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Abstract

Introduction: Hydrogels, as hydrophilic polymer networks have widespread applications in medical fields and
engineering domains due to their biocompatibility and flexibility. However, their mechanical weaknesses have limited
their use in load-bearing applications. In this study, ZIF-8 was used as a nanofiller in a polyacrylamide (PAAm)
hydrogel matrix. The synthesis of ZIF-8 at room temperature was cost-effective and compatible with mild conditions.

Method: SEM, XRD and FTIR techniques and their underlying principles can be used to the study of MOF-hydrogel
composites. Also, the mechanical properties of nanocomposite hydrogels are determined by analyzing the stress-strain
curves.

Findings: SEM and XRD analyses confirmed that ZIF-8 was well-distributed within the polymer matrix without
compromising its crystalline structure. Additionally, FTIR spectra revealed physical interactions between the
nanoparticles and polymer chains. Mechanical tests demonstrated the addition of just 3 wi% ZIF-8 led to a 3000%
increase in compressive strength compared to the pure hydrogel. Furthermore, samples containing less than 10 wt%
ZIF-8 withstood compressive strains exceeding 90% without fracture, indicating a retention of flexibility alongside
enhanced strength. This improvement is attributed to the reinforcing effect of the nanoparticles and the uniform stress
distribution within the polymer network. The findings of this study prove that incorporating hydrogels with metal -
organic frameworks like ZIF-8 can significantly mitigate their mechanical limitations.

Keywords: Hydrogels, Nanocomposites, Metal-Organic Frameworks, ZIF-8, Compressive Strength.

Extended Abstract

Introduction

Hydrogels are three-dimensional polymer networks capable of absorbing large amounts of water while
maintaining their structure. Due to their unique properties, they are widely used in engineering, medicine,
pharmaceuticals, and biotechnology (1,2). However, their weak mechanical properties limit their
applications, especially in load-bearing scenarios (3).

To address this, researchers have developed methods to enhance hydrogels, including double-network
hydrogels, nanocomposite hydrogels, hydrogen-bond-reinforced hydrogels, and microgel-reinforced
hydrogels (4). Among these, hydrogel-based nanocomposites have gained attention, where polymer
networks are combined with nanofillers to improve mechanical performance.

Metal-Organic Frameworks (MOFs) are porous crystalline materials formed via coordination bonds
between metal nodes and organic linkers. Their high porosity, tunability, and stability make them ideal
nanofillers (16). Recent studies highlight their role in enhancing hydrogel mechanical properties:

In 2019, Liu and et al. utilized ZIF-67 and UiO-66, as effective nanofillers to enhance the mechanical
properties of acrylamide hydrogels. Experiments demonstrated that by adding 10 wt% of ZIF-67 and UiO-
66 MOFs, the tensile stress reached 56 and 98 kPa, respectively, compared to unfilled hydrogels with a
tensile stress of 18 kPa, indicating a remarkable increase in the tensile strength of the samples (18).

In 2020, Su and et al. developed Methacrylamide/polyacrylamide-MIL-101 (MAAM/PAAM-MIL-101)
nanocomposite hydrogels with flexibility and compressibility, featuring a net-like microstructure. These
MOF-reinforced hydrogels could withstand up to 500% tensile strain and 90% compressive strain without
failure in the system (19).
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In 2021, Wang and et al. designed a composite of gelatin methacrylate hydrogels and copper-nicotinic acid
(Cu-NA) MOFs. The experimental results revealed that the presence of just 3% MOFs could prevent sample
failure under compressive stress (20).

This study focuses on synthesizing and characterizing a polyacrylamide (PAAmM) hydrogel nanocomposite
reinforced with ZIF-8 nanoparticles. The objective is to investigate the impact of ZIF-8 incorporation on
the mechanical properties of the hydrogel, particularly compressive strength and elasticity.

Materials and Methods
Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H,0), 2-methylimidazole (Hmim), ammonium hydroxide (NH,OH),
methanol, acrylamide (AM), 2-hydroxyethyl acrylate (HEA), N,N-methylene bis acrylamide (MBAA),
ammonium persulfate (APS), and N,N,N',N'-tetra methyl ethylene diamine (TEMED) were used without
further purification.

Synthesis of ZIF-8 Nanoparticles

ZIF-8 nanoparticles were synthesized via a room-temperature solution reaction. Aqueous solutions of
Zn(NO3),-6H,0 and Hmim in NH,OH were mixed, resulting in a milky suspension. After crystallization,
the product was centrifuged, washed with deionized water and methanol, and dried at room temperature
(23).

Preparation of PAAmM/ZIF-8 Nanocomposite Hydrogel

A precursor solution containing AM, HEA, MBAA, and APS was prepared. Different weight percentages
(1-9 wt%) of ZIF-8 were dispersed into the solution. TEMED was added as a catalyst, and the mixture was
transferred into cylindrical molds, allowing gelation at room temperature (17) .

Characterization of MOF-Hydrogel Composites

For MOFs, common techniques include: SEM for visualizing the structure, XRD for studying the
crystallinity of the MOF, FTIR for confirming the functional groups of organic linkers. These methods and
their underlying principles can also be extended to the study of MOF-hydrogel composites.

Mechanical Properties of Nanocomposite Hydrogels

Understanding the mechanical properties of nanocomposite hydrogels is crucial before deploying them as
stress-bearing components in real-world biomedical or engineering applications. For soft materials like
hydrogels and hydrogel-based composites, tensile/compressive properties and fracture behavior are of
particular importance.

Findings and Discussion
SEM Test Results

The ZIF-8 synthesized in this study exhibited a cubic structure with a nearly uniform size (Figures 2a and
2b). Based on the SEM images, the diameter of ZIF-8 crystals ranged from 996 to 1027 nm, with an average
diameter of 1010 nm (Figures 2a and 2b). The SEM images in Figures 2d, 2e, and 2f display the cross-
section of the PAAM/ZIF-8 composite at different magnifications. These images confirm the presence of
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ZIF-8 crystals on the surface of the PAAm hydrogel. Additionally, they reveal that the internal structure of
the PAAM/ZIF-8 composite is densely packed with ZIF-8 particles.

XRD Test Results

Figure 3 presents the XRD patterns of the samples studied in this research. The XRD pattern of ZIF-8
showed diffraction peaks (20) at angles of 7.4°, 10.4°, 12.7°, 14.7°, 16.4°, 18.0°, 19.5°, 22.1°, 24.5°, 26.7°,
and 29.6°, corresponding to the (011), (002), (112), (022), (013), (222), (123), (114), (233), (134), and (044)
crystal planes of ZIF-8, respectively (26,27). Furthermore, comparing the XRD pattern of the PAAM/ZIF-
8 composite with that of pure ZIF-8, it is evident that the crystalline structure of ZIF-8 remains intact within
the composite, as confirmed by our XRD results (Figure 3).

FTIR Test Results

The FTIR spectra of the PAAmM/ZIF-8 composite (Figure 4) exhibited two broad peaks at 3375 cm™ and
3191 cm™, attributed to primary amines (R-NH;) and secondary amines (R-NH-R) in PAAm, respectively.
A peak at 1655 cm™ was assigned to the carbonyl group (C=0) in PAAm. The imidazolate rings of ZIF-8
in the composite showed peaks at 1422 cm™ (ring stretching) and 1322 c¢cm™ (aromatic C-N-H).
Additionally, peaks at 1014 cm™ and 759 cm™ were attributed to C-N bending and C-H vibrations,
respectively. A peak at 421 cm™ corresponded to the Zn-N bond (27).

Mechanical Properties Evaluation

For the composite with 3.6 wt% ZIF-8, the compressive strength reached 1929 kPa, whereas 2.0 wt% ZIF-
8 yielded 921 kPa—an over 100% increase with just a 1.5 wt% rise in ZIF-8 content. Notably, pure PAAmM
hydrogel had a compressive strength of only 62 kPa, meaning that adding ~3.5 wt% ZIF-8 led to a >3000%
enhancement.

This mechanical improvement is attributed to molecular interactions between ZIF-8 and PAAmM. The
imidazolate groups in ZIF-8 form strong electrostatic and hydrogen bonds with PAAm chains, increasing
crosslinking density and stability. These interactions restrict polymer chain mobility, preventing structural
degradation under mechanical load. The extensive hydrogen-bonded network enhances mechanical
performance (16-18).

Moreover, composites with higher ZIF-8 content (3.8-9 wt%) exhibited no fracture, demonstrating high
flexibility and compressibility. They endured over 90% compressive strain without failure and fully
recovered upon load removal (Figure 7).

Conclusion

This study successfully developed a ZIF-8 reinforced PAAmM hydrogel nanocomposite with significantly
improved mechanical properties. The addition of 3.6 wt% ZIF-8 increased compressive strength by 3000%,
while higher loadings (up to 9 wt%) enabled high elasticity (>90% strain recovery). The strong interfacial
interactions between ZIF-8 and PAAm contributed to the superior mechanical performance. These findings
suggest that PAAmM/ZIF-8 nanocomposites are promising for load-bearing biomedical applications, such as
tissue engineering and wound dressings. Future work will explore biological compatibility and application-
specific performance.

Ethical Considerations Adherence to Research Ethics Principles
The participation of individuals in this study was voluntary and based on their informed consent.
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