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ABSTRACT: Fluorescent biosensors have been widely applied in
DNA detection because of their reliability and reproducibility.
However, low kinetics in DNA hybridization often brings out long
test terms, thus restricting their practical use. Here, we
demonstrate unexpected fast DNA fluorescence detection on the
confined surface of hydrogel particles. When the pore size and
surface charge of hydrogel particles are tailored, DNA molecules
can be confined in the outer water layer of hydrogel particles. We
fabricated a fluorescence-on DNA sensor based on the hydrogel
particle array by utilizing the fluorescence quenching property of
graphene oxide and its different adsorption behaviors toward
single-strand DNA or double-strand DNA. Benefiting from the
confinement effect of hydrogel particle surface and the enrichment
effect of water evaporation, the DNA-recognition time was descreased significantly from 3000 s to less than 10 s under the
target concentration of 400 nM. Moreover, rapid detection can be achieved at concentrations between 50 and 400 nM. The
study provides another insight to fabricate fast biosensors and shows great potential in DNA diagnostics, gene analysis, and
liquid biopsy.
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(DNA) is associated with a variety of human diseases,

highlighting its great potential as a valuable biomarker
in the diagnostics, prognostics, and treatment of diseases.”” In
recent years, due to the high sensitivity and little sample
damage, the fluorescent method has been developed as a
reliable and reproducible approach for DNA detection.’™®
Despite the excellent sensitivity of fluorescent biosensors, the
fluorescent DNA biosensor still meets a challenge in detecting
ultratrace samples. In a homogeneous bulk solution, the
recognition between DNA capture probes and target DNA
reactants relies on their random collision and interaction. For
ultratrace DNA detection, the biosensing proceeding involves
continuously searching for the target DNA in the solution. Due
to the low mass transfer efficiency, the reaction time is
prominently prolonged, with compromised recognition
efficiency.” Therefore, it remains an intractable challenge to
accelerate the slow reaction kinetics for ultratrace DNA
detection.

Nature confines the interacting species into small volumes to
alter the apparent interaction kinetics and promote molecular
encountering. For example, by confining the receptor into
nanosized domains on the cell surface, the T-cell can sense and
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distinguish specific peptides at ultralow concentration.
Compared with that of the conventional bulk aqueous
solution, the localized concentration may be increased by
several orders of magnitude, which generally leads to a drastic
increase in the encounter rates and the binding affinity. This
natural space-confinement mechanism has given inspiration for
DNA biosensing and cell imaging.'”~"* The 2D or 3D DNA
assemblies, such as DNA origami,ls’16 3D DNA walker,”*” ™"
etc. were designed to confine the reactants or signal reporter in
a compact space to increase local concentration, thereby
accelerating the reaction and improving efficiency.”””’
However, multiple hybridization steps and precise design in
the DNA self-assembly strategy will significantly hinder their
wide applications in biosensing.

Received: January 6, 2022
Accepted: April 4, 2022
Published: April 6, 2022

https://doi.org/10.1021/acsnano.2c00157
ACS Nano 2022, 16, 6266—6273


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuemeng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xizi+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongxiao+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingwei+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li-Ping+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shutao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shutao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.2c00157&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00157?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00157?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00157?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00157?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00157?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/16/4?ref=pdf
https://pubs.acs.org/toc/ancac3/16/4?ref=pdf
https://pubs.acs.org/toc/ancac3/16/4?ref=pdf
https://pubs.acs.org/toc/ancac3/16/4?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acshano.org

Scheme 1. Schematic Illustrations of Fluorescence DNA Detection Based on Space-Confinement Hydrogel Particles”
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“The compact structure of the hydrogel surface and the repulsive force between negatively charged hydrogel and DNA nucleotide prevent the DNA
molecules from entering the interior of hydrogel. The analyte solution can be confined in the outer water layer of hydrogel particles, thereby

achieving the enrichment effect and accelerating the reaction process.

Herein, we developed a DNA biodetection platform with
accelerated kinetics based on the confined outer water layer of
hydrogel particles, and the reaction rate is 300-fold faster than
that of the bulk solution. By careful optimization of the surface
charge and pore size of hydrogel particles, the analyte solution
can be confined in the outer water layer of the hydrogel
particles (Scheme 1). With subsequent water evaporation, the
analyte can be further enriched at the surface of the hydrogel
particle. Graphene oxide (GO) can absorb single-stranded
DNA and repel double-stranded DNA.*>">° Based on the
distinct adsorption behavior and the fluorescence quenching
effect of GO, the DNA detection platform was established by
using 6-carboxylfluorescein (FAM) labeled DNA (F-DNA) as
a signal probe and GO as a background reducer. The
biorecognition process at the confined water layer can be
accelerated dramatically, allowing sensitive DNA detection.
The generic hydrogel particle-based biosensing platform holds
considerable promise for sensitive bioanalysis.

RESULTS AND DISCUSSION

Characterization of the PEG Hydrogel Particles Array.
Superhydrophilic microwells array on the superhydrophobic
surface was employed to fabricate the PEG hydrogel particles
array (Figure S1). Benefiting from the wettability difference of
the superhydrophilic microwell and superhydrophobic surface,
the 2 uL hydrogel precursor solution can be steadily anchored
on the superhydrophilic microwell, forming a regular PEG
hydrogel array without cross-contamination after UV polymer-
ization, as shown in Figure la and Figure S2. The hydrogel
particle’s water contact angle (WCA) is 0°, which reveals the
hydrogel’s hydrophilicity (Figure 1b,i).”” The substrate
demonstrates extreme water repellency with a contact angle
of 154.7 + 2.1° due to the modification of 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (FDTS) with low surface energy
(Figure 1b,ii). The microstructure of the freeze-dried hydrogel
was observed by a scanning electron microscope (SEM). The
cross-linking density of the hydrogel is a significant factor that
affects the pore size of the hydrogel network, which is
dependent on the molecular weight (MW) of PEG-DA.*® We
use pure PEG-DA (MW?700) to generate a small porous
microstructure. SEM characterization of the hydrogels (Figure
Ic,d) demonstrates that dense structure was formed on the
surface and the external of the hydrogel, which is consistent
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Figure 1. Characterization of the PEG hydrogel particles array. (a)
Photograph of PEG hydrogel particles array, dyed with methylene
blue trihydrate (MBT). (b) Water contact angles (WCA) of PEG
hydrogel particles (i) and superhydrophobic substrate (ii). (c)
Top-view SEM image of the PEG hydrogel particles. (d) Cross-
sectional view SEM image of the PEG hydrogel particles.

with literature reports.”®*’ As shown in Figure S3, the hydrogel
contains infrared characteristic peaks of PEG-DA, PEG, and
acryl-PEG-COOH.

Distribution of DNA Molecules on the Hydrogel
Particles. The influence of the hydrogel charge on the DNA
molecules distribution was investigated. We have synthesized
three different hydrogel particles, namely, PEG-COOH-1
hydrogel particles, PEG hydrogel particles, and MAETAC-
PEGDA hydrogel particles. { potential measurements confirm
that the above three kinds of hydrogel particles are negatively
charged, neutrally charged, and positively charged, respectively
(Figure 2a—c, Figure S4). Furthermore, SEM image demon-
strates that dense structure was also formed on all those three
kinds of hydrogel paricles (Figure SS). The distribution results
of DNA on hydrogel particles were characterized by laser
scanning confocal microscope (LSCM). (See the Instruments
and Characterization section.)

For negatively charged PEG-COOH-1 hydrogel particles, F-
DNA molecules are mainly distributed in the outer water layer
of the hydrogel particles (Figure S7a). The continuous
evaporation of the outer water layer can enrich the F-DNA,
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Figure 2. Distribution of DNA molecules on hydrogel particles with different charges. (a)—(c) Schematics of the interaction between
hydrogel particles and F-DNA molecules. Fluorescence images of F-DNA droplets on different hydrogel particles after evaporation for 0 min
(d)—(f) and 20 min (g)—(i) at room temperature and 25% relative humidity. (j)—(1) Corresponding cross-section analysis of F-DNA
droplets on hydrogel particles. (m)—(o) Sideview LSCM tomography images of F-DNA droplets on different hydrogel particles after
evaporating for 20 min. Fluorescence images were obtained by the LSCM, and the excitation light source is 488 nm.
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Figure 3. Distribution of DNA molecules on hydrogel particles with different pore sizes. SEM images of dried hydrogel particles with
different pore sizes: (a) small pore size (PEG-COOH-1) (average pore size, 0.95 + 0.22 pm), (b) medium pore size (PEG-COOH-2)
(average pore size, 4.28 + 1.02 um), and (c) large pore size (PEG-COOH-3) (average pore size, 8.72 + 1.58 um). Fluorescence images of F-
DNA droplets on different hydrogel particles after evaporation for 0 min (d)—(f) and 20 min (g)—(i) at room temperature and 25% relative
humidity. (j)—(1) Corresponding cross-section analysis of F-DNA droplets on hydrogel particles. (m)—(o0) Sideview LSCM tomography
images of F-DNA droplets on different hydrogel particles after evaporating for 20 min. Fluorescence images were obtained by the LSCM,
and the excitation light source is 488 nm.

which results in the increase of fluorescence intensity with time of the hydrogel particles, which may be caused by the
(Figure 2d, g, j). LSCM tomography images and 3D electrostatic repulsion between the hydrogel particle and the F-
fluorescence images (Figure 2m, Figure S8a) further proved DNA. In contrast, for the neutral PEG hydrogel particles, the
that F-DNA molecules were confined in the outer water layer fluorescent DNA molecules can gradually diffuse inside of the
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hydrogel (Figure S7a). After evaporation, an obvious
fluorescent signal appeared inside the hydrogel particles
(Figure 2e, h, k). LSCM tomography images and 3D
fluorescence images (Figure 2n, Figure S8b) show that the
F-DNA molecules are distributed inside the hydrogel particles.
For the positively charged MAETAC-PEGDA hydrogel
particles, fluorescence images showed the irregular distribution
of fluorescence signal on the MAETAC-PEGDA hydrogel
particles after 20 min of evaporation (Figure 2f, i, 0). The
cross-section analysis also showed low fluorescence values both
inside and on the surface of the hydrogel (Figure 21). This may
be due to the aggregation-caused quenching of F-DNA on the
hydrogel surface. Due to electrostatic attraction force, DNA
can be rapidly adsorbed on the surface (Figure S7a), resulting
in quenching of the fluorescence signal. The above results
indicate that only the negatively charged hydrogel particles can
confine DNA molecules in the outer water layer. This
confinement effect may favor the biorecognition process in
biosensing.

The pore size effect of the hydrogel particles on the
distribution of DNA molecules was further investigated. The
pore size of the hydrogel particles can be tuned by optimizing
the molecular weight of PEG-DA. The smaller the molecular
weight is, the denser the hydrogel structure is.”* SEM images
confirm that three different hydrogels with different pore sizes
were fabricated (Figure 3a—c, Figure S6).

The compact structure of the PEG-COOH-1 hydrogel
surface prevents the F-DNA molecules from entering the
interior of the hydrogel (Figure S7b). The F-DNA molecules
were enriched from the diluted solution on the surface of the
PEG-COOH-1 hydrogel particle, which can achieve the
amplification of fluorescent signals (Figure 3d, g, j). As for
PEG-COOHS-2 hydrogel particles with pore sizes of about 4.28
um, some F-DNA molecules entered the interior of hydrogel
(Figure 3e, h, k). Further increasing the pore size to 8.72 um
(PEG-COOH-3) leads to more F-DNA molecules entering the
hydrogel inside (Figure 3f, i, 0). LSCM tomography images
and 3D fluorescence images further confirmed that the smallest
pore size of the hydrogel has the best confinement effect
(Figure 3m—o, Figure S8d—f). However, the fluorescent bright
rings due to the space-confined effect of F-DNA can be
observed on all negatively charged hydrogel surface, regardless
of the pore size of the negatively hydrogel (Figure 3j—1), which
indicated that electrostatic repulsion prevents DNA from
entering hydrogel interior by diffusion. Therefore, it has been
established that the charge property of particle surface is the
dominant factor for space-confinement. In addition, the
control of pore size is also crucial for DNA space-confinement.
The best confinement effect can be obtained through the
synergy of pore size and charge.

Moreover, the effect of evaporation time and humidity on
the output signal were optimized (Figure S9). Considering the
efficiency of detection and space-confinement effect, 25%
humidity and 20 min evaporation time were used as the
optimal conditions.

On the basis of the above discussion, the negatively charged
hydrogel with small-pore size (PEG-COOH-1) has the best
confinement effect, enriching DNA molecules on the surface of
the hydrogel particles. Hence, PEG-COOH-1 hydrogel
particles were used to fabricate hydrogel particle-based DNA
sensors (HP-based DNA sensors).

Optimization of HP-Based DNA Sensor. The PEG-
COOH-1 hydrogel particle is used to fabricate confined space
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for DNA detecting. GO can quench the fluorescence of F-
DNA via remotely fluorescence resonance energy transfer
(FRET).”® As shown in Figure S1, with the presence of target
DNA, the fluorescence can be recovered due to the formation
of F-DNA/target DNA duplex structure.®® All the ssDNA
sequences used in our work are listed in Table S1 (see the
Supporting Information).

Interaction between different DNA strands was validated by
analyzing agarose gel electrophoresis experiments (Figure
S10). Furthermore, as shown in Figure S11, the GO can be
confined in the outer water layer of the hydrogel particles
throughout the experiment (within 40 min). The concen-
tration of GO and quenching time of F-DNA were optimized.
The fluorescence intensity of F-DNA on the hydrogel
decreases along with increasing the concentration of GO and
reaches a plateau at 80 pg/mL GO, as shown in Figure 4a.

0 20 40 60 80 100 0
Concentration (ug/mL)

10 20
Time (min)

30

Figure 4. Optimization of DNA detecting conditions on the surface
of the hydrogel particle. (a) Fluorescence response of F-DNA in
the presence of GO with different concentrations. The concen-
tration of F-DNA is 100 nM. Scale bar: 1 mm. (b) Real-time
fluorescence image and corresponding intensity of the quenching
reaction between F-DNA and GO. The insets are the correspond-
ing fluorescence images. Scale bar: 1 mm. The fluorescence images
were obtained by the biological fluorescence microscope, and the
excitation light source is 488 nm.

Therefore, 80 pug/mL of GO was selected for the following
experiments. Figure 4b shows that the fluorescence intensity of
F-DNA gradually decreases first due to the quenching effect of
GO and then reaches the plateau at 20 min. Hence, 80 yg/mL
of GO concentration and 20 min quenching time were used for
DNA detection.

Performance of HP-Based DNA Sensor. The fabricated
DNA biosensor based on PEG-COOH-1 hydrogel particle was
employed for DNA detection. Under the optimal conditions,
the analytical performance was evaluated at different
concentrations of DNA. As can be seen from Figure S12, the
maximum signal response was obtained at the concentration of
400 nM. Surprisingly, after adding 400 nM target DNA, the
fluorescence of FAM intensity is recovered quickly and reaches
the plateau within 10 s (Figure Sa). Fast DNA hybridization
kinetics using the hydrogel particle-based space-confinement
platform was observed. For comparison, the DNA detection in
conventional bulk aqueous solution demonstrated relatively
slow DNA hybridization kinetics. The maximum signal was
obtained within 3000 s, which is 300-fold slower than in the
space-confinement HP-based DNA sensor.

The DNA hybridization reaction is an interchain reaction of
macromolecules, which can be regarded as an association
reaction involving diffusion in three-dimensional finite
domains.”* The hybridization reaction of two complementary
ssDNA might be symbolized as the following:***°

https://doi.org/10.1021/acsnano.2c00157
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Figure S. Performance of HP-based DNA sensor. (a) Real-time fluorescence intensities of adding 400 nM target DNA on the HP-based DNA
sensor and the bulk solution. The inset is the enlarged view of real-time fluorescence intensities based on the HP-based DNA sensor. (b)
Fluorescence intensity response after adding target DNA with different concentrations. (c) Fluorescent intensity response of HP-based DNA
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kon kr
SS, + SS, == $S,-SS, — duplex (P)
k,

off

(1)

where SS; and SS, refer to the two complementary single
strands, k,, and kg represent the formation and dissociation
rates constant of SS;-SS,, respectively, k, is the formation rates
constant of double-stranded DNA (P), using the following rate
equation:

d[duplex]
r= -
dt

=k [SS;1[SS,] — kog[SS;-SS,]1 — k,[SS,-SS,] 2)

Nucleation and diffusion are two main kinetic limiting steps
in DNA hybridization. The nucleation step means taking
single-stranded DNA to a nucleated duplex with two to four H-
bonded and stacked bases (SS;-SS,), and this nucleation step is
followed by a rapid zipping step in which the rest of the duplex
base stacks and hydrogen bonds.””

Equation 2 can be simplified as

r = k,,[SS;1[SS,] 3)

According to the diffusion model and Fick’s first law, when
the distance between SS; and SS, is L, the flux of SS, is

J=-D dNgs,
5 dL ©)
where ] is the flux of the diffusing particles SS,, Dgg is the

dNee
diffusion coefficient, and —2
the SS,.

According to eqs 3 and 4, the total rate r of hybridization
reaction in a unit volume for eq 1 is

is the concentration gradient of

0 0
r = 4n(Dgs + Dgg )Lgs 55 Nos Nes, (5)

In that expression, Dgg and Dgg refer to the diffusion

coeflicient and Ngsl and NSSZ are the bulk concentrations of SS,
and SS,. Lgg g, is the distance between SS, and SS,. In the
HP-based DNA sensor, the DNA molecules are enriched in the
outer water layer of the hydrogel particles. The bulk
concentration of SS, (NSSI) increases significantly due to the
evaporation effect,”® which leads to the higher hybridization
kinetics. Furthermore, another possible reason is that the
conformation of ssDNA is stretched in the confined space. F-

DNA is enriched in a gradually concentrated confined
environment, and electrostatic repulsion between DNA and
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hydrogel provides a stretching force, altering the conformation
of the ssDNA from random coil to stretched conformation.
Thus, the intramolecular secondary structure in randomly
coiled structure was eliminated, which might promote DNA
hybridization and speed up the reaction rate.””~*!

The performance of the HP-based DNA sensor was
investigated. Fluorescence intensity gradually increased with
the increasing of the concentration of target DNA; as shown in
Figure Sb, the fluorescence intensity increased linearly with the
logarithm of target DNA concentration from 50 to 400 nM
with a calibration function of FL = 107.511log C — 150.85
(correlation coefficient of 0.948, FL is the fluorescence
intensity, and C is the concentration of target DNA). The
limit of detection of the biosensor was calculated to be down
to 263 nM (based on the blank signal plus 3 times the
standard deviation of the blank signal). The specificity of the
sensor was also studied by comparing the fluorescence
response of the target DNA to the background signal (Buffer),
single-base mismatch target (MT1), the two-base mismatch
target (MT2), and the three-base mismatch target (MT3),
respectively. As shown in Figure Sc, compared with the
fluorescence of the target DNA (T), the fluorescence response
of MT1, MT2, and MT3 at the same concentration is almost at
the same level of the background signals. These results show
that the sensor has reasonable specificity for detecting target
DNA. As shown in Figure S13, detection of target DNA in
serum was achieved by the space-confinement biosensor. The
results obtained in 1% serum were consistent with those
obtained in Tris—HCI buffer, which implies this biosensor
shows great anti-interference ability and can be used for DNA
detection in serum samples.

The developed assay was further compared with other
fluorescent biosensors (Table S2). As shown in Table S2, this
simple method can improve the detection speed of DNA by
more than 100 times. The limit of detection (LOD) can be
further reduced by introducing various amplification systems,
which will be studied in our following work. In short, these
above experiment results indicated that the as-proposed HP-
based DNA sensor have a great advantage with other
fluorescent biosensors on detection time, exhibiting great
potential as a reliable platform for rapid detection of DNA.

CONCLUSIONS

In summary, we have developed a space-confinement strategy
based on hydrogel particles toward DNA detection with
significant fast hybridization kinetics (within 10 s at 400 nM
target DNA). The fabricated hydrogel particles can confine the
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DNA molecules in the outer water layer through the synergy of
pore size and charge. The water evaporation leads to the
further enrichment of detection probes and targets. The
confinement effect of the hydrogel particles improved the
DNA hybridization efficiency by 300 times compared with that
of the solution. The developed hydrogel particle-based DNA
sensor is simple to fabricate and can be extended to assay
proteins, exosomes, cells, etc. We expect this work to have
broad application in clinic liquid biopsy and personalized
medicine.

METHODS

Fabrication of Superwettable Microchips. Acid-catalyzed
silica sol (ACSS) was synthesized according to ref 42. A 6.5 g sample
of TEOS was dissolved in 53.25 g of ethanol, and the solution was
mixed with 0.0125 g of concentrated HCI solution. The solution was
left in a closed flask, stirred for 4 h, and aged for 4 days at room
temperature. Two grams of SiO, was dispersed in 80 mL of ethanol
and stirred for 2 h. Then 20 uL of ACSS was added to the mixture
solution, stirring for an additional 1 h to obtain the SiO, suspension
for further use.

The glass (38 mm X 23 mm) was cleaned by sonication in acetone,
ethanol, and deionized water sequentially and then dried with
nitrogen.” After plasma treatment, the glass was repeatedly dipcoated
with the above SiO, suspension coatings 10 times. Then, in order to
obtain superhydrophobic substrate, the glass was immersed into the
FDTS solution (FDTS: anhydrous toluene = 1:1000) for 30 min at
room temperature, followed by rinsing with pure ethanol and heating
solidification at 80 °C for 20 min.**

The FDTS-modified superhydrophobic substrate was treated by
oxygen plasma through a photomask for 30 s to form superwettable
microchips (Figure S1).

Fabrication of Hydrogel Particles Array. Fabrication of the
PEG-COOH-1 Hydrogel Particles. Two microliters of precursor
solution containing 40% (v/v) PEG (MW 200), 20% (v/v) PEG-
DA (MW 700), 10% (v/v) acryl-PEG-COOH aqueous solution (20
mM, MW 3400), and 10% (v/v) 2-hydroxy-2-methylpropiophenone
(photoinitiator) ethanol solution (655 mM) was added into the
superhydrophilic point. The whole system was irradiated by 365 nm
UV (60 mW/cm?) for 10 s to form the PEG hydrogel particle array.
The prepared hydrogel array was kept in DI water or a highly humid
environment until use.”

PEG-DA (MW700) and PEG-DA (MW3400) were selected as
cross-linking agents, the ratio of which was adjusted to obtain
hydrogel particles with different pore sizes (PEG-COOH-2 and PEG-
COOH-3) under the same polymerization conditions.

Fabrication of the PEG-COOH-2 Hydrogel Particles. The 40% (v/
v) PEG (MW 200), 15% (v/v) PEG-DA (MW 3400, 20 mM)
aqueous solution, 15% (v/v) PEG-DA (MW 700), 15% (v/v) acryl-
PEG-COOH aqueous solution (20 mM), and 10% (v/v) 2-hydroxy-
2-methylpropiophenone (photoinitiator, 655 mM) ethanol solution
were mixed in DI water.

Fabrication of the PEG-COOH-3 Hydrogel Particles. The 7.5%
(v/v) PEG-DA (MW 700), 22.5% (v/v) PEG-DA (MW 3400, 20
mM) aqueous solution, 40% (v/v) PEG (MW 200), 15% (v/v) acryl-
PEG-COOH aqueous solution (20 mM), and 10% (v/v) 2-hydroxy-
2-methylpropiophenone (photoinitiator, 655 mM) ethanol solution
were mixed in DI water.

PEG and MAETAC-PEGDA were selected to fabricate neutrally
and positively charged hydrogel particles, respectively.

Fabrication of the PEG Hydrogel Particles. The 40% (v/v) PEG
(MW 200), 20% (v/v) PEG-DA (MW 700), and 10% (v/v) 2-
hydroxy-2-methylpropiophenone (photoinitiator) ethanol solution
(655 mM) were mixed in DI water.

Fabrication of the MAETAC-PEGDA Hydrogel Particles.’°~? The
MAETAC-PEGDA hydrogel particles were made by dissolving PEG-
DA (MW700) into 20 mM HEPES buffer saline (pH = 7.4)
containing 10% (v/v) of 2-hydroxy-2-methylpropiophenone ethanol
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solution (655 mM) as the photoinitiator to get a final concentration
of 17%. The positively charged hydrogels were produced by adding
MAETAC at 200 mM into the PEG-DA solution.

Fluorescence Detection of DNA on Hydrogel Particles Array. The
oligonucleotides were diluted with Tris—HCI buffer (20 mM Tris—
HCl, 50 mM KCl, 10 mM MgCl,). The dissolved DNA solution was
first heated for S min at 95 °C and then gradually cooled to room
temperature before use. Two microliters of the precursor mixture (80
ug/mL GO, 100 nM F-DNA) was added to the hydrogel particles at
room temperature, and the resulting mixture was mixed for 20 min on
an HP-based DNA sensor platform. Two microliters of the target
probe of different concentrations was then added to the platform, and
the fluorescence intensity of the system was measured.

Fluorescence Detection of DNA in Human Serum. The human
serum was diluted to 1% with Tris—HCI buffer (20 mM Tris—HClI,
50 mM KCl, 10 mM MgCl,). The preparation of the HP-based DNA
sensor platform was the same as before. The target DNA (diluted with
1% human serum) was then added and the fluorescence intensity was
recorded.
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