
DNA isolation/extraction from biological samp-
les is a fundamental and significant process in 

biochemistry, molecular biology, forensics, clinical 
analysis, and DNA-based biomedical applications 
[1–3]. DNA isolation has great potential usage in gene 
therapy, the treatment of autoimmune diseases, DNA 
vaccination, pathogen detection, biosensor applicati-
ons and so on [2,4–6]. The importance of DNA and 
DNA isolation has made it crucial to develop DNA 
isolation procedures and techniques. The need for 
innovative methods is demonstrated by the fact that 
conventional ones need time-consuming steps like 
centrifugation and precipitation as well as the usage 
of harmful chemicals for both the environment and 
human health [7].
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Hydrogels are polymeric structures with a high-
water retention capacity in their 3D matrices. They 
are insoluble in water due to their physically or/and 
chemically cross-linked structure, but instead, exhibit 
high swelling capacity [8,9]. Because of their promising 
properties, hydrogels have been used in various appli-
cations in biochemistry, biotechnology, and biomedical 
engineering. For example, they can be used in tissue en-
gineering owing to their tissue-like swelling properties 
and biocompatibility, in drug delivery systems because 
of their ability to load the desired amount of drug and 
injectable formulation, and in affinity chromatography 
for the separation of biomolecules like  proteins due to 
allowing modifications such as ligand immobilization 
of the polymer matrix [10–12].

A B S T R A C T

DNA isolation is a crucial procedure since DNA-based assays have great importance in
molecular biology, biochemistry and biomedical applications. The objective of this 

study is to fabricate micron-sized hydrogels as adsorbents for DNA.  Poly(2-hydroxyethyl 
methacrylate-co-glycidyl methacrylate) microgels were synthesized by free radical polymeri-
zation in the presence of N,N'-methylenebisacrylamide as a crosslinker, in the microholes of 
a microstencil array chip. Then, adenine was immobilized to microgels through the epoxy 
groups of glycidyl methacrylate. Scanning electron microscopy and Fourier transform infra-
red spectroscopy were employed to investigate the chemical and morphological characteriza-
tions of the microgels. The findings of the experiments demonstrate that the microgels had 
a cylindrical shape, were of uniform size, and had a height and diameter of around 500 μm. 
Observation of aromatic C=C peak confirmed the existence of adenine ligand in the micro-
gel structure. Adsorption studies were carried out to determine the optimal conditions for 
DNA adsorption of nucleobase-immobilized microgels. After initially increasing, the quanti-
ty of DNA adsorbed onto the microgels reached a saturation level at a DNA concentration of 
around 2.0 mg/mL. The maximum adsorption was 38.54 mg/g microgels for an initial DNA 
concentration of 2.0 mg/mL in the optimum medium pH and temperature. DNA adsorption 
capabilities are shown to not significantly decline in recurrent adsorption-desorption cycles. 
As a result of the findings, adenine-immobilized microgels were demonstrated to be a viable 
option for DNA adsorption. Additionally, as a reference for future research, this study high-
lights the benefits of microfabrication technology, such as its simplicity of use in fabricating 
adsorption materials with the desired size, shape, and uniformity.
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synthesize micro-engineered hydrogels, i.e., microgels with 
a height and diameter of around 500 μm. Microgels were 
produced in the microholes of a microstencil array chip 
(MAC) by free-radical polymerization of 2-hydroxyethyl 
methacrylate (HEMA) and glycidyl methacrylate (GMA) 
while N, N'-methylenebisacrylamide (MBA) was employed 
as a crosslinker. Investigating the effects of medium pH, 
initial DNA concentration, adsorption time, and ambient 
temperature on the adsorption capacity of microgels allo-
wed for the identification of the optimal DNA adsorption 
conditions.

MATERIAL AND METHODS

Materials

HEMA, DNA (D3159, from herring sperm), GMA, 
ammonium persulfate (APS), MBA, and N,N,N',N'-
tetramethyl ethylene diamine were purchased from Sig-
ma Chemical Co. (St. Louis, MO, USA). Direct-Q 3 UV; 
Merck Millipore, Burlington, MA, USA system provided 
deionized water (DI Water) throughout the duration of 
the experimental research.

Fabrication of Microgels

Microgels prepared with the aid of a MAC are described 
as follows: Firstly, MBA (0.1% w/v) was dissolved in dei-
onized (DI) water. HEMA:GMA ratio was adapted from 
an earlier study [26]. After adding HEMA (2.25 mL) and 
GMA (0.50 mL) to the MBA solution, it was magnetically 
stirred for 15 min. After APS (28.96 mg) was dissolved 
in the mixture, TEMED (11.4 μL) was added. Following 
the addition of ethanol (4 mL), the solutions were stirred 
once more and nitrogen bubbled for 5 min. The mixture 
was carefully put on a MAC. After 3 hours of polymeri-
zation at 60 °C, it was terminated at 4 °C, and microgels 
were collected.

Immobilization of Adenine onto Microgels

0.1 M of adenine solution was prepared in DI water : dio-
xane (1:1 v/v) and microgels were added into this mixture 
then the immobilization reaction was performed at 80°C 
by shaking for 24 h [27].

Characterization Studies

Prior to the Attenuated Total Reflection–Fourier Trans-
form Infrared (ATR–FTIR) analysis, microgels were 
firstly freeze-dried at −110 °C for 24 h in a freeze-drying 
unit (Labogene Coolsafe Touch, Denmark).  Using a 
Thermo Scientific Nicolet iS20 FTIR-ATR spectropho-
tometer (USA), FTIR spectra of the microgels were ob-
tained in the wavelength range from 4000 to 500 cm−1 
through 32 repeated scans at a 4 cm−1 resolution.  Before 
the sample test, background measurements were made, 
which were automatically subtracted from the sample re-

Microfabrication processes have been widely employed 
in electronics and bioelectronics in order to fabricate mic-
ro-electro-mechanical systems (MEMS) including sensors, 
cantilevers, microreservoirs, micropumps, rotors, channels, 
valves, and so on [13]. Besides electronics, micro- and nano-
fabrication methods are potentially powerful tools to imp-
rove devices in biotechnology and biochemical processing, 
such as miniaturized chromatography systems, lab-on-a-
chip devices, and microreactors [14,15].  Microengineered 
hydrogels, one of the significant products of microfabricati-
on, have great potential in tissue engineering and drug deli-
very systems due to their abilities of mimicking the physical, 
mechanical, and biological features of natural tissues and 
organs [16–18].

Recently, Wu et al. studied the effect of metal ions such 
as Na+, Mg2+, Ca2+, Mn2+ and Zn2+ the on the adsorption of 
both single-stranded DNA (ssDNA) and double-stranded 
DNA (dsDNA) onto microplastics and they reported that 
the transition metals, i.e., Mn2+ and Zn2+, showed a higher 
adsorption capacity than Mg2+ for both dsDNA and ssDNA 
[19]. For DNA extraction and amplification, Wang et al. im-
mobilized Ti4+ on magnetic composite microspheres and 
reported the extraction ability as 84 ± 4 μg/mg [20]. By poly-
merizing HEMA with N-methacryloyl-L-tryptophan which 
is a hydrophobic ligand, Çorman et al. synthesized two 
different types of hydrophobic cryogels: the first is poly(2-
hydroxyethyl methacrylate-N-methacryloyl-l-tryptophan) 
[P(HEMA-MATrp)] cryogel, and the second is P(HEMA-
MATrp) particles embedded PHEMA cryogel [21]. Maxi-
mum adsorption of DNA on p(HEMA-MATrp) cryogel and 
p(HEMA-MATrp) embedded PHEMA composite cryogel 
were found to be 15 mg/g and 38 mg/g polymer, respectively. 
The results showed that embedding hydrophobic micro-
particles showed higher adsorption capacity compared to 
hydrophobic cryogels [21]. Zandieh et al. studied on ad-
sorption of DNA oligonucleotides onto microplastics in the 
absence and presence of metal ions and reported that pol-
yethylene terephthalate and polystyrene showed the highest 
DNA adsorption efficiency [22]. Wang et al. prepared self-
assembled zinc meso-tetra(4-pyridyl)porphyrin for DNA 
adsorption and adsorption of single-stranded DNA shoed 
higher efficiency compared to duplex DNA [23]. In another 
study, Meng et al developed a biosensor based on adsorp-
tion of DNA on polydopamine nanoparticles via different 
metal ions including Na+, K+, Mg2+ and Ca2+ coordination 
and detection limit in various biological samples including 
serum was provided as <1 nM target DNA [24]. Muñoz et al. 
investigated the effect of  homonuclear boron bonds on  the 
adsorption of DNA nucleobases using quantum-mechanics 
calculations and concluded that the adsorption is improved 
by homonuclear bonds in the boron nitride nanosheets [25]. 

In this study, microfabrication technology was used to 
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sults. The overall shape and dimensions of the freeze-dri-
ed microgels were examined using an optical microscope 
(Olympus SZ6, Japan). To discuss the morphology of the 
microgels, a ZEISS GeminiSEM 500 field emission scan-
ning electron microscope (FE-SEM) (Germany) was used.

Adsorption Studies

DNA adsorption capability of microgels was investigated 
in a batch experiment setup. The following conditions 
were studied to determine the optimal conditions for 
DNA adsorption of the microgels. The effects of medium 
pH (4-9) and temperature (4-45 °C), as well as the effects 
of initial DNA concentration (0.25-4.0 mg/mL) and ad-
sorption time (2.5-60 min) on DNA adsorption capacity 
of microgels were investigated. DNA concentrations were 
determined at 260 nm using a UV-visible spectrophoto-
meter and the amount of adsorbed DNA was evaluated 
via the Equation 1:

( )0 fc c v
Q

w
−

= (1)

where Q (mg/g dry microgel) is the adsorption capacity. 
The initial and final concentrations of DNA (in mg/mL) are 
shown by the symbols C0 and Cf before and after the adsorp-
tion process, respectively. W is the dried microgel mass in g, 
and V is the volume of the DNA solution in mL.

RESULTS AND DISCUSSION

General shape and size of the microgels were evaluated 
via optical microscopy. As shown in Fig.1, microgels ex-
hibit cylindrical shapes with the highest size of around 
400–500 μm. Surface morphology of the microgels were 
revealed using FE-SEM as shown in Fig. 2. Microgels ex-
hibit, in general, homogenous porous microstructure.

We employed the Fourier transform infrared (FT-IR) 
spectroscopy approach to analyze the chemical composi-
tion of both plain and immobilized microgels (Fig. 3). The 
common bands were given at about 3400 cm-1, 1710 cm-

1, and 2968 and 2946 cm-1, respectively, for the -OH, C-H 
(aliphatic) and C=O bonds [26]. The C=C peaks at 1637 cm-1 
have relatively low intensities, which supports polymeriza-
tion.

The almost absence of C=C peaks around 1630 cm-1 
confirms the polymerization [28]. Besides these, aromatic 
C=C peak indicates the existence of adenine ligand.

Fig. 4 depicts how medium pH affects the adsorption 
of DNA by the microgels. At pH 7.0, the adsorption capacity 
was at its maximum while declined at more alkaline and 
more acidic pH regions. Decrements in adsorption capaci-
ties were observed for pH 4.0 and pH 9.0 by about 18% and 
23%, respectively, compared to the one in pH 7.0. This indi-
cates that the interaction between adenine and thymine was 
weakened in acidic and basic environments by the presence 
of hydronium or hydroxy ions [29].

Fig. 5 presents the effect of adsorption time on the DNA 
adsorption by the microgels. Although the rate of DNA ad-Figure 1. Optical microscopy images of the microgels

Figure 2. FE-SEM images of the microgels

Figure 3. FT-IR spectra of the (a) P(HEMA-GMA) and (b) P(HEMA-
GMA)-Adenine microgels
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sorption was initially high, it started to decline after only 
2.5 min, and equilibrium adsorption was attained upto 5 
min. As a result, for the optimal adsorption capacity, ligand 
and analyte molecules need a short interaction time. It is 
clear that the interaction between DNA molecules and mic-
rogels had a high affinity since microgels might reach their 
maximum adsorption capacity in just 5 min. This is mostly 
due to the fact that microgels include adenine molecules as 
ligands, which is consistent with the literature [7]. Additio-
nally, DNA molecules can quickly reach and interact with 
the active regions of the gel matrix because of the hydrophi-
lic nature of hydrogels [30].

As it is seen in Fig. 6, there was an increment in the 
adsorption capacity as the initial concentration of DNA 
increased. At an initial DNA concentration of 0.5 mg/L, the 
adsorption capacity of microgels was 20.18 mg/g, whereas, 
at an initial DNA concentration of 1.0 mg/mL, it reached up 
to 38.54 mg/g. At a DNA concentration of around 2.0 mg/L, 
the adsorption process approached a plateau level, i.e., 38.54 

mg/g. Even if the initial concentration value of DNA was ex-
ceeded, DNA adsorption has reached a dynamic equilibri-
um value because all active adenine ligands in the microgels 
were occupied with analyte molecules, i.e. DNA. Similar 
results have been observed in previous DNA adsorption 
studies [24,31,32].

As shown in Fig. 7, it can be observed that the adsorp-
tion capacity slightly increased as the temperature raised. 
One possible explanation is that as the temperature increa-
sed, the DNA double helix structure may partially expanded, 
facilitating easier interaction between the ligand and nucle-
otides [7].

A comparison of the adsorption capacity and durati-
on of adsorption process of the microfabricated microgels 
with those of some other adsorbents reported in literature 
is listed in Table 1. Considering the fast kinetics of the DNA 
adsorption of the microgels, it is predicted that these newly 
designed microgels may be a good alternative in DNA ad-
sorption.

Figure 4. The adsorbed amount of DNA at various pH values 
(Temperature: 25 °C; initial DNA concentration: 0.5 mg/mL)

Figure 5. The adsorbed amount of DNA at various adsorption time 
(Running buffer: pH 7.0 phosphate; temperature: 25 °C; initial DNA 
concentration: 0.5 mg/mL)

Figure 6. The adsorbed amount of DNA at various DNA concentrations 
(Running buffer: pH 7.0 phosphate; temperature: 25 °C)

Figure 7. The adsorbed amount of DNA at various temperature values 
(Running buffer: pH 7.0 phosphate; initial DNA concentration: 0.5 mg/
mL)
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While a material's capacity to be reused has economic 
benefits, it is also vital to reducing the usage of single-use 
plastics from polluting the environment [46]. For this ob-
jective, the adsorption capabilities of the synthesized mic-
rogels were evaluated for their not only single-use but also 
repeated-use effects on DNA adsorption capability. Figure 8 
illustrates how the adsorption capacity of the same micro-
gels decreased after each use in comparison to the prior ca-
pacity. During the adsorption-desorption cycle, a decrease 
in the adsorption capacity of the adsorbent may be observed 
for various reasons including loss in the active site for the 
analyte molecules due to tear and/or wear in the adsorbent, 
precipitation on the adsorbent surface, low desorption ef-

ficiency and so on [47,48]. After five uses, it was found that 
the reduction was only 10% of the initial adsorption capacity, 
resulting a good recycling ability compared with the earlier 
studies [35,38,49].

CONCLUSION

In the microholes of a microstencil array chip, poly(2-
hydroxyethyl methacrylate-co-glycidyl methacrylate) 
microgels were created by free radical polymerization 
in the presence of N,N'-methylenebisacrylamide as a 
crosslinker. Then, adenine was immobilized to microgels 
using glycidyl methacrylate's epoxy groups.  At a DNA 
concentration of around 2.0 mg/mL, the amount of DNA 
adsorbed onto the microgels reached a saturation level 
after initially growing.  The amount of adsorbed DNA 
apparently depends on the initial DNA concentration. 
At the optimal temperature and pH of the medium, the 
maximum adsorption was 20.18 mg/g and 38.54 mg/g 
microgels at initial DNA concentrations of 0.5 and 2.0 
mg/mL, respectively.  It has been demonstrated that 
DNA adsorption capacity was not noticeably decreased 
throughout repeated adsorption-desorption cycles. This 
study showed that adsorption materials of desired size, 
shape, and uniform size can be easily produced using the 
microfabrication technique.
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