Open Access Article. Published on 16 July 2024. Downloaded on 2/26/2026 4:40:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnhostics

COMMUNICATION

i '.) Check for updates ‘

Cite this: Sens. Diagn., 2024, 3, 1247

Received 7th June 2024,
Accepted 10th July 2024

DOI: 10.1039/d4sd00193a

rsc.li/sensors

Glycated hemoglobin (HbAlc) is a pivotal biomarker for the
monitoring and early diagnosis of diabetes. The CRISPR-Cas
system has fascinating application prospects in the next
generation of biosensors due to its high specificity, efficiency,
flexibility, and customization. Herein, a label-free electrochemical
aptasensor was designed for the detection of HbAlc by
combining the specific recognition ability of aptamers with the
signal amplification effect of the CRISPR-Casl2a system. In the
presence of HbAlc, the cis-trans cleavage ability of Casl2a
protein was activated, causing the pre-formed probe DNA to be
heavily cleaved and the electrochemical signal to increase. With
CRISPR-assisted signal amplification, the
electrochemical aptasensor can detect as low as 0.84 ng mL™
HbAlc. Moreover, this aptasensor can detect 10 ng mL™* HbAlc
in 50% human serum due to its high selectivity, reproducibility,
and long-term stability, which is lower than its physiological level
in human blood samples. All results proved that the proposed
aptasensor has a promising application in the early diagnosis and
long-term monitoring of diabetes.

developed

Introduction

Diabetes mellitus has gradually become a threat to public
health, which brings a heavy economic burden to society and
families."™ According to the Global Burden of Disease Study
2021, the number of diabetes patients is estimated to reach
1.31 billion worldwide by 2050.> It is well-known that careful
blood glucose management plays a vital role in reducing
long-term complications of diabetes.”” Therefore, rapid and
accurate early diagnosis of diabetes attracts more and more
scientists’ attention. Compared to classical blood glucose,
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glycated hemoglobin (HbAlc) has been recognized as a
crucial biomarker for the diagnosis of diabetes because it
reflects the average glucose level over a 2- to 3-month
period.®*° Moreover, the HbAlc concentration is not affected
by diets, insulin levels and emotions. In general, the HbAlc
and the HbAlc level (HbAlc%) in normal individuals are
approximately 3-13 mg mL™ and 4-6%, respectively.'""?
Importantly, the American Diabetes Association (ADA) and
the World Health Organization (WHO) have set a diagnostic
threshold of HbA1c% > 6.5% for the diagnosis of diabetes
since 2009. Due to the rapid increase of diabetes, it is urgent
to develop high-performance methods for HbAlc detection.

Compared with antibodies, aptamers are considered as
ideal recognized units for the capture and detection of HbAlc
due to their high chemical stability, ease of large-scale
synthesis, and high binding affinity."”> Among all methods for
HbA1c detection, the use of electrochemical aptasensors has
been proved as an efficient method due to their easy
preparation, high selectivity and fast detection process.'*"®
To further improve the performance of electrochemical
aptasensors for HbAlc detection, different signal
amplification strategies have been introduced into the
construction of electrochemical aptasensors. For example, E.
Omidinia et al utilized hierarchical gold architecture
structure-decorated reduced graphene oxide (rGO) as an
electrode modifier to amplify the electrochemical signal. The
large surface area and high conductivity of these
nanocomposites led to a low detection limit (1 nM) for
HbAlc detection."” Similarly, Yang et al. used silver-doped
hollow carbon spheres (Ag@HCS) as signal amplification
probes to construct an electrochemical aptasensor for HbAlc
detection. Due to the large specific surface area and superior
electrical conductivity of Ag@HCS, the designed aptasensor
can detect as low as 0.35 pg mL™" HbA1c."®

Recently,  clustered regularly interspaced  short
palindromic repeat (CRISPR) technologies have been
considered as powerful tools for developing next-generation
biosensors for biological molecule detection due to their high
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specificity, efficiency, flexibility, and customization.'"*
Similar to duplex-specific nuclease (DSN) and DNAzyme, the
cleavage activity of the CRISPR-Cas system can be easily
regulated.>>*® Moreover, the CRISPR-Cas system easily
couples with aptamers to construct high-performance
aptasensors.”” 2° Nowadays, CRISPR-based aptasensors are
employed to analyze proteins,”” small molecules,”® and metal
ions® with satisfactory results. For example, Wang et al.
established a fluorescence biosensor based on rolling circle
amplification (RCA) and the CRISPR-Casl2a system for
HbA1c detection. With the assistance of RCA, the CRISPR-
based biosensor can detect 0.129 pg mL™" HbAlc with high
selectivity and fast detection time.** Inspired by the above
studies, a label-free electrochemical aptasensor was designed
for the sensitive detection of HbAlc by coupling the specific
recognition ability of aptamers and the signal amplification
effect of the CRISPR-Cas12a system. It should be noted that
the combination of the cis- and ¢rans-cleavage of the CRISPR-
Cas12a system could obviously improve the analytical
performance of the designed electrochemical aptasensor. In
the presence of HbAlc, the cleavage activity of the CRISPR-
Cas12a system was activated, leading to an outstanding
increase in the electrochemical signal. By monitoring the
changes of the electrochemical signal, the designed
aptasensor can qualitatively and quantitatively analyze both
HbA1lc and HbA1c%.

Materials and methods
Materials and reagents

All DNA oligomers were synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China), and are listed in Table S1.f All
chemicals and reagents are also recorded in the ESLf

Preparation of the recognition probe

A double-stranded DNA (dsDNA) structure composed of the
aptamer and its complementary strand served as a
recognition probe for recognizing HbAlc. At first, the
aptamer and its complementary strand was incubated in
phosphate buffer (PB) at 95 °C for 5 min. Then, the product
was gradually cooled to room temperature at a rate of 2 °C
min~'. Finally, the designed probe was stored in a
refrigerator for sensing application.

Fabrication of the electrochemical aptasensor

Firstly, the designed recognition probe was incubated with 10
mM tris(2-carboxyethyl)phosphine (TCEP) in the dark for 1 h
to reduce the disulfide bonds. Subsequently, a gold electrode
was pre-treated according to a classical cleaning procedure.**
After drying, the probe was assembled on the cleaned gold
electrode surface via gold-sulfur (Au-S) bonding followed by
incubation for 16 h at room temperature, which was defined
as probe/Au. After washing and drying, 10 mM MCH was
used to block the nonspecific remaining sites of probe/Au for
1 h at room temperature. Then, 8 pL different concentrations
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of HbA1c were incubated onto the electrode surface for 1 h at
37 ©°C. For the CRISPR-based signal amplification, the
Cas12a-crRNA complex was incubated onto the electrode
surface for 20 min at 37 °C to cleave the assembled dsDNA
and single-stranded DNA (ssDNA).

Electrochemical impedance spectroscopy (EIS) and square
wave voltammetry (SWV) measurements were used to
characterize the preparation process and the analytical
performance of this aptasensor. In this work, [Fe(CN)s]>"*
was used as a redox probe to monitor the detection process.
It should be noted that the difference in current signals (Al =
Iibate — Ino mpaic) Was used to evaluate the effect of signal
amplification and the analytical performance of the
electrochemical aptasensor. All electrochemical
measurements were repeated at least 3 times.

Results and discussion
Design principle of the electrochemical aptasensor

As illustrated in Scheme 1, a label-free electrochemical
aptasensor was designed for highly sensitive detection of
HbAlc. At first, the HbAlc aptamer (Apt) and the
complementary strand (cDNA) were pre-assembled into a
dsDNA, which was used as a recognition probe to recognize
and capture HbAlc. Expectedly, a slight increase in the
electrochemical signal was observed after the recognition of
HbA1lc. The added HbA1c preferentially bound with Apt and
promoted the dissociation of the dsDNA structure. As a
result, the product of Apt-HbAlc was released from the
electrode surface, resulting in the dsDNA assembled on the
electrode surface becoming ssDNA (only ¢cDNA immobilized
on the electrode surface). At this point, the electron transfer
between the electrode surface and [Fe(CN)s]* """ was
facilitated, leading to an increase in the electrochemical
signal. By further introducing the CRISPR-Cas12a system, an
amplified electrochemical signal was obtained. In this work,
the designed Cas12a-crRNA complex could specifically
recognize the retained cDNA. Meanwhile, the cis- and
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Scheme 1 Schematic illustration of a  CRISPR-amplified

electrochemical aptasensor for HbAlc detection.
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trans-cleavage activity of Casl2a protein was activated.
Therefore, both the assembled dsDNA and the retained
ssDNA were cleaved, further facilitating the electron transfer
between [Fe(CN)e]**” and the electrode surface to amplify
the electrochemical signal.

Feasibility of the electrochemical aptasensor for HbAlc
detection

The step-by-step assembly process of the electrochemical
aptasensor is demonstrated in Fig. 1A. The construction
process was characterized by electrochemical impedance
spectroscopy (EIS) and square wave voltammetry (SWV). As
displayed in Fig. 1B, the impedance value (R.) of probe/Au
(curve b, 1612 Q) was larger than that of the bare gold

electrode (curve a, 209 Q), proving the successful
immobilization of the probe on the electrode surface. As
expected, the R, of this electrochemical aptasensor

significantly decreased with the addition of HbAlc (curve c,
1325 Q). The reason was ascribed to the dissociation of
dsDNA into ssDNA. When the CRISPR-Casl2a system was
further introduced on the sensing surface, the R, of the
aptasensor further decreased (R.. = 848 Q, curve d). The
specific binding of cDNA and crRNA activated the cis- and
trans-cleavage activity of Casl2a, leading to the cleavage of
the assembled dsDNA and retained ssDNA. Therefore, the
electron transfer between [Fe(CN)s*’*" and the electrode
surface became more convenient, resulting in a smaller
impedance value. In addition, the feasibility of the
electrochemical aptasensor for HbAlc detection was further
validated by SWV. As shown in Fig. 1C, the bare Au electrode
exhibits the highest oxidation peak current (26.03 pA, curve
a). Obviously, the oxidation peak current of HbAlc/probe/Au
(8.69 pA, curve c) is higher than that of probe/Au (6.31 uA,
curve b). The reason is attributed to Apt in the probe which
specifically recognizes HbAlc and disassociates from the
electrode surface, facilitating electron transfer between the
electrode and [Fe(CN)s*’*". After introduction of the
CRISPR-Cas12a system, the oxidation peak current of the
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Fig. 1 (A) Schematics of the preparation process of the
electrochemical aptasensor. (B) EIS and (C) SWV curves of (a) Au, (b)
probe/Au, (c) HbAlc/probe/Au, and (d) Casl2a-crRNA/HbAlc/probe/Au
in 0.5 mM [Fe(CN)gl>*" solution containing 0.1 M KCL.
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Cas12a-crRNA/HbA1c/probe/Au further increased to 17.9 pA
(curve d), which is attributed to the successful activation of
the cis-trans cleavage activity of Cas12a. As a result, a large
number of ¢cDNAs and probes were cleaved. If the CRISPR-
Cas12a system is introduced into probe/Au directly, the
oxidation peak current shows almost no change (Fig. S17),
indicating that the CRISPR-based signal amplification is
target-triggered. The above experimental results showed that
the designed electrochemical aptasensor can effectively
recognize and analyze HbAlc.

Evaluation of CRISPR-based signal amplification

As shown in Fig. 2, Al was used to evaluate the effect of the
CRISPR-based signal amplification strategy. Obviously, the AT
of the CRISPR-amplified aptasensor (Fig. 2B) is about 11.66
uA for 1 ug mL™ HbAlc detection, which is about 4.4-fold
that of no CRISPR-assisted aptasensor (CRISPR-free, Fig. 2A).
The experimental results proved that CRISPR-based signal
amplification can greatly enhance the analysis performance
of the aptasensor.

The analytical performance of the electrochemical aptasensor

The critical experimental parameters of the electrochemical
aptasensor were optimized to improve the analytical
performance, and are recorded in Fig. S2.f Under the optimal
conditions, the analytical performance of the CRISPR-free
aptasensor and CRISPR-amplified aptasensor for HbAlc
detection was tested, respectively. As shown in Fig. 3A and B,
the currents of the CRISPR-free and CRISPR-amplified
aptasensors increased with increasing concentrations of
HbAlc, respectively. From the SWV curves of the CRISPR-free
and CRISPR-amplified aptasensors, two linear relationships
between the current change and the logarithm of HbAlc
concentrations were obtained. The corresponding linear
equations are y = 2.663x + 2.776 (R* = 0.988) and y = 3.561x +
11.092 (R* = 0.998), respectively (Fig. 3C). According to the
equation, the detection limit of the CRISPR-amplified
aptasensor was estimated to be 0.84 ng mL ™', which is lower
than some published works (Table $21).*>*> Compared with
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Fig. 2 Schematics and electrochemical signal change of the (A)
CRISPR-free aptasensor and (B) CRISPR-amplified aptasensor for
HbAlc detection in 0.5 mM [Fe(CN)g]*’4" solution containing
0.1 M KCL
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Fig. 3 (A) SWV curves of the CRISPR-free aptasensor for the detection
of different concentrations of HbAlc. From bottom to top: 100 ng
mLY, 1 ug mL% 5 pg mL?, 10 pg mL? and 100 ug mL™ (B) SWV
curves of the CRISPR-amplified aptasensor for the detection of
different concentrations of HbAlc. From bottom to top: 1 ng mL™, 10
ng mL?, 100 ng mL™, 1 ug mL™, 5 ug mL?, 10 pg mL™ and 100 pg
mL™ (C) The linear relationships between the Al and the logarithm of
HbAlc concentrations. (D) SWV curves of the CRISPR-free aptasensor
for 4.12-15.63% HbAlc% detection. (E) SWV curves of the CRISPR-
amplified aptasensor for 4.12-15.63% HbA1lc% detection. (F) The linear
relationships between the Al and the HbAlc%.

the CRISPR-free aptasensor, it can be seen that the CRISPR-
amplified electrochemical aptasensor has a wider detection
range (1 ng mL™'-100 pg mL™" vs. 100 ng mL'-100 ug mL™)
and a lower limit of detection (0.84 ng mL™ vs. 98 ng mL™)
for HbA1lc detection.

The designed aptasensor was also used to analyze
HbA1c%. Fig. 3D and E show that the electrochemical signals
of the CRISPR-free and CRISPR-amplified aptasensors
increased with increasing HbAl1c% in the range of 4.12-
15.63%,  respectively.  Correspondingly, two linear
relationships between the Al and HbA1c% were obtained for
the CRISPR-free and CRISPR-amplified aptasensors with
equations of y = 0.248x + 3.243 (R* = 0.995) and y = 0.440x +
9.541 (R”* = 0.995), respectively (Fig. 3F). The detection limit
of the CRISPR-amplified aptasensor for HbA1c% detection
was estimated to be 0.01%, which is lower than that of the
CRISPR-free aptasensor (0.98%). All experimental results
suggested that our developed CRISPR-amplified label-free
electrochemical aptasensor has a promising application in
the early diagnosis of diabetes.

Reproducibility, selectivity and stability of the CRISPR-
amplified aptasensor

The reproducibility was evaluated by using ten independent
CRISPR-amplified aptasensors for 100 pg mL™' HbAlc
detection under the same conditions. The relative standard
deviation (RSD) of the original current and AI was calculated
to be 4.33% (Fig. 4A) and 3.26% (Fig. 4B), respectively,
suggesting that this aptasensor has excellent reproducibility.
Then, the selectivity of this electrochemical aptasensor was
tested by selecting common biomolecules in the blood as
interfering substances, including total hemoglobin (tHb), uric
acid (UA), ascorbic acid (AA), bovine serum albumin (BSA),
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Fig. 4 (A) SWV responses of ten independent CRISPR-amplified

aptasensors for HbAlc detection under the same conditions. (B) Al of
ten independent CRISPR-amplified aptasensors for 100 ug mL™ HbAlc
detection. (C) Al of this aptasensor for the detection of tHb, HbAlc, AA,
UA, BSA and glucose. (D) The storage stability of this aptasensor. The
error bars represent the standard deviation of at least three
independent measurements.

and glucose. As shown in Fig. 4C, no obvious electrochemical
signal change of this CRISPR-amplified aptasensor was
observed for UA, AA, BSA and glucose detection. Moreover,
the AI of the CRISPR-amplified aptasensor for HbA1lc
detection was approximately 3 times higher than that for tHb,
indicating that the aptasensor could effectively distinguish
HbAlc and tHb. All results proved that the designed
aptasensor can detect HbAlc with high selectivity. The long-
term storage stability of this aptasensor was tested by placing
the aptasensor in a refrigerator for different days. Fig. 4D
shows no obvious decrease in Al after 10 days of storage,
proving that this aptasensor has excellent storage stability.

Practical application of the CRISPR-amplified aptasensor

The practical application of this proposed aptasensor was
evaluated by detecting various known concentrations of HbAlc
(0.01, 0.1, 1 and 10 pg mL™) in 10%, 20% and 50% human
serum. As shown in Fig. 5A-C, this aptasensor can accurately
detect HbA1lc in the complex samples with acceptable relative
standard deviation (RSD, Tables S3-S57). Although AI gradually
decreased with the increase of human serum concentration,
the proposed aptasensor could still detect 0.01 ug mL™ HbAlc
in 50% human serum (Fig. 5D and S3t), indicating that this
aptasensor had a charming practical application in the early
diagnosis and long-term monitoring of diabetes.

Conclusions

In this study, a CRISPR-amplified label-free electrochemical
aptasensor was developed for the sensitive detection of
HbA1lc. Coupling the specific recognition ability of aptamers
with the signal amplification effect of the CRISPR-Casl2a
system, the designed electrochemical aptasensor exhibits

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SWV curves of this CRISPR-amplified aptasensor for the
detection of different concentrations of HbAlc in (A) 10% human
serum, (B) 20% human serum and (C) 50% human serum. (D) Al of the
aptasensor was tested in PB, 10%, 20% and 50% human serum for the
detection of 0.01, 0.1, 1 and 10 ug mL™ HbAlc.

excellent sensitivity, reproducibility, selectivity, stability and
anti-interference ability, which can be employed to analyze
HbAlc in human serum samples. This electrochemical
aptasensor is simple, sensitive, and low-cost, proving that it
has good prospects in the early diagnosis and long-term
monitoring of diabetes.
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