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Abstract. Hydrogels are 3-dimensional polymeric networks that undergo swelling when
placed in an aqueous medium. The hydrogel-based polymers can respond to changes in the
surrounding like temperature, pressure, pH, etc. Widespread cross-linking in hydrogels
provides it with robustness, propensity for water, and better mechanical properties. The
present work reports the one-pot chemical synthesis of a co-polymeric hydrogel-based
composite using 2-HEMA (hydroxyethyl methacrylate), PEGMA (Polyethylene glycol), and
PNIPAM (Poly (N-isopropyl acrylamide)). Extensive water retention ability and
biocompatibility are some distinguishing features that enable it to be used for various
biomedical applications. The hydrogel was characterized using X-ray diffraction analysis for
its crystalline nature, scanning electron microscopy for surface morphology and pore size, and
Fourier transform infrared spectroscopy for functional group analysis. Drug loading and
release activity was performed and analyzed by Ultraviolet-Visible spectroscopy.
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1. Introduction

Hydrogels are a network of polymer(s) that can absorb water and still can remain insoluble in
water. They show swelling behavior after imbibing water in their pores [1-4]. Permeability
and water retention properties are the characteristic features of such hydrogels. They undergo
hydration due to the presence of hydrophilic groups and are also observed to exhibit
viscoelastic properties [5]. The extensive cross-linking between the groups makes them
insoluble and gives them a robust structure and enhanced mechanical properties [6-8]. The
cross-linking may be due to the chemical and or physical interaction between the covalent
bonds. The water retention properties of hydrogels make them excellent biocompatible agents
[9,10], where their hydrophilic, rubber-like nature causes negligible tissue irritation. It also
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prevents them from adhering to the surface of cells and proteins [11,12]. Hydrogels may be
chemically stable or degrade depending on the chemical composition and cross-linking extent
[13]. Natural polymers such as gelatin, chitosan, agar, etc., and synthetic polymers like
polyacrylamide, methacrylate esters, etc., can prepare such hydrogels. They can be
synthesized using polymer-polymer cross-linking, copolymerization, and reactive precursors
[14-17]. Hydrogels can be classified as homopolymer (single monomer), copolymer (more
than one monomer), and multi-polymer (more than one polymer) [18-20].

Hydrogels are responsive to stimuli like pressure, pH, reagent concentration, and
temperature [21-23]. The behavior of polymers adapting to structural changes in response to
physical or chemical stimuli makes them suitable for synthesizing smart polymers. Thermo-
responsive and pH-sensitive polymeric hydrogels are one of the essential identities being used
for several applications [24-27]. Thermo-responsive polymers belong to the class of smart
polymers that respond to temperature changes. This makes them readily available for
controlled drug delivery and other medical applications. Thermo-responsive polymers may
either collapse or expand around their critical temperature. PNIPAM (Poly (N- isopropyl
acrylamide)) is a thermo-responsive polymer that has been used for drug delivery for decades
[28-30]. It transitions from hydration to dehydration at a lower critical solution temperature
(LCST) of 32°C. Below the LCST, PNIPAM exists in a fully swollen state, but above the
LCST, it shrinks [31-34].

HEMA (Poly-hydroxy-ethyl-methacrylate) is a hydrophilic and stable polymer formed
from the monomer hydroxyethyl methacrylate. It has received considerable recognition for
years owing to its simple synthesis and applications in biomedical engineering [35-38].
PEGMA (Polyethylene glycol) does not initiate an immune response and even does not
adhere to proteins in the body [39]. Although hydrophobic, it becomes hydrophilic and swells
up by water absorption by side groups. This polymer has been reported to have excellent
biocompatibility and properties similar to living tissues [40-42]. It also has a hydroxyl
functional group that can be utilized for protein conjugation. The conjugation of PNIPAM is
done with methacrylate to enhance the mechanical property of the hydrogels [43-46].
Hydrogels have been used in medical applications [47-50], which include the preparation of
contact lenses [51,52], tissue engineering [53,54], drug delivery [55-57], etc.

In the present study, one-pot synthesis of hydrogel-based polymeric composite has been
carried out using 2-HEMA, PEGMA, and PNIPAM as the starting precursors. The synthesis
and characterization of the hydrogel are also accompanied by the investigation of the drug
release activity of curcumin observed in the simulated body fluid (SBF). Several
characterization techniques, including X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and Ultraviolet-Visible
(UV-Vis) Spectroscopy, have been used to analyze the structural, morphological, and physio-
chemical characteristics of the synthesized composite.

2. Material and methods

For the synthesis of hydrogel, the chemical reagents required were 2-HEMA (2-Hydroxy-
methacrylate, 99% assay), NIPAM (N-Isopropylacrylamide, 99% assay), PEGMA (poly
(ethylene glycol) methacrylate, 99.5% assay), APS (Ammonium persulfate, 99% assay),
MBA (N, N'-Methylene Bis(acrylamide), 99% assay), and nitrogen gas. For the preparation
of simulated body fluid, NaCl (Sodium chloride, 99% assay), NaHCO3 (Sodium bicarbonate,
99.5% assay), KCI (Potassium chloride, 99% assay), Na,HPO, (Sodium phosphate, 99%
assay), MgCl,.6H,O (Magnesium chloride hexahydrate, 99% assay), HCI (hydrochloric acid,
99% assay), CaCl,.2H,0 (Calcium chloride dehydrate, 99% assay), Na,SO, (Sodium sulfate,
99.5% assay), TRIS tris(hydroxymethyl)aminomethane (99.5% assay), and Curcumin (99.5%
assay) were used for investigating the drug release activity. All chemicals used were of
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analytical grade and were purchased from Merck. & Co. Double-distilled water was used
throughout the experiment.

Synthesis of hydrogel-based polymeric composite. NIPAM (1.13 g), 2-HEMA
(1.2mL), and PEGMA (3.26 mL) were mixed in a round bottom flask under continuous
stirring. After some time, 1% APS solution (60 pL) was added as an indicator for reaction,
and 5% of MBA (280 pL) was added as a cross-linking agent. The flask was sealed under the
continuous flow of nitrogen gas (to provide an inert atmosphere for reaction). Flask was then
transferred to the water bath at 80 °C for 3.5 h. to promote the polymerization reaction. After
synthesis, the hydrogel was placed in deionized water for three days, and the water was
periodically replaced with fresh double-distilled water. The experimental setup for the
synthesis of hydrogel is shown in Fig. 1.

Fig. 1. (a),l (b) ,(c), and (d) Laboratory synthesis of polymeric hydrogel

Preparation of simulated body fluid. NaCl (3.3 g), NaHCO3 (1.1 g), KCI (0.19 g),
Na,HPO, (0.09 g), and MgCl,.6H,0 (0.15 g) were added to a flask, and mixed, thoroughly in
350 mL of double distilled water. After that, 7.5 mL of HCI was added to the above mixture,
followed by the addition of CaCl,.2H,0 (0.18 g), Na,SO, (0.04 g), and TRIS (3.03 g). HCI
(12.5 mL) was added to maintain the desired pH of SBF. The flowchart for the synthesis of
SBF is shown in Fig. 2.

Drug loading and release analysis. Curcumin (100 mg) was dissolved in 5 mL of
acetone solution, and 20 mg of synthesized hydrogel was added to the solution and kept for
24 h. to load the curcumin into the hydrogel. The percentage of drug-loaded was evaluated by
taking the weight of the loaded hydrogel. The flowchart for loading drugs into the hydrogel
composite is shown in Fig. 3.

The drug-hydrogel complex was placed in 20 mL of SBF for 30 min under continuous
stirring for a definite time interval. After that, the absorption of SBF was analyzed by UV-Vis
spectroscopy. The mixture temperature was increased by 10 °C for the next reading. Further,
the temperature was raised by 5 °C up to 50 °C, and the readings were again recorded. The
experimental setup for loading the drug is shown in Fig. 4.
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3. Results and discussion

X-Ray diffraction analysis. The most frequent type of XRD used to examine solid-state
materials is powder diffraction, which may accept samples in powder, thin film, or even in
bulk form. Most investigations on supramolecular hydrogels have concentrated on this feature
of XRD, which is an excellent technique for aiding in the analysis of crystalline materials in
general [58]. It is worth noting that there are other varieties of XRD, including wide-angle X-
ray diffraction and small-angle X-ray scattering, which are being increasingly utilized to
analyze the structure of biological macromolecules, including hydrogels [59]. XRD analysis
was performed to investigate the crystalline and structural characteristics of the hydrogel
composite (Model: Rigaku Miniflex 600 Desktop X-Ray Diffraction System). The diffraction
pattern of the hydrogel composite is shown in Fig. 5. The intensity of diffraction for the
samples was recorded at a wavelength of 1.541 A with a diffraction angle (20) ranging from
0° to 80° with a scanning rate of 5°/ min. A pure sample of synthesized hydrogel does not
exhibit any sharp peaks, as shown in the diffraction patterns. The absence of sharp crystalline
peaks reveals the amorphous nature of the synthesized composite. A single broad peak
at a 20 = 20° angle attributes to the synthesized hydrogel polymeric network, which is in
accordance with Varaprasad et al. [60].
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Fig. 5. Diffraction patterns for the synthesized hydrogel composite

Scanning electron microscopy analysis. Electron microscopes use a stream of
electrons to provide high-resolution pictures of materials. However, the analyte might be
damaged as a result. To eliminate beam interference, a vacuum is required, which implies
samples must be dried before imaging. Although it is less detailed and only gives surface
imaging of materials, the method does not need considerable sample preparation for frequent
usage. While SEM offers information about the surface of hydrogel, focused ion beam -SEM
can be employed for obtaining a 3D image for the same. The surface morphology and pore
size of the hydrogel composite were analyzed by SEM (Model: JSM-6490LV, JEOL,
JAPAN). The surface morphology of hydrogel depicted the compactness of structure and
arrangement of monomers for polymer synthesis. As seen in Figures 6, (a), (b), (c), and (d),
porous structure with rough surface morphology can be observed. The hydrogel was observed
to have well cross-linked monomers to form a polymeric network. At a much higher
magnification, pore size with an average diameter between 23-104 nm for the synthesized
hydrogel can be observed in Fig. 6 (d). The pores allow water, drug, and other molecules to
be absorbed in the swollen state. When dried, water molecules get evaporated, and the
entrapment of the drug takes place in the hydrogel.
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Fig. 6. Scanning electron micrographs for morphological analysis of the synthesized hydrogel

Fourier transform infrared spectroscopy analysis. Although it uses infrared light,
FTIR spectroscopy works similarly to UV-vis spectroscopy. FTIR infers the absorbance
spectrum precisely by applying the Fourier transform process to absorbance measurements of
numerous wavelengths of light at the same time. Certain stretching vibrations on FTIR spectra
correlate to certain functional groups, allowing the approach to describe the atomic structure
of the hydrogel or solution or establish its composition in other ways [61]. FTIR spectroscopy
(Model: NicoletTM6700, Thermo Scientific, USA) in attenuated total reflection mode in the
range from 4000 to 500 cm™ with 4 cm™ as the resolution. The FTIR spectrum reveals the
different functional groups in the synthesized hydrogel composite. The FTIR spectrum
exhibited different peaks at 3429.7 cm™, 2915.3 cm™, 1725.6 cm™, 1643.5 cm™, 1552.8 cm™,
1425.5 cm™, 1358.8 cm™, 1161.6 cm™, 1067.5 cm™ and 605.1 cm™ is shown in Fig. 7. The
peak at 3429.7 cm™ is a characteristic of the hydroxyl-based copolymer, indicating the
presence of 2-HEMA. The peak at 2915.3 cm™ is attributed to carboxylic acid in the
monomers. The peak at 1725.6 cm™ corresponds to the carbonyl group present in all
monomers. The peak at 1643.5 cm™ represents the stretching in alkenes (C=C). The peak at
1552.8 cm™ indicates the stretching of C=C aromatic/conjugate units, revealing the presence
of aromatic groups in the hydrogel. The peak at 1425.5 cm™ depicts the stretching of alkane in
the polymeric network. 1358.8 cm™ indicates the presence of (C-N) stretch of PNIPAM. The
peak value of 1161.6 cm™ and 1067.5 cm™ represents O-H groups present in PEGMA. The
functional groups' monomers are attracted to each other and form polymeric networks with
the pores, which can absorb/entrap the molecules and release them to the desired place.
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Fig. 7. Infrared spectrum for the analysis of functional groups in the synthesized hydrogel

Swelling behavior, drug loading, and drug release profile analysis. Swelling
behavior studies were performed on the synthesized hydrogel composite. The dry weight of
hydrogel was 20 mg; after incorporating water within its network, the weight increased to
50 mg. Thus, using the formula for calculating the swelling percentage, the degree of swelling
of the hydrogel sample was found to be 75%. After the polymerization reaction, the hydrogel
was soaked in water, and a slow increase in the volume was observed. When the swollen
hydrogel was dried in an oven at 50 °C, the polymeric network of hydrogel collapsed,
releasing the retained water molecules, and a shrinking in size was observed. The dry weight
of hydrogel was taken, which was observed to be 20 mg. Then after placing it in curcumin
solution in acetone for 24 h, the weight increased to 32 mg. The percentage Loading
efficiency is computed to be around 60% by using the formula below.

HD-HO ' 100.
HO

In the above equation, HO — weight of the dry hydrogel, HD — weight of the drug-loaded
hydrogel. UV-Vis analysis for drug release is shown in Fig. 8, and the temperature-dependent
drug release profile is shown in Fig. 9.

Drug loading % =

-

Fig“.‘g UItravioIéthiIe analysis for the release of drug by hydrogel cormposite
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Fig. 9. Temperature-dependent drug release profile for hydrogel composite

The hydrogel was placed in SBF for releasing the drug and calculating its drug release
percentage. Absorbance readings were taken at different temperatures. The hydrogel
composite started to remove the drug as soon as it was placed in SBF. The absorbance value
was observed to increase, indicating the release of curcumin slowly until the temperature
reached 35 °C. Above 35 °C, absorbance reading almost became stagnant. Thus, the release
percentage was computed and found to be around 26.47 %. Therefore, further studies can be
carried out to optimize the efficacy of drug release. The release percentage was calculated by
using the formula below:

Absorbance at final temperature— Absorbance at initial temperature % 100

Release % =
% Absorbance at final temperature

4. Conclusions

Hydrogel composite was successfully synthesized using monomer of 2-HEMA, PEGMA, and
NIPAM with pores lying within the nanometer range. Synthesized hydrogel responded to
external stimuli like pH, temperature, etc. Hydrogels with cross-linked structures and
amorphous nature were observed to have various functional groups. A study on the swelling
behavior was also performed on the hydrogel by soaking it in an aqueous solution, and it
exhibited a swelling percentage of 75%. Curcumin, an anti-cancer drug, was successfully
loaded into the hydrogel, and the release characteristics were observed in SBF. Hydrogel
composite showed sustained release of curcumin in SBF. Therefore, it can be further tailored
to increase the loading and release efficiency of the drug. It can also be used for delivering
therapeutic medications to targeted sites shortly.
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