded DNA with a repetitive sequence, which can be used to acti-
vate Casl2a. The fluorescence intensity increased significantly due to
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the trans-cleavage activity of Cas12a (red curve).

The dissociation of DNA hydrogel could be demonstrated using Au
NPs (Fig. S8) encapsulated in the hydrogel. As shown in Fig. 2B, when
adding water to Au NPs encapsulated in DNA hydrogel, obvious strati-
fication could be seen. After adding activated LbCasl2a into DNA
hydrogel, trans-cleavage of the ssDNA led to the fracture of DNA
hydrogel. Hence, a homogeneous Au NPs solution was formed. The
dissociation of DNA hydrogel could also be verified through the SEM
image of DNA hydrogel after being cut by CRISPR/Cas12a (Fig. S9).

In PGM detection, we conducted the following control experiments.
As shown in Fig. 2C, when detecting DNA hydrogel unencapsulated
invertase in the presence of sucrose (column a) or DNA hydrogel
encapsulated invertase but without sucrose (column b), no glucose sig-
nals were observed because both the enzyme and the substrate are
indispensable. When in the presence of sucrose and DNA hydrogel
encapsulated invertase, but in the absence of Casl2a (column c) or
target N-gene (column d), only a weak glucose signal could be found due
to the reaction of sucrose with a small amount of invertase on the surface
of DNA hydrogel. High glucose signals could be observed only when
sucrose, invertase, Cas12a and target N-gene (1.0 x 10~° M) all existed.
This demonstrates the feasibility of the developed PGM biosensor.

3.4. Optimization of experimental condition

Conditions optimization of for the RCA reaction was investigated in
Supporting information. From the results shown in Fig. S10, the optimal
time for the RCA reaction was 120 min, and the optimal concentration of
the phi29 DP was 1 U/pL. In the CRISPR/Casl2a system, the ratio of
Casl2a to crRNA can affect the enzyme’s catalytic activity. As shown in
Fig. 3A, when the ratio of Cas12a to crRNA was selected as 1: 1.5, PGM
signal was the highest. So, Casl12a: crRNA = 1: 1.5 was used in the
following experiments. Subsequently, the reaction time of sucrose
catalyzed by invertase was optimized. As shown in Fig. 3B, the PGM
signal basically did not increase after 30 min, indicating 30 min was the
best incubation time. The amount of invertase plays a crucial role in the
catalytic effect. A low concentration of invertase leads to low catalytic
efficiency and small PGM signals. While high concentrations of invertase
can produce extensive backgrounds as well as over-range signals. Here,
four concentrations of invertase were investigated. From the results
shown in Fig. 3C and Fig. S11, the optimal concentration of encapsu-
lated invertase was 0.025 pg/pL.

Furthermore, DNA hydrogel can be cleaved by activated Cas12a. The
reaction kinetics is related to the concentration of the target N-gene. The
higher the concentration of N-gene, the more activation strands will be
generated, thus the activated Cas12a will destroy more DNA hydrogels.
As shown in Fig. 3D, the PGM signal could reach its maximum within 1
h, even in the presence of the 10 fM N-gene.
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Fig. 2. The feasibility of the proposed method. (A) The cleavage of FQ reporters by Cas12a/crRNA system. Concentrations of target N-gene and FQ reporter were 1.0
x 107°M and 1.6 uM, respectively. (B) The image of Au NPs encapsulated in DNA hydrogel with water (left) and activated Casl2a (right). (C) PGM detection under

different conditions.
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Fig. 3. Optimization of experimental conditions. (A) PGM signals using different ratios of Cas12a to crRNA. (B) The reaction time of sucrose with the degraded DNA
hydrogel. (C) Changes in PGM signal over time due to different amounts of invertase encapsulated in DNA hydrogels. The concentration of N-gene is 1.0 x 107° M.
(D) Kinetics of DNA hydrogels cleaved by Casl2a in the presence of different concentrations of N- gene.

3.5. Detection of N-gene

Under optimal experimental conditions, different concentrations of
N-gene were applied. After RCA and Casl2a shearing, the supernatant
reacted with sucrose, followed by PGM detection. As shown in Fig. 4A,
significantly increased PGM signals could be observed with the increase
of N-gene concentration. The PGM signal showed a linear relationship
with the logarithm of N-gene concentration ranging from 10 fM-1.0 nM.
The reproducibility was investigated by five repetitive measurements of
1.0 pM N-gene with a relative standard deviation (RSD) of 3.7%, and the
limit of detection (LOD) was 2.6 fM with an R? of 0.995. Compared to
previously reported methods for N-gene determination (shown in
Table S3 of Supporting Information), we found that relatively sensitive
detection results could be obtained by using portable PGM after
amplification with RCA and CRISPR technology.

The selectivity of the developed CRISPR-PGM biosensor was inves-
tigated in Fig. 4B. Compared to the blank sample, there was almost no
difference in the PGM signal for random sequence (1.0 x 10~° M). While
the PGM signal of 1.0 x 10~° M N-gene increased significantly. The PGM
signals for the same concentration of one-base (M1), two-base (M2), and
three-base mismatched DNA (M3) decreased obviously. These proved
that the developed CRISPR-PGM sensor has good selectivity, even for
single-base mutated genes.

It is well known that PGM is a device used to monitor blood glucose
by diabetic patients. Therefore, whether the developed method can be
used to determine the N-gene in diabetic blood is an unavoidable

problem. To overcome this problem, glucose oxidase (GOx) was added
to remove the pre-existing endogenous glucose, and then denature the
GOx before the test (see Fig. S12). Here, glucose was added to the buffer
to mimic the pre-existing endogenous glucose. The final concentration
of glucose was 10 mM. Then 1.0 x 1072 M N-gene was added as a
detection sample. Subsequently, 0.1 mg/mL GOx was added to the
sample solution and reacted at 25 °C for 20 min. Then, the mixture was
heated at 95 °C for 10 min to deactivate GOx. The detection procedure
was carried out as described previously. The results shown in Fig. 4C
suggested that without pretreatment, the PGM signal for N-gene in
glucose solution was relatively high (green column). While in the
presence of the same amount of N-gene, the measured value after pre-
treatment with GOx (orange column) was in good agreement with that
after subtracting the background of glucose solution (purple column).
This means the developed PGM method can be used for genetic analysis
of diabetic patients.

Because it is difficult for our laboratory to obtain actual samples from
patients infected with Covid-19, saliva and human serum, which are
usually used as SARS-CoV-2 matrixes, were selected to test the clinical
diagnosis of the developed method. It should be noted that the amount
of glucose in the saliva is much lower than in serum. This was confirmed
by the detection results of PGM (Fig. S13). Here, three concentrations of
N-gene were added to buffer, saliva, human serum and 0.1 mg/mL Gox
pretreated human serum. Fig. 4D showed that the PGM signals detected
in human serum were higher than others due to the presence of glucose
in serum. While the PGM signals were identical for N-gene spiked in the
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Fig. 4. Analysis of N-gene using CRISPR-PGM system. (A) The relationship of the PGM signals with different concentrations of N-gene. Insert: linear calibration curve
between the PGM signals and logarithm of N-gene concentrations. (B) Selectivity of the assay for N-gene. The concentrations of different sequences were 1.0 x 10~°
M. (C) Detection 1.0 x 1072 M N-gene in the solution containing 10 mM glucose under different conditions. (D) Detection of three concentrations of N-gene in
buffer, saliva, human serum, and GOx pretreated human serum. An error bar represents the error for three independent experiments.

buffer, saliva, and GOx pretreated human serum matrixes, suggesting
this method can be used to detect the actual samples of complex systems.
On the other hand, after storing 2 weeks in the refrigerator, the per-
formance of the invertase-encapsulated DNA hydrogels basically did not
change, which proved the excellent storage stability of the prepared
DNA hydrogels (Fig. S14).

A B,

3.6. Detection of PCB77

To verify the generality of the CRISPR-PGM sensor biosensor, we
extended our detection from a gene to a small molecule. PCB77, as one
of the most poisonous dioxin-like polychlorinated biphenyl, not only
hazards ecosystems but threatens public health. In order to realize the
assay of PCB77, first, the aptamer of PCB77 was hybridized with its
complementary strand cDNA to form a stable dsDNA structure. In the
presence of PCB77, the recognition between PCB77 and its aptamer led
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Fig. 5. (A) Schematic illustration for PCB77 detection. (B) The relationship between the PGM signal and logarithm of PCB77 concentrations. (C) Selectivity for

PCB77 detection.
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to the dehybridization of dsDNA and the releasement of cDNA, which
was used as a primer to initiate RCA reaction (Fig. 5A). Subsequently,
CRISPR-PGM sensor biosensor based on DNA hydrogel was performed as
that of N-gene. It should be noted, during the detection of PCB 77,
padlock2 was used, which consisted of a cDNA recognition part and a
same universal NTS part as that for N-gene detection. After RCA, long
DNA amplicons with the same repeated TS sequences were produced.
Therefore, the same crRNA could be used for the activation of Casl2a.

The complementary base number between aptamer and cDNA is a
significant element in sequence design. The low number of comple-
mentary bases leads to low hybridization efficiency and high detection
background. However, the high number of complementary bases makes
it difficult for the recognition of aptamer with PCB77, giving low
detection signal. Here, aptamer and cDNA of different complementary
bases were compared. After recognition with 10 pg/L PCB77, RCA and
activation of Cas12a, the change of fluoresce signal due to trans-cleavage
of FQ reporter before and after addition PCB77 was measured. From the
results shown in Fig. S15, cDNA containing 20 complementary bases was
used in the following experiments. The binding of PCB77 to its aptamer
can be verified by the fluorescence quenching-recovery test (Fig. S16).

The performance of developed aptasensor for the detection of PCB77
was studied (Fig. 5B). The PGM signal showed a linear relationship with
the logarithm of PCB 77 concentration ranging from 1.0 x 107*t0 1.0
pg/L (R? = 0.990). The detection limit for PCB 77 was calculated to be
3.2 x 107° pg/L, which is below the maximum dose of PCB77 (0.5 ppb)
in drinking water fixed by the Environmental Protection Agency.
Compared to previous works, the sensitivity of the proposed Casl2a-
PGM method is acceptable (Table S4).

In order to investigate the selectivity of the aptasensor, other inter-
fering substances, including PCB22, PCB82, 17p-estradiol (E2), tetra-
cycline (TC), Cu2+, and Hg“, were compared. The concentration of all
substances was 10 pg/L. The significantly high signal in Fig. 5C
demonstrated that the prepared aptasensor has high specificity toward
PCB77.

To confirm the practical performance of the sensor, different
amounts of PC77 were added to tap water and water from Li Cun River
(Qingdao, China) by the standard addition method. For river water,
pretreatment is required before testing. Firstly, the river water samples
were centrifuged, filtered with a 0.22 pm filter membrane, and diluted
100 times with 0.1 M PBS. Subsequently, three concentrations of PCB77
(10, 50, and 100 ng/L), were spiked into the water samples, respec-
tively. As compared in Table S5, the results of this method coincided
with those by GC-MS. The recovery of these two methods was between
95 and 105%, and the RSD of parallel tests was less than 5% (n = 3). This
indicates that the prepared aptasensor can be successfully used for
PCB77 analysis in complex actual environmental water samples. The
calculation of F-test and T-test (see Supporting information) showed that
there was no significant difference between the results of this work and
those of the standard method GC-MS, and their correctness was in
accordance with the standard requirements.

4. Conclusion

In this work, a label-free strategy for CRISPR/Casl2a triggered
portable PGM sensor was developed for the detection of two kinds of
targets. A smart DNA hydrogel encapsulating invertase was prepared.
After target recognition and RCA reaction, repeated sequences for
Cas12a activation were generated. Then activated Cas12a led to efficient
cleavage of DNA hydrogel. Under these two amplifications, many
invertase was released for PGM detection in the presence of very few
targets. Here, targets N-gene and PCB77 can be detected sensitively with
high selectivity. By clever design, the same crRNA can be used to detect
different targets, reducing detection costs and improving detection
universality. Furthermore, the developed sensor can be used for real
sample detection. This work provides a simple and sensitive method,
which can be easily used in the online detection of various analysts.

Analytica Chimica Acta 1231 (2022) 340439

However, the use of the RCA method, although simple to operate, in-
creases the detection time and is not conducive to the requirements of
the rapid assay. Adjustments can be made later to meet the requirements
of point-of-care testing (POCT).
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