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Abstract
A highly sensitive and selective fluorescence method has been conducted for the detection of  Hg2+ based on aminophe-
nylboronic acid–modified carboxyl magnetic beads (CMB@APBA) and CRISPR/Cas12a system mediated by glyoxal 
caged nucleic acid (gcDNA). As a bi-functional DNA linker, gcDNA offers advantages of simultaneous recognition by 
boronic acid and complementary DNA/RNA. Under acidic condition, gcDNA can be immobilized on CMB@APBA 
through the formation of borate ester bond. The formed boric acid–esterified gcDNA can further bind with complemen-
tary CRISPR RNA through A-T base pairing to activate Cas12a with kcat/Km ratio of 3.4 ×  107  s−1  M−1, allowing for 
amplified signal.  Hg2+ can specifically combine with CMB@APBA, resulting in the  release of gcDNA from CMB@
APBA and the following inhibition on the activation of CRISPR/Cas12a system around magnetic bead. Under optimal 
conditions, the method exhibits a linear range from 20 to 250 nM, with a detection limit of 2.72 nM. The proposed 
method can detect  Hg2+ in milk and tea beverages, providing a great significance for on-site monitoring of  Hg2+ con-
tamination in food.

Keywords Glyoxal caged nucleic acid · Bi-functional linker · Boronic acid; Modified magnetic beads · CRISPR/Cas12a; 
Fluorescence detection · Hg2+

Introduction

Bi-functional linker plays a key role for the design of detec-
tion method and the construction of biosensor to transduce 
and output signal. Currently, the bi-functional linkers can 
be classified into the following categories: (1) organic small 
molecules containing two functional groups. For example, 
N-succinimidyl 4-(maleimidome)cyclo-hexanecarboxylate 
(SMCC) contains N-hydroxysuccinimide ester and maleim-
ide group, which can separately covalently bind with amine 
and sulfhydryl groups [1]. (2) Chemical group modified 
nucleic acid strand. For instance, bi-functional DNA probes 
modified with sulfhydryl groups at one end and alkynyl 
groups at the other end can be recognized by PSC@Au and 
azides through Au-S bond and click chemistry, respectively 
[2]. (3) Antibody/antigen-nucleic acid conjugates. The con-
jugates can simultaneously recognize the antigen/antibody 
and the complementary chain through antigen-antibody 
interaction and complementary base pairing, respectively 
[3]. The exploration of bi-functional linkers is of great 
importance for the development of a variety of analytical 
techniques.
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Stable bis-hemiaminal adducts can be produced from 
the reaction between glyoxal and nitrogen groups on the 
Watson–Crick–Franklin face of nucleobases, resulting in 
the caging of nucleic acid [4, 5]. Due to the existence of 
diol groups in their molecular structure, these adducts can 
be theoretically recognized by boronic acid groups which 
can reversibly bind with 1,2-/1,3-cis-diols to form cyclic 
esters [6–9]. Moreover, the formation of these adducts will 
directly hinder complementary base-pairing and denature 
overall secondary structure [4, 10]. Interestingly, for four 
bases composed of nucleic acid, only guanosine, adenosine, 
and cytidine can react with glyoxal to form their additions, 
and, inversely, thymine cannot react due to the shortage of 
the corresponding nitrogen group in its molecular structure. 
Therefore, through programmatically rational design of its 
sequence with guanosine, adenosine, and cytidine bases on 
the one end and thymine bases on the other end, gcDNA will 
own bi-functionality for simultaneous boronic acid recogni-
tion and complementary base-pairing property.

In this work, DNA sequences consisting of glyoxal cage 
region, spacer region, and DNA complementary region 
were designed as recognition probes. The DNA sequence 

can react with glyoxal to obtain gcDNA, which can further 
be recognized by boronic acid groups and complementary 
bases (Scheme 1). Compared to the original DNA, we found 
that gcDNA exhibits excellent performance with boronic 
acid recognition and complementary base pairing. The bi-
functional gcDNA is further coupled with CRISPR/Cas12a 
system for the establishment of new detection method of 
 Hg2+, with the aid of CMB@APBA.  Hg2+ can specifically 
cross-link with aminophenylboronic acid group surround-
ing CMB, thereby preventing the linkage of gcDNA onto 
CMB@APBA. In the absence of  Hg2+, CMB@APBA can 
react with gcDNA which can further bind with crRNA 
through complementary base pairing, resulting in the activa-
tion of CRISPR/Cas12a system and fluorescence signal out-
put. Our established method has the following advantages: 
(1) With the aid of bi-functional gcDNA, CRISPR/Cas12a 
system can be efficiently activated to sensitively output the 
signal and realize the determination of trace  Hg2+. (2) The 
trace  Hg2+ in the sample matrix can be separated and pre-
concentrated by magnetic separation based on the specific 
reaction between boric acid groups and  Hg2+, to enhance the 
analytical specificity and sensitivity.

Scheme 1  A Workflow of DNA reaction with glyoxal. B Bi-functional glyoxal caged DNA for simultaneous recognition by boronic acid and 
complementary DNA
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Materials and methods

Materials and reagents

The oligonucleotides used in the experiment were synthe-
sized and purified by Sangon Biotech Co., Ltd (Shanghai, 
China), and their sequences are listed in Table S1. The 
carboxyl magnetic beads (CMB) were purchased from Inv-
itrogen (Thermo Fisher Nicolet, USA). DEPC water was 
obtained from Sangon Biotech Co., Ltd (Shanghai, China). 
Lba Cas12a was obtained from Kexin Biomedical Technol-
ogy Co., Ltd (Beijing, China). NEBuffer 2.1 was purchased 
from New England Biolabs, Inc. (Beijing, China). Methyl 
sulfoxide (DMSO), 40% glyoxal, 3-aminobenzeneboronic 
acid (APBA), Pb  (CH3COO)2,  NiCl2·6H2O,  FeCl2,  HgCl2, 
 CrCl3,  ZnCl2,  MgCl2, and  CaCl2 were all analytical grade 
and bought from Sigma-Aldrich (Shanghai, China). 5 × load-
ing buffer (including nucleic acid dye) was purchased from 
Shanghai Generay Biotech Co., Ltd (Generay, China). Milli-
Q water (18.2 MΩ·cm) from a Milli-Q purification system 
(Milford, USA) was used in all experiments. Milk and tea 
drinks were purchased from local supermarket (Shanghai, 
China). Carboxyl polystyrene sphere (CPS, size ~ 1 µm) was 
received from Xi’an Qiyue Biotechnology Co., Ltd (China).

Preparation of gcDNA and its reaction with APBA

gcDNA was prepared according to the reported method [4]. 
Briefly, 2 µL of the nucleic acid strands (100 µM) was mixed 
with 35 µL of 40% glyoxal and 50 µL DMSO, followed by 
the addition of DEPC water to give a final volume of 100 
µL. The mixture was incubated at 50 °C for 40 min to give 
gcDNA. Subsequently, 2 µL of APBA solution (100 mg/
mL) was added to the above gcDNA, and the mixture was 
adjusted by diluted HCl and then reacted at 37 °C for 1 h to 
give gcDNA/APBA. The gcDNA and gcDNA/APBA were 
loaded onto illustra MicroSpin G-25 Columns to remove 
the unreacted small impurities. The purified products were 
analyzed by mass spectrometry (MS) (LTQ XL, Thermo, 
America). At the same time, the products were character-
ized by 15% non-denaturing polyacrylamide gel electropho-
resis (PAGE), and the gels were imaged by using a Gel Doc 
XR + Imaging System (Bio-Rad, USA).

Recognition of gcDNA by CMB@APBA

Twenty microliters of prepared CMB@APBA (5 mg/mL) 
was separated through a magnet to remove the supernatant. 
The obtained precipitant was mixed with the FgcDNA (100 
µL, 400 nM) and then reacted at 37 °C for 1 h. After washing 
twice with PBS to remove the unbound FgcDNA with the 

aid of a magnet, the obtained CMB@APBA/FgcDNA was 
analyzed by LSM 710 confocal laser scanning microscopy 
(Zeiss, Germany).

Reaction of  Hg2+ with APBA and its capture 
by CMB@APBA

HgCl2 was dissolved in ultrapure water to give the sample 
solution containing different concentrations of  Hg2+. Then, 
the sample solution (50 µL) was mixed with 2 µL APBA 
(100 mg/mL) and PBS to the final volume of 1 mL, and the 
mixture was incubated for 30 min at room temperature. The 
obtained products were measured by fluorescence spectro-
photometer at an excitation wavelength of 300 nm and an 
emission wavelength of 375 nm. To study the capture of 
 Hg2+ by CMB@APBA, 20 µL  Hg2+ (800 µM) was added 
to the CMB@APBA (5 mg/mL). The mixture was incu-
bated at room temperature for 30 min. Finally, the obtained 
products were characterized by Fourier transform infrared 
spectroscopy (FT-IR) (Vertex 70, Bruker, Germany), X-ray 
photoelectron spectroscopy (XPS) (AXIS Ultra DLD, Shi-
madzu, Japan), and scanning electron microscope (SEM) 
(GeminiSEM, ZEISS, Germany), respectively.

Analysis of  Hg2+ through bi‑functional gcDNA 
coupled with CRISPR/Cas12a system

Twenty microliters of  Hg2+ solutions with different concen-
trations was mixed with CMB@APBA (5 mg/mL), and the 
mixture was kept at room temperature for 30 min, to give 
CMB@APBA/Hg2+. After magnetic separation, the super-
natant was removed, and 100 µL of gcDNA was added, and 
the mixture was incubated at 37 °C for 1 h. After washing 
twice with DEPC, 3.2 µL of Cas12a (160 nM), 0.8 µL of 
crRNA (160 nM), 0.8 µL of ssDNA (1.6 µM), and 8 µL of 
NEBuffer 2.1 were added, followed by the addition of PBS 
(pH 7.4) to give a final volume of 100 µL. The mixture was 
reacted at 37 °C for 30 min, followed by heating at 65 °C for 
10 min to inactivate Cas12a. After magnetic separation, the 
supernatant was analyzed by F-7000 fluorescence spectro-
photometer (Hitachi Ltd., Japan) at an excitation wavelength 
of 480 nm and an emission wavelength of 520 nm, with 
the slits of excitation and emission at 10 nm and 10 nm, 
respectively.

Validation of the method

The specificity of the established method was studied with 
200 times higher concentrations of the interfering metal 
ions, including  Cr3+,  Ca2+,  Fe2+,  Mg2+,  Zn2+,  Ni2+, and 
 Pb2+ instead of  Hg2+. The 1 µM of  Hg2+ was replaced with 
200 µM of other metal ions to evaluate the specificity. The 
selectivity of the established method was evaluated through 
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mixing the interfering ions with  Hg2+, together. To evalu-
ate the applicability of the established method, milk and 
tea drinks were diluted 100 times with Milli-Q water and 
passed through a 0.45-µm filter membrane. Then, the differ-
ent concentrations of  Hg2+ (40 nM, 100 nM, and 300 nM) 
were added to give the spiked samples. The concentrations 
of  Hg2+ in these samples were detected by the established 
method and inductively coupled plasma-mass spectrometry 
(ICP-MS), respectively.

Results and discussion

Synthesis of gcDNA and its binding with APBA

gcDNA with diol groups in its molecular structure has been 
synthesized, and their binding with boronic acid group has 
been deeply investigated. Glyoxal can react with adenine 
(A), guanine (G), and cytosine (C) bases of DNA to gener-
ate corresponding stable dihydroxy adducts (Fig. 1A) [4]. 

Fig. 1  Synthesis of gcDNA and its binding with APBA. A The reaction of glyoxal with nucleobases and the reaction of bis-hemiaminal adducts 
with APBA. B 15% PAGE images of DNA, gcDNA, and gcDNA/APBA. C MS spectra of DNA, gcDNA, and gcDNA/APBA
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As determined by MS measurements (Fig. 1C), gcDNA was 
successfully synthesized by the reaction between glyoxal and 
Watson–Crick–Franklin face of several nucleobases and then 
reacted with APBA to obtain gcDNA/APBA. Moreover, the 
high band (lane 2, Fig. 1B) can be found for gcDNA in com-
parison with that for DNA, which can be explained for low 
migration rate of gcDNA due to its large molecular weight. 
gcDNA/APBA exhibits the highest band (lane 3, Fig. 1B), 
due to its largest molecular weight among three substances. 
These results well verify the successful caging of DNA by 
glyoxal and its following successful recognition by APBA.

gcDNA coupled with CRISPR/Cas12a system

Except for T base, other bases including A, G, and C bases 
can react with glyoxal, resulting in the formation of caged 

DNA and the loss of complementary base-pairing character-
istics [10]. As exhibited in Fig. 2A, FgcDNA with dihydroxy 
groups of caged A, G, and C bases on one end and T bases 
on the other end can be simultaneously recognized by APBA 
and Cy3-labeled complementary DNA (FcDNA) through the 
formation of boronate ester and A-T base pairing, respec-
tively. Compared with bands in lanes 1 and 2, the band in 
lane 3 can be attributed to the duplex gcDNA/cDNA. Mean-
while, similar band in lane 4 can be found with the further 
addition of APBA (Fig. 2B). The result well signifies that the 
formation of boronate ester bond between APBA and caged 
A, G, and C bases on one end of gcDNA has no impact on 
the binding of cDNA with gcDNA. Moreover, for mixture of 
FgcDNA and FcDNA, the new peak at 570 nm appears as a 
result of the formation of FgcDNA/FcDNA which shortens 
the distance between the fluorescence donor group Alexa488 

Fig. 2  The bi-functionality of gcDNA. A Schematic illustration for 
the Alexa488-modified glyoxal caging DNA (FgcDNA) simultane-
ous recognized by APBA and FcDNA. B Polyacrylamide gel electro-
phoretic images. C Fluorescence spectra for FgcDNA simultaneously 

binding with APBA and FcDNA. D Laser confocal fluorescence 
images for FgcDNA simultaneous recognized by CMB@APBA and 
FcDNA (fluorescence intensity of FcDNA in supernatant). Scale bar: 
10 µm
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and acceptor group Cy3, so as to induce fluorescence reso-
nance energy transfer (blue curve, Fig. 2C). The similar peak 
can be found with further addition of APBA (green curve, 
Fig. 2C), verifying almost no influence of APBA on the for-
mation of FgcDNA/FcDNA. These results well confirm that 
rationally designed bi-functional FgcDNA has an ability to 
simultaneous bind with APBA and cDNA in the solution.

We further study the ability of gcDNA as a linker to 
immobilize cDNA onto the surface of CMB@APBA. As 
exhibited in Fig. 2D, green and red fluorescence can be 
observed, and the results well confirm that FgcDNA can 
link FcDNA onto the surface of CMB@APBA through the 
formed boronate ester bond and hydrogen bond between A 
and T bases. These results well suggest that gcDNA can 
be used as a bi-functional linker for the immobilization of 
cDNA onto solid interface.

It has been well known that complementary base pair-
ing in duplex can induce the occurrence of many biological 
events. For example, the nuclease activity of clustered regu-
larly interspaced short palindromic repeats/CRISPR-associ-
ated protein (CRISPR-Cas) system can be activated through 
complementary base pairing between activated strand and 
CRISPR RNA (crRNA) [14]. The activated CRISPR-Cas 
system owns the capability of efficiently indiscriminate 
cleavage on single-stranded DNA (ssDNA) and can serve 
for sensitive analysis of trace targets [11–14]. For instance, 
Lachnospiraceae bacterium ND2006 Cas12a–CRISPR RNA 
(CRISPR/LbCas12a) trans-cleaves ssDNA at approximately 
3 turnovers per second with kcat/Km value of 5.0 ×  106  s−1 
 M−1 [15]. With complementary base-pairing functionality, 
the designed gcDNA can be developed to activate CRISPR-
Cas12a system, so as to sensitively detect the trace targets. 
On the basis of bi-functional gcDNA as a linker, it has 
been further explored to activate CRISPR/Cas12a system 
(Fig. 3A). gcDNA/APBA can bind with crRNA through the 
complementary base pairing, so as to activate cis-cleavage 
and trans-cleavage activities by the RuvC catalytic pocket of 
Cas12a [16, 17]. As exhibited in Fig. 3B and Fig. S2, similar 
kcat/Km values can be found for DNA (4.67 ×  107  s−1  M−1), 
gcDNA (3.4 ×  107  s−1  M−1), and gcDNA/APBA (3.57 ×  107 
 s−1  M−1), respectively. These results well suggest that the 
introduction of boronic acid recognition does not affect the 
activated effect of the gcDNA on CRISPR/Cas12a system 
and its corresponding trans-cleavage activity.

The activation effect of gcDNA/APBA immobilized on 
the interface has been further investigated. After activation 
of CRISPR/Cas12a system, cis-cleavage firstly happens to 
cleave the 22nd base of gcDNA/APBA, counting from the 
first 3′-base that was paired with the crRNA guide sequence 
[17], leading to the departure of activated CRISPR/Cas12a 
system from CMB interface into the solution (Fig. 3C and 
Fig. S3). The majority of the crRNA/Cas12a complex most 
likely remains bound to the residual gcDNA/APBA after 

cis-cleavage, protecting the binding section of gcDNA/
APBA from exposing the trans-cleavage sites of the 
Cas12a ternary complex [17]. Under the spacer length of 
20 nt (Fig. S1(F)), a similarly low value of kcat/Km value 
(1.65 ×  107  s−1  M−1) can be observed for CRISPR/Cas12a 
system activated by CPS@APBA/gcDNA (Fig.  3D and 
Fig. S4), compared with gcDNA (3.4 ×  107  s−1  M−1) and 
gcDNA/APBA (3.57 ×  107  s−1  M−1).

Capture and enrichment of  Hg2+ by CMB@APBA

Due to the complex food matrix and low amount, the deter-
mination of  Hg2+ in food samples faces great challenges. 
As a kind of functional material, magnetic beads have the 
advantages of easy modification, separation, and enrichment 
[18–20] and can well be applied for capture of metal ions in 
complicated food samples. The synthesized CMB@APBA 
can selectively react with  Hg2+, resulting in the substitution 
of B atom around CMB by Hg atom (Fig. 4A). As shown 
in Fig. 4B, the peaks at 1631  cm−1 could be assigned to the 
stretching vibration of C-N, which confirms the successful 
modification of CMB by APBA through amide bond [21, 
22]. Moreover, the disappearance of peak at 1405   cm−1 
attributed to the stretching vibration of B-O bond [23] and 
the other peak at 1074  cm−1 for the stretching vibration 
of C-B bond [24] and the appearance of new absorbance 
peak at 1450  cm−1 for C-Hg bond verify that the successful 
trans-metalation reaction between  Hg2+ and phenylboronic 
acid [25, 26]. As exhibited in Fig. 4C, the formed CMB@
APBA/Hg2+ is spherical with a rough surface which can be 
attributed for the modification of APBA and the subsequent 
substitution of Hg [27]. It can be found the existence and 
uniform distribution of C, N, and Hg around magnetic bead 
(Fig. 4C). Besides, as displayed in Fig. 4D, the peaks of O 
1 s, N 1 s, and C 1 s 4f appeared at 531.2, 399.7, and 284.7, 
respectively, and the two characteristic peaks at 100.6 eV 
and 104.6 eV can be assigned to Hg  4f7/2 and Hg  4f5/2 of 
 Hg2+, confirming the successful capture of  Hg2+ on the 
CMB@APBA [28].

The determination of  Hg2+ through fluorescence 
method based on gcDNA coupled with CRISPR/
Cas12a system and its performance evaluation

Bi-functional gcDNA coupled with CRISPR/Cas12a sys-
tem has been explored for fluorescence method to detect 
 Hg2+ with the assistance of CMB@APBA. As exhibited in 
Fig. 5, in the absence of  Hg2+, gcDNA can bind with ami-
nophenylboronic acid group around CMB@APBA to form 
CMB@APBA/gcDNA through the ester bond. The exposed 
sequence consisting of only T bases can activate CRISPR/
Cas12a system to indiscriminately cleave the ssDNA, lead-
ing to fluorescence recovery. In the presence of  Hg2+, it can 
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react specifically with CMB@APBA, thereby preventing the 
binding of gcDNA.

Under the optimal experimental conditions (Fig. S1), 
including pH value (6.0), the concentration of gcDNA 
(400 nM), and the spacer length of gcDNA (20 nt), the 
constructed fluorescence method has been utilized to 
quantitatively detect  Hg2+. As shown in Fig. 6A, the fluo-
rescence intensity at 520 nm gradually decreases as the 
 Hg2+ concentration increases from 0 to 4000 nM. The 
increased  Hg2+ will cause more trans-metalation reaction 
with aminophenylboronic acid groups around CMB@
APBA, resulting in the reduction of boronic acid groups 
and the binding of a decreased amount of gcDNA. Almost 

no fluorescence can be observed with the concentration of 
 Hg2+ at 1 µM, as a result of the total reaction of boronic 
acid groups at the surrounding of CMB@APBA. The 
fluorescence intensity at 520 nm has been further used 
for quantitative analysis of  Hg2+. It can be observed that 
the fluorescence intensity at 520 nm is inversely propor-
tional to the logarithmic values of  Hg2+ concentrations in 
the range of 20–250 nM (Fig. 6B). A linear equation of 
I =  − 528.276 LogCHg2+  + 1920.057 can be obtained with 
a lowest limit of detection of 2.72 nM (S/N = 3), about 
500 times lower than the above fluorescence method (0.85 
µM) and colorimetric method (1.40 µM) (Fig. S5). Moreo-
ver, compared with the reported methods, the developed 

Fig. 3  Bi-functional gcDNA coupled with CRISPR/Cas12a system. 
A Scheme illustration for the activation of Cas12a/crRNA system by 
gcDNA/APBA. B Michaelis-Menten kinetic study for (a) DNA, (b) 
gcDNA, and (c) gcDNA/APBA-activated Cas12a/crRNA system. 

C Scheme illustration for CMB@APBA/gcDNA-activated Cas12a/
crRNA system. D Michaelis-Menten plot for CPS@APBA/gcDNA-
activated Cas12a/crRNA system. Error bars represent the standard 
deviation of three experiments
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fluorescence method exhibits a low LOD, demonstrating 
its good sensitivity (Table S3).

The specificity of the established fluorescence method 
has been evaluated by using 200 times concentrations of 
other ions instead of  Hg2+ (Fig. 6C). The low fluores-
cence intensity can be only found for  Hg2+, due to its 
specific reaction with aminophenylboronic acid around 

CMB@APBA [29]. Inversely, potentially interfering ions 
exhibit the high fluorescence intensity because these ions 
cannot react with aminophenylboronic acid. The selec-
tivity has been further investigated through mixing 200 
times high concentration of potentially interfering ions 
with  Hg2+. No statistic difference can be found for  Hg2+ 
in comparison with all mixtures (Fig. 6D), signifying that 

Fig. 4  Capture and enrichment of  Hg2+ by CMB@APBA. A Sche-
matic illustration for the capturing of  Hg2+ by CMB@APBA. B FIRT 
spectra of CMB, CMB@APBA, and CMB@APBA/Hg2+. C SEM 

images and elemental mapping of CMB@APBA/Hg2+. D XPS sur-
vey spectrum of CMB@APBA/Hg2+. Inset: XPS component peak-
fitting spectra of Hg 4f
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Fig. 5  Schematic illustration of the determination of  Hg2+ through fluorescence method based on bi-functional gcDNA coupled with CRISPR/
Cas12a system

Fig. 6  A Fluorescence spectra obtained with different concentrations 
of  Hg2+. B The fluorescence intensity versus  Hg2+ concentration. 
Inset: The linear relationship between the fluorescence intensity at 

520 nM and the logarithm of  Hg2+ concentration. C Specificity and D 
selectivity of fluorescence method for  Hg2+ analysis. The concentra-
tion of  Hg2+ and other metal ions was 1 µM and 200 µM, respectively



 Microchim Acta (2024) 191:120120 Page 10 of 11

other ions have no influence on the reaction between  Hg2+ 
and aminophenylboronic acid.

Finally, the practicability of the fluorescence method 
has been investigated by analyzing the 1000 times diluted 
certified mercury ion standard solution (1 mg/L mer-
cury standard solution (GSB04-1729–2004)). As shown 
in Table S4, the detected value in agreement with the 
standard values signifies that the established fluores-
cence method can be used for the determination of  Hg2+. 
The complicated matrix of food sample contaminated by 
trace  Hg2+ provides great challenge on the performance 
of the fluorescence method [30]. Taking the spiked dairy 
products and tea beverages as examples, we evaluate the 
practicability of the developed fluorescence method. As 
exhibited in Fig. S6 (A) and (B), the recovery ratios of 
101.63 ~ 114.73% and 100.87 ~ 112.97% can be obtained 
with RSD values of 9.59% and 10.49% for tea beverages 
and dairy products, respectively. Furthermore, the spiked 
samples with different concentrations of  Hg2+ in dairy 
products and tea beverages have also been detected by 
the ICP-MS. As shown in Fig. S6 (C) and (D), there was 
no statistical difference between the  Hg2+ concentration 
detected by the established fluorescence method and 
those measured by ICP-MS. The results show that the 
fluorescence method can be used for the determination of 
 Hg2+ in complicated food samples. These can be attrib-
uted to the specific capture of CMB@APBA on  Hg2+ 
and the subsequent magnetic separation to eliminate the 
interference of complicated sample matrix.

Conclusion

In conclusion, gcDNA has been firstly explored as a bi-
functional linker to bind with phenylboronic acid group and 
complementary DNA/RNA, through rational designation 
with guanosine, adenosine, and cytidine bases on the one 
end and thymine bases on the other end. For gcDNA, gly-
oxal caged guanosine, adenosine, and cytidine bases with 
diol groups can react with boronic acid group around mag-
netic bead with a maximized coverage density of 2.1 ×  105 
μm−2 under acidic condition, while thymine bases can fur-
ther quantitatively bind with complementary RNA through 
U-T base pairing. Coupling with CRISPR/Cas12a system, 
gcDNA has been further developed for the determination 
of  Hg2+ by using its specific cross-metal reaction with phe-
nylboronic acid group. Through magnetic separation to 
efficiently capture and enrich  Hg2+ from complicated food 
matrix, the method exhibits good specificity, selectivity, and 
practicability, with the LOD of 2.72 nM, about 500 times 
lower than the corresponding fluorescence method (0.85 
µM) and colorimetric method (1.40 µM). In conclusion, the 
structure characteristic of gcDNA is crucial for the method 

and should be taken into account when generalized to other 
method supported by the interface.
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