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HIGHLIGHTS

e A specific colorimetric detection method
for melamine using AuNPs - encapsu-
lated DNA hydrogel was constructed.

e A POCT detection platform is prepared
by combining microfluidic chip.

e The POCT platform can detect melamine
with a detection limit to 37 nM.

e By changing the aptamer in DNA
hydrogel, this strategy can be used to
detect other targets.
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ABSTRACT

The illegal addition of melamine (MEL) into pet foods and infant milk powder has caused great concern among
people. In this study, a point-of-care testing (POCT) method was developed by combining stimuli-responsive
deoxyribonucleic acid (DNA) hydrogels with microfluidic chips to achieve portable and sensitive detection of
MEL. With the MEL aptamer (MA) acting as a cross-linker, DNA hydrogel-coated gold nanoparticles (AuNPs)
served as a basis for colorimetric detection and quantitative analysis. In the presence of MEL, it competitively
binds to the aptamer, causing disintegration of the DNA hydrogels and a release of the coated AuNPs, making it
possible to visually detect and quantitatively measure the MEL. Under optimal conditions, the detection range of
MEL using DNA hydrogels was 0.1-100 pM and the limit of detection (LOD) was 42 nM. This portable, sensitive,
and user-friendly field test equipment was developed to avoid the use of non-portable laboratory instruments.
Furthermore, we combined microfluidic chips with the properties of DNA hydrogels, making it possible to
quantitatively detect MEL by taking photos and analyzing the gray value using software in accordance with the
different colors of copolymerization solutions after the reaction. The detection range of MEL using the micro-
fluidic chip-based method was 0.2-50 pM, and the LOD was 37 nM. Neither trained operators nor large-scale
instruments are needed for using this method to conduct portable and sensitive field detection of the targets,
which highlights the methods excellent potential in food security, clinical tests, environmental monitoring, and
other aspects.
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1. Introduction

Melamine (MEL) is one of the raw materials used for the production
of plastics, coatings, and adhesives [1]. Owing to its high nitrogen
content, MEL is added to dairy products and animal feed to increase the
apparent protein content [2] as determined by the Kjeldahl method that
is usually adopted to determine the protein content in foods or feed. The
illegal addition of MEL led to pet food contamination in the United
States in 2007 and infant milk powder adulteration in China in 2008 [3],
Research indicates that intake of MEL causes lithiasis and other illnesses
in animals and infants [4,5]. MEL is classified as a group 2B carcinogen
by the International Agency for Research on Cancer (IARC). United
Nations Food Standards Commission set a safe limit of MEL in foods at
2.5mg L7 (19.8 pM) and in infant milk powder at 1 mg Ll (7.9 pM),
and therefore, MEL detection has attracted increasing attention from
researchers.

Traditional MEL detection methods, including liquid chromatog-
raphy, gas chromatography, gas chromatography-mass spectrometry,
and atomic absorption spectrographic method [6] require expensive
large-scale instruments, strict pretreatment of samples, and highly
skilled operators. With the advantages of high sensitivity, low limit of
detection (LOD), and simple processing, nanotechnology-based detec-
tion methods have greatly helped to advance the development of rapid
detection technologies to overcome the shortcomings of traditional
technologies in MEL detection.

Hazra et al. achieved sensitive detection of MEL based on the se-
lective quenching of the luminescence signal of upconversion nano-
crystals by melamine [7]. Liao et al. opened and closed the fluorescence
signals of p-cyclodextrin modified carbon nanoparticles by replacing
Fe®* with MEL [8] and obtained outstanding results for MEL detection in
milk. Xie et al. prepared microfluidic paper-based analytical devices
(PPADs) based on gold nanoparticles (AuNPs) [9] to implement a
low-cost, portable, and sensitive method for the detection of MEL, which
is therefore highly suitable for use in regions with limited resources.
Among the various detection methods, point-of-care testing (POCT)
methods has the advantages of fast detection, simple use and saving
comprehensive cost appeal to the author. Common POCT technologies
include lateral flow immunoassays (such as virus test paper [10]), sensor
technology (such as glucometer [11]), and microfluidic technology
[12], which have grown rapidly in recent years. Microfluidic chips have
been widely applied to POCT detection platforms owing to their ad-
vantages of low cost and transformation of different signals [13-16].
Compared to conventional quantitative analysis, colorimetric detection
in POCT allows for both real-time qualitative and semiquantitative an-
alyses without relying on any advanced or complex instruments. It is
worth noting that AuNPs have been favored by researchers in the
application of colorimetric detection for a long time because of their
mature synthetic technology and stability [17]. To achieve the goal of
both colorimetric and quantitative detection and develop a user-friendly
POCT detection platform, deoxyribonucleic acid (DNA) hydrogels were
combined with microfluidic chips in this study. As a result, colorimetric
detection was possible based on the color of the copolymerization so-
lutions after the reaction, and quantification could also be carried out
simply by analyzing the gray value with specific software instead of
using large-scale instruments.

Stimuli-responsive DNA hydrogels possess both the programmability
of DNAs and the good bearing capacity of hydrogels [18], and therefore
receive increasing attention in the development of biosensors. The
rational design and precise application of DNA strands enable hydrogels
to have greater responsiveness, including responsiveness to
non-biological (light [19], heat [20], magnetism [21], pH [22], etc.) and
biological stimuli (nucleic acids [23], proteins [24], small molecules
[25], etc.). Generally, a specific response to the target can be achieved
by introducing the nucleic acid aptamer into hydrogels. The nucleic acid
aptamer can be separated using systematic evolution of ligands by
exponential enrichment (SELEX) technology, and the nucleic acid
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aptamer have the advantages of a wide target range, massive scale in
vitro synthesis, great repeatability, high stability, and low cost [26]. The
MEL aptamer (MA) adopted in this study was modified from the aptamer
obtained by Gu et al. using SELEX [27], and displayed good affinity and
better selectivity. This detection platform has potential for further
application in the portable and quantitative detection of other targets by
altering the aptamer used in the system.

In this study, a portable and sensitive POCT detection platform was
designed, in which aptamer-based stimuli-responsive DNA hydrogels are
combined with microfluidic chips, enabling the sensitive detection of
MEL. First, AuNPs were encapsulated in polyacrylamide DNA hydrogels
bridged by MA. Next, these complexes competitively bind to the
aptamer in the presence of MEL, which leads to hydrogel rupture and
AuNPs release. The AuNPs used in this method provide a basis for the
colorimetric and quantitative detection of the targets. In this case,
microfluidic chips were introduced to construct a POTC detecting plat-
form for immediate analysis at the sampling site. The DNA hydrogels did
not flow directly from the reaction area to the lower detection area,
however, following the completion of the reaction, the copolymerization
solutions did flow into the detection area under gravity. At that time,
photos were taken using mobile phones and the gray value was analyzed
using ImageJ software to perform a quantitative analysis of the detected
concentrations. The target concentration was positively correlated with
the amount of AuNPs released by the DNA hydrogels and negatively
correlated with the gray value. The POCT detection equipment showed a
lower LOD of 37 nM for MEL. As a result of this study, we developed a
portable, inexpensive, and simple to operate detection platform for
quantitative analysis, which does not depend on large-scale laboratory
instruments.

2. Materials and methods
2.1. Materials and reagents

Ammonium persulfate (APS), N,N,N’,N’-Tetramethylethylenedi-
amine (TEMED), and Tris-hydrogen chloride (HCI) buffer were pur-
chased from Shanghai Acmec Biochemical Co., Ltd. (Shanghai, China).
MEL, glucose, sucrose, lysine, i-cysteine, histidine, adenine, and
thymidine were obtained from Alta Scientific Co., Ltd. (Tianjin, China)
and had a purity of over 99%. All other reagents were acquired from
Sigma-Aldrich (St. Louis, MO, USA). All oligonucleotide sequences were
purified by high-performance liquid chromatography (HPLC) and syn-
thesized by Sangon Biotechnology Co., Ltd. (Shanghai, China). Oligo-
nucleotide sequences are listed in Table S1.

2.2. Apparatus and characterization

Absorbance was measured using ultraviolet and visible spectropho-
tometry (UV-vis, TU-1901, Persee Co., Ltd., China). DNA hydrogels
were subjected to freeze-drying (Freeze dryer, SCIENTZ-10ND, Scinetz,
China) and their morphological characteristics were observed using
scanning electron microscopy (SEM, ZEISS Sigma 300, Germany).
Transmission electron microscopy (TEM, Tecnai G2 F20 S-TWIN, FEI,
USA) and a dynamic/static laser scattering instrument (DLS, Zetasizer
Nano ZSE, UK) were used to analyze whether the synthesized AuNPs
qualified. Circular dichroism (CD, CHIRASCAN, Applied Photophysics
Ltd, UK) and electrophoresis (DYY-11, Liuyi Instrument Factory, China)
were also used in this experiment.

2.3. Synthesis of AuNPs

AuNPs were synthesized according to the method reported previ-
ously [28], using glassware that had been immersed in aqua regia (HCI:
HNO3 = 3:1, v/v) for 120 min, washed with ultrapure water and dried.
Briefly, 100 mL of 0.01% (w/v) HAuCly was boiled in a 250-mL
round-bottom flask and quickly added to 2.6 mL of 1% freshly
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prepared sodium citrate solution (NagC¢Hs07-2H20). Next, the resulting
mixture was boiled and stirred for 30 min to obtain an AuNP solution
with a concentration of 2.5 nM and a particle size of 15 nm. Finally,
polyethylene glycol thiol (PEG-SH, Mw 5000) was added to modify the
AuNPs and 0.01 wt% Tween-20 was used as a coating to avoid coagu-
lation. The obtained AuNPs were centrifuged and redispersed to the
required concentration. The characterization of the synthesized AuNPs
is shown in Fig. S1. The TEM image shows that the particle size of the
synthesized AuNPs is 15 nm and well dispersed. The hydrated particle
size of AuNPs is further analyzed by dynamic light scattering (DLS)
analysis, and the results are slightly larger than the TEM results.

2.4. Preparation of DNA hydrogels

First, the linear polyacrylamide-DNA polymer was prepared by
modifying from previous studies [29]. Specifically, SA or SB was mixed
with 2.4% acrylamide in an Eppendorf tube and homogenized by
shaking, followed by vacuum deoxidation at 37 °C for 6 min. Subse-
quently, 1.4% APS (freshly prepared, 10 wt%) and 2.8% TEMED (freshly
prepared, volume ratio of 5%) were added and blended, followed by
vacuum deoxidation at 37 °C for 8 min to synthesize the P-SA or P-SB
polymer. The P-SA or P-SB generated (SA or SB with a final concentra-
tion of 100 pM) was centrifuged and purified using ultrafiltration
centrifuge tubes with a molecular weight of 100 KD so as to remove
unpolymerized monomers and polymers with a low molecular weight.

Thereafter, MEL-responsive DNA hydrogels were prepared as fol-
lows. First, 6 pL of AuNPs, 5 pL of P-SA, and 5 pL of P-SB were mixed in
Tris-HCI buffer and vigorously shaken for 5 min at 60 °C. Then, 5 pL of
MA (denatured at 95 °C and slowly cooled down to room temperature)
at a certain concentration was added and shaken thoroughly for 10 min
at 60 °C. As the samples were slowly cooled to room temperature, the
DNA hydrogels were washed three times with Tris-HCI buffer to remove
AuNPs on the surface of the polymers. The prepared DNA hydrogels
were stored overnight at room temperature to ensure complete cross-
linking between the DNA molecules.

2.5. Ultraviolet detection of MEL

For ultraviolet detection, 75 pL of MEL standard solutions with a
series of concentrations were added to DNA hydrogels, and the reaction
was carried out by incubation at 37 °C and 150 rpm for 1 h, resulting in a
change of color of the supernatant. The absorbance of the supernatant
was measured to obtain precise results.

2.6. Specificity analysis

To validate the response specificity and anti-interference ability of
DNA hydrogels, substances that might co-exist with MEL or be
destructive to DNA hydrogels were selected, including glucose, sucrose,
lysine, L-cysteine, histidine, adenine, thymidine, Pb%*, and AI**. Ac-
cording to the detection as per the aforementioned experimental pro-
cedures for MEL detection, the concentration of these substances was
100 pM. In addition, they were compared to MEL at a concentration of
10 pM. The absorbance of the supernatant was measured after the
completion of the reaction.

2.7. Real sample analysis

To verify the detection capability of DNA hydrogels in actual sam-
ples, milk and infant milk powder samples were purchased from local
supermarkets. After through pretreatment, different amounts of MEL
were added, followed by detection as described above.

2.8. Design and detection of microfluidic chips

After drawing patterns using AutoCAD software, microfluidic chips
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were prepared by Suzhou Shuotian Automation Technology Co., Ltd.
(Suzhou, China) with polydimethylsiloxane (PDSM) upon receiving the
patterns. The liquid storage, reaction area, liquid channel, and detection
area were divided on the chips (Fig. S2). When DNA hydrogels and
different concentrations of MEL solution were successively injected into
the reaction area of the chips, the unreacted DNA hydrogels blocked the
liquid channel. The analysis time of microfluidic chip is 60min, referring
to the previous reaction time of DNA hydrogel and MEL. After the re-
action, the chips were inclined to allow the sample solutions to flow
through the liquid channel to the lower detection area. The detection
area of the chips was photographed using a mobile phone camera, and
the photos were imported to the ImageJ software (NIH, Bethesda, MD,
USA) to analyze the average gray value.

3. Results and discussion
3.1. Experimental principles

The target-responsive DNA hydrogels synthesized for MEL detection,
combined with microfluidic chips, are shown in Scheme 1. In brief, two
sets of single-stranded DNAs (SA and SB) complementing part of the MA
region were designed according to MA and grafted onto the poly-
acrylamide to form polymer chains (P-SA and P-SB). Next, MEL-
responsive DNA hydrogels were generated with MA as the cross-linker
through hybridization with SA and SB, followed by embedding of the
AuNPs in the DNA hydrogels. When MEL was present, the specific
aptamers bound with it competitively, because of the high affinity be-
tween the specific aptamers and targets, and formed target-aptamer
complexes, leading to the disintegration of the DNA hydrogels and the
release of the preloaded AuNPs. Visual and quantitative detection could
subsequently be achieved based on the color change of the supernatant
and absorbance detection. Similarly, the DNA hydrogels were placed
into the designed microfluidic chips, and the unreacted DNA hydrogels
blocked the liquid channel. In the presence of MEL, the DNA hydrogels
gradually split and their volume reduced. The chip was tilted to make
the reacted sample solution flow past the liquid channel and into the
detection area by gravity, and gray value analysis was conducted based
on the color change in response to the release of AuNPs, thus indicating
the concentration of the target. The concentration of the target showed a
positive correlation with the color depth of the reacted sample, and a
negative correlation with the average gray value.

3.2. Feasibility verification

The degree of hydrogel network crosslinking was determined by the
level of combination of MA and its complementary sequences. A 20%
native polyacrylamide gel electrophoresis (PAGE) was employed to
verify the binding of MA and its target, as well as its hybridization and
de-hybridization behaviors with complementary chains. As shown in
Fig. 1A, Channel a and b (chains SA and SB) differed from Channel ¢
(MA) in molecular weight, while chains SA and SB were also clearly
combined with MA (Channels d). After adding MEL, MA bands can be
seen (Channel e), which proves the fracture of three complementary
chains. By further increasing the concentration of MEL, it can be seen
from Channel f that the three chains complex is more obviously
dehybridizated.

To further verify the feasibility of the experiment, CD was employed
to prove the change in conformation after binding of the complementary
DNA hybrid chain and MEL to MA. As shown in Fig. 1B, MEL did not
exhibit a peak showing its secondary structure, and MA was observed to
have a maximum positive peak at 284 nm and a maximum negative peak
at 241 nm, while the SA + SB chain exhibited a maximum positive peak
at 277 nm and a maximum negative peak at 251 nm. Compared with the
MA chain and the SA + SB chain, the SA + SB + MA chain had a redshift
and blueshift, respectively, in the peak value, which demonstrates that
MA hybridizes with its complementary chains and has an altered
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Fig. 1. Feasibility verification. (A) 20% Native-PAGE. a: SA, b: SB, c¢: MA, d: SA + SB + MA, e: SA + SB + MA + MEL (10 uM), f: SA + SB + MA + MEL (100 pM). The
concentrations of SA, SB and MA are 2.0 pM, 2.0 pM and 1 pM, respectively. (B) CD spectra of DNA copolymers used in this work, where the concentrations of SA, SB,

MA, and MEL are 10 uM, 10 pM, 10 pM, and 20 pM, respectively.

secondary structure. An obvious redshift with an increased peak value
was observed at the positive peak (277 nm) after MEL was added to the
hybrid chains, showing that MEL competitively combined with MA on
the hybrid chains and further changed the structure of the system.

Finally, we synthesized MEL-responsive DNA hydrogels (the volume
of AuNPs added was 7 pL, and MA concentration was 40 pM) for control
test. Before introducing MEL, rinse with tris HCI buffer for 3 times to
remove free AuNPs, and then added MEL with concentration of 50 pM,
reacted at 37 °C and 150 rpm, and took photos and records. As shown in
Fig. S3, which fully proved the feasibility of the experiment.

3.3. Optimization of experimental conditions

The cross-linking degree of DNA has a direct effect on the network
structure of hydrogels. After fixing the concentration of SA and Sb in the
chain of the complex, in order to achieve the highest performance of the
DNA hydrogel for the detection of MEL, the formation conditions, re-
action time, volume of encapsulated AuNPs, and pH of the reaction
system were optimized. First, the concentration of MA was optimized as

it specifically reacts with MEL as a bridging chain of the nucleic acid
hydrogels and causes the disintegration of the nucleic acid hydrogels
and the release of AuNPs. The dissociation dynamics of MA at different
concentrations were observed by monitoring the absorbance at 524 nm
(absorbance maximum of the 15 nm AuNPs). As shown in Fig. 2A-D,
with an MA concentration of 30 pM, the system gradually collapsed over
time after the target was added, whereas the hydrogels also gradually
dissociated as they absorbed water and swelled in the absence of the
target. It is clear that the low concentration of the bridging chain
resulted in a low overall cross-linking degree of the system (Fig. 2A). The
cross-linking degree of the DNA hydrogels improved as MA concentra-
tion was increased to 35 pM, but the hydrogel system still gradually
dissociated in the absence of MEL (Fig. 2B). When MA concentration was
increased to 40 pM, the system reaches the plateau stage when the re-
action reaches 60 min, the absorbance basically does not increase, and
the reaction reaches the maximum efficiency. At this time, the dissoci-
ation degree of the blank control is very low, which means that the
system is stable and has high sensitivity to the target (Fig. 2C). However,
the cross-linking degree of the system further improved as the MA
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Fig. 2. Effect of MA concentration on the detection efficiency of DNA hydrogels. (A-D) Dissociation dynamics of DNA hydrogels at 524 nm at a MA concentration of
30 pM, 35 pM, 40 pM and 50 pM, respectively. (E) Effect of volume of encapsulated AuNPs on absorbance. (F) The effect of the pH on the detection of MEL. The error

bars represent the standard deviations of three replicate experiments.

concentration increased to 50 pM, making it insensitive to MEL
(Fig. 2D). In conclusion, maximum efficiency was achieved 60 min after
the start of the reaction with a 40 pM MA concentration.

The concentration of AuNPs was positively correlated with the color
depth of the hydrogels. The AuNP concentration was set at 0.5 mg/mL to
ensure successful colorimetric detection of the experimental results. The
volume of AuNPs loaded in the DNA hydrogels was subsequently further
optimized because the amount of encapsulated AuNPs had a profound
effect on experimental sensitivity. As shown in Fig. 2E, the monitored
absorbance values increased as the amount of AuNPs loaded in the DNA
hydrogel increased, and reached a maximum when the embedded vol-
ume was 8 pL. When the loading volume was increased further, the
raised background signal resulted in a decreased absorbance. The
comparison photos before and after the optimization conditions are
shown in Fig. S4. Thus, the optimal volume of AuNPs embedded in the

DNA hydrogel was determined to be 8 pL.

Finally, the pH of the reaction system was optimized to determine
optimal reaction conditions. By adjusting the pH of the supernatant, the
reaction efficiency was determined at pH 3.5, 5.5, 7.5, 9.5, and 11.5. As
shown in Fig. 2F, the reaction efficiency was highest when the pH value
of the supernatant was 7.5.

3.4. Characterization

The optimized DNA hydrogels were observed by SEM to verify the
successful synthesis of the DNA hydrogels. After freeze-drying, the DNA
hydrogels were found to have a multi-hole cross-linking network in the
SEM image (Fig. 3A and B), consistent with the morphology of the
hydrogel matrix. Next, the synthesized DNA hydrogels were dissolved
and diluted with water and characterized by TEM, and the results
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showed that the AuNPs were regularly scattered in the system (Fig. 3C).

Rheological studies were conducted to further understand the
physical states of the DNA hydrogels. The storage modulus (G’) and loss
modulus (G”) of the optimized DNA hydrogels were compared to assess
the ability of the compound to revert to its original geometric shape and
the flow tendency of the materials. As shown in Fig. 3D, the moduli (G’
and G") were slightly frequency-dependent, without crossing each other
during the entire range of test frequencies, which means that the elastic
response dominates, and the materials have a permanent network of
high cross-linking. G” was always lower than G/, suggesting the exis-
tence of gelatinous behavior in the DNA hydrogel.

3.5. Quantitative detection of the DNA hydrogels

The detection ability of the DNA hydrogel for MEL can be judged by
the color of the supernatant on the one hand, and quantitatively
expressed by detecting the absorbance of the supernatant on the other
hand. The results shown in Fig. 4 revealed that a higher level of cleavage
reactions and a decreased cross-linking degree with an increased MEL
concentration, which accelerated the disintegration of the hydrogels and
the subsequent release of AuNPs into the supernatant. Data from UV-vis
(Fig. 4A) showed that absorbance exhibited a positive correlation with
MEL concentration and the MEL at concentrations of 0.1-100 pM
exhibited a logarithmic linear correlation with the absorbance of the
supernatant (Fig. 4B). The linear equation was Y = 0.1977Lg X +
1.1487. Evidently, MA was depleted in the plateaued reaction when the
concentration of the MEL was further increased. The LOD of the sensor
was 42 nM, obtained using the formula 30/slope, where o is the standard
deviation of the blank sample (n = 11) and the slope represents the slope
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of the linear equation (0.1977).
3.6. Specificity and anti-interference ability detection

The potential substances affecting the sensor were explored to
evaluate the anti-interference performance and specificity of the sensor
after confirming that the sensor responded quickly to MEL. Testing
included certain substances commonly coexisting with MEL, such as
glucose, sucrose, lysine, L-cysteine, histidine, adenine, and thymine. In
addition, metal ions likely to affect the sensor, such as Pb%* and AI®Y,
were also included in the test panel. The detectable concentrations of
these coexisting substances and metal ions were ten times higher that of
MEL. The experimental results shown in Fig. 5 suggest that only MEL
had a noticeable impact on the sensor under the same conditions, and
the absorbance changed only slightly in response to interfering sub-
stances, signifying that the developed method of MEL detection is highly
specific.

3.7. Application

To explore the applicability of the method, milk and infant milk
powder were supplemented with MEL at different concentrations
(Table 1). The recovery rate of practical samples was found to be
87.3-112%, and the relative standard deviation (RSD) was between 1.4
and 5.7%, demonstrating the potential of this method in monitoring
MEL in milk and infant milk powder.
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Fig. 3. Characterization of DNA hydrogels. (A) and (B) SEM images of DNA hydrogel. (C) TEM image of DNA hydrogel diluted by water. (D) Rheology studies of the

DNA hydrogel.
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Sucrose, c. Pb%*, d. AI®*, e. Lysine, f. .(+)-Cysteine, g. Histidine, h. Adenine, i.
Thymine, j. MEL. (The concentration of melamine is 10 pM, and the rest is 10
times higher.) The error bars represent the standard deviations of three repli-
cate experiments.

3.8. Stability

Verifying the stability of DNA hydrogel is helpful to realize the
commercialization of the detection platform. First, MEL with low, me-
dium, and high concentrations was selected for ten repeated

Table 1
Results of MEL detection in real samples using the DNA hydrogel (n = 3).
Sample Added (pM) Detected(pM) Recovery (%) RSD (%)
Milk 0 Not detected - -
10 9.80 98.0 1.4
100 112.00 112.0 3.2
Infant milk powder 0 Not detected - -
10 8.73 87.3 1.6
100 103.03 103.0 5.7

experiments. The results are shown in Fig. 6A. The RSD is less than 2.8%,
indicating that the target response DNA hydrogel has good repeatability.
Furthermore, low, medium, and high concentrations of MEL standard
samples were added to hydrogels stored at 4 °C, 0, 7, 14 and 21 days
respectively. The results showed that the detection results at the same
concentration were very similar in different days (Fig. 6B), indicating
that the prepared target response DNA hydrogel was very stable.

3.9. Intuitive detection using microfluidic chips

Microfluidic chips were designed based on the characteristics of DNA
hydrogels to support POCT detection and to make the detection process
as economical, user-friendly, responsive, and precise as possible. After
drawing patterns using AutoCAD software, microfluidic chips were
prepared by Suzhou Shuotian Automation Technology Co., Ltd. (Suz-
hou, China) with polydimethylsiloxane (PDSM) upon receiving the
patterns. Colorimetric detection was performed on the basis of the color
change of the copolymerization solutions after the reaction, the copo-
lymerization solutions after reaction were photographed using a mobile
phone, and the photos were analyzed using ImageJ software to obtain
aeading of the average gray value for subsequent quantitative analysis.
The average gray value of the blank control group was 201. As the MEL
concentration increased, the color of the copolymerization solutions
flowing into the detection area of the microfluidic chips gradually
deepened (Fig. 7A). Further quantitative results, shown in Fig. 7B,
showed that the average gray value was linearly related to the logarithm
of MEL concentration in the range of 0.2-50 pM, the linear equation was
Y = — 20.6981 Lg X + 180.0410. The LOD of the sensor was 37 nM,
obtained using the formula 36/slope, where ¢ is the standard deviation
of the blank sample (n = 11) and the slope represents the slope of the
linear equation. Compared with previous detection methods (Table S2),
the method developed in this study displayed a superior detection
ability.

4. Conclusions

In this study, DNA hydrogels specifically responding to MEL were
created with MA as the bridging chain, and a portable, rapid, and sen-
sitive POCT detection platform was developed by combining the DNA
hydrogels and microfluidic chips. In the presence of the target, the
specific aptamer will competitively bind to it, causing a decline in the
degree of crosslinking in the DNA hydrogels. Colorimetric and quanti-
tative detection can be achieved by detecting the release of embedded
AuNPs following disintegration of the DNA hydrogels. Images taken
using mobile phones and analyzed using specific software can be used to
achieve POCT detection, instead of using large-scale laboratory
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instruments. The platform does not require specifically trained
personnel for proper application, and the determined LOD of 37 nM is
lower than the limit of 0.15 mg kg~ MEL in liquid infant formula
specified by the international Codex Alimentarius Commission. The
developed DNA hydrogels with excellent response specificity and anti-
interference ability showed no apparent response to other substances.
The results showed a MEL recovery rate 87.3-112% in milk and infant
milk powder, with an RSD of 1.4-5.7%. In addition, the high specificity
and responsiveness of aptamers to their targets gives this method po-
tential for application in the portable quantitative detection of various

targets by changing the aptamers and designing the complementary
sequence of response. In conclusion, we developed a user-friendly POCT
device based on MEL-responsive DNA hydrogels and microfluidic chips,
which is simple to operate, portable, and uses mobile phones for
analyzing the results without relying on other devices. The proposed
method has high potential for application in food safety analysis and
medical diagnostics. Our future studies will be aimed at making the
method more intelligent.
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