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ARTICLE INFO ABSTRACT

Keywords: As a potential carcinogen produced in food thermal processing, acrylamide (AM) can cause irreversible harm to

Acrylamide human health. For the detection of AM in food products, a simple fluorescent biosensor based on single-stranded

gf"rbon quantum dots DNA (ssDNA) and carbon quantum dots (CQDs) was developed. Reduced fluorescence intensity of CQDs at
1osensor 445 nm (excitation at 350 nm) was induced by the attachment of ssDNA. In the presence of AM, ssDNA was

Bread crust . : :

DNA preferentially bound to AM by hydrogen bonding and the degree of fluorescence reduction was smaller than that

without AM. Under optimized conditions, results showed that the sensing approach for detecting AM had a low
detection limit of 2.41 x 10~ M in the standard solution, and a linear relationship ranging from 5 x 1072 to
1x 1077 M with the determination coefficient (R?) of 0.9895 was obtained. Furthermore, a good recovery
percentage (91.36-98.11%) in bread crust showed the potential for practical applications of this proposed

biosensor.

1. Introduction

Acrylamide (AM), a white crystal substance mainly used to produce
polyacrylamide, plays an important role in industrial production (Tan
et al., 2019). However, this small molecular substance has been proved
to have varying degrees of damage to human organs on the basis of its
potential neurotoxicity (Tilson, 1981), genotoxicity (El-Assouli, 2009)
and reproductive toxicity (Pundir, Yadav, & Chhillar, 2019). As early as
1994, the International Agency for Research on Cancer (IARC) of the
World Health Organization included AM in the list of carcinogens in
category II (World Health Organization, 1994). People can be exposed to
AM through the skin, mucous membrane, respiratory tract and digestive
tract, among which, diet is an important pathway of human contact with
AM (Konings et al., 2003). AM is produced during food thermal pro-
cessing, especially for processing foods rich in starch and protein (Hu
et al., 2017), such as potato (15% of starch and 2% of protein) (El
Sheikha & Ray, 2017) and crops including rice, sorghum and maize (8%
of starch and 70% of protein) (Das, Adak, & Lahiri Majumder, 2020). For

these raw materials, Maillard reaction easily occurs between amino
compounds and reducing sugars in heating processes over 120 °C (Sta-
dler et al., 2002), which produces melanoidins and flavor substances
including reducing ketones, aldehydes and heterocyclic compounds,
making food brown and fragrant. However, AM is also generated in large
quantities as a by-product during Maillard reaction through the aspar-
agine pathway (Tareke, Rydberg, Karlsson, Eriksson, & Torngvist,
2002), posing a threat to human health. Therefore, it is particularly
meaningful to establish a simple and sensitive method for the determi-
nation of acrylamide in food products.

Up to now, a lot of mature methods based on chromatography
coupled with mass spectrometry have been used for the detection of AM.
Lambert et al. (2018) analyzed the content of AM in 141 kinds of infant
foods by using liquid chromatography coupled with mass spectrometry
(LC-MS) instrument, confirming the reliability and versatility of the
method. Sobhi, Ghambarian, Behbahani, and Esrafili (2017) developed
an accurate and sensitive quantitative method of AM by gas
chromatography-mass spectrometry (GC-MS), and the detection limit of
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2 ng/L was obtained. Furthermore, Qin et al. (2017) developed a reliable
detection method based on high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) for simultaneous quantifi-
cation of AM and 5-hydroxymethylfurfural (HMF) in seafood and
showed satisfactory accuracy and precision of the method. However,
these methods are difficult to detect the target directly in complex food
systems, which require relatively complicated pretreatment processes,
sophisticated instruments and time-consuming analytical procedures
(Wu, Pu, Huang, & Sun, 2020; Hu, Sun, Pu, & Wei, 2020; Yaseen, Pu, &
Sun, 2019). Therefore, for overcoming these problems, rapid detection
methods based on the specific recognition of AM have been proposed,
among which, biosensors composed of single-stranded DNA (ssDNA) or
double-stranded DNA (dsDNA) have emerged (Jayan, Pu, & Sun, 2020;
Zhou, Pu, & Sun, 2020). Li, Xu, Zhang, and Tong (2014) proposed a
label-free electrochemical biosensor according to the interaction be-
tween AM and DNA immobilized on graphene oxide modified glassy
carbon electrode and realized the sensitive and specific detection of AM.
Similarly, fluorescent biosensors are also available by modifying bio-
molecules on fluorescent materials (Wang, Kong, Su, Liu, & Su, 2019).
Asnaashari, Esmaeilzadeh Kenari, Farahmandfar, Taghdisi, and Abnous
(2018) chose carboxyfluorescein (FAM) as the fluorescent substance and
modified complementary strand DNA (csDNA) on it, which was then
combined with ssDNA and gold nanoparticles for the quantitative
sensing of AM. Other fluorescent materials including amino-CdSe/ZnS
quantum dots (QDs) (Hu et al., 2014), Mn-doped ZnS QDs (Liu et al.,
2018) and fluorescamine (Liu et al., 2014) had also been used to analyze
the content of AM in foodstuffs. Besides, Wei, Liu, Pu, and Sun (2020a)
also developed a fluorescence method for AM determination by adjust-
ing the distance between the carbon quantum dots (CQDs), and satis-
factory recoveries were realized when detecting AM in white bread crust
samples. However, there is no report on applying CQDs and DNA as the
fluorescent material and biological element in a fluorescent biosensor to
determine AM in food products.

As a kind of fluorescent carbon nanoparticle with an average diam-
eter below 10 nm, CQDs possess significant advantages including pho-
tostability, anti-photobleaching, low toxicity, water solubility and good
biocompatibility (Lim, Shen, & Gao, 2015; Xu et al., 2004; Yang et al.,
2018), and thus attract a lot of attention in the detection field (Qu, Wei,
& Sun, 2018). In recent years, CQDs have demonstrated their ability and
capability as fluorescence probes in detecting harmful residues and
chemical substances, such as organophosphorus pesticides (Wu et al.,
2017), chromogenic agent nitrite (Feng, Li, Zhang, Shi, & Zhou, 2017),
heavy metal ions (Mashkani, Mehdinia, Jabbari, Bide, & Nabid, 2018;
Xu, Wang, Li, & Zhao, 2020) and tea polyphenols (Wei, Liu, Pu, & Sun,
2020b). In addition, Cao et al. (2020) constructed a fluorescent resonant
energy transfer (FRET) system by using CQDs labelled with DNA (pDNA)
probe as the fluorescent donor, realizing the determination of
microRNA-167 in A. thaliana seedlings.

Considering the outstanding characteristics of CQDs and the inter-
action of DNA with AM (Besaratinia & Pfeifer, 2007), this study aimed to
develop a simple and sensitive biosensor for the rapid and reliable
detection of AM. Specifically, group-rich CQDs were synthesized rapidly
by one-step hydrothermal method and fluorescence of the CQDs was
quenched by ssDNA due to its attachment. Upon the addition of AM,
ssDNA was preferentially bound to AM by hydrogen bonding (Qiu, Qu,
Dong, Ai, & Han, 2011), resulting in less free DNA, and the degree of
fluorescence reduction was smaller than that without AM. Additionally,
the practicability of this proposed method was confirmed by detecting
AM in bread crust samples, which were prepared by QUECHERS (Quick,
Easy, Cheap, Effective, Rugged and Safe) method (Wang, Sun, Pu, &
Wei, 2019). For the first time, CQDs were applied to the detection of AM
in a biosensor, which avoided complex modification and only needed
simple preparation of CQDs and ssDNA solution. Apart from the
simplicity and rapidity, the prepared biosensor also exhibited a wide
detection range, a low detection limit, good reproducibility and high
selectivity for AM detection.
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2. Materials and methods
2.1. Chemicals and reagents

Citric acid, ethylenediamine, 6-aminocaproic acid (EACA), acrylic
acid (AA), n-hexane and acetonitrile were purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). AM and 2-[4-(2-
Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) were ob-
tained from Aladdin Reagent Co., Ltd. (Shanghai, China). Glycine (Gly),
L-aspartic acid (1-Asp), sucrose (Suc) were supplied by Jingke Biotech
Co., Ltd. (Guangzhou, China). QuUECHERS pouches (including 150 mg
MgS0y4, 50 mg primary secondary amine (PSA) and 50 mg HC-C18) were
offered by Agilent Technologies Co. Ltd. (Shanghai, China). The ssDNA,
5-ACG GCA ACA TGC CGA AGG AAC TAC CGG AAA CGG CAA ATC CTC
G-3' purified by UltraPAGE according to Asnaashari et al. (2018), was
acquired from Sangon Biotech Co., Ltd. (Shanghai, China). All the re-
agents were analytically pure and no further purification was required.
Ultrapure water prepared by a Milli-Q system (Millipore Co., Bedford,
USA) was used during the whole experiment except double-distilled
water (dd water) obtained from A.S. Watson Group Ltd. (Hong Kong,
China) for the synthesis of CQDs.

2.2. Preparation and characterization of CQDs

Group-rich CQDs were synthesized by a one-step hydrothermal
method according to Hou et al. (2013) with several modifications. In
details, 20 mL of dd water was used to dissolve 2 g of citric acid and
1.043mL of ethylenediamine. After mixing evenly, the solution was
transferred into a high throughput closed microwave digestion/extrac-
tion workstation with twelve high-pressure reaction tanks (Jupiter-b,
Sineo Microwave Chemistry Technology Co., Shanghai, China) and
heated at 200 °C for 5 min. The preliminary CQDs product was obtained
after the reaction temperature dropped to ambient temperature.
Furthermore, the purification process was completed by firstly filtering
the obtained solution with a microporous membrane (0.22 pm, Jinteng
Experiment Equipment Co., Ltd., Tianjin, China), and then dialyzing the
obtained filtrate with a dialyzer tube (MWCO, 100-500 Da, Shanghai
Yuanye Biotechnology Co., Ltd., Shanghai, China) for 48 h. Finally, the
resultant CQDs solution was dried by a freeze dryer (SCIENTZ-18N,
Xinzhi Bioscience Co., Inc., Ningbo, China) for 36h, and the dried
powder obtained was stored at 4 °C for later uses.

The transmission electron microscopy (TEM) image used to charac-
terize the shape and size of CQDs was taken by a JEM-1400 Plus (JEOL
Ltd., Tokyo, Japan) operating at 120 kV. The UV-vis absorption (Abs) of
CQDs was measured through a UV-vis spectrophotometer (UV-1800,
Shimadzu Co., Kyoto, Japan). The excitation (EX) spectrum and emis-
sion (EM) spectrum of CQDs were obtained by an RF-6000 fluorescence
spectrophotometer (Shimadzu Co., Kyoto, Japan) equipped with a
quartz carrier. The Fourier transform infrared (FTIR) spectrum of CQDs
was acquired by a Tensor infrared spectrophotometer (Nicolet-iS50,
Thermo Fisher Scientific Inc., Waltham, USA). The X-ray photoelectron
spectroscopy (XPS) spectra of CQDs were acquired by an X-ray photo-
electron spectrometer (Axis Ultra DLD, Kratos Analytical Ltd., Man-
chester, UK). The X-ray diffraction (XRD) pattern used to characterize
the nanocrystal structure of CQDs was obtained by an X-ray diffrac-
tometer (D8 ADVANCE, Bruker Co., MA, USA), and the zeta potential of
CQDs was measured using a potentiometric analyzer (Zetasizer Nano,
Malvern Instruments Ltd., Melvin, UK).

2.3. Optimization of detection conditions

In order to acquire the required performance of the biosensor, the
concentration of ssDNA and the incubation time of ssDNA and AM were
optimized in the current study. For preparing the optimization experi-
ments, synthesized CQDs powder was dissolved and diluted to
0.75 pg mL~! with ultrapure water firstly, and ssDNA was dissolved into



Q. Wei et al.

solutions of different concentrations with HEPES buffer (pH 7.4).

For optimizing the concentration of ssDNA, 50 pL of ssDNA solutions
with different concentrations of 0, 1.56, 3.125, 6.25, 12.5, 25 and 50 pM
were added into 500 pL of diluted CQDs solution, and then ultrapure
water was added to make the total volume of 600 pL. After mixing
uniformly at 2800 rpm by a vortex mixer (MS3, Aika Instrument Co.,
Ltd., Staufen, Germany), the mixture was placed in a 37 °C water bath
(HH-2, Changzhou Aohua Instrument Co., Ltd., Changzhou, China) to
incubate for 45 min, and then the fluorescence spectra of the mixture
were recorded by the fluorescence spectrophotometer under the
following conditions: excitation wavelength of 350 nm, slit broadband
of 3nm, scanning range of 370-600nm and scanning speed of
600 nm min .

For optimizing the incubation time of ssDNA and AM, an amount of
50 L of 12.5 pM ssDNA solution and 50 pL of 1 x 10~* M AM standard
solution dissolved in ultrapure water were added to 500 pL of diluted
CQDs solution successively. After mixing uniformly by the vortex mixer,
the mixture was incubated at 37 °C for 0-90 min, and then fluorescence
intensities of the mixed solution were measured every 15min by the
fluorescence spectrophotometer with the same conditions detailed
above.

2.4. Detection of AM in standard solutions

The detection of AM in standard solutions was performed as follows.
Firstly, 50 uL of AM standard solution with different concentrations and
50 pL of 12.5 pM ssDNA solution were added into 500 pL of diluted CQDs
solution, samples with final AM concentrations of 5 x 1078, 1x 1077,
1x107% 1x1075 1x107% 5x107% 5x107% 1x10! and
5 x 10! M were obtained. Subsequently, the samples were incubated at
37 °C for 45 min, and then fluorescence intensities were measured as
described before.

2.5. Pretreatment of bread crust samples

Freshly baked bread samples were purchased in a local store
(Guangzhou, China) and the QUECHERS method was utilized for sample
pretreatment. First of all, 1 g dark brown bread crust was collected and
ground, then the sample was added into 5 mL of hexane to remove the
lipid. After being ultrasonically treated by an ultrasonic cleaning ma-
chine (SB-5200 DTDN, Xinzhi Biotech Co., Ltd., Ningbo, China) for
15 min, 5 mL of the mixed extractant composed of water and acetonitrile
(v/v=1:1) was added and oscillated through the vortex mixer for
10 min. Subsequently, the compound was centrifuged by a high-speed
refrigerated centrifuge (Anhui Jiaven Equipment Industry Co., Ltd.,
Hefei, China) at 12,000 rpm for 20 min, and then the subnatant solution
(acetonitrile phase) was moved to the QuECHERS pouch for oscillation
purification for 10 min. Finally, the purified solution was centrifuged at
10,000 rpm for 10 min and ultrapure water was added to the collected
supernatant until the final volume was 10 mL.

2.6. Detection of AM in real samples

The detection of AM in bread crust samples was performed as fol-
lows. The 10mL of treatment solution for bread crust samples was
filtered with the microporous membrane firstly. Then 25 pL of bread
crust filtrate was spiked with 25 pL of AM standard solutions of different
concentrations, and mixed with 50 pL of 12.5 pM ssDNA solutions, after
that the mixture was added into 500 pL of diluted CQDs solution to make
the final spiked concentrations of AM to 500, 50 and 5 pM, respectively.
Subsequently, the mixture was incubated at 37 °C for 45min, and
fluorescence intensities were measured as described previously.

2.7. Statistical analysis

All measurements were conducted in triplicate and results were
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expressed as means + standard deviation (He, Sun, Pu, & Huang, 2020).
Origin 2019b software (OriginLab Co., MA, USA) was used for data
processing and analysis. The particle size of CQDs in TEM images was
measured by Nano_Measurer 1.2.5 software (Department of Chemistry,
Fudan University, China). Besides, the limit of detection (LOD) was
obtained through the following equation (Wei et al., 2020a):

LOD =3S,+ Y, (€D)]

where Sy represents the standard deviation of the relative fluorescence
intensity (AF) of blank solution at 445 nm, and Y, represents the mean
AF of the blank solution.

3. Results and discussion
3.1. Sensing mechanism

The sensing mechanism of the proposed fluorescent biosensor is
shown in Fig. 1. Firstly, the CQDs with rich groups on the surface were
prepared by the one-step hydrothermal method with the assistance of
microwave. With the addition of ssDNA as a biological recognition
element to CQDs solution, functional groups such as amino and carboxyl
groups on the surface of CQDs were covered by ssDNA, which was
attached to CQDs through noncovalent interactions (Han et al., 2019;
Luo et al., 2020), leading to a significant reduction in the fluorescence
intensity of CQDs. Asnaashari et al. (2018) incubated the mixture of AM
and ssDNA for 60 min, forming a strong binding interaction at the N-7
position of ssDNA. Likewise, with the adding of AM into the solution at
the same time, a stable admixture was formed by AM and ssDNA through
guanine bases due to their high affinity (Qiu, Qu, Dong, Ai, & Han,
2011), which reduced the concentration of free ssDNA in the solution. In
such a situation, the fluorescence intensity of CQDs was higher than that
without AM. According to the analysis of density functional theory
(DFT), AM is not only a good hydrogen bond acceptor, but also a
hydrogen bond donor of highly electronegative atoms such as O and N
(Huang et al., 2016), which can form stable hydrogen bonds with purine
and pyrimidine bases. Therefore, a stable admixture was formed by AM
and ssDNA. Eventually, the quantitative detection of AM was realized by
monitoring the change of emission peak intensity of CQDs at 445 nm
induced by different AM additions.

3.2. Characterization of CQDs

The morphology of CQDs was characterized by TEM. As displayed in
Fig. 2A, the approximately spherical CQDs were uniformly distributed in
solution, the inset of size distribution in Fig. 2A shows that the main
diameter of CQDs was 3.05nm and the average diameter was 3.1 nm.
The FTIR spectrum was used to indicate the surface group of CQDs, as
shown in Fig. 2B, the strong and broad band distributed around
3250 cm ! indicated the stretching vibrations of N—H and O—H (Feng
etal., 2017; Wang et al., 2018). In addition, the peaks at 1644 cm ™! and
1268 cm ™! could be attributed to stretching vibrations of C=0 and
C—N, and bending vibrations of N—H and ~CH, appeared at 1562 cm ™!
and 1386 crn’l, respectively (Cai et al., 2015; Zhai et al., 2014; Zhou
et al., 2019). The results proved the existence of multiple functional
groups on the surface of CQDs. Further, Fig. 2C shows the elemental
components of CQDs through the XPS pattern. There were three ele-
ments of carbon (Cls, 281 eV), nitrogen (N1s, 397 eV) and oxygen (Ols,
529eV) in CQDs, with percentages of 73.10%, 10.31% and 16.69%,
which coincided with the result reported by Feng et al. (2017) that the
same three elements with different percentages appeared in synthesized
N-CQDs. Specifically, Fig. 2D shows that the three peaks at 281.6, 283.9
and 285.2 eV in the C1s spectrum corresponded to C—C/C—H, C—N and
C=0 bonds, as reported by Dong et al. (2012), and the peaks at 396.7 eV
as well as 398.1 eV appeared in the N1s spectra (Fig. 2E) were related to
C—N and N—H bonds according to Fu et al. (2020), which further
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Fig. 1. Schematic representation of the AM determination based on the proposed fluorescent biosensor.

validated the results of FTIR. At the same time, the XRD pattern showed
a strong diffraction peak located at 20 =7.3° (Fig. 2F), which was
related to highly disordered carbon atoms (Chen, Liu, Yang, Wang, &
Zhuo, 2019), ulteriorly indicating the successful synthesis of CQDs.

The optical properties of CQDs were then studied. Fig. 2G shows the
UV-vis absorption spectra and the fluorescence excitation and emission
spectra of CQDs, indicating that the excitation and emission wave-
lengths of the highest fluorescence intensity were located at 350 nm and
445 nm, respectively. Correspondingly, the UV-vis of CQDs had an ab-
sorption peak at 350 nm, which was probably caused by n-n* transition
of C=0 bonds (Yue et al., 2016), and another absorption peak at 240 nm
due to n-n* transition of aromatic sp2 domains (Pan, Zhang, Li, & Wu,
2010). Cao et al. (2020) also synthesized CQDs with the same material
and observed the optimal fluorescence excitation and emission wave-
lengths at 360 and 445 nm and two UV-vis absorption peaks at 245 and
357 nm, respectively. The little shift of the fluorescence and UV ab-
sorption peak positions in the two studies might be caused by the dif-
ference in the raw material dosages and heating methods. The
photograph in the inset (left) of Fig. 2G shows a faint yellow colour of
the prepared CQDs, and a blue fluorescence was present when CQDs
were exposed to ultra-violet light at 365 nm as shown in the inset (right)
of Fig. 2G. In addition, the fluorescence stability of CQDs was also one of
the important factors in evaluating their applicability in the detection
field. As displayed in Fig. 2H, when stored in a dark environment at 4 °C
for 30 days, the CQDs also retained 94% fluorescence intensity of the
new material, confirming their good stability. At the same time,
continuous natural light had little effect on the fluorescence intensity of
CQDs when stored at room temperature for 30 days, indicating the good
anti-photobleaching property of CQDs.

3.3. Feasibility analysis for detecting AM

In order to verify the feasibility of the proposed biosensor, zeta po-
tential analysis and fluorescence examination were carried out on three
kinds of solutions of A, B and C, respectively, where solution A was
single CQDs solution of 0.75pgmL™}, solution B was the mixture of
12.5 M ssDNA solution and 0.75 pg mL~! CQDs solution, which reacted
at 37 °C for 60 min, and solution C was the mixture of 12.5 pM ssDNA
solution and 1x10"* M AM standard solution in CQDs solution
(0.75 ugmL™!) and reacted in the same conditions. The results of zeta
potential measurement are shown in Fig. 3A with the relative standard
deviation (RSD) from 2.09% to 4.03%, the zeta potential (-36.27 mV) of
solution B was more negative than that of solution A (-27.53 mV) after
attachment of ssDNA on CQDs, which was in line with the result shown
by (Liu & Su, 2017), who synthesized CulnS, QDs with a negative zeta
potential of —37.9mV, and similarly obtained a more negative zeta
potential of —45.0 mV after the attachment of ssDNA on CulnS; QDs.
The reason for this phenomenon was that ssDNA was negatively charged
(Zhai, Liu, Huang, Fang, & Zhao, 2017; Jiang, Sun, Pu, & Wei, 2019),

which led to a lower zeta potential after reaction between ssDNA and
CQDs or CulnS,; QDs. However, when AM standard solution was added
to the reaction solution at the same time, a stable admixture was formed
by AM and ssDNA, which reduced the free ssDNA in the solution, thus
resulting in an increase in the zeta potential (-30.14 mV) of solution C
compared with solution B. The fluorescence examination results of the
above solutions are displayed in Fig. 3B. Similar to the zeta potential
results, the fluorescence intensity of solution B at 445 nm was lower than
that of solutions C and A, which was caused by the fluorescence
quenching effect of ssDNA to CQDs. Fig. 3B also shows the luminescence
of the three solutions under an ultra-violet light at 365nm, corre-
sponding to the fluorescence spectra. Therefore, the fluorescent
biosensor based on ssDNA and CQDs was able to quantify the detection
of AM.

3.4. Optimization of detection conditions

In order to obtain the optimal concentration of ssDNA, a range of
ssDNA solutions at different concentrations from 0 to 50 pM as shown
from a to g in Fig. 3C were added into the diluted CQDs solutions for
fluorescence testing, and the RSD obtained from three parallel samples
were in the range of 0.90-1.38%. As shown in Fig. 3D, the fluorescence
intensity of CQDs decreased significantly with increasing the concen-
tration of ssDNA solution from 1.56 to 12.5 uM, which was ascribed to
the coverage of the groups on the surface of CQDs by more ssDNA.
Nevertheless, with a continuous increase of ssDNA solution concentra-
tion to 50 pM, the fluorescence intensity remained stable, which was
probably due to that the amount of ssDNA covered on the surface of
CQDs had reached saturation. Therefore, the minimum ssDNA concen-
tration that could significantly reduce the fluorescence of CQDs was
12.5 pM, which was selected for the subsequent experiment.

For optimizing the incubation times of ssDNA and AM, the fluores-
cence intensities were measured in triplicate under incubation times
from 0 to 90 min, with RSD from 0.78% to 2.38%. Fig. 3E compares the
fluorescence intensities of the experimental group and the blank, in
which the blank represented the sample without AM while the experi-
mental group with AM. Results showed that as the reaction time
increased from O to 45min, the fluorescence intensities of both the
experimental group and the blank gradually decreased, and then
remained almost unchanged with the extending of the time to 90 min. As
the free ssDNA could cover the surface of CQDs, a significant reduction
in fluorescence intensity occurred under the condition of incubation at
37 °C for 45 min, while excessive time might affect the combination of
AM and ssDNA according to Asnaashari et al. (2018). The AF (=F-Fy)
was selected as the output signal, where F and Fy represented the fluo-
rescence intensities at 445nm of the samples with and without AM.
Fig. 3F shows that AF reached the maximum for the incubation time of
45min, which was defined as the optimal reaction time for AM
detection.
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Fig. 3. (A) Zeta potential and (B) fluorescence spectra of solutions A, B and C, where A is CQDs solution (0.75 ug mL’l), B is the mixture of ssDNA solution (12.5 pM)
and CQDs solution (0.75 pg mL ™1, and C is the mixture of ssDNA solution (12.5 uM) and AM standard solution (1 x 10~* M) in CQDs solution (0.75 ng mL™1), and the
inset image in (B) is the picture of solutions A, B and C under 365nm UV light; (C) Fluorescence spectra and (D) fluorescence intensities of CQDs solution
(0.75 ug mL™1) with different concentrations of ssDNA (from a to g: 0, 1.56, 3.125, 6.25, 12.5, 25 and 50 pM) after incubation at 37 °C for 45 min; (E) Fluorescence
intensities of blank (without AM) and experimental sample (with AM of 1 x 10~* M) under different incubation times of 0, 15, 30, 45, 60, 75 and 90 min; (F) Relative
fluorescence intensities (AF) of the sample under different incubation times, where AF = F-F,, F and Fy are the fluorescence intensities of CQDs at 445 nm with and

without AM.

recognition element to the sample, a significant reduction in the fluo-
rescence intensity of CQDs occurred as expected. A similar phenomenon
was also reported by Wang et al. (2019) that the fluorescence of CQDs
with magnetic [GdCI3Br] counterions (CQDGd) was aggregation-
induced quenched by ssDNA. On the addition of AM, ssDNA tended to
form adducts with AM rather than adsorbed on the surface of CQDs,
causing the fluorescence enhancement compared with CQDs-ssDNA

solution (Besaratinia & Pfeifer, 2007). As shown in Fig. 4B, AF and
the logarithmic AM concentration from 1 x 1077 to 5 x 107> M followed
a linear relationship of AF=35.03x [Log (AM concentra-
tion)] + 284.67 with the coefficient of determination (R%) of 0.9895. The
LOD was calculated to be 2.41 x 10~ M. The error bars were the
standard deviation calculated from the average fluorescence intensity of
three parallel samples, and the obtained RSD were in the range of
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0.63-0.81%. The results showed that the biosensor performed satisfac-
torily on the quantification of AM in the standard solution, which
allowed the detection of AM with unknown concentrations.

Table 1 compares the detection performance of different sensors for
AM quantification. Hu et al. (2014) and Wei et al. (2020a) successfully
utilized the size-controlled fluorescence properties of CdSe/ZnS QDs and
CQDs to quantify the detection of AM and obtained a LOD of 3.5 x 10>
gL71(4.92x1077 M) and 8.1 x 10”7 M, respectively. However, their
processes were quite complicated and with many constraints, requiring
the modification of N-acryloxysuccinimide on the surface of QDs and
CQDs, and the polymerization reactions were triggered under heating or

AF of 10 parallel detection solutions.

ultraviolet lamp irradiation with the existence of the initiator. Liu et al.
(2018) designed a more complex method by combining a polymer
imprinted with acrylamide (AM-MIP) and Mn(Il)-doped ZnS QDs for
detecting AM, which took more than 18 h on the single synthesis of AM-
MIP, and the method showed a LOD of 1.7 x 10~/ M. In contrast, the
current biosensor only required simple preparation of CQDs and ssDNA
solutions, no complex modifications were needed to realize AM detect-
ing, and a lower LOD of 2.41 x 108 M was obtained, which demon-
strated the simplicity and high performance of the biosensor. It was also
noteworthy that only 90 min was taken from the preparation of the so-
lution to the detection of AM, which offered a more timesaving method

Table 1

Comparison of different sensors for AM detection.
Type of sensor Detection range LOD Applicability Reference
Fluorescent sensor based on gold nanoparticles and FAM-labeled 0.051x 107" M 1x10°M Potato fries water extract samples Asnaashari et al.

double- stranded DNA (2018)
Mn-doped ZnS quantum dots fluorescent sensor 0.5-60 pM 0.17 yM Potato chips, fried bread stick, bread and ~ Liu et al. (2018)
rice crust
Fluorescent sensor based on amino-CdSe/ZnS QDs 35x107°-35gL! 35x107°g Potato chips Hu et al. (2014)
L1

Fluorescent sensor based on CQDs 5x107%-5x10"°M 81x107M White bread crust samples Wei et al. (2020a)
Single-stranded DNA modified gold electrode 0.4-200 pM 8.1nM Tap water and potato crisps Huang et al. (2016)

DNA Immobilized on Graphene Oxide-Modified Glassy Carbon
Electrode

HPLC-MS/MS

GC-ECD

Fluorescent biosensor based on CQDs and ssDNA

5x1078-1x107°M

5.58-50.35 pg kg’
50-1000ng L~!
1x1077-5x10°M

Not mentioned Tap water sample

2.12ngmL ! Thermally-processed seafoods
60.2ng ! Waste water
2.41x10°M Bread crust

Li et al. (2014)

Qin et al. (2017)
Sobhi et al. (2017)
This work
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compared with traditional technology based on chromatography.
3.6. Specificity and reproducibility for AM detection

In order to evaluate the specificity of this biosensor, substances with
a similar structure to AM, such as 6-amino-hexanic acid (EACA), acrylic
acid (AA) and AM precursor substances like glycine (Gly), L-aspartic acid
(1-ASP) and sucrose (Suc) were selected for interference examination.
All the interfering substances with a concentration of 1 x 10~3 M and
AM of 1 x 10™* M were added into the ssDNA-CQDs reaction solution,
respectively, and the results are shown in Fig. 4C with the RSD from
0.51% to 2.03%. The fluorescence intensities of CQDs at 445 nm were
almost unchanged after adding the interfering substances, and their AF
tended to zero or even negative, which were far lower than the fluo-
rescence response after adding AM, indicating that these interfering
substances could not combine with ssDNA to increase the fluorescence
intensity of CQDs. Our results were consistent with the study reported by
Asnaashari et al. (2018), who also showed that the response values of
the selected interfering substances were significantly lower than that of
AM, further proving the specificity of the biosensor based on ssDNA for
AM detection. Furthermore, the reproducibility of the biosensor was
investigated using 10 parallel ssDNA-CQDs solutions to detect AM with a
concentration of 1 x 10”% M, and Fig. 4D shows that the RSD obtained
was 3.23%, indicating good reproducibility in detecting AM.

3.7. Application in real samples

For exploring the practical application of the constructed fluorescent
biosensor in real samples, the determination of AM in bread crust was
carried out. The bread crust was treated with n-hexane and the mixed
extractant. Subsequently, the extract was purified by the QUECHERS
method and filtered to obtain the treatment solution of bread crust
samples, and spiked sample solutions with AM concentrations of 500, 50
and 5 pM were finally obtained after mixing different concentrations of
AM standard solutions, ssDNA solution and CQDs solution in bread crust
filtrate. Results in Table 2 shows that the recovery range of this detection
biosensor was 91.36-98.11% with RSD of 1.15-2.30% (<5%), indi-
cating the good accuracy and practicality of this biosensor.

4. Conclusions

In the current study, a simple and sensitive fluorescence biosensor
for the determination of AM was proposed based on ssDNA and CQDs.
The high affinity between ssDNA and AM as well as the excellent fluo-
rescence properties of CQDs ensured the specificity and sensitivity of the
biosensor. The established sensing biosensor offered a wide linear range
for AM detecting from 1 x 107 to 5 x 10~> M with a LOD of 2.41 x 1078
M. Additionally, satisfactory recoveries ranging from 91.36% to 98.11%
were obtained for detecting AM in bread crust samples prepared by the
QuECHERS method, which further confirmed the practical application
in AM contents monitoring of food products. Therefore, this fluores-
cence biosensor should have good potentials for sensing AM of other
thermally processed foods with simplicity and sensitivity.
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Table 2
Practical application of the present biosensor for detection of AM in spiked bread
crust samples.

Samples  Spiked Detected Recovery RSD
concentration (pM) concentration (uM) (%) (%)
1 500 490.53 98.11 1.15
2 50 45.68 91.36 1.96
3 5 4.71 94.20 2.30

the work reported in this paper.
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