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ABSTRACT

The field of biomaterials has witnessed transformative growth, driven by the need for advanced
solutions in biomedical applications, such as tissue engineering, wound healing, and surgical implants.
Among these, polymer-based materials have gained prominence due to their versatility,
biocompatibility, and potential for functional modification. Polypropylene (PP) is extensively used in
medical devices, particularly in hernia repair meshes, owing to its chemical inertness and low cost.
However, the inherent susceptibility of the mesh to post-surgical infections remains a significant
challenge, often leading to adverse clinical outcomes, such as mesh rejection, chronic inflammation,
seroma formation and the development of biofilms. Addressing the critical issue of infection and
seroma formation in implanted devices requires the development of infection-resistant biomaterials
that provide long-term protection without compromising biocompatibility or mechanical integrity.
While traditional approaches, such as antibiotic coatings, have provided some relief, they are often
limited by problems like antibiotic resistance, inconsistent drug release profiles, and loss of efficacy
over time. To bridge these gaps, current literature lacks robust insights into optimizing long-term
antimicrobial efficacy and stability in PP-based meshes while also addressing seroma prevention and
biocompatibility. These limitations highlight the urgent need for innovative strategies that can ensure

sustained antimicrobial activity while maintaining the structural integrity of PP meshes.

Surface modification techniques, such as plasma grafting, are highly effective for functionalizing
polymer surfaces without altering their bulk properties. Plasma treatment enables the creation of
reactive groups on the PP surface, facilitating the immobilization of bioactive molecules with desired
functionalities. In this investigation, the plasma grafting of PP mesh was performed to create

functional groups on the surface. Oxygen plasma was used to generate hydrophilic functionalities



(hydroperoxide groups) on the surface of the PP mesh. The plasma power, plasma time, and gas flow
rate were varied to achieve maximum hydroperoxide functionality on the surface. The highest
peroxide content from plasma was 0.74 pmol/cm?, achieved under optimized experimental conditions
of 120 s, 100 W, and 30 sccm. The surface morphology of plasma functionalized PP was investigated
using FESEM and AFM techniques, which showed the formation of microdomains on the PP surface. The

XPS analysis showed the formation of oxidative species on the mesh surface.

This plasma functionalized surface was subsequently grafted with itaconic acid under varied temperatures,
concentrations, and grafting time. The maximum degree of grafting obtained was 1.5 pg/cm? at
optimized experimental conditions of 10%, 6 h and 50°C. The influence of reaction parameters on the
physicochemical properties was studied using Fourier-transform infrared spectroscopy (FTIR) and X-
ray photoelectron spectroscopy (XPS), while field emission scanning electron microscopy (FESEM)
and atomic force microscopy (AFM) were employed to assess the surface topography. These groups
act as anchoring sites for the subsequent immobilization of bioactive molecules on the surface to

impart antibacterial and antifouling activity.

Chitosan, a biodegradable and biocompatible polysaccharide, is recognized for its inherent
antimicrobial properties and ability to form nanogels that serve as efficient carriers for bioactive
agents. Along with chitosan, ZnO nanoparticles have garnered considerable attention due to their
superior properties and diverse applications, making them exceptionally advantageous compared to
other metal particles in various fields. The unique characteristics of ZnO nanoparticles, such as high
biocompatibility and good antibacterial nature, make them well-suited for fighting against microbial

infections and developing advanced wound-healing materials.
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By integrating ZnO nanoparticles within chitosan nanogels, was exploited their broad-spectrum
antimicrobial activity, driven by the quenching of reactive oxygen species (ROS) that, can inhibit a
wide range of bacterial strains. The amino and hydroxyl functional groups of CS contribute
significantly to their biological properties, while ZnO exhibits antimicrobial action. Following the
modification of the PP surface by plasma grafting, the CS-ZnO nanogels were covalently immobilized
on the surface by an EDC coupling reaction. The carboxyl groups present on the surface via surface
grafting covalently bind with the amino group present in the chitosan to form the amide linkages. The
formation of the amide group was controlled by varying the pH of the solution for 3, 7, and 9. The
maximum amide content was achieved in an acidic medium because of a stable intermediate and lack
of hydrolysis. FE-SEM, contact angle, and AFM measurements were used to characterize and validate

the immobilization of CS-ZnO on the functionalized PP mesh.

While these embedded nanogels prevent seroma formation and provide the desired antimicrobial
properties with sustained drug release, the bacterial killing kinetics of these nanogels is very slow.
Therefore, drug molecules with very fast-killing kinetics have been utilized to prevent instant surgical
site infections. Among the widely used drugs, Doxycycline (DOX) is an antibiotic that plays a crucial
role in inhibiting collagen synthesis, which can help reduce the amount of fluid accumulation in hernia.
It possesses significant anti-inflammatory and antibacterial properties and inhibits matrix
metalloproteinases (MMPs), promoting tissue healing and potentially reducing recurrence. The
addition of doxycycline, a potent broad-spectrum antibiotic, further enhances the infection-resistant
properties of the modified mesh, providing immediate and sustained antimicrobial defense during
critical post-operative periods. The CS-ZnO immobilized mesh was loaded with DOX to create a
bioactive infection-resistant hernia mesh. The loading of DOX in CS-ZnO resulted in a decrease in

the water contact angle due to the presence of hydroxyl moieties on the drug surface.
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The antimicrobial efficacy of the functionalized PP mesh is tested against clinically relevant
pathogens, including Staphylococcus aureus and Escherichia coli, known for their role in post-
operative infections. DOX has shown concentration-dependent bacteriostatic and bactericidal activity
against Gram-positive and Gram-negative bacteria, which has resulted in a drastic reduction in
bacterial adherence. The bacteria were significantly swollen and had ruptured the bacterial cell
membrane, confirming that the adhered bacteria were deceased. In vitro release studies demonstrate
the sustained release of doxycycline, ensuring prolonged antimicrobial activity for more than 10 days.
Moreover, cell culture assays using fibroblasts confirm the biocompatibility of the modified mesh,
showing improved cell adhesion and proliferation on the plasma-grafted surface with more than 95%
cell viability. The synergistic effect of CS-ZnO nanogels and doxycycline creates a multi-functional
mesh with dual antimicrobial action immediate response via antibiotic release, long-term bacterial
inhibition and seroma prevention through ROS quenching by ZnO nanoparticles. The histopathology
results for the DOX-loaded mesh showed minimal inflammation, no significant fibrosis, improved
biocompatibility, no eosinophils, and good immunomodulating properties. In the dermis layer, there
was a noticeable infiltration of neutrophils and macrophages. This dual mechanism not only combats
infection but also prevents biofilm and seroma formation, which is a critical factor in the failure of
many conventional mesh implants. The ongoing investigations thus offer valuable insights into the
development of PP hernia mesh that prevents seroma formation, possesses antimicrobial properties

and biocompatibility.
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