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ABSTRACT

The invasion of bacterial pathogens has becoming a pervasive and challenging issue for
public health and environmental well-being with far-reaching implications. The survival and
success of all such pathogens share a common requirement: a conducive niche that allows
initial attachment, colonization, and replication. Once established, they become resilient to
eradicate, develop multi drug-resistance capacity and facilitate further spread. Drinking water
and biomedical implants serve as prominent examples of such niches that grapple with
bacterial contamination, bearing huge socioeconomic burdens with a high mortality rate.
Inherent limitations in conventional disinfection technologies necessitate novel strategies in
these two sectors to counteract the challenges posed by such ‘smart’ enemies. The present
work, thus is an attempt to develop polymer-based antimicrobial therapeutics aimed at
disrupting the ‘niche-resistance’ feature of bacteria, utilizing nanotechnology as a tool with
multimodal functionalities. Polymeric nanocomposites, in the form of hydrogels and thin
films, were fabricated for biocidal applications in both water disinfection and biomedical
implants. All such chitosan-based polymeric nanocomposites were synthesized using eco-
friendly and straightforward protocols. These materials served as a template for immobilizing
nano-antimicrobials, specifically silver nanoparticles (AgNPs) or graphene oxide (GO), with
the primary objective of enhancing their antibacterial efficacy while limiting their release into
the surrounding environment. The research includes a comprehensive analysis of material
characteristics, antibacterial performance against environmentally and clinically relevant
strains, elucidation of antibacterial mechanisms, modelling disinfection Kinetics, in vitro

cytotoxicity assessment, hemocompatibility testing, and evaluation of soil biodegradability.

Under environmentally relevant conditions, the improper disposal of biomedical waste
presents hazardous consequences for natural water resources, as contamination can occur
through various leakage pathways into waterways. This study successfully demonstrates the
disinfection potential of nano-silver loaded chitosan-PVA (CS/PVA/Ag) hydrogel to
completely eradicate biomedical contaminants (S. aureus; S. epidermidis) coexisting with
natural contaminants (E. aerogenes; E. coli) in environmental samples for the first time. The
polymeric networks of hydrogel served dual role for in situ synthesis and immobilization of
silver nanoparticles (AgNPs) simultaneously. Porous Ag-loaded hydrogels elicited a
temperature-dependent swelling behaviour and exhibited an improved mechanical strength
(Young's modulus, 12.36£0.29 MPa; elongation at break, 180%) by effectively distributing
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the external stress and restored its structural integrity. A complete disinfection (100% killing)
could be achieved within 4 h against all four tested contaminants, demonstrating a distinct
strain-specific biocidal activity. Being a diffusion-controlled process, the oxidative
dissolution of AgNPs, deeply buried in interiors of hydrogel architectures was adversely
affected on repeated use and restricted a maximum silver release of 38.8+5.6 pg g hydrogel
in agueous suspension over seven days. Correlating reusability and silver release kinetics, a
predominant contact-active role of hydrogel was envisaged via ‘capture and kill* over silver
ions leaching for rapid water disinfection. The Ag-loaded hydrogels also severely inhibited
biofilm formation of Escherichia coli and Staphylococcus aureus till 48 h. Finally, hydrogels
could completely disinfect the natural water samples i.e., river, ground and tap water with

inherited microbiota and biomedical contaminants in 2 h under real test conditions.

Another nanocomposite hydrogel, consisting of chitosan-graphene oxide loaded with silver
nanoparticles (CS/GO/Ag) was evaluated for on-demand disinfection ability against natural
contaminants and biomedical pathogens in natural waters. In situ synthesized silver
nanoparticles (AgNPs) with fine-size of ~4.2 nm were subsequently immobilized within 3D
polymeric hydrogel network. The hydrogel nanocomposites displayed time & temperature
swelling behaviour with low AgNPs release concentration (87.4 ppb) and rate (0.07%) over
96 h. A definite species-specific biocidal activity exhibiting 100% kill rate could be achieved
within 2 h against E. aerogenes, E. coli, S. aureus, and S. epidermidis. Nano-silver loaded
hydrogels were equally effective with >87.8% growth inhibition at higher bacterial loads of
~10%-105 CFU mL™. CS/GO/Ag hydrogels fabricated in a continuous-flow reactor (bed
height, 8cm; flow-rate, 2.6 mL min™) disinfected river and rain water within 20 minutes with
>90% reusability over five cycles. The modelling kinetics demonstrated that bacterial
inactivation followed the non-linear Weibull model. Comprehensive analysis of the
disinfection mechanism revealed that membrane destruction and elevated oxidative stress
play pivotal roles in initiating the bactericidal process. The CS/GO/Ag nanocomposite
indicated superior mechanical strength, soil biodegradability (30.2% wt. loss) and significant
biocompatibility towards various mammalian cells including peripheral blood mononuclear

cells (PBMCs), Vero, and human hepatocellular carcinoma (HepG2).

In healthcare, Biomaterial-associated infections (BAIs) pose a major hindrance to the
successful integration of biomedical implants during regenerative surgeries. An alternative

antimicrobial therapeutics to diminish bacterial attachment by modifying implant surface via
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passive coatings is proposed here. A uniform, thin-film of chitosan/polyvinyl
alcohol/graphene oxide (CS/PVA/GO) was coated on 316L stainless steel (SS) surface
through spread casting followed by solvent evaporation. The abundant anchoring sites
available at macromolecular interfaces of chitosan/PVA matrix facilitated a smooth, dense
loading of GO. The effect of GO content on drying process parameters, physicochemical
features, antibacterial potential, and biocompatibility of coatings was thoroughly studied. The
residual solvent at drying equilibrium increased with GO content and by altering the initial
coating thickness from 700 to 1400 um. The hybrid films displayed good adhesion behavior,
and UV-protection ability with desired mechanical and thermal stability when coated on SS
surface. Coatings manifested a 1.5-1.7 fold rise in antibacterial efficacy against
Staphylococcus epidermidis and Staphylococcus aureus while exhibiting a permanent
biocidal response after 6 h. We investigated excessive ROS generation as the predominant
antibacterial mechanism, which diminishes bacterial integrity by inducing membrane
permeability and suppressing respiratory chain activity as secondary mechanisms. All
coatings with varying GO content appeared non-hemolytic (<2%) with ultra-low cytotoxicity
(<29.08%) against human hepatocellular carcinoma (HepG2) and  peripheral
blood mononuclear cells (PBMCs). The degradation rate of coatings in simulated body fluid
exhibited a higher stability, indicated by a lower weight loss (69-78%) and a decrease in pH
values as the GO content in coatings increased from 0.05 to 0.15 wt.%. Such an anti-infective
coating could be a step forward in inhibiting bacterial colonization on SS surfaces to extend

its lifespan.

In conclusion, the use of polymeric nanocomposites featuring silver nanoparticles and
graphene oxide holds immense promise for point-of-use water disinfection and as protective
coatings for stainless steel biomedical implants. The cost-effectiveness, accessibility to
materials, and straightforward fabrication process, all without posing any toxicological
concerns, make these nanocomposites an exceptionally practical and impactful solution for

various antimicrobial applications.
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Introduction




1.1 Scientific Background

Bacteria are omnipresent. The majority of bacteria pose no harm, as we continually inhale and
ingest them without experiencing illness. In fact, our association with them is so crucial that
our survival would be challenging in their absence (Rook et al. 2017; Zeng et al. 2022). On
contrary, the persistence and prevalence of pathogenic bacteria, even in small numbers, have
posed significant challenges to global economy and hindered progress towards achieving
healthier lifestyles worldwide (Peters et al. 2012; Varadi et al. 2017; WHO 2022). Bacteria
know no borders and have the capacity to interact with any solid substrate, liquid or even air

to grow and proliferate (Zhang et al. 2020).

Two critical sectors, constantly struggling with bacterial invasion and present a major source
of mortality/morbidity in humans are drinking water and biomedical devices. Major species of
bacterial pathogens commonly recognized in these domains include Escherichia coli,
Staphylococcus aureus, Enterobacter aerogenes, Vibrio cholerae, Pseudomonas aeruginosa,
Staphylococcus epidermidis, and Klebsiella spp. (Amin Yavari et al. 2020; Arciola et al. 2018;
Ashbolt 2015; Baker-Austin et al. 2018). In case of potable water, resources like aquifers,
ponds, and lakes have consistently suffered contamination by these microorganisms due to
unhygienic anthropogenic activities, unsafe waste disposal practices and inadequate sanitation,
leading to the emergence of various waterborne diseases (Bain et al. 2020). To name a few,
cholera, dysentery, and typhoid are among the leading causes of over 829,000 annual deaths
globally, attributed to unsafe drinking water, as reported by the World Health Organization
(Palansooriya et al. 2020; WHO 2019). On a similar note, biomedical implants, aim to restore
mobility and function of damaged tissues are prone to bacterial colonization causing
biomaterial associated infections (BAls). Indwelling medical devices account for 50-70% of
all healthcare-related infections, and prior to the Covid-19 pandemic, they were responsible for
a million deaths per year in the United States alone (Filipovi¢ et al. 2020; WHO 2015).

The above two domains though present distinct challenges, they share a common apprehension
to health professionals, i.e., cross-contamination of bacterial pathogens. The improper disposal
of biomedical waste and wastewater into our water systems, along with the aging infrastructure
of water distribution networks, has facilitated the infiltration of nosocomial pathogens into our
drinking water supply—a concern frequently overlooked (Parida et al. 2022; WHO 2018;
Zhang et al. 2020). Similarly, within healthcare settings, such as dental unit waterlines (Ricci
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etal. 2012; Zhang et al. 2018) or during the production and handling of biomaterials, infections
related to waterborne pathogens have been witnessed (Park et al. 2012; WHO 2016). Hence, it
IS imperative to devise a comprehensive strategy to mitigate the proliferation of bacterial
pathogens, spanning both the biomedical sector and drinking water, underscores the pressing

need in our current context.

The current research carry profound implications for the realization of the United Nations' 6™
Sustainable Development Goal, which aims to ensure access to safe and clean drinking water,
particularly in regions, like India with inadequate infrastructures (United-Nations 2015).
Conventional water disinfection methods, including chlorination and UV irradiation, as well
as advanced technologies like membrane filtration, ozonation often prove ineffective over large
scales. These methods introduce additional challenges through to the generation of
carcinogenic disinfection by products, necessitate continuous monitoring, and demands high
energy and resource inputs (Bahcelioglu et al. 2021; Li and Mitch 2018; Zhang et al. 2020).
Conversely, to control biomaterial associated infections, existing treatments often rely on
broad-spectrum antibiotics and chemical biocides. Such approaches come with inherent
drawbacks beyond the development of resistance against host defences, culminating to surgical
removal of the biomedical implant, carrying post-operative complications, and imposing huge
economic burdens (Chae et al. 2020; Koo et al. 2017; Maillard and Pascoe 2023). Moreover,
both sectors encounter similar issues pertaining to biofilm formation and the inadequacy of
existing antimicrobial solutions (Céamara et al. 2022). Thus, the correlation and potential
hazards involved emphasize the urgent need for developing new-generation antimicrobial
materials capable of effectively treating microbial contamination in water bodies and inhibiting
the colonization of microorganisms on biomedical implants together. By addressing this shared
narrative, advancements in antimicrobial materials hold the potential to make a significant

impact on public health and foster sustainability in both sectors.

Recent advancements in nanoscience and technology have unlocked immense opportunities for
manipulating materials at nanoscale, altering their physicochemical attributes and transforming
them into promising antimicrobial agents (Agnihotri et al. 2015; Agnihotri et al. 2013; Xing et
al. 2023). Due to their extremely small size, nanomaterials possess a high surface area-to-
volume ratio, rendering them remarkably effective against bacteria even at relatively lower
concentrations than their bulk counterparts (Agnihotri et al. 2014; Wang et al. 2020). Several

nanostructures such as silver, copper, zinc-oxide, carbon nanotubes, graphene and its
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derivatives are being widely adopted across various disciplines including environmental (air
filtration, water purification and disinfection) (Lyu et al. 2021; Mauter et al. 2018), biomedical
(wound dressing, biomaterial coatings, sutures, catheters) (Gaur et al. 2021; Makvandi et al.
2020) and consumer products (cosmetics, textiles, food packaging) (Dubey et al. 2022; Huang
et al. 2020; Kim et al. 2022). Furthermore, nanomaterials exhibit a multi-modal mechanism of
antibacterial action, preventing microorganisms from developing resistance against them
(Munir et al. 2020; Xie et al. 2023). A recent few reports claiming direct, contact-active role
of nano-silver based composites appear to be more efficacious on bacterial species (Agnihotri
et al. 2019; Bondarenko et al. 2013). This mechanism does not require either a continuous
release of nanomaterials or their subsequent internationalization inside bacterial cells to elicit

the bactericidal effect.

Despite their benefits, the practical application of as-synthesized nanomaterials for
antibacterial purposes faces three significant challenges. Firstly, nanomaterials, in colloidal
state are susceptible to coalescence, leading to the formation of larger aggregates and lose their
original efficacy during application (Bharti et al. 2015; Tang et al. 2014). Secondly, retrieving
colloidal nanoparticles after their intended use is exceedingly challenging, discouraging their
reuse and rendering the strategy economically unviable (Duval et al. 2019). Thirdly, the
continuous release of nanoparticles after each use can inevitably impact our ecosystems,
primarily affecting aquatic life forms before potentially affecting humans (Agnihotri et al.
2013; Mukherji et al. 2011).

Over the past few years, substantial efforts have been directed towards minimizing these
limitations, either by immobilizing or incorporating nanoparticles onto suitable support
matrices to enhance their antibacterial activities and promote reusability (Agnihotri et al. 2012;
Matsumoto et al. 2021; Moritz and Geszke-Moritz 2013; Zakia et al. 2020). In general, various
immobilization approaches can be categorized into three main categories:

1. Incorporation and entrapment of segregated nanoparticles inside a porous matrix
2. Simultaneous in-situ generation and immobilization of nanoparticles onto a support matrix

3. Immobilization of nanoparticles on a surface-functionalized solid support

The key factor in achieving a stable association between nanoparticles and the support matrix
lies in the selection of appropriate surface modification methods. The choice of immobilization

protocol though is dictated through several parameters including the type of solid support used,
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size/shape, morphology, surface functionalization, and stability of nanoparticles, as well as

specific application for which they are intended (Atmianlu et al. 2021; Bhatia et al. 2017).

Among the various choices of support matrices, polymers have garnered considerable attention
for immobilizing nanomaterials due to their flexibility, relatively low density, and cost-
effectiveness (Ghazzy et al. 2023). Polymers of both natural and synthetic origin, including
chitosan, alginate, polyvinyl alcohol, and polylactic acid, have been extensively employed to
anchor nanoparticles using in situ or ex situ approaches (Porter et al. 2021; Shi et al. 2020; Xie
et al. 2020; Zhang et al. 2019). Polymeric nanocomposite, thus emerge as an advanced group
of materials offering numerous advantages over conventional composites, such as enhanced
mechanical, thermal, and biological characteristics. Polymer nanocomposites also offer
versatility in creating diverse structures tailored for specific antibacterial purposes. These
structures include hydrogels, porous membranes for water treatment (Das et al. 2020; Marjani
et al. 2020), fibres for wound dressing (Jatoi 2020), thin-film coatings for biomedical implants

(Rikhari et al. 2020), and scaffolds for tissue regeneration (Shanmugam et al. 2020).

Hydrogels are porous, hierarchical polymeric microstructures with high water absorption
capacity due to large surface area and swelling capabilities. They have emerged as a paradigm
in myriad of water purification applications not limited to disinfection, clean-up of oil-spill
regions, removing emerging contaminants, and water desalination (Li et al. 2019; Salazar et al.
2020; Sultan et al. 2022; Zhou et al. 2018). The semi-interpenetrating networks of hydrogel act
as miniature reactors, offering numerous sites for synthesizing and subsequently immobilizing
nanomaterials through surface functionalization (Mohan et al. 2007). Besides inherent
antimicrobial and biodegradable, chitosan (CS)-based hydrogel displays a well-defined porous
structure with the necessary elasticity to facilitate optimal interactions between AgNPs and
water within their semi-interpenetrating networks, allowing for better control over silver
release (Guo et al. 2021). The presence of electrostatic and covalent interactions in tailorable
chitosan-based hydrogels offers numerous sites for AgNPs immobilization, which offers
numerous benefits in water disinfection purposes. One of primary limitations of chitosan-based
hydrogels i.e., poor mechanical strength can also be minimized by introducing specific
crosslinker(s), compatible polymers, and carbon-based fillers. Incorporating a water-soluble
polymer, such as polyvinyl alcohol (Alfuraydi et al. 2022), or another nano-antimicrobial, i.e.,
graphene oxide (GO) (Chen et al. 2013) may augment to achieve the desired physicochemical

and mechanical properties of hydrogel nanocomposites too. Such hydrogel composites can
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effectively eliminate bacterial pathogens, not only in simulated laboratory conditions but also
when treating water with diverse background chemistry conditions. They are equally suitable
for operation under continuous flow-through conditions, if installed within a reactor assembly
(Taka et al. 2021). A comprehensive evaluation of AgNPs-based hydrogel nanocomposites
under various situation will establish them as a robust choice for concurrent water disinfection

approaches.

In biomedical sector, our limited understanding towards microbial interactions at implant’s
interface significantly hinders the long-term utilization of prophylactic coatings. There is a
constant need for the development of facile methods to create biomedical coatings without the
use of toxic ingredients. Considering these crucial aspects, graphene oxide (GO) emerges as a
highly relevant nanomaterial. GO possesses characteristics such as easy functionalization,
impressive mechanical strength, and minimal cytotoxicity, making it amenable for producing
durable and bactericidal coatings for biomedical surfaces (Grant et al. 2021; Panda et al. 2018;
Zhao et al. 2016). The 2D structure of GO, composed of hexagonally packed carbon atoms and
featuring various functional groups like hydroxyl, epoxy, and carboxyl, lends itself well to
antibacterial applications (Su et al. 2021). GO is a polymer-friendly nanomaterials which can
integrate well in coating formulation composed of chitosan, polyethylene glycol, polyvinyl
pyrrolidone, and polyvinyl alcohol (Jena et al. 2021; Silva-Leyton et al. 2019; Tamayo Marin
et al. 2019). These formulations exhibits the desired surface functionalities of a coating without
compromising the mechanical properties of the underlying substrate (Sadeghi and Seo 2022).
GO-based polymer nanocomposites have proven to enhance substrate adhesion, prevent crack
formation, and significantly improve the overall antibacterial performance of coatings
(Muthuchamy et al. 2020; Ruiz et al. 2019). Thus, by utilizing chitosan and PVA, each with its
film-forming capability and adjustable plasticity, a robust support matrix can be formed for
GO, serving as an antimicrobial nanofiller. The resulting nanocomposite films provide
implants with a coveted antimicrobial interface, effectively preventing bacterial adhesion,

proliferation, and biomaterial-associated infections.

1.2 Scope of Work and Objectives

The thesis focuses on the application of polymeric nanocomposites to combat bacterial
pathogens within two domains, i.e. drinking water and biomedical implants. Specifically,

hydrogel nanocomposites, derived from chitosan-based polymers, were employed,
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incorporating silver nanoparticles and graphene oxide. These materials were then transformed
into hierarchical structures or surface coatings for subsequent utilization. To establish defect-
free biopolymeric coatings on stainless steel implants, an extensive analysis of drying processes
was conducted, considering various parameters. The research also explored the impact of
graphene oxide content on physicochemical and antimicrobial properties to develop resilient
and bactericidal coatings for medical surfaces. A strategy for enhancing the antibacterial

performance of stainless steel-based implants was devised.

For disinfection purposes, the antibacterial effectiveness of polymer nanocomposites was
evaluated against both natural and biomedical contaminants coexisting in potable water due to
unsafe biomedical waste disposal. The hydrogels' ability to eliminate pathogens was assessed
across diverse global water quality parameters, allowing for the correlation of disinfection
kinetics with corresponding silver release profiles, providing insights into the mechanism of
bactericidal action by immobilized nanoparticles. This disinfection approach is distinguished
by its eco-friendliness, with silver release levels well below EPA standards, minimizing the
associated risks of silver leaching into the ecosystem. Finally, the hydrogel nanocomposite was
deployed in a fixed-bed reactor to disinfect large volumes of water continuously. It is
noteworthy that the hydrogel poses no toxic effects on humans and is biodegradable in soil.
This research is particularly significant given the growing use of AgNPs-based disinfection
systems, where the leaching of colloidal AgNPs into natural surface and groundwater could

have severe ecological repercussions.
The fundamental questions that were attempted to address in this research work are:

Research Question-1: Can polymeric nanocomposites be synthesized to effectively eliminate

both water-borne and biomedical pathogens together under practically relevant conditions?

Research Question-2: Is it feasible to develop a strategy for immobilizing silver nanoparticles
onto a support matrix just sufficient to elicit biocidal response without causing much release

in the surrounding environment?

Research Question-3: What are the underlying mechanisms explaining the antibacterial
activity of polymeric nanocomposites, while minimizing the release of loaded nano-silver? Are

there synergistic effects contributing to enhanced antibacterial activity?
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Research Question-4: How do the continuous flow-through operations, biocompatibility and
biodegradation characteristics of the resulting polymeric nanocomposites ensure their safety

and suitability for applications in both biomedical and water disinfection contexts?

Building upon the questions posed and an extensive review of existing literature, the research

objectives were formulated as follows:

1. Synthesis and characterization of nano-silver immobilized polymeric nanocomposite based
on chitosan hydrogel

2. Evaluation of the antibacterial activity of nano-silver loaded hydrogels against
environmental and/or clinically relevant bacterial strains under various test conditions

3. Determining the cytotoxic effects of polymeric nanocomposites under in vitro conditions

1.3 Organization of the Thesis

The doctoral research work in current thesis is systematically organized in five successive
chapters. A sequential overview of these chapters ensues

Chapter 1 acknowledges the pervasive issue of bacterial contamination in both potable water
sources and biomedical implants, emphasizing the adverse consequences for global public
health. The chapter underscores the shared challenges posed by microbial intrusion in these
diverse applications and the inadequacies of existing technologies/infrastructure in effectively
addressing these issues. It delves into a comprehensive discussion of how nanotechnology can
serve as a valuable tool to combat microbial infections, highlighting current limitations and
potential remedies. Furthermore, the chapter advocates for the use of immobilized
nanomaterials on suitable support systems, the development of contact-driven polymeric
nanocomposites, and the creation of hydrogel-based nano-antimicrobials that are adaptable for
both water disinfection and coating biomedical implants. These solutions are designed to
exhibit synergistic responses, while minimizing human cytotoxicity and ensuring good

biodegradability.

Chapter-2 provides a thorough literature review, encompassing an in-depth examination of
polymer nanocomposites. It covers various aspects, including properties and composition in
terms of polymer matrices and nano fillers, as well as synthesis methods. The chapter explores
the versatility of polymer nanocomposites when applied as hydrogels for water treatment and
as thin-film coatings for biomedical implants, highlighting their specific characteristics and the
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associated fabrication strategies. The chapter compiles and summarizes recent research studies
conducted over the past five years, elucidating the antibacterial performance of hydrogels and
coatings in their respective domains. Finally, the chapter addresses the remaining challenges
within the current research landscape and outlines potential areas for future studies.

Chapter-3 elaborates on the experimental procedures employed for the fabrication,
optimization and characterization of chitosan-based hydrogels and coatings. Protocols adopted
for investigating antibacterial activity with underlying mechanisms of developed
nanocomposites and their real-time applications are presented as well. Methods for in vitro
biocompatibility evaluation with different types of mammalian cells and biodegradability of

coatings under simulated body fluid are also thoroughly described.

Chapter 4 presents the results obtained through the methodologies outlined in Chapter 3,
offering scientific explanations, plausible mechanisms, and discussing their future

implications.

Chapter-5 offers a concise summary of the key findings and significant conclusions derived
from this research. It also provides recommendations for potential future investigations. The
thesis concludes with a bibliography listing the sources and references used throughout the

work.
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2.1 Polymer Nanocomposites (PNCs)

Polymer nanocomposites (PNCs) are a class of high-performance materials that combine
polymer matrices with organic or inorganic fillers, while possessing at least one of their
dimension in nanoscale (10-100 nm) (Sun et al. 2021). Despite their relatively early birth
when Theng (1970) first introduced the term "nanocomposites”, PNCs did not garner
significant attention in their infancy. Hess and Parker Jr (1966) pioneering work showcased
one of the earliest instances where metallic cobalt particles, approximately 100 nm in size,
were effectively and uniformly dispersed within a polymer matrix. Although, in late 1980s,
PNCs started to develop in both academic laboratories and commercial research
organizations. However, the polymer nanocomposites commenced their true journey in 1988
when Toyota Company of Japan utilized polymer/layered silicate nanocomposites in the
production of their innovative car models. In the early 1990s, resurgence in use of PNCs was
observed when it was discovered that incorporating such fillers could profoundly reinforce
the material, leading to improved properties and performance (Balazs et al. 2006; Usuki et al.
1993). At present according to SciFinder Scholar, number of publications on search term
“nanocomposites” and polymer nanocomposites” has increased to >20,000 and >4000,
respectively in the year 2020 alone. Thus, PNCs have experienced significant advancements
in various domains over the last decade, as evident from the exponential growth of
publications on the subject since their inception.
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Figure 2.1 Significant properties of polymer nanocomposites.
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The existence of nanomaterials (even low wt.%) in polymer matrix leads to a remarkable
improvement in the desired properties of pristine polymers, including mechanical, thermal,
barrier, flame retardancy, antimicrobial, biodegradability, and biocompatibility (Bitinis et al.
2011; Miiller et al. 2017), without affecting their processability (Figure 2.1). Moreover,
depending on the specific nanomaterials employed, it may also give rise to entirely novel
intrinsic properties in the resulting polymer nanocomposites. Through integration of
nanomaterials into polymer matrices, the surface chemistry is transformed, and the
physicochemical properties are finely tuned, leading to a direct impact on the performance of
the resultant systems. The surface chemistry, aspect ratio, size, geometrical shape, and
orientation of nanomaterials are the critical parameters which invariably dictate the regulation
of these performances (Zairi et al. 2011). The optimal nanocomposite design also entails
uniformly dispersing individual nanofillers within a polymer matrix. Achieving a well-
dispersed state of nanofillers is crucial to fully harness the potential for enhancing the
material's properties. This uniform distribution results in significant interfacial interactions at
the interfaces between nanomaterials and polymer matrices while, the nanoscopic scale of
these domains combined with cost to performance ratio fundamentally sets PNCs apart from
conventional composites and doped polymer systems. Thus, the crossover of polymer science
with nanotechnology has unlocked diverse application-oriented possibilities for polymer
nanocomposites, which expand to various fields including aerospace, automotive,
biomaterials, biomedical implant coatings, energy storage and dielectrics, photocatalysis,
sensing, packaging, flame retardancy, antimicrobial materials, water treatment & disinfection,
drug delivery system, etc. in addition to the high-performing materials (Gao 2012; Koo 2019;
Ray and Bousmina 2007) (Table 2.1). Consequently, PNCs have carved out a unique and
unparalleled position in the realm of advanced materials.
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Table 2.1 Properties and Applications of Polymer Nanocomposites in Various Fields.

Type of polymer nanocomposites

Features

Potential application(s)

Reference

Polyvinyl pyrrolidone/carboxymethyl
cellulose/ multi-walled CNTs/AgNPs
films

Improvement in electrical conductivity due
to nanofiller making charge carrier transfer
easier

Improved dielectric properties with increased
quantity of parallel aligned dipoles in
polymer matrix

Antireflection coatings,
integral thin film capacitors,
energy storage and flexible
nanodielectric for
microelectronic devices

Morsi et al. (2023)

Nano-silica modified MXene/Poly
(vinyl) alcohol

Peak heat release rate (P0HRR) 34.9% lower
than pure PVA

Tensile strength increased by 32.9% due to
addition of 2% m-MXene

Flame-retardant materials

Ning et al. (2021)

Polyaniline/ZnO

63 times higher degradation rate of
metronidazole by ZnO/PANI than pure ZnO

Photocatalyst; photocatalytic
degradation

Asgari et al. (2019)

plasma polyaniline-modified tin
oxide/ reduced graphene oxide

Improved lower detection limit of 0.047 ng
mL~! (0.26 nM) (S/N = 3)

Electrochemical biosensor
for glucose, biological
diagnosis

Wu et al. (2017)

Sodium alginate/cellulose
nanowhiskers/CuQO films

Strong antibacterial activity against S.
aureus, E. coli, Salmonella sp., C. albicans,
Trichoderma spp.

High antioxidant activity

Antibacterial active food
packaging

Saravanakumar et al.
(2020)
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UiO-67-Zirconium
nanocrystals/Polyurethane films

60-fold improvement in the adsorption
capacity of ocular drug due to UiO-67
nanocrystals incorporation

Drug delivery in ocular
therapeutics

Gandara-Loe et al.
(2020)

ZnO modified natural
rubber/graphene oxide (ZnO m-
NR/GO)

Mechanical and dielectric properties from
neat NR and NR-GO nanocomposites
significantly improved

Coating in automotive and

aerospace

Jose and Athikalam
Paulose (2020)

Natural rubber/multi-walled CNTs
(NR/MWCNTS)

Lower filler concentration reinforced NR
with improved geometrical stability

Prosthetic foot (biomaterial)

Medupin et al. (2019)

Functionalized boron nitride
nanosheets/graphene
oxide/silver/polyether sulfone
(FBN/GO-AQ/PES) membrane

21% and 22% increment of hydrophilicity
and porosity with 1 wt.% FBN-GO-Ag
40% increase in permeability
Improvement in dye removal and fouling
resistance, antibacterial performance

Dye removal and
disinfection of wastewater

Vatanpour et al.
(2022)

Poly-L-lactic acid/ Graphene
oxide/AgNPs/ (PLLA/GO/AQ)

Superior corrosion resistance and
cytocompatibility than uncoated Mg alloy
Improved antibacterial performance against
E. coli and S. aureus

Anti-corrosion and
antibacterial coatings for Mg
alloy implants

Bakhsheshi-Rad et al.
(2020)
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2.2 Composition of PNCs
2.2.1 Polymer/Host Matrices

Polymers are macromolecules composed of organic and inorganic constituents that are
formed by covalent linkages of a large number of small and simple repeating units called
monomers, through polymerization process (Karak 2009). A wide range of polymers,
including fibers, rubbers, and plastics, serve as matrices for manufacturing polymer
nanocomposites with various nanomaterials. Both in situ-generated polymers (simultaneously
with nanomaterials) and preformed polymers are utilized as matrices for these composite
materials. Although, the choice of the suitable polymer is primarily influenced by its
physicochemical (mechanical, thermal etc.) properties. However, the functionalities of the
polymer backbone such as hydrophobic/hydrophilic balance, bio-compatibility and
biodegradability etc. are also taken into consideration during the selection process in relation
to the intended use of the PNCs (Jeon and Baek 2010). Additionally, for the fabrication of
PNCs, polymer matrices can be utilized individually or in combination with two or more
polymers. Moreover, as for the manufacturing process, polymers are known for their cost-
effectiveness and ease of being readily fabricated into various complex conformations such as
gels, films, fibres, and solids. In essence, polymers provide exceptional versatility,
processability, and stability, whether used as homogenous systems, copolymers, or graft

polymers in the synthesis of PNCs (Lofrano et al. 2016).

Antimicrobial polymers which contain functional groups that can kill bacteria and other
polymers that may have been modified by attaching a mimicking protein to reduce toxicity
are also employed for PNC synthesis intended for antibacterial applications (Palza 2015). The
research in this field first commenced in 1965 with the synthesis of 2-
methacryloxytroponones related antimicrobial polymers with broad-spectrum activity
(Cornell and Donaruma 1965). Since then, a variety of polymers have been extensively tested
to address the limitations of conventional antibiotics and highly biocidal chemicals. These
polymers have the potential to offer extended effectiveness, reduced toxicity, combat
antibiotic resistance, and lower production costs simultaneously (Timofeeva and Kleshcheva
2011). Utilizing such polymers to create nanocomposites not only serves as a supporting
function for nanoparticles but also enhances the antibacterial performance of these PNCs.

This behaviour is attributed to the synergy between the polymer and nanomaterials, and
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polymer's capability for long-term ion release (Bogdanovic et al. 2015) thereby, effectively

extending the antibacterial activity of the nanocomposite.
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Polymer matrices are of different categories and those mostly utilized for PNCs fabrication
can broadly be divided into two major groups called natural or synthetic, based on their
origin. The natural or biopolymers, which are made up of renewable resources characterized
by their easy biodegradability, non-toxicity, and abundance include lignin, alginate, cellulose,
starch, chitin, and chitosan. While synthetic or man-made polymers yet biodegradable are
comprised of poly (lactic acid) (PLA), poly-(glycolic acid) (PGA), poly (lactic-co-glycolic
acid) (PLGA), poly (vinyl alcohol) (PVA), polycaprolactone (PCL), and their copolymers
(Panchal and Vasava 2022; Rodrigues and Vieira 2019; Wypij et al. 2023). In addition, some
non-biodegradable synthetic polymers such as polyethylene terephthalate (PET),
polyethylene (PE), polypropylene (PP) and polystyrene (PS) (Mathew and Radhakrishnan
2019) have also been utilized for PNC synthesis. However, their use is much debated
nowadays due to rising micro- and nano-plastics causing environmental damage and
therefore biodegradable polymers are gaining ground (Sani et al. 2022). The general
structures of most commonly employed and important polymer matrices are given in Figure

2.2 and a very brief overview is presented below.
Chitosan (CS)

Chitosan is a linear biopolymer derived from chitin, which is a natural mucopolysaccharide
and a major structural component that forms the exoskeleton of shellfish, crustaceans, beaks
of cephalopods, insects, and fungi cell walls (Escudero-Ofiate and Martinez-Francés 2018;
Kumar et al. 2019; Shukla et al. 2013). It is synthesized via chitin hydrolysis (by removing
the acetyl group from chitin) under alkaline conditions in a process called deacetylation.
Chemically, chitosan consists of randomly distributed N-acetyl-D-glucosamine and D-
glucosamine units linked together through B-(1,4)- glycosidic bond (Rizeq et al. 2019). The
ratio of these units determines the degree of deacetylation (DD), a crucial factor that affects
the physicochemical and biological properties of chitosan, including solubility, viscosity,
antimicrobial activity, and quality grade. Thus, chitosan with DD of >55% is often soluble in
dil. acidic solutions of ascorbic acid and acetic acid (Wang and Chen 2014). Chitosan is non-
toxic, antioxidant, biocompatible, biodegradable, adsorbent, antibacterial, and antifungal
polymer (Kumar 2000; Wan et al. 2013; Ziani et al. 2009). However, it is the chitosan’s
inherent broad-spectrum antimicrobial activity against various microorganisms that has

garnered significant interest across the globe (El Knidri et al. 2020).
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The antimicrobial action of chitosan involves several mechanisms, which can be summarized
as cell membrane disruption, chelation of essential nutrients, interference with microbial gene
expression, and reactive oxygen species (ROS) generation. The antimicrobial activity of
chitosan is influenced by wvarious factors, including molecular weight, degree of
deacetylation, pH, and the ionic strength of the environment. Molecular weight is a critical
determinant, with lower molecular weight chitosan generally demonstrates higher
antimicrobial activity due to increased solubility, allowing for better penetration of bacterial
cell walls (Minh et al. 2020). Additionally, higher DD chitosan (100%, obtained by
enzymatic deacetylation) often exhibits enhanced antimicrobial activity, attributed to the
increased density of protonated amino groups that interact with bacterial cell surfaces (Akpan
et al. 2020). Additionally, chitosan is both a polycationic and semi-crystalline polymer with
hydrophobic characteristics. It also features hydrophilic functional groups, specifically one
amino (NH2) group and two hydroxyl groups (OH) in each glucosidic unit. The remarkable
chemical and biological properties of chitosan are attributed to the presence of these
functional groups, which significantly influence its reactivity (Shukla et al. 2013; Wang and
Chen 2014). For instance, the active primary amino group in chitosan demonstrates efficient
reactivity under mild reaction conditions, serving as a specific platform for attaching side
groups. The hydroxyl and amino groups in chitosan also provide flexibility for customizing
chitosan materials with specific functionalities, enabling adjustments in their physical and
biological properties (Kumar et al. 2019; Wang and Chen 2014). By subjecting chitosan to
physical and chemical functionalization, it becomes possible to incorporate desired chemical,
mechanical, and physical properties, which are crucial for enhancing its reactivity with

nanomaterials in subsequent PNCs formation (Negm et al. 2020; Zhao et al. 2020).

Physical (UV irradiation, ultrasounds, plasma irradiation, sputtering) or chemical (cross-
polymerization, surface grafting, phosphorylation, carboxymethylation, surface-active agents)
methods can be used to accomplish the functionalization of chitosan (Fiorani et al. 2014;
Shukla et al. 2013). Phosphorylated chitosan-based materials have been shown to exhibit
exceptional antibacterial and chelating characteristics, making them highly valuable for
applications as biosorbents in water treatment (Morsy 2015; Song et al. 2018; Wang and Liu
2013; Wu et al. 2019). Further, OH and NH2 groups of chitosan can form a variety of
chemical bonds with metals, leading to the creation of stable chelate complexes capable of
withstanding washing with organic solvents. This chelating property of chitosan makes it an

ideal material for the synthesis of metal nanoparticles during in situ PNC synthesis
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(Muzzarelli 2011). Chitosan reacts with H™ ions to produce protonized chitosan with —NH3"
functional groups in an acetic acid medium. The zeta potential of nanoparticles incorporated
in polymers increases with chitosan concentration due to greater availability of protonized —
NHs" on nanoparticle surfaces, which increases electrostatic repulsion among the particles
and therefore reduces the incidence of agglomeration, resulting in more stable nanoparticle
dispersion (Zain et al. 2014).

Cellulose

Cellulose is one of the most abundantly available, relatively cheap, renewable and versatile
biopolymers on earth, which is widely distributed over a variety of sources, including plants,
algae, tunicates, and some bacteria such as Acetobacter xylinum (Chen et al. 2008; Joseph et
al. 2020). It is a linear polysaccharide composed of repeating units of D-glucose, linked
through B-(1,4)-glycosidic bonds (Bezerra et al. 2015). Cellulose is tasteless and water-
insoluble for which binary mixtures of organic or inorganic liquids and organic electrolytes
are used as preferred solvents. It exhibits a robust affinity for self-association and the
formation of extended structures through the creation of intramolecular and intermolecular
hydrogen bonds due to the presence of strongly interacting hydroxyl groups (Jorfi and Foster
2015). The significant traits of cellulose, such as chirality, degradability, chemical variability,
and hydrophilicity can be attributed to its molecular structure and the presence of hydroxyl
groups that are accessible for chemical modifications and superior hydrogen bonding
(Padalkar et al. 2010). The mechanical properties of cellulose are determined by both its
crystalline and amorphous regions, which contribute to its superior tensile strength and
stiffness owing to their uniform distribution. Cellulose is also non-toxic, broadly inert
biocompatible polymer and although non-biodegradable in vivo however, studies have shown
that oxidized cellulose is potentially degradable (Li et al. 2009; Luo et al. 2013). The
impressive properties of cellulose makes it a promising candidate for fabrication of cellulose
nanocomposites (Pandey et al. 2013) which are widely applicable in diverse fields of
biomedical devices, packaging, and textiles. Cellulose polymer does not possess intrinsic
antibacterial activity however, by combining appropriate nanoparticles with cellulose, the
preparation of hybrid composites has resulted in a plethora of materials exhibiting significant
antibacterial activity. Furthermore, in cellulose based nanocomposites the antibacterial
activity is also dependent upon the type and structure of the polymer. For instance, bacterial

cellulose based copper nanocomposite shows better antibacterial activity because its 3D
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internal organization functions as a protective cage for copper nanoparticles (CuNPs),
resulting in reduced copper ion release compared to the more open structure of vegetal
cellulose (Pinto et al. 2013).

Poly(vinyl alcohol) (PVA)

PVA is a linear and semi-crystalline synthetic polymer, which is tasteless, odourless, non-
toxic, biocompatible, easily processible, and thermostable (Abdullah et al. 2017; Saini et al.
2017; Ye et al. 2014). PVA is commercially produced by polymerization of vinyl acetate as
monomer since its structural monomer (i.e., vinyl alcohol) is unstable in nature. PVA is
formed as a reaction precipitate of controlled partial alkaline hydrolysis (saponification)
where, in an ag. sodium hydroxide environment, the ester group of vinyl acetate is partially
substituted with a hydroxyl group. The length (time period) of the saponification reaction
determines the degree of hydrolysis of PVA which in turn dictates its various physical
attributes such as water solubility, degree of polymerization, film formation density, and
crystallinity (Gaaz et al. 2015; Saunders 2012). Additionally, by altering the length of
monomer and the degree of hydrolysis under acidic or alkaline conditions, various forms of
PVA with distinct flexibility, tensile strength, dispersing power, emulsification index,
adhesiveness, and solubility can be obtained (Halima 2016). In commercially available bulk
form, the abundance of hydroxyl groups attached to the carbon backbone creates a significant
source of hydrogen bonding, which exerts a major influence on its physicochemical (such as

high melting point) and mechanical attributes.

Throughout the exploration of PVA matrix, diverse morphologies have been discovered,
paving the way for a wide range of applications including biomedical, water treatment,
pharmaceutical and others (Hassan and Peppas 2000). For instance, certain water filtration
systems may employ PVA gel beads while PVA films due to their high optical quality are
useful in optical sensors and devices (Surkatti and EI-Naas 2014). Further, PVA based
hydrogels are being fabricated through crosslinkers by exploiting its hydrophilic nature for
water disinfection applications (Hassan and Peppas 2000). PVA is also utilized in the
synthesis of controlled and interconnected micro-porous 3D biomedical scaffolds, catering to
tissue engineering applications (Itoh et al. 2016). Some aforementioned areas work well with
native PVA matrix while others depend on its modified composition and advancement of

novel polymeric materials primarily relies on compounding, blending, and modification
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rather than the chemical synthesis of entirely new polymers. Therefore, modifying the
properties of PVA becomes crucial for achieving specific targeted applications. Chemical
modification of PVA could be achieved by conventional reactions involving carbamation,
acetalization, etherification, or esterification of its hydroxyl groups (Awada and Daneault
2015), while a more modern approach to chemical modification comprises of click chemistry.
Thus, modified and pristine versions of PVA allow other materials to be incorporated via
hydrogen bonding and is employed as an embedding mat or matrix for metal/inorganic
nanofillers for PNC synthesis (Moulay 2015).

Table 2.2 Summary of Nanomaterials grouped according to their Nanoscale Dimensions

0D 1D 2D
e Nano-silver (AgNPs) e Carbon nanotubes e Nanographene platelets
(CNTs) (NGPs)
e Nano-zinc oxide (ZnO e Halloysite nanotubes e Graphene oxide (GO)
NPs) (HNTSs)
e Nano-copper (CuNPs) e Carbon nanofibers e Montmorillonite clays
(CNFs) (MMT)
e Nano-titanium dioxide e Nickel nanostrands e Reduced graphene oxide
(TiO2NPs) (NiNs) (rGO)
e Nano-silica (SiNPs) e Aluminium oxide e Layered double
nanofibers (Nafen) hydroxide (LDHSs)

2.2.2 Nanomaterial Fillers

Nanofillers or nanomaterials are typically materials with at least one dimension below 100
nm with fascinating intrinsic and in often cases, enhanced nanoscale physicochemical and
biological properties that differ from their bulk counterparts (Hanemann and Szab6 2010). Up
until now, diverse types of nanomaterials have been discovered to possess the capability to
create PNCs. The inherent specific surface area of nanoparticles facilitates the development
of a substantial interphase within the composite, characterized by outstanding interactions
between the nanofillers and the polymer matrix (Naffakh and Diez-Pascual 2014). The
inclusion of finely dispersed nanomaterials within polymeric matrices has been noted for its

significant utility in enhancing the resulting composites used for diverse applications such as
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water treatment and remediation purposes, ranging from its photocatalysis (Ali et al. 2016;
Hir et al. 2017) to disinfection (Yuan et al. 2016), biomedical implant coatings (Morselli et
al. 2023) and sensing and monitoring (Ostergren et al. 2021) functionalities. The selection of
nanoparticles to utilize in the fabrication of PNCs is primarily dictated by the intended
purpose while thermal, mechanical, biological, and tribological characteristics of
nanoparticles become deciding variables during design of PNCs (Naffakh and Diez-Pascual
2014).

A vast array of nanomaterials in the form of bulk materials, films or hybrid powders have
been employed in PNCs fabrication. Based on the composition, nanomaterials can be sorted
into different classes such as metal/metal-oxide NPs, ceramic NPs, carbon-based NPs, mixed-
metals NPs, organic NPs (polymeric, micelles, dendrimers), and clay/silicate-based NPs etc
(Akharame et al. 2018). Categorized according to their dimensions, nanoparticles can also be
classified into zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D)
structures (Tiwari et al. 2012) (Table 2.2). Various forms of spherical nanoparticles fall
within the category of 0D nanomaterials, encompassing metals like gold (Au), silver (Ag),
copper (Cu), and iron (Fe). Additionally, metal oxides such as iron oxide (Fe2O3 or Fe3Oa4),
copper oxide (CuO or Cu20), zinc oxide (ZnO), titanium dioxide (TiOy), silica (SiO2), serve
as notable examples. While the most prevalent form is spherical, 0D nanomaterials exhibit
diverse shapes, ranging from nanospheres to nanoclusters and even nanocrystals (Fahlman
2023). Nanotubes, nanorods, nanowires, and nanofibers constitute crucial specimens of 1D
nanomaterials and contribute to the formation of extended structures in PNCs (Fahlman
2023). Carbon nanotubes (CNTs), cellulose nanofibers, carbon nanofibers (CNFs),
polyaniline  nanofibers, and nanowhiskers are commonly used 1D nanomaterials. 2D
nanomaterials are available in the form of sheets, discs, plates, films, layers or ribbons and
prove to be the most advantageous out of all the varieties of nanomaterials. In this class,
nanoclay or layered silicates have been investigated extensively and being hydrophilic in
nature, these are often modified with organic cationic surfactants via an ion-exchange
reactions. For instance, organically modified montmorillonite nanoclays (OMMT)
incorporate better than their pristine counterpart in polymers, which are relatively
hydrophobic and organic (Ray and Okamoto 2003). Besides silicate nanomaterials, carbon-
based 2D nanomaterials such as graphene, graphene oxide (GO), and reduced graphene oxide
(rGO) are becoming extremely important in the field of PNCs. Depending upon the structure,

shape, crystallinity, and chemical nature of these nanomaterials, mechanical and thermal
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stability as well as new biological functionalities such as antimicrobial activity are provided
to the polymer matrix (Jeon and Baek 2010). Several antimicrobial nanomaterials possess
inherent ability to kill bacteria and are classified into oligodynamic metals, including Ag, Cu,
Zn, Ti, and Co (Nangmenyi and Economy 2009); photocatalytic semi-conductors, such as
TiO2 and ZnO (Chong et al. 2010; Gondal et al. 2009); and carbon nanomaterials, including
CNTs and fullerenes (Kang et al. 2007; Lee et al. 2009; Magrez et al. 2006). These
nanomaterials can potentially be used as alternative disinfectants or coupled with current
technologies to enhance the bacterial inactivation efficacy.

Two primary methodologies exist for creating nanostructured materials: the top-down and
bottom-up approaches. The top-down method includes the systematic breakdown of the bulk
materials into smaller fragments with nanoscale dimension by following grinding mechanism
involved in physical processes such as mechanical milling, nanolithography, laser ablation,
repeated quenching, attrition, arc discharge and so on. This approach is directed by the
interplay of physicochemical interactions among adjacent atoms, self-assembly principles,
and the surface chemistry. The nanomaterials generated by aforementioned approaches
exhibit structural anomalies such as irregular shapes, wide size distribution, low particle
surface areas, and crystallographic alterations to the processed patterns, which substantially
influence the physicochemical characteristics of the nanostructures (Abid et al. 2022). The
bottom-up approach employs a concept of controlled assembly of basic building blocks such
as atoms or molecules obtained from the precursors into larger nanoparticles by chemical
transformations. The bottom up strategies include sol-gel, spinning, chemical vapour
deposition, pyrolysis etc., where chemical reduction or decomposition of precursors (metal
salts/ organometallic complexes) takes place resulting in particle nucleation and growth.
These methods involves the use of chemical reducing agents such as NaBHg, alcohol, citrate,
hydrazine etc. along with stabilizing agents while biogenic green technologies leverage the
redox properties of plant extracts, microorganisms, vitamins to form nanoparticles. The
energy for these reactions is provided in the form of photoenergy (UV and visible light), y
rays, electricity, and sonochemical energy. The bottom up approach produces nanoparticles
with fewer defects, homogeneous composition, better short- & long-range ordering, and a
narrow size distribution which is a result of decrease in the Gibbs free energy during their
formation in a state closer to the thermodynamic equilibrium. The applicability of bottom-up
strategies appeals to a wide range of end products as many of these techniques can be adapted

to be performed in gas, liquid, solid or even supercritical states (Cunningham and Blrgi
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2013). Now, providing a detailed description of all the current and historical bottom up
synthesis methods of nanoparticles is beyond the scope of this thesis, as there are a great
number of variations. Instead, different methods to synthesise PNCs will be described in a
later section of this literature review with relevant examples to provide a suitable overview.
In direct context of polymer nanocomposites for antibacterial applications, a brief overview
of a few important and commonly used nanofillers such as metal nanoparticles, graphene

oxide, CNTs along with antibacterial mechanism is presented below.

Silver (Ag)

Silver, a naturally occurring oligodynamic, zero-valent transition metal has been extensively
utilized over millennia for its broad-spectrum antimicrobial effect, ease of operation and low
toxicity to humans (Nangmenyi and Economy 2009). Its historical systemic use traces back to
ancient Greek civilizations (Melaiye and Youngs 2005; White 2001) where, Alexander 11 of
Macedon is said to have utilized silver vials to store and treat water during his expeditions
(Alexander 2009; Dhanalakshmi et al. 2013; Melaiye and Youngs 2005). This concept
translated into the 21 century, exemplified by silver's role in preserving and purifying water
on spacecraft like Apollo, the MIR space station, and NASA shuttles. The medicinal
significance of silver dates to 69 B.C.E. when the Romans employed silver nitrate to prevent
infection in burns and wounds (Alexander 2009; Barillo and Marx 2014). While the advent of
antibiotics shifted attention away from silver's applications, its clinical use was revived in the
1960s by Moyer, who employed silver nitrate in treating severe burns and demonstrated its
antibacterial efficacy against S. aureus, E. coli, and P. aeruginosa (Moyer et al. 1965). This
spurred the development of various silver-based composites in the wake of the increase of
antibiotic-resistant microbial organisms and the restrictions of the utilization of antibiotics.
This also catalysed the creation of diverse silver-based composites as antibiotic-resistant

microbial organisms became more prevalent and the usage of antibiotics faced limitations.

The synthesis of AgNPs can be achieved through a wide array of chemical, physical, and bio-
based procedures (Abbasi et al. 2016; Paladini et al. 2015) which result in AgNPs of varying
shapes, sizes, and functionalities. Particularly, in the academic domain, the reduction of
stable silver salt (e.g., AgNO3) utilizing a reducing agent (e.g., sodium borohydride, ascorbic
acid) is a common approach. The silver ion (Ag® acquires an electron from the reducing
agent during chemical reduction to transform into its metallic form (AgP), thus forming

22| Review of Literature



AgNPs. Occasionally, a capping agent like poly(N-vinyl-2-pyrrolidone) (PVP) is employed
during chemical reduction to stabilize the nanoparticles and prevent agglomeration (Murphy
et al. 2015). Silver nanoparticles possess significant properties such as antimicrobial activity,
electrical conductivity, optical activity (due to surface plasmon resonance), catalytic activity,

chemical sensing, and biocompatibility.
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Figure 2.3 Mechanism for antibacterial behaviour of silver nanoparticles (Reprinted with

permission from Singh et al. (2021). Copyright (2021) Springer Nature).

The exact mechanism behind the antimicrobial effect of AgNPs is not clearly known despite
the extensive amount of data published in the literature. However, several mechanisms have
been proposed to explain the biocidal action of AgNPs on bacteria (Figure 2.3) and may
include the following. AgNPs have the ability to anchor and aggregate on the bacterial cell
wall to subsequently penetrate its surface via formation of “pits”, inducing structural
alterations such as enhanced membrane permeability, ultimately leading to the demise of the
cell (Prabhu and Poulose 2012; Sondi and Salopek-Sondi 2004). AgNPs has been linked to

catalyse the reactive oxygen species (ROS) generation in the cytoplasm thereby, inciting
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elevated oxidative stress and consequent cell death and some researchers regard this as the
primary action mechanism (Reidy et al. 2013; Zare and Shabani 2016). Another prevailing
perspective leans towards the liberation of Ag™ ions from AgNPs, achieved through either the
oxidative dissolution of AgNPs or the release of chemisorbed Ag® ions situated on the
surfaces of AgNPs. Silver ions then can bind to proteins and enzymes and react with their
sulphur, thiol or cysteine residues, leading to modifications in the structural integrity of the
cell wall on account of inactivation of important enzymes and protein chain synthesis (Duran
et al. 2016; Rawashdeh et al. 2020). Certain investigations have documented that AgNPs
induce the denaturation of bacterial ribosomes, resulting in the inhibition of protein synthesis
and bridge the linkages between thiols to form irreversible aggregations inside cell.
Moreover, AgNPs possess the capability to interact with phosphates and amines in DNA,
which interrupts DNA replication, disrupting cell biological functions (Chaloupka et al. 2010;
Chappell and Greville 1954; Domeénech et al. 2013). Thus, the combined effects of AgNPs
and Ag" ions may be the reason for broad spectrum antimicrobial activity of nano-silver.
However, the bactericidal activity of AgNPs varies with the particle size, shape and
concentration. Small sized AgNPs, particularly <10 nm, contribute to more bacterial cell
toxicity as a consequence of higher degree of interaction on account of its high aspect ratio.
Additionally, in a study, truncated triangular AgNPs were observed to have the highest
biocidal efficacy against E. coli than its rod or sphere shaped counterparts (Gogoi et al. 2006;
Morones et al. 2005; Pal et al. 2007). AgNPs are deemed to be extremely potent and can
induce higher biological activity at relatively low concentrations as minimum inhibitory
concentration (MIC) of 1.35 mg mL™? in a study was found to be enough to inhibit both
methicillin resistant S. aureus (MRSA) and S. aureus cells (Ayala-Nufiez et al. 2009).
Therefore, with highly tunable biocidal activity along with important physiochemical
characteristics, AgNPs have established a prestigious place as a nanofiller for PNCs
synthesis. Many researchers driven by the desire to establish a synergistic nanocomposite,
have endeavoured to synthesise silver based antimicrobial hybrids targeted for antimicrobial
applications in water treatment, wound dressing, packaging, food preservation (Table 2.3).
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Table 2.3 Polymer Nanocomposites for Microbial Control in Environmental and Biomedical Applications.

Type of polymer Synthesis Test Antibacterial Cytotoxicity Potential Reference
nanocomposite microorganism(s) performance application(s)
Chitosan/Poly vinyl Chemical S. aureus, E. coli, ZOlI: 15-45 mm MTT: 68-85% Biomedical Suflet et al. (2021)
alcohol/AgNPs hydrogel  crosslinking- in  P. aeruginosa, K. dermal devices

situ NPs pneumonia fibroblast cells

formation viability
Calcium alginate gels- Crosslinking-in  E. coli ZOl: 20.3-22.8 mm NR Water Xu et al. (2023)
functionalized situ NPs ODsoo: <0.04 after disinfection
polyurethane formation 72 h
foam/AgNPs
Carboxymethyl-hexanoyl Solution casting S. aureus, E. coli,  Bacteriostatic ratio: MTT: 98- Wound Yang et al. (2019)
chitosan-/graphene C. albicans 94.1-99.99% 100% 3T3 dressing and
oxide/cellulose fibroblast cells  plastic masks
nanocrystals hydrogel viability
Starch/nanofibrillated Chemical S.aureus, E.coli  0CFUmL™(100% NR Dye and Radwan et al.
cellulose/AgNPs cryogel  crosslinking-ex inhibition) bacteria (2021)

situ formed NPs removal from

integration wastewater
Chitosan/ Poly vinyl Electrospinning  E. coli 1.8-2.3 log NR Active food Adibzadeh et al.
alcohol/AgNPs reduction (10° CFU packaging (2014)
nanofibrous membranes mL, 30 minutes)
Chitosan/ Poly vinyl Ultrasonic E. coli, P. Z0Ol:13.5-27.1 mm NR Photocatalytic Wang and Fakhri
alcohol/Copper sulphide irradiation syringae, S. water (2020)
NPs aureus, S. disinfection

pneumoniae

Chitosan/graphene RT-atmospheric  S. aureus, E. coli  ZOI: 0.8-0.9 cm NR Water Su et al. (2021)
oxide/AgNPs pressure treatment

microplasma
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Chitosan/graphene ex situ formed S. aureus, S. ZOlI:19-22 mm NR Biomaterials  Khawaja et al.

oxide/AgNPs NPs integration- mutans, E. coli, MIC: 7-10 pug mL™? and food (2018)
agitation K. pneumoniae, P. packaging

aeruginosa, S.
typhi

Chitosan/ Poly vinyl Solution casting  E. coli, S.aureus ZOl: 28.6-32.4 mm MTT: pre- Biomaterial Khan et al. (2021)

alcohol/graphene oxide osteoblast

hydrogel films (MC3T3-El)

>70% cell
viability

Chitosan/ Poly vinyl Electrospinning  B. cereus, S. ZOl: Weak In vivo Wistar ~ Bone tissue Tamayo Marin et

alcohol/graphene oxide aureus, S. inhibition rats: low engineering al. (2019)

scaffold enterica, E. coli inflammation

response at 0.5
wt.% (GO)

Chitosan/AgNPs In situ NPs S. aureus, P. Colony count: 30- NR Filters in Cortés et al.
formation- aeruginosa 99% inhibition water (2021)
electrospinning disinfection

Chitosan/silver-loaded High- E. coli Antibacterial rate NR Drinking Hu et al. (2019)

biochar temperature >90%, water
carbonization bacteriostatic time, purification,

7h heavy metal
ions removal

Chitosan/graphene Chemical S.aureus, E.coli  ZOI: 85-185mm  NR Smart drug Rasoulzadehzali

oxide/AgNPs hydrogel crosslinking-ex delivery and Namazi

beads situ formed NPs (2018)

integration

*ZO0l: Zone of inhibition; NR: Not Reported
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Copper (Cu)

Since the 5™ millennium B.C., copper metal and its alloys have been employed by human
civilizations for their inherent antimicrobial properties (Grass et al. 2011). The earliest
documented usage of copper can be traced to the 1501 B.C.in Edwin Smith Papyrus, which
details the use of copper for disinfecting thoracic injuries and drinking water. Roman Empire
utilized copper cooking utensils as a measure to halt disease transmission and Japanese
soldiers during World War II, placed copper pieces inside their water bottles to safeguard
against dysentery (Borkow and Gabbay 2009). The application of copper and its alloys as
antimicrobial agents, encompassing both micro- and nano-scale formulations have persisted
throughout the recent years in the form of commercially available products. Copper-based
materials with their multi-toxicity, hold the distinction of being the sole metal touch surface

recognized as an antimicrobial material by the US Environmental Protection Agency.

Currently, copper nanoparticles (CuNPs) are most commonly synthesised by chemical
techniques such as chemical reduction (Shankar and Rhim 2014), micro-emulsion (Solanki et
al. 2010), sonochemical reduction (Kumar et al. 2001), microwave assisted (Yallappa et al.
2013), and hydrothermal syntheses (Giannousi et al. 2014) which generate nanoparticles with
specific characteristics. Physical methods also enable the production of CuNPs with different
sizes and morphologies through laser ablation (Stelzig et al. 2011), metal vapor (Ponce and
Klabunde 2005), pulsed wire discharge (Murai et al. 2007), and mechanical milling. Green
and sustainable technologies also dabble in biogenic reduction (Abboud et al. 2014; Lee et al.
2013) for obtaining CuNPs. The copper nanoparticles obtained possess higher antimicrobial
activity then its bulk precursor, which numerous research studies exploit in several copper
based nanocomposites. Despite an incomplete comprehension of the intricate antibacterial
mechanisms behind the copper based materials, it is believed that their antimicrobial effects
are multifaceted with the release of soluble copper (Cu?*) ions being the chief cytotoxic
mechanism (Wu et al. 2009). The biocidal effect of these ions involves them interacting
either directly with the bacterial cellular membrane or intracellular components to produce
reactive oxygen species (ROS), lipid peroxidation, protein oxidation and DNA degradation
(Chatterjee et al. 2014). Additional mechanisms that have been documented entails the
aggregation and dissolution of CuNPs within the bacterial membrane, causing alterations in
permeability. This process leads to the subsequent liberation of intracellular biomolecules and

the disruption of the proton motive force across the plasma membrane (Amro et al. 2000;
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Azam et al. 2012; Jiang et al. 2009). Studies have also demonstrated that the antibacterial
properties of CuNPs associated with the release of Cu?', are directly related to size.
Although, antibacterial activity of copper nanoparticles is not potent as AgNPs since, almost
double MIC of CuNPs is required to have the same effect as nano-silver on gram-negative or
gram-positive bacteria (Palza et al. 2015). However, copper based polymer nanocomposites
still offer an interesting alternative to attenuate the persisting concern of bacterial resistance
given their significant antibacterial properties, and relatively low production cost. Therefore,
copper based PNCs are popular in applications such as medical devices, wound dressings,

water purification filters, and food packaging (Tamayo et al. 2016).
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Figure 2.4 Schematic representation of graphene oxide (GO) structure with its three plausible
antibacterial action mechanisms (Reprinted with permission from Cacaci et al. (2020).
Copyright (2021) Springer Nature).

Graphene oxide (GO)

Graphene and its derivatives are at the forefront of nanomaterials research ever since its
nobel-prize winning isolation from graphite in 2004, using the scotch-tape peeling technique
(Geim and Novoselov 2007). These 2D carbon sheets have drawn significant attention
because of its superior electrical, thermal, mechanical, optical and antimicrobial properties.

Specifically, the oxidized form of graphene i.e. graphene oxide (GO) have been widely

28| Review of Literature



studied in the scientific literature in comparison to their counterparts (Matharu et al. 2020).
Graphene oxide, when dispersed and exfoliated in solvents is a single layer of graphite oxide
and its structural arrangement consists of sp® and sp? hybridized carbon atoms arranged in a
hexagonal lattice with carboxyl or carbonyl, hydroxyl and epoxy groups on its edges and
basal planes (Compton and Nguyen 2010; Park and Ruoff 2009; Zhu et al. 2010) (Figure 2.4).
GO is mostly obtained by chemical oxidation of graphite and its subsequent exfoliation by
ultrasonication which leads to increased distance between carbon layers by breaking its sp? -
sp? hybridized structure (Lee et al. 2016). Different routes have been applied such as Brodie,
Staudenmaier, and Hummers method or with minor modifications. Brodie’s and
Staudenmaier’s techniques were deemed to be explosion risks due to high reaction
temperatures and corrosive chemicals (Brodie 1859; Poh et al. 2012; Staudenmaier 1898).
However, the most popular procedure to have been developed for synthesizing GO is by
Hummers Jr and Offeman (1958), which uses sodium nitrate (NaNOz) and potassium
permanganate (KMnQO4) with the combination of sulphuric acid (H2SOa4). The popularity of
this methodology is vindicated by its eco-friendliness and room for variation (Alkhouzaam et
al. 2020).

These methods generate defects (oxygen containing functional groups) on carbon layer and
their existence facilitates the interactions with biomolecules of microorganisms thus,
inducing cell death without an intracellular process. This antibacterial effect of GO is
attributed to various mechanisms such as nano-knife, membrane stress, oxidative stress,
entrapment, and basal plane etc. The nanosheets of GO with their sharp edges have the
potential to physically harm bacterial membranes via “nano-knife” behaviour, resulting in
bacterial inactivation through the leakage of intracellular components such as proteins,
enzymes, lipids and DNA (Akhavan and Ghaderi 2010; Liu et al. 2011). Further, the
oxidative stress induced by the production of ROS by GO can trigger DNA damage and
disrupt mitochondrial function, leading to the inhibition of bacterial growth (Pieper et al.
2016; Zhao et al. 2014). This oxidative stress could also be ROS or superoxide-anion
independent as generated by oxidation of glutathione (GSH) which also disrupts the normal
functional of bacterial cell. Another hypothesized biocidal mechanism of GO is called the
“wrapping” or entrapment, in which bacteria initially gets wrapped around by thin layers of
GO. These nanosheets then segregate bacteria from the surrounding environment and
terminate its proliferation on account of blockage of gas/ion exchange (Jayanthi et al. 2016).

These elaborate mechanisms have facilitated graphene oxide (GO) to possess the highest
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antibacterial potency while assessing toxicity towards E. coli in comparison to graphite,
graphite oxide, and reduced graphene oxide (rGO) (Liu et al. 2011). The functional groups on
the basal planes makes GO hydrophilic, which improves its biocompatibility and water
dispersibility, necessary for biological applications (Dreyer et al. 2010; Konios et al. 2014).
Thus, in addition to being easily modifiable by chemical and thermal reactions, GO has
attracted great attention for its use as nano-sized fillers in polymeric and/or inorganic
composites (Compton and Nguyen 2010). GO reinforced polymer nanocomposites possess
exceptionally high elastic modulus, superior electrical and thermal conductivity as well as
excellent bioactivity (antibacterial and biocompatibility), which ensures their applicability in
various industrial and biomedical fields such as energy storage, scaffold, packaging,

biomaterial coatings, and biosensors etc. (Gungordu Er et al. 2023) (Table 2.3).

2.3 Synthesis of Polymer Nanocomposites (PNCs)

The main objective in formation of polymer nanocomposites is to ensure the uniform
distribution of nanomaterials throughout the polymer matrix such that interfacial interactions
between polymer and nanomaterials are enormous and the maximum degree of the nano-
dimensional interphases are generated. However, due to the dimensional difference between
nanomaterials and conventional microscale fillers, the uniform distribution of nanofillers is
manifested in the following aspects. For instance, if the filling process follows the volume
fraction, a significantly higher quantity of nanofillers is needed compared to microfillers to
achieve the same volume fraction. Consequently, the nanoparticles within the matrix
experience crowding with elevated van der Waals and electrostatic interactions among
particles, hindering uniform distribution. Additionally, high aspect ratio of anisotropic
nanofillers such as graphene, renders them more susceptible to agglomeration as they
minimize their surface energy through n—m stacking. Therefore, to combat such distribution
challenges, two different methods of infusing the nanomaterials into a host matrix have been
explored, in situ and ex situ (Chen et al. 2011; Guo et al. 2014), exemplified in Figure 2.5.
Each of these techniques have their own set of merits and drawbacks, with researchers
generally opting for the one that aligns with their convenience or yields an improved
composite matrix. Ultimately, the selection of the synthesis approach depends on various
considerations, including the polymeric system, intended application, particle size

distribution, and size prerequisites (Rao and Geckeler 2011).
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2.3.1 In situ synthesis of PNCs

Diverse types of polymer nanocomposites (PNCs) have been produced through in situ
methods, with distinct functionalities applicable to a variety of antimicrobial uses. The
technique achieves a more consistent dispersion of nanoparticles within the polymer support
material, creating interpenetrating networks that improves compatibility between the
components and establish robust interfacial interactions (Kango et al. 2013). This approach is
well-suited for crafting polymer nanocomposites characterized by a narrow particle size
distribution and distinct morphology and revolves around three fundamental processes,

namely:

e Incorporating pre-synthesized nanoparticles into monomers or precursors of
polymeric materials
e Addition of nanoparticle precursors into pre-existing polymer matrices, and

e Concurrently synthesis of nanoparticles and the polymeric support.
Synthesis of Polymer Nanocomposites

In situ Ex situ

Blending or direct

a. Nanoparticles in monomers or compounding

precursor of polymeric material

b. Precursor of nanoparticles with & SOIUﬁ?”
pre-formed polymer matrices, b. Emulsion
c. Simultaneous synthesis of c. Melt blending
polymer matrix and nanoparticles d. Mechanical force

Figure 2.5 Summary of preparation routes for polymeric nanocomposites.

In the first process, the nanomaterial is independently prepared using a suitable and
compatible method. Following the synthesis (functionalization or modification) of
nanoparticles, they are introduced into monomers or precursors of chosen polymeric matrices
to create diverse PNCs. This in situ synthesis pathway is particularly well-suited when there
is a need for nanoparticle functionalization or modification (LU et al. 2016). The in situ

synthesis approach, entailing the amalgamation of pre-formed polymer matrices as the
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reaction medium with nanoparticle precursors, is also a widely used technique for crafting
PNCs. Typically, the initial polymerization phase is succeeded by polymer modification, after
which the nanoparticles are introduced into the polymer matrices. It can be accomplished
using various chemical procedures and during the agitation of the host matrices, these
nanomaterials are generated, dispersed, and rendered stable. This method is primarily
employed for polymer hydrogel nanocomposites, leveraging the presence of numerous
functional groups within the macromolecules and a water-rich environment to enhance the

stability and dispersion of metals.

The last method of simultaneous in situ synthesis of both nanoparticles and the polymer
support matrix has been equally reported and involves two steps. The monomer absorbs metal
ions and undergoes polymerization, followed by subsequent in situ reduction of the metal
precursor within the polymer matrix through chemical reduction or decomposition (such as,
photolysis, thermolysis, or radiolysis) (Carotenuto et al. 2005), resulting in the formation of
polymer chains encapsulating the intercalated nanoparticles. This method provides the ability
to regulate particle size distribution and morphology, effectively preventing nanoparticle
agglomeration while ensuring a well-maintained spatial distribution within the polymer
phase. The stability, preferred structure, and oxidation state of the nanoparticles are guided by
the chemistry of the monomer-polymer chemistry, while the nanoparticles contribute to
crosslinking reactions (in the case of resins). This method also reduces the reliance on
solvents and lowers the external energy needed for mixing due to the low viscosity of the
monomers. Among various methods, the sol-gel process stands out as a highly promising
technique for in situ creation of metal-polymer nanocomposites. The sol-gel process
encompasses two vital reactions: hydrolysis and condensation, which occur in multiple steps
and follow each other in succession (Camargo et al. 2009).

2.3.2 Ex situ synthesis of PNCs

Ex situ technique is known as simple blending or direct compounding, where nanomaterials
are first synthesized independently from the host matrix. Subsequently, these materials are
suspended within a solvent compatible with the host material or presented straightforwardly
as a powder. Following this, they are integrated as the nanofiller into the host matrix which
acts as a dispersion medium. For direct incorporation of the nanoparticles into the polymer

matrix, blending techniques such as solution, application of mechanical force, emulsion, and
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melt-mixing are employed (Karak 2009). This approach is relished by metal-polymer
nanocomposites synthesis and is based on the breakdown of the aggregated metal
nanoparticles during the mixing process. The surfaces of metal nanoparticles are shielded by
a monolayer of organic molecules such as quaternary ammonium, amines, and sulfonic acids.
These metal nanoparticles are physically enclosed within the polymer matrix through
secondary interactions, including hydrogen bonding. Ultimately, the metal-polymer
nanocomposites are subjected to conventional manufacturing molding techniques such as
injection, extrusion, compression, rotational, calendaring, and casting etc. The ex situ
approach is documented as offering a facile and expeditious route for fabricating PNCs since,
all of the necessary components are already generated. However, the inherent issue of
nanoparticle agglomeration could lead to the uneven dispersion of nanoparticles within the
polymer blend (Kango et al. 2013). Despite the mentioned challenge concerning blending
methods, these techniques have been consistently employed in the synthesis of polymer

nanocomposites.

2.4 Versatility (forms) of PNCs for Antibacterial Applications

One of the prominent advantages of polymer nanocomposites lies in their versatility, enabling
the fabrication of intricate structures or forms tailored to meet specific requirements and
target diverse antibacterial applications. From films and coatings that guard medical
devices/implants (Liu et al. 2021) and food packaging against microbial colonization
(Alghamdi et al. 2022), to nanocomposite fibers and textiles with inherent antimicrobial
properties for wound dressings (Bharathi and Stalin 2019) and sportswear (Khude et al.
2023), the applications are diverse and impactful. Nanocomposite hydrogels and membranes
offer clean water and air through efficient disinfection and filtration (Deng et al. 2017; Li et
al. 2020), while scaffolds and injectable gels provide localized protection and support tissue
regeneration (Dai et al. 2018; Hasan et al. 2018). Further, these materials can also be
designed for responsive behaviour, releasing antimicrobial agents when triggered by specific
environmental cues (Xue et al. 2016). The expanding horizons of polymer nanocomposites
bear testament to their significant potential in addressing infection control, healthcare
improvements, and ecological balance. Now, within the scope of antibacterial applications
explored in this thesis, about water disinfection and biomedical implant coatings, the
subsequent sections will delve into bulk nanocomposites, namely hydrogels, and thin-film

nanocomposites, specifically coatings, respectively in depth.
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2.4.1 Hydrogels and their Characteristics Employed in Water Treatment and

Disinfection

The origins of hydrogels can be traced back to 1960, when Wichterle and Lim pioneered their
development by creating poly (2-hydroxyethyl methacrylate) (PHEMA). This breakthrough
led to its application in the contact lens industry, showcasing the hydrogel's distinctive ability
to imbibe moisture while preserving its network structure. This event marked a significant
step forward in the advancement of contemporary hydrogel technology (Dimatteo et al. 2018;
Ghorpade et al. 2019). By definition, hydrogels are distinctive 3D crosslinked polymeric
mesh structures, which possess the capacity to absorb significant volumes of water within
their interstitial spaces, while retaining these bonds and upholding the network structure
when in a swollen state (Gulrez et al. 2011). The ability of hydrogels to absorb water arises
from the presence of polar hydrophilic functional groups, such as SOzH, OH, NH,, COOH,
CONHpg, etc, distributed as branching elements throughout the polymer network. Hydrogels’
resistance to dissolution even in swollen state stems from cross-links between network
chains. Thus, tendency of hydrogels to absorb water attributed to their swelling behaviour, is
influenced by factors such as the hydrophilicity of attached functional groups, the nature of
the swelling medium, and the strength of crosslinked bonds (Ahmed 2015; Bhattarai et al.
2010).

Hydrogels can be categorized based on various criteria, including their origin (natural,
synthetic, or hybrid), pore size (non-porous, microporous, or super porous), composition
(homopolymer, copolymer, or multipolymer), cross-linking nature (chemical or physical),
morphological structure (amorphous, crystalline, or semi-crystalline), degradability
(biodegradable or non-biodegradable), physical appearance (matrix, film, or sphere), charge
properties (neutral, ionic, amphoteric, or zwitterionic), network type (semi-interpenetrating or
fully interpenetrating), and responsiveness (chemical — pH, oxidant components, or glucose
presence; biochemical — antigen, enzyme, or ligand presence; physical — temperature,
pressure, or light), among others (Ahmed 2015; de Oliveira Cruz et al. 2020; Devi and Gaba
2019; Ullah et al. 2015). It is important to highlight that categorizing individual hydrogels
into specific classes is neither rigid nor unchangeable. This classification methodology
permits researchers to assemble materials exhibiting similar attributes or to discern recurring
trends. This approach facilitates the advancement and sharing of research efforts. Among

these various criteria, the categorization based on degradability has garnered significant
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interest, primarily driven by the increasing focus on environmental preservation. As
mentioned earlier, within the myriad of materials employed for hydrogel design, the
utilization of biopolymers such as alginate, chitosan, lignin, cellulose, gelatin, starch,
carrageenan, and natural gums emerges as notable (Ahmed 2012; Barik et al. 2020;
Pooresmaeil and Namazi 2020). Meanwhile, frequently utilized synthetic polymers include
polylactic acid (PLA), polyglycolic acid (PGA), polyacrylic acid (PAA), polyvinyl alcohol
(PVA), polyethylene glycol (PEG), and polyvinyl pyrrolidone (PVP). Biopolymers are
regarded as great substitutes ecologically, with notable qualities such as cost-effectiveness,
non-toxicity, and widespread availability. However, challenges persist in terms of insufficient
mechanical robustness and limited stability, thereby necessitating further resolution (Pérez-
Alvarez et al. 2019). Typically, synthetic hydrogels exhibit strong covalent bonds within their
matrix, leading to greater mechanical strength, extended durability, and enhanced adsorption
capacity (Gyles et al. 2017). Hydrogels formed through the combination of synthetic and
natural polymers expand the application domains and combine overall characteristics of their
individual components (Jing et al. 2013). Generally, these hybrid materials are effective in
removing bacteria from aqueous solutions (Wang et al. 2019). In the preceding decade, there
has been a discernible emergence of resourceful materials such as nanomaterials, bioinspired
and biomimetic membranes, and polymeric hydrogel nanocomposites etc. meticulously
engineered to cater to the demands of water treatment applications (Alvarez et al. 2018; Qu et
al. 2013; Zhou et al. 2019). These hydrogels, have showcased their potential in establishing
and maintaining sustained water security through multiple avenues such as setting new
benchmarks in various water treatment domains by outperforming conventional materials.
Additionally, these hydrogels have enabled the introduction of innovative approaches that
present alternatives to conventional water treatment methods. Moreover, they have also

expanded the range of viable/exploitable water sources beyond the traditional options.

Instances of such hydrogels with exceptional performance comprise of superabsorbent and
hydrophilic hydrogels with high bactericidal efficiency, that can be innovatively used to
rapidly absorb microbiologically contaminated water and then release the disinfected water
within few minutes. Hydrogels possessing suitable pore sizes and exhibiting underwater
super oleophobic characteristics that facilitate the swift separation of oil-water mixtures via
accelerated gravity-driven filtration processes (Matsubayashi et al. 2017). Stimuli-responsive
hydrogels characterized by high charge density that aid in desalination process, either as

innovative agents for forward osmosis or as unique membrane structures capable of
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selectively absorbing ion-depleted water (Hopfner et al. 2010; Li et al. 2011). Hydrogels with

notable moisture-absorption capacity even in low relative-humidity environments that

effectively convert vapor into collectible liquid water (Matsumoto et al. 2018; Yao et al.

2020; Zhao et al. 2019). The remarkable performance demonstrated by the aforementioned

hydrogels mentioned can be attributed to certain distinctive characteristics, which include:

a)

b)

d)

High water absorption and retention- Hydrogels can absorb and retain a substantial
amount of water or aqueous solutions, often swelling to several times their dry weight.
There are three distinct water states within their hydrated networks, ‘primary bound
water’ latched to polar hydrophilic groups, 'secondary bound water' to hydrophobic
groups, and ‘free or bulk water’ occupying inter-chain spaces and larger pores at swelling
equilibrium.

Large surface area and porosity- The 3D porous network structure of hydrogels provides
a large surface area for diffusion of small molecules, ions, and dissolved contaminants in
water which maximizes their pollutant removal efficiency.

Swelling and Deswelling- Hydrogels display reversible swelling and deswelling capacity
in response to environmental-stimuli conditions such as pH, temperature, and ionic
strength. Their switchable wettability behaviour can be utilized to release or retrieve
absorbed pollutants, enabling hydrogels’ reusability.

Antibacterial Properties: Hydrogels incorporated with antibacterial agents or
nanoparticles exhibit inherent or enhanced antibacterial activity, which is valuable for
pathogen removal from contaminated natural water sources.

Slow Release of Active Agents- Hydrogels loaded with disinfectants, antimicrobial
agents can release them slowly over time owing to their complex structures. This
controlled release enhances the efficiency of disinfection processes and reduce the need
for frequent chemical dosing.

Biocompatibility- Most natural polymer based hydrogels are biocompatible (non-
cytotoxic) and don't harm aquatic life when used in water treatment of natural water

bodies.

Other properties such as selective sorptivity (towards heavy metals, dyes, viruses, and

bacteria), low fouling, biodegradability, mechanical strength, and conformational flexibility

are also exploited in various water treatment and disinfection applications.
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Synthesis of Polymer Nanocomposite Hydrogels

For hydrogel fabrication, the host or polymer matrix has been prepared through a process
called ‘gelation’, which pertains to the interconnection of macromolecular chains, initially
resulting in increasingly larger, branched polymers that remain soluble, based on the starting
material's structure and conformation. The blend of these polydisperse, soluble branched
polymers is termed as 'sol' and the ongoing progression of the linking process leads to the
enlargement of the branched polymer's size, accompanied by a reduction in solubility. The
'infinite polymer' formed is referred to as the 'gel' or 'network," interpenetrated by finite
branched polymers. The shift from a state featuring finite branched polymers to one with an
infinite molecule structure is termed the 'sol-gel transition' (or 'gelation’), and the essential
point at which the gel structure emerges is termed the 'gel point' (Rubinstein and Colby
2003). The process of gelation can occur through either physical linking or chemical linking,
respectively referred to as physical or chemical gelation. ‘Physical’ or ‘reversible gels’ are
formed when the networks are connected through molecular entanglements or secondary
forces such as ionic, electrostatic, van der Waals, hydrophobic interactions, or hydrogen
bonding. These physical interactions prevent dissolution and are characterized by their finite
durations, reversibility (undergoing continuous cycles of breaking and reforming), and
susceptibility to disruption through alterations in physical conditions or the application of
stress (Hennink and van Nostrum 2012). In contrast, when the networks are cross-linked
through more robust and stable covalent bonds (substituting hydrogen bonds), they form
‘permanent’ or ‘chemical’ gels. These achieve equilibrium swelling state determined by the
interaction parameter between the polymer and water, as well as the density of crosslinks
(Rosiak and Yoshii 1999).

Unlike pristine polymeric hydrogels, the structural basis of nanocomposite hydrogels lies in
the multiple interactions between nanoparticles and the polymer. For instance, the
considerable elasticity found in nanocomposite hydrogels stems from the strong cross-linking
facilitated by ionic bonds between polymer cations and nanoparticle anions. In addition, the
capacity for dissipating detrimental energy arises from hydrogen bonds between the amino or
carboxyl groups of polymers and the oxygen-containing functional groups of NPs. These
bonds serve as reversible cross-linkages, breaking and reforming as needed (Le Ferrand et al.
2016; Liu et al. 2012; Pan et al. 2017; Zhang et al. 2017). Blending the polymer and NPs

directly through physical mixing is a straightforward method for creating nanocomposite
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hydrogels. However, this approach is unsuitable for producing hydrogels with remarkable
mechanical properties, primarily due to the feeble interactions between polymers and NPs
(Le Ferrand et al. 2016). A broad variety of nanoparticle-hydrogel composites have been
formulated, incorporating different types of nanoparticles into a cohesive bulk hydrogel
structure for obtaining stable and mechanically strong structures. Five main approaches with
variations of chemical cross-linking methods such as in situ polymerization, in situ growth of
NPs and so on have been explored to achieve uniform distribution (Figure 2.6). The chosen
approach is partially influenced by the ultimate application of the nanoparticle-hydrogel

composite.

a) Creating Hydrogels within a Nanoparticle Suspension

The most straightforward approach to create a nanocomposite hydrogel involves the gelation
of monomers within a nanoparticle suspension. For instance, Liu et al. (2013) employed this
approach to synthesize photo-modulable thermos-responsive hydrogel through the
incorporation of unilamellar titania nanosheets (TiNSs) as photocatalytic cross-linking
agents. In their innovative approach, it was observed that the nanoparticles served as photo-
catalysts rather than traditional cross-linking agents. Notably, the utilization of a
bisfunctional monomer, N,N'-methylenebisacrylamide (MBAAmM), was essential for

achieving the creation of hydrogels with robust mechanical properties.

b) Integrating Nanoparticles into Pre-formed Hydrogels
In this technique, nanoparticles are incorporated within a hydrogel that has already been

formed, subsequently allowing the nanoparticles to permeate the hydrogel matrix. Pardo -

Yissar et al. (2001) integrated AuNPs into a polyacrylamide (PAAm) gel post electro-
polymerization formation. For nanoparticle introduction, the "breathing in" procedure
consisted of: a) immersing the gel in acetone, causing it to shrink and expel water (breathing
out); b) then immersing the contracted gel in an aqueous solution of citrate-stabilized AuNPs
for swelling (breathing in), thus incorporating the suspended nanoparticles. Thorough
washing with water removed weakly surface-adsorbed nanoparticles. During the next
"breathing out" phase, nanoparticles remained trapped within the gel, due to physical
entanglement and hydrogen bonding between polymer chains and nanoparticle surfaces.
Using a similar approach, Gogoi and Chowdhury (2014) immersed chitosan hydrogel in a
suspension of silver nanoparticles (AgNPs), leading to the absorption of AgNPs within the

hydrogel matrix.
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Figure 2.6 Five main approaches to get nanocomposite hydrogels with a uniform distribution
of nanoparticles: (1) formation of the hydrogel in nanoparticle suspension; (2) incorporation
of nanoparticles into pre-formed hydrogel; (3) formation of reactive nanoparticles within a
pre-formed hydrogel; (4) cross-linking of hydrogel by nanoparticles and (5) hydrogel
formation using nanoparticles, cross-linking agents and polymers. (Reprinted with permission
from Wahid et al. (2017). Copyright (2017) MDPI).

¢) Generating Reactive (in situ) Nanoparticles within a Pre-Existing Hydrogel

In this method, a pre-existing hydrogel serves as a ‘nanoreactor’, within which nanoparticles
are generated from their precursors through a sequence of necessary treatments. The
technique is becoming increasingly popular for its technological superiority over the ex situ

process, as it allows for relatively easy manipulation of nanoparticle size and morphology
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(Mohan et al. 2010). This process is best suited for production of metal/metal oxide
nanoparticles-hydrogel network systems. Metal ions can be adsorbed onto the hydrogel's
functional groups via electrostatic or dipole-ion interactions. Subsequently, these metal ions
can undergo self-assembly (Wang et al. 2008), electrochemical deposition, co-precipitation
(Xiong et al. 2011), and similar processes, leading to the generation of metal or metal oxide
nanoparticles. The ion exchange transpires between the metal ions present within the solution
and the functional groups inherent to the hydrogel in absorption process. Following
absorption, metal ions can undergo reduction through the utilization of reducing agents such
as NaBHj (Ozay et al. 2011), citrate (Thomas et al. 2007) etc. to form metal nanoparticles of
varied sizes. Saravanan et al. (2007) demonstrated this approach via free-radical cross-linking
polymerization of acrylamide monomer in an aqueous medium containing Ag® ions.
Following functionalization with Ag* ions, the PAAm hydrogel matrix underwent hydrolysis
to produce well-dispersed AgNPs of size 4-7 nm within it. The symmetrical configuration
and consistent intensity of SPR bands revealed that AgNPs size remained unchanged with
varying Ag" ion concentration, indicating absence of aggregation as corroborated by electron
microscopy. In a recent investigation, Varaprasad and colleagues utilized a green reducing
agent (mint leaves extract) to reduce Ag* ions within a gelation mixture of Carbopol 980 NF
and acrylamide, resulting in the creation of composite hydrogels intended for antibacterial

applications (Varaprasad et al. 2014).

d) Utilizing Nanoparticles for Cross-Linking in Hydrogel Formation

Nanoparticle cross-linkers such as such as titania, CNTSs, silica, graphene oxide, and
nanoclay, possess substantial surface activity and are capable of binding a significant number
of polymer chains (more than 100) (Haraguchi 2011; Pasqui et al. 2011). When subjected to
deformation, a section of the polymer chains may disengage from the nanoparticle, leading to
a partial release of stored elastic energy. This increased energy dissipation contributes to the
nanocomposite hydrogel's superior toughness and stretchability compared to conventional
hydrogels with covalent cross-linking. Rose et al. (2014) extended the versatility of
employing nanoparticles as cross-linking agents, focusing on their application in facilitating
adhesion between two hydrogels. The researchers showcased the attainment of robust and
swift adhesion between two hydrogels under ambient conditions, by introducing a droplet of
nanoparticle solution onto the gel's surface and subsequently bringing the second gel into
contact with it. SiNPs, for instance, enabled the successful bonding of two sections of
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biological tissue (calf liver). Consequently, such material holds significant potential for

artificial muscles and cartilage engineering applications.

e) Hydrogel Formation Using Nanoparticles, Polymers and Cross-Linking Agents

Using this approach, Wu et al. (2013) produced Si-based anodes via SiNPs incorporation into
a conductive polymer hydrogel. Through in situ polymerization process, the hydrogel formed
a cohesive 3D network structure, enveloping SiNPs within the conducting polymer. The
hydrogel originated from the combination of aniline, phytic acid, and Si-NP in water, with
subsequent introduction of ammonium persulfate as an oxidizing agent via a scalable
solution-phase synthesis. The rapid oxidation and polymerization of aniline led to cross-
linked polyaniline formation, resulting in a dark green viscous gel due to phytic acid
(gelator). Subsequently, Subsequently, the gel was coated onto a copper foil current collector,

dried to yield a uniform film suitable for a wide range of electrochemical applications.

Antibacterial Performance of PNC Hydrogels in Water Disinfection

Many researchers have been motivated to study the interactions between microbes and the
hydrogel matrix which have facilitated the application of polymer nanocomposite hydrogels
for water disinfection processes (Table 2.4). Few recent studies corroborated hydrogels
immobilized with metallic nanoparticles acting in the inactivation or removal of
microorganisms from water. For instance, Wang et al. (2021) developed polydopamine
coated chitosan hydrogel beads by chemical cross-linking and immobilized in situ
synthesized AgNPs (>50 nm) on its surface to eradicate chemical (dyes, heavy metals) and
bacterial contaminants from water. The antibacterial assay revealed about 4-6 log reduction
(depending upon beads dosage) from an initial concentration of 106 CFU mL™* of E. coli and
S. aureus within 24 h. The cationic and hydrophobic groups present in the chitosan hydrogel
along with the release of Ag" ions collectively caused bacterial death due to membrane
damage in this case. Similarly, Somayajula et al. (2019) through in situ chemical reduction
method simultaneously synthesized and immobilized AgNPs on polyethylene glycol acrylate
and poly acrylic acid based hydrogel membrane. The test samples containing AgNPs
inhibited 98.4% of E. coli growth in culture media compared to the 25% deactivation rate of
pristine membranes. The observations in this study indicated that AgNPs within hydrogel not
only effectively resisted adhesion of bacteria cells, but also facilitated destruction of the

bacteria cells attached to the surfaces.
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Table 2.4 Polymer Nanocomposite Hydrogels Applied for Microorganisms Removal in Water.

Hydrogel NPs Synthesis Test Inactivation Death Reference
(composition) size microorganisms  performance mechanism(s)
Calcium alginate/ <100  Chemical S. aureus, E. coli 68.5-98.7% Ag" leach-kill, Zhao et al. (2021)
diatomite/ AgNPs nm crosslinking-ex situ inhibition, 60 min. membrane damage

formed NPs

integration
Reduced graphene - ex situ formed NCs- E. coli, B. subtilis, >90% inhibition Contact-kill, Zhang et al. (2022)
oxide/ZnO/ surface grafting P. aeruginosa membrane damage
polyether sulfone
Polydopamine >50 Chemical S. aureus, E. coli 4-6 log reduction Ag* leach-kill, Wang et al. (2021)
coated nm crosslinking-in situ (10° CFU mL, 24h)  membrane damage
chitosan/AgNPs NPs formation
Polyacrylamide/grap - In situ gamma S. aureus, E. coli >90% inhibition ROS generation, Sivaselvam et al.
hene oxide/AgNPs radiation membrane (2021)

damage, protein
leakage

Chitosan /AgCl/ZznO Chemical S. aureus, E. coli 95-99% inhibition ROS generation Taghizadeh et al.

crosslinking-ex situ (2020)

formed NPs

integration
Guar gum/MIL- 2 um  Self-crosslinking-ex E. coli 99.6% inhibition Metal-ion leach- Duan et al. (2020)

100(Fe)/AgNPs situ formed NCs kill, membrane

integration damage
Polyvinylpyrrolidone 7nm  Chemical S.aureus, E. coli 3.7 log reduction Contact-kill, Nayak et al. (2020)
/ Quantum carbon crosslinking membrane damage

dots
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Gum 13nm Chemical S. aureus ZOl: 14 mm AgNPs leach-kill,  Sahraei and Ghaemy
tragacanth/graphene crosslinking-in situ membrane damage (2017)
oxide/AgNPs NPs formation
Polyvinyl - Chemical E. coli, S. aureus,  >90% inhibition AgNPs, Ag* leach- Zhao et al. (2021)
alcohol crosslinking-ex situ ~ P. aeruginosa kill, membrane
/biochar/AgNPs formed NPs damage

integration
Polyaniline/Poly - Copolymerization-  E. coli ZOl: 8 mm AgNPs leach-kill,  Hosseinzadeh and
acrylic acid-co- in situ NPs membrane damage Barghi (2019)
Acrylamide/AgNPs formation
Polyethylene glycol - Physical E. coli 98.4% inhibition Ag" leach-kill; Somayajula et al.
acrylate/Poly acrylic crosslinking-in situ membrane damage (2019)
acid/AgNPs NPs formation
Co-doped ZnO 11-22  Chemical S. aureus, B. ZOl: 15.7-21.7 mm ROS generation Abubshait et al. (2023)
NPs/Poly vinyl nm crosslinking-ex situ  subtilis, E. coli, S.
alcohol formed NPs salivarius.

integration-

precipitation
Calcium 5-60 Chemical E. coli ZOl: 11-13 mm AgNPs leach-kill,  Xu et al. (2022)
alginate/Bovine nm crosslinking-ex situ membrane damage
serum formed NPs
albumin/Carboxymet integration-
hyl chitosan-capped-
AgNPs
Gelatin- Poly acrylic  30-50  Chemical E. coli, S. aureus  ZOl: 7.3-12.2 mm AgNPs leach-kill,  Dil and Sadeghi
acid/AgNPs nm crosslinking-ex situ membrane damage (2018)

formed NPs

integration

*Z0l: Zone of inhibition; NCs: Nanocomposites; ROS: Reactive oxygen species
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Nanoparticles generated via ex situ chemical or green synthesis techniques have also been
incorporated in various hydrogel systems to target bacterial removal from water sources. For
example, Zhao et al. (2021) prepared polyvinyl alcohol gels including ex situ synthesized
nano-silver conjugated with biochar to disinfect drinking water. The nanocomposite at 0.6 g
L dose, displayed the strongest bacteriostatic effect with >90% inhibition of E. coli, S.
aureus, and P. aeruginosa (initially at 108 CFU mL™) within 7h and retained 80% of its
bactericidal capacity after 10 reuses. Further, simulated polluted water tests conducted in
adsorption column (bed height 18 cm, flow rate 2 mL s™) revealed over 90% E. coli
inhibition until filtration of 600 column volumes. The bacterial eradication mechanism was
attributed to permeation of cell membrane and internal structure damage by synergistics of
AgNPs and Ag" ions. Another group of researchers incorporated nano-silver/diatomite into
calcium alginate hydrogel beads to remove methylene blue dye and disinfect water (Zhao et
al. 2021). The nanocomposite hydrogels demonstrated excellent antibacterial activity within
60 minutes against S. aureus and E. coli with 68% and 99% elimination rates, respectively. In
yet another study by Taghizadeh et al. (2020), bimetallic AgCI/ZnO nanostructures in
chitosan hydrogel demonstrated 95% and 99% inactivation of S. aureus and E. coli,
respectively under visible light. The inactivation rate constants (k x 102 min?) of
chitosan/AgCl/ZnO composite in photocatalytic disinfection experiments were 2.3 to 5 times

higher than its pristine counterparts.

Carbon based materials, particularly graphene oxide, has successfully been applied
synergistically with metal nanoparticles for enhanced antibacterial action in various
applications of water treatment. For instance, Sahraei and Ghaemy (2017) produced highly
bactericidal hydrogel nanocomposite of tragacanth gum containing graphene oxide (GO) and
AgNPs, which displayed 14 mm zone of inhibition against S. aureus in disc diffusion assay.
More recently, Sivaselvam et al. (2021) incorporated graphene oxide in polyacrylamide
(PAM) and in situ synthesized AgNPs in polymer matrix via gamma irradiation to form a
multifunctional nanocomposite hydrogel for removal of microbes and dyes. The antibacterial
activity of PAM/GO/Ag hydrogels evaluated through colony count method yielded excellent
results with over 90% inhibition of both E. coli and S. aureus achieved under 2 h. The
antibacterial mechanism of these hydrogels was attributed to membrane damage and
oxidative stress corroborated through independent protein leakage and ROS production

detection assays.
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2.4.2 Coatings and their Characteristics Employed in Biomedical Implants

The emergence of polymer nanocomposite coatings is a relatively recent advancement,
gaining significant attention in 2000s while its applications in biomedical, food, and
aerospace industries has continued to advance from mid-2000s to present day. Coatings
involve the application or dispersion of a material onto a substrate, resulting in the creation of
an extra layer on the surface. The terms ‘thin-film nanocomposites’ and ‘polymer
nanocomposite coatings’ are often used interchangeably to describe their application process,
as these modify or enhance the substrate's properties while forming a film-like layer with thin
profile. PNC coatings consist of densely packed grains and interphase boundaries, where the
spacing between these layers closely approaches inter-atomic distances. Consequently,
corrosion and microbial entities are inhibited from penetrating the surface of protected
substrate, thereby enhancing coating efficiency (Chen et al. 2020; Huang et al. 2020; Kaew-
on et al. 2020).

Since, classification of PNC coatings can be dissected in many ways depending upon the
materials and applications involved, only types pertaining to antimicrobial activity will be
discussed. Antimicrobial PNC coatings can be divided into three primary groups namely,
adhesion-resistant, releasing-type, and contact bactericidal coatings, in accordance with their
approach to intervene in the infection and biofilm formation processes. Bacterial adhesion,
colonization and subsequent biofilm formation is the root cause of implant related infections
(IRIs) and anti-adhesion coatings aim to hinder these initial stages through non-cytotoxic
mechanisms (Idumah et al. 2020). In such coatings, nanomaterials that can resist bacterial
protein adsorption, such as SiNPs, (Polytetrafluoroethylene) PTFE NPs, graphene along with
the combination of polyethylene glycol (PEG), hydrophobic polymers or brushes, and
zwitterionic polymers are employed. Releasing-type coatings demonstrate their antibacterial
effect by gradually releasing antibacterial agents (nanoparticles) from coated implant surface
in a controlled mode, which enables the elimination of both adherent and adjacent planktonic
bacteria. The release of incorporated antibacterial agents is achieved by diffusion into the
aqueous medium, erosion/degradation, or hydrolysis of covalent bonds (Campoccia et al.
2013; Cloutier et al. 2015), thus delivering a high antibacterial agent concentration locally,
without exceeding systemic toxicity or ecotoxicity limits. Despite this, due to the inherent
limitations in the reservoir capacity of such coatings for antibacterial agents, their

effectiveness remains transient in nature. The nanomaterials utilized for this technique
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include metal/metal-oxides such as Ag, ZnO, Cu and polymer like PLGA, PCL, PLA etc. The
contact-killing coatings have been designed to address the challenge of depleting reservoirs
encountered in release-type materials (Tiller et al. 2001). In this approach, adhered bacteria
are eradicated due to their cell membrane disruption (penetrating the microbial envelope) by
the nanomaterials and polymers affixed to the implant surface (Lewis and Klibanov 2005).
As the primary modes of operation revolve around membrane interactions, involving physical
rupture or charge interference, the most potent agents for contact bactericidal coatings have
predominantly been cationic polymers with inherent antibacterial activity such as chitosan,

polyethyleneimine (PEI) and nanoparticles such graphene oxide nanosheets, CNTs, TiO; etc.

In recent times, researchers have sought to improve surface and bio-integration of biomedical
implants/substrates through two approaches i.e. coatings and surface modification (chemical
modification of substrate). However, coatings stand as a superior choice over surface
modification for augmenting implant efficacy owing to their precise functionalities,
reproducibility, and manufacturing & regulatory ease. Diverse coatings showcasing
remarkable performance have been formulated to serve distinct objectives on biomedical
implants. Examples of such coatings include conducting and non-toxic polymer-nanosheet
coatings that can be deposited and patterned on any substrate and has a contact-killing effect
on bacteria (planktonic and biofilms) even at low concentrations (Carpio et al. 2012).
Coatings consisting of terpolymer with nanospheres demonstrating antifouling characteristics
by supressing protein adsorption (Deng et al. 2021). Coatings fabricated with biopolymer-
nanotubes characterized by hydrophobic-hydrophilic asymmetric wettability that assist in
lowering corrosion rate of implant exposed to physiological fluids (Jian et al. 2023). Coatings
with significant synergistic abilities such as antifouling and anticorrosion paired with
antibacterial properties that also impart high mechanical strength to the implant underneath
(Arukalam et al. 2016; Zhang et al. 2021). Coatings with such exceptional capabilities
resonate with their unique and distinctive characteristics such as broad spectrum antibacterial
activity, corrosion resistance, advanced clinical compatibility, and localized delivery of
therapeutic agent. The uniformity intrinsic to PNC coatings ensures consistent performance
across the entirety of the implant surface, while their versatile composition accommodates
nanoparticles, polymers, and biomolecules, which enable multifaceted enhancements.
Additionally, their conformity to accommodate intricate implant geometries and preserve
mechanical properties of bulk substrate, reaffirm their pre-eminence in optimizing implant

functions.
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Fabrication Methodologies of Polymer Nanocomposite Coatings on Implants

Various techniques can be utilized to create PNC coatings, with the selection of a particular
deposition method determined by factors including the intended coating application, desired
properties, coating thickness, production cost, implant material, and substrate temperature
limits. The techniques can be broadly divided into mechanical, physical, chemical and/or
combination of these approaches. The most promising and efficient methods include dip
coating, electrospinning, solution/drop casting, electrodeposition, chemical vapor deposition
(CVD), spray coating, although other methods such as 3D printing, layer-by-layer assembly,
physical vapor deposition (PVD), and magnetron sputtering, are also used.

Solution or drop casting, a facile and equipment-free coating technique, which minimizes
material waste, entails depositing liquid droplets of nanocomposite suspensions onto a
substrate with subsequent solvent evaporation (drying). Consequently, it results in a dense
coating/thin-film over substrate, where its attributes are influenced by parameters such as
dispersion concentration or volume, surrounding temperature, drying process parameters
(such as residual solvent), and evaporation rate etc. (Kajal et al. 2018; Kumar et al. 2020).
The customizability, cost-effectiveness, and ease of scale-up of this technique finds broad-
range applications in biomedical field. For instance, Zarghami et al. (2021) developed a
chitosan/bioactive glass nanoparticles coating with vancomycin by means of drop casting
over Ti implant and reported its significant adhesive and anti-infective properties.

Dip coating, also known as immersion coating, is a similar technique widely used in
laboratories and industries due to its simplicity, adaptability to various substrate shapes,
adjustable coating thickness, and economic viability (Neacsu et al. 2016). It involves
immersing the pre-treated metal substrate in the coating mixture and leaving the substrate in
the mixture for a specified time. Then raising the substrate out of the mixture to form a wet
film, drain excess liquid and finally drying the coating through solvent evaporation, forming
a thin film (which can be further solidified by conventional or laser sintering) (Kakaei et al.
2019). Immersion time, withdrawal speed, immersion cycles, temperature, inertial force,
solution viscosity, gravitational force, and surface tension are all factors influencing the dip
coating process (Lonéarevi¢ and Cupié 2019; Sahoo et al. 2018). An ideal bioactive bone
material, nanohydroxyapatite, which is widely used for its osteoconductivity and bio-
corrosion resistance (Abdal-hay et al. 2013), has been successfully incorporated into
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polycaprolactone film-based coatings and applied to magnesium alloy implants using the dip

coating technique.

Electrophoretic deposition (EPD) is a simple process which involves immersing electrodes in
a PNC colloidal suspension and applying a potential between them. The process includes
suspended particles moving toward the oppositely charged electrode (substrate), depositing
onto it, and forming a uniform coating (Thandapani et al. 2018). EPD is valued for its
simplicity, eco-friendliness, speed, and versatility in designing coatings of various shapes.
Challenges include scalability and achieving adhesion and crack-free coatings without
additional high-temperature sintering (Bree et al. 2019). Although the technique is mainly
used for the production of ceramic coatings however, polymer nanocomposite coatings can
be successfully obtained [155]. For instance, chitosan/gelatin loaded with silica nanoparticles
and gentamicin were electrodeposited on AISI 316L implant that facilitated sustained release
for a period of 21 days demonstrating excellent antibacterial activity and ST-2 stromal cell

proliferation (Aydemir et al. 2020).

3D printing is a technique capable of constructing 3D objects by interpreting computer-aided
designs (CAD) or scanners (Jakus 2019; Palmara et al. 2021) and has shown significant
potential in pharmaceutical and biomedical applications due to its adaptability with diverse
materials, intricate geometry creation, and time efficiency (Beg et al. 2020). The capability
for on-site fabrication positions it as a promising avenue for personalized bioactive coatings
on orthopaedic implants (Nikolova and Apostolova 2022). A variety of 3D printing
technologies can be employed for controlled release coating systems, including selective laser
sintering, drop-on-demand, semi-solid extrusion (SSE), and fused deposition modelling
(FDM) (Cook et al. 2014; Yang et al. 2021). In an interesting study, bioactive and
biocompatible composite coatings comprising of carboxymethyl cellulose (CMC), alginate
with nanofibrillated cellulose (NFC) and clindamycin were applied to metal implants
(316LVM and Ti90AI6V4) using 3D printing technology. This allowed controlled release of
the drug for more than 2 months and NFC provided antibacterial activity to be used to
prevent postoperative infections (Maver et al. 2021).
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Table 2.5 Antimicrobial Activity of Polymer Nanocomposite Coatings Applied on Diverse Biomedical Implant Surfaces.

Coating (composition) Substrate Processing Test Inactivation Death Biocompatibility Reference
route microorganism  performance mechanism(s)
Alginate-Chitosan/Mn- AZ91 Mg  Electrophoretic E. coli, S. aureus ZOI: 10-19 mm - MTT: No Liu et al. (2021)
Zn substituted alloy deposition osteoblast cells
hydroxyapatite/graphen cytotoxicity
e oxide
Polytetrafluorethylene/  316L Dip-coating E. coli 75-90% Ag® leach-kill ~ MTT: 75-56% Zhang et al.
AgNPs stainless inhibition over L929 fibroblast (2021)
steel 3 days cell viability
Hydroxyapatite/chitosa AZ91D Electrophoretic E. coli, S. aureus ODegoo: 0.04-2.5 Oxidative - Askarnia et al.
n/graphene oxide Mg alloy  deposition after 24h stress, (2021)
membrane
damage
Chitosan/zZnO Ti Dip-coating E. coli ODeoo: <0.04 ROS CCK-8: >98% Linetal. (2021)
after 24h generation MG-63 and
human osteoblast
cell viability
Polyvinylpyrrolidone/  316L Electrophoretic Pseudomonas Bacterial ROS - Jena et al. (2021)
graphene oxide stainless deposition sp., Bacillus sp.  density (CFU generation,
steel cm?): 4 orders  oxidative stress
reduction
Biofilm
thickness (um):
2 orders
reduction
Chitosan/gelatin/silica- 316L Electrophoretic E. coli, S. aureus ZOI:3.9-41cm - WST-8: No Aydemir et al.
gentamicin NPs stainless deposition MIC: 0.25-4 mg stromal ST-2 cells (2020)
steel Lt cytotoxicity
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Poly-L-lactic Mgalloy  Electro- E. coli, S. aureus ZOl: 3.0-5.3 Contact-kill, MTT: 70-99% Bakhsheshi-Rad
acid/graphene oxide- spinning mm membrane MG-63 osteoblast et al. (2020)
AgNPs 65-97% damage cell viability
reduction
Catechol- Ti Ester linkage E. coli, S. aureus 35-72% - MTT: >90% Cheng et al.
functionalized reduction L929 fibroblast (2019)
chitosan/AgNPs cell viability
Chitosan/CuNPs 316L Electrophoretic E. coli, S. aureus 3.5-6 log - - Tabesh et al.
stainless  deposition reduction (2019)
steel
Chitosan/ Mg alloy  Electrophoretic E. coli, S. aureus ZOI: 6-18 mm  ROS Hemolysis: 3.6- Singh et al.
hydroxyapatite/iron deposition generation 4.1% (2021)
oxide
Carboxymethyl Ti Dip-coating E.coli, S. aureus ZOI:17-23 mm - CCK-8: 98% Ren et al. (2021)
chitosan-gallic 2 log reduction mesenchymal
acid/AgNPs stem cell viability
Chitosan/graphene Ti Spin-coating S. mutans ODeoo: <0.5 - WST: 1.6 times Park et al. (2020)
oxide Biofilm MC3T3-E1
thickness (um): osteoblast cell
2 orders proliferation
reduction
Chitosan/poly vinyl Ti Solution E. coli, S. aureus ODsgoo: <0.9 Ag" leach-kill, No Saos-2 cell Mishra et al.
alcohol/AgNPs casting- after 24h contact-kill cytotoxicity (2017)
evaporation
Poly (lactic acid)/ZnO  AZ31 Mg Dip-coating E. coli ZOl: 13-14 mm - CCK-8: 1.7 times Mousa et al.
alloy MC3T3-E1 (2018)

osteoblast cell
proliferation

*Z0l: Zone of inhibition; ROS: Reactive oxygen species
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Antibacterial Performance of PNC Coatings in Biomedical Implants

This section delves into a comprehensive review of research studies that have critically
examined the efficacy of polymer nanocomposites as antibacterial implant coatings on
various substrates. Inorganic nanoparticles based PNC coatings employing Ag, ZnO, and Cu
as active biocidal agents have been employed to confer protection against implant related
infections (IRIs). Zhang et al. (2021) synthesized AgNPs incorporated polytetrafluorethylene
coating on 316L stainless steel substrate via dip-coating procedure which resulted in 75% to
90% E. coli eradication over the course of 3 days. The sustained release of silver ions also
resulted in inhibition of ~50% bacterial biomass accumulation. Mishra and co-workers
fabricated AgNPs cored polyvinyl alcohol nanocapsules embedded in chitosan matrix as a
titanium (Ti) implant coating through solution casting-evaporation technique. The coatings
effectively reduced E. coli and S. aureus growth while being completely biocompatible to
Saos-2 cells (Mishra et al. 2017). Lin et al. (2021) used dip-coating method to produce a
chitosan based coating containing ZnO NPs on Ti substrate with superior antimicrobial
efficacy. The composite dropped ODeoo of E. coli culture to <0.4 within 24 h via ROS
generation and maintained >98% viability with MG-63 and human osteoblast cells. Mousa et
al. (2018) by employing a similar technique deposited a poly (lactic acid)/ZnO coating on
magnesium (Mg) alloy which successfully inhibited E. coli growth and aided in MC3T3-E1
osteoblast cell proliferation. Tabesh et al. (2019) coated 316L stainless steel (SS) with
chitosan containing CuNPs composite by electrophoretic deposition (EPD). All coated
specimens were reported to have significant antibacterial ability with 3.5-6 log reduction in

E. coli and S. aureus cultures.

Graphene derivatives being potent against range of pathogens, have also been applied
frequently in conjunction with polymers for implant coatings. Park et al. (2020) deposited
graphene oxide substituted chitosan composite on Ti disks via spin-coating procedure to form
antibacterial dental implants. The coated samples containing 1 wt.% of GO eliminated 50%
of Streptococcus mutans cells in test culture and reduced the biofilm thickness from ~18 pm
to ~9 um. Higher concentration of GO (3 and 5 wt.%) in chitosan reduced the overall biocidal
capacity of coatings however, did not affect the MC3T3-E1 osteoblast cell proliferation.
More recently, Jena et al. (2021) utilized EPD to coat 316L SS with polyvinylpyrrolidone/
graphene oxide (GP) to obtain a protective layer against corrosion and bacteria. The coated
specimens displayed a 4 orders magnitude reduction in bacterial density of Pseudomonas sp.

and Bacillus sp. compared to the >1.5 x 10 CFU cm of bacterial density on uncoated
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surfaces. Additionally, GP coated SS substrates demonstrated an average thickness of biofilm
of Pseudomonas sp. and Bacillus sp. to be 13 um and 16 pm in comparison to 35 um and 41
um on uncoated substrates, respectively. The biocidal mechanism of these coatings was
attributed to ROS generation leading to oxidative stress which disrupts the bacterial cell
morphology and cause leakage of vital intracellular molecules. The influence of GO content
in polymer composites on the antibacterial activity seems to be concentration-specific (Liu et
al. 2014; Mazaheri et al. 2014; Zhang et al. 2018). Askarnia et al. (2021) produced ternary
hydroxyapatite/chitosan composite coatings with varying amount of graphene oxide (0.5, 1, 2
wt.%) on magnesium alloy by EPD. Turbidity assay against E. coli and S. aureus
demonstrated complete eradication of bacterial cells in the case of coatings containing 2 wt.%
GO and about 1.5-1.9 times turbidity reduction in coatings with <1 wt.% GO. Bakhsheshi-
Rad et al. (2020) also co-incorporated different concentrations of graphene oxide- AgNPs (1,
2, 3 wt.%) into poly-L-lactic acid and deposited the resultant nanocomposite on Mg alloy
substrate via electrospinning method. They reported a higher antibacterial effect with
increasing GO-AgNPs concentrations as were evident with consistent increase in bacterial
inhibition from 65% to 95% and 68 to 97% against E. coli and S. aureus, respectively.
Contact-active antibacterial mechanism owing to sharp edges of GO was deemed to be
predominant. The escalation of GO-AgNPs content also displayed a detrimental effect on
cytocompatibility of the coatings as the MG-63 osteoblast cell viability decreased from 99%
to 70% after 7 days in MTT assay. Table 2.5 summarizes the different antibacterial or

infection resistant coatings discussed in this section and more.

2.5 Remaining Challenges and Prospective directions

Significant progress in the development of various types of antimicrobial polymer
nanocomposites has provided promising and innovative strategies to overcome the prevalence
of microbes and their associated infections. However, few remaining challenges unveiled
through the course of this literature survey limiting the practical applications of PNCs are
addressed here.

e Most relevant reports on PNC hydrogels for water disinfection have often prioritized the
elimination of naturally occurring microbiological contaminants while sometimes
disregarding a critical facet- presence of polymicrobial population in polluted waterways.
Particularly, the persistence nature of microorganisms associated with healthcare and

medical waste in water has presented a unique set of challenges. Therefore, hydrogels
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must be targeted with multi-pronged approach, to eradicate microbial pollutants of

broader spectrum as well.

Various hydrogel-nanoparticle composites have shown promising disinfection outcomes
primarily within the context of simulated water conditions. While these simulated
environments provide controlled settings for initial testing and assessment, it is also easy
to misrepresent the conditions and to account for possible interferences within polluted
real-water systems. Consequently, transition to comprehensive studies employing real
water can help us to completely understand the feasibility and reliability of

nanocomposite hydrogels in the wider realm of water disinfection.

The current landscape of chitosan hydrogel nanocomposite research in water disinfection
predominantly revolves around studies conducted in batch process conditions. There is a
need to conduct the disinfection process, by optimizing operational design to improve
process continuity towards a quasi-continuous or, ideally, a continuous-flow mode of

operation to better capture the dynamic nature of real-world water treatment processes.

It has been noticed that drying process at some stage of solvent-based coatings formation
on substrates becomes inevitable in certain approaches (such as solution casting-
evaporation). Improper drying can influence variables such as residual solvent, which has
been ascribed to cause certain coating defects (blisters, cracks) when present in vast
quantities. Such conditions have been challenging the long-term adhesion and stability of
nanocomposite coatings on various surfaces. Therefore, investigating the cardinal
influence of drying process parameters while fabricating antibacterial coating composites

can extend their translational attributes in practical biomedical applications.

The complexity of multiple antimicrobial mechanisms exerted by nanoparticles
individually or in combination with other agents presents another challenge. The
antimicrobial mechanisms in present studies are proposed or hypothesized based on
interactions between bacterial cells and single-component nanomaterials. However, these
interactions are bound to be altered in the presence of additional compounds within the
polymer-based nanocomposites. Thus, to explore the exact nature of the antimicrobial
mechanisms, in different nanocomposites (hydrogels or coatings), research efforts

combining varied experimental procedures in an inter-disciplinary fashion are required.
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It is also noted that most studies have overlooked the issue of biodegradability of the
nanocomposite materials, both during their development and exhaustion after intended
reuses. Moreover, employing natural polymers in the manufacturing of PNCs does not
inherently come with a guaranteed sustainability certification. Therefore, addressing the
evaluation of biodegradability is critical in ensuring the translational success of the

materials developed in the lab into sustainable and practical technologies.

The major concern associated with utilization of antibacterial nanocomposites in
biomedical or environmental applications is their “biocompatibility factor”. These
materials in the event of uncertain leaching have been linked to severe toxicity issues in
the surrounding environment which can cause adverse effects on healthy tissues and cells.
The biological reliability of these nanocomposites through studies taking into
consideration the possible risks to one’s health need to be investigated in further detail, as
limited data is available. Thus, chemical characterizations assessing potential levels of
leachable agents paired with toxicologic characterizations evaluating mammalian cell
toxicity, hemolysis, and physiological compatibility under simulated body fluids can help

overcome existing challenges.

Therefore, current work presented in this thesis endeavors to address the aforementioned

research gaps.
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Chapter 3

Materials and Methods




3.1 Synthesis of Nano-silver loaded Chitosan-Poly(vinyl alcohol) (CS/PVA/Ag) Hydrogel
3.1.1 Preparation of Chitosan-PVA (CS/PVA) Hydrogel Composite

A previously reported method (Agnihotri et al. 2012) was adopted for the synthesis of
hydrogels. A 2% w/v chitosan suspension was prepared in 2% v/v acetic acid solution while
stirring overnight at 40 °C. A clear chitosan solution, devoid of any insoluble impurities was
obtained through centrifugation and filtration. Similarly, a 4% w/v PVA solution was
prepared in distilled water at 90 °C under vigorous stirring for 4 h. Chitosan and PVA
solutions were added in equal ratios (1:1) in a beaker and stirred at 60 °C initially for 2 h and
then at 25 °C over the next 12 h to obtain a homogeneous blend suspension. To this solution,
100 pL, 25% v/v glutaraldehyde was added drop wise for cross linking the two polymeric
residues under constant stirring at 25 °C. The solution was then casted in test tubes and cured
at 45 °C in a hot air oven for gelation. The formed hydrogels were removed from casting
molds through precipitation with 12% w/v NaOH solution at room temperature for 8 h. The
hydrogels were then washed repeatedly with distilled water to remove the residual NaOH.
Hydrogels were subjected to five repeated freeze/thaw cycles, with each cycle comprising of
a freezing step (16 h at -20 °C) followed by a thawing step (3 h at 25 °C) to develop porous
network structures within the hydrogel system.

3.1.2 Fabrication of CS/PVA/Ag Hydrogel Nanocomposite

The prepared hydrogels were sliced into discs (10 mm x 6 mm) and introduced into a vial
containing 20 mL, 10 mM silver nitrate (AgNOgz) ag. solution for 24 h. After required
incubation, discs were washed thrice with DI water to remove any unbound silver ions. These
silver loaded hydrogels were transferred into a beaker containing 60 mL of 10 mM sodium
borohydride (NaBH.) solution and allowed for 10 minutes for the reduction of silver ions to
silver nanoparticles (AgNPs). The hydrogel discs were again rinsed with DI water, dried
under vacuum, and sealed in plastic bags till further use. These discs with loaded silver

nanoparticles were designated as CS/PVA/Ag hydrogels.

3.1.3 Characterization of Pristine and Ag-Loaded Hydrogel Composites

The optical spectra of hydrogel films were recorded on a UV-Vis spectrometer (Shimadzu
2600, Japan) with diffuse reflectance accessory in a wavelength range of 200-600 nm. All

spectra were recorded in triplicate. The variations in the chemical composition and functional
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moieties of pristine and Ag loaded CS/PVA hydrogels were carried out using Fourier-
transform infra-red spectroscopy (FTIR, Nicklet 380 Thermo Fisher, USA). The hydrogels
were initially dried for 48 h in a lyophilizer so as to remove all moisture/adsorbed water
vapors and were mixed with dried KBr to form pellets using hydraulic press. The spectra
were recorded from 4000 cm™ to 500 cm™ at 25 °C with 32 scans at a spectral resolution of
4 cm™L. The thermal degradation studies were done using differential scanning calorimetry
(DSC131 evo, SETARAM Instrumentation, France). For this, the lyophilized hydrogel
samples were analyzed with a heating/cooling rate of 20K min™ under N atmosphere. The
surface morphology of pristine and Ag loaded hydrogels was compared using scanning
electron microscope (FE-SEM, Hitachi SU-8010, Japan). A fine thin slice of hydrogel
samples were coated with gold sputtering and placed on to sample stubs using a double sided
carbon tape. Elemental analysis and composition of the hydrogel samples were also
investigated through Energy-dispersive X-ray spectroscopy (EDX) in conjunction with FE-
SEM.

3.2 Swelling Capacity of Hydrogel Composites

An initial dry weight of lyophilized hydrogel discs (10 mm x 6 mm) was calculated and
designated as Wi1. The hydrogels were soaked in distilled water at 25 °C while, the swollen
weight of corresponding hydrogel discs were determined (W>) at regular time interval over a
span of 2 h after surface wiping. The swelling ratio (S%) defined as the ratio of water content
retained within the swollen hydrogel (W-) to the dry weight (W31), was calculated as per the
Equation 3.1. In a similar procedure, the impact of temperature on swelling ratio of

CS/PVA/Ag hydrogel was also evaluated over a broad range from 15-45 °C.

S (%) = (%}doo Eqg. 3.1

1

3.3 Strain-specific Disinfection Potential

The antibacterial activity of synthesized CS/PVA and CS/PVA/Ag were primarily tested in
both solid and liquid medium through disc diffusion and viable cell count methods,
respectively against four bacterial strains. To simulate microbiological contamination,
Escherichia coli MTCC 739 (ATCC 10536) and Enterobacter aerogenes NCIM 5139
(ATCC 13048) were employed for the inoculation of influent water to represent faecal and
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non-faecal contaminants (Kristanti et al. 2022). On the other hand, S. aureus NCIM 2127
(ATCC 9144) and S. epidermidis NCIM 2493 (ATCC 12228) were selected as
representatives of healthcare-associated contaminants that might get introduced in natural
waters due to unsafe disposal of biomedical waste via various channels such as domestic,
hospital, and industrial (Kooshki et al. 2023). These E. coli, E. aerogenes, S. aureus strains
were particularly selected from ATCC database based upon their application as test
microorganisms in evaluation of bactericidal ability of water disinfectants in time-kill assays.
In contrast to the other species examined here, S. epidermidis has been commonly associated
with human skin, infected medical devices and cannot be exclusively classified as waterborne
pathogen. However, investigation into the inactivation of S. epidermidis presented in this
research was necessary to establish a reference point for infections caused by such
opportunistic pathogens in water through human-related activities. Therefore, inclusion of
these findings in this work serves the purpose of baseline comparison and

comprehensiveness.

3.3.1 Disc Diffusion Assays

The qualitative aspects of antibacterial activity of CS/PVA and CS/PVA/Ag hydrogels were
analysed through disc diffusion method. Briefly, nutrient agar (NA) plates were spread with
100 pL of chosen microbial solution in the range of ~10°-10’ CFU mL™. Once dried,
composite sample discs (10 mm x 6 mm) were then placed on the surface of inoculated agar
plates. 100 uL of 1X sterile phosphate buffer saline (PBS) was then poured onto sample discs
and after drying, plates were kept at 37 °C in the BOD incubator (Caltan® NSW-152, NSW

Ltd., New Delhi). The diameters of inhibition zones were measured after 24 h.

3.3.2 Colony Forming/count Assay

Quantitative assays for determining bacterial Killing were done through the standard pour
plate culture method against all four bacterial strains. Briefly, the sterilized flasks containing
nutrient broth (NB) media were inoculated with 10 pL repeatedly sub-cultured microbial
strain and kept in rotary shaker at 37 °C at 120 rpm for 14-16 h. During end of the log phase
of microbial growth, grown cultures were isolated in pellets through centrifugation, washed
thrice with 1X PBS and were finally resuspended in it. The disinfection studies were
performed at a fixed initial bacterial concentrations (No= ~103-10° CFU mL™) of each strain

by diluting their respective harvested suspension (~1x10° CFU mL™) through optical density
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measurements using a spectrophotometer (Shimadzu 2600, Japan). For instance, flasks with
~10% CFU mL™ microbial contamination (100 mL) were introduced with hydrogel discs (two
of each i.e. CS/PVA and CS/PVA/Ag; 10 mm x 6 mm). The flasks were incubated at 37 °C,
120 rpm in rotary shaker (Excella® E25, New Brunswick™, USA) while the aliquots from it
were withdrawn at different time intervals (0, 15, 30, 60, 90, 120, 240 minutes) for plating
over agar plates. The number of viable bacterial colonies were counted in triplicates after

incubating for a period of 18-24 h.

3.4 Reusability of Hydrogel Nanocomposites, Silver loading and Release Profile
Reusability

The hydrogel nanocomposites (CS/PVA/Ag) were assessed for it reuse capacity for ten
repetitive cycles of water disinfection. For this study, hydrogels discs (10 mm x 6 mm) were
incubated in different batch reactors (~10° CFU mL™, 100 mL) containing two bacterial
suspensions, E. coli and S. aureus for a period of 4 h at 37 °C under continuous shaking at
120 rpm. After 4 h, nanocomposites were retrieved from the respective suspensions and
aliquots were employed to check disinfection rates using colony count method. The
CS/PVA/AgQ hydrogels were washed twice with sterile distilled water and then reintroduced
to fresh bacterial batch reactor under similar conditions. The procedure was repeated over ten
cycles, with the antibacterial activity in the first cycle marked as 100%, while subsequent

cycles were assessed for residual activities.

Silver Loading and Release Profile

The extent of mass loading of AgNPs inside CS/PVA/Ag hydrogels was determined using
Inductively coupled plasma-Atomic emission spectrometer (ICP-AES, ARCOS-simultaneous
ICP Spectrometer, Germany). For this purpose, a known amount of hydrogel (10 mm x 6
mm; weight-132.1 mg) was crushed thoroughly and dispersed in conc. HNOs acid solution (3
mL) overnight to ensure complete dissolution. The solution was diluted appropriately using
distilled water (7 mL) and filtered to remove the remnants of hydrogels. The filtered solution
was then subjected to ICP-AES analyses. The kinetics of silver ions release form hydrogel in
aqueous phase was also determined after every hydrogel reuse. The hydrogels were placed in
screw-cap flasks containing deionized water (100 mL) and incubated for 7 days at 37 °C. The

required aliquots were taken after 24 h time interval and subjected to ICP-AES analyses.
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3.5 Biofilm Assay

Pre-grown cultures of both E. coli and S. aureus were diluted 1:100 in freshly prepared Luria
broth (LB) media and assayed separately. CS/PVA and CS/PVA/Ag hydrogel films (10 mm
x 10 mm) were introduced in each well containing 100 pL of diluted bacterial suspension in a
96-well micro-titer plate and were incubated at 37 °C for a duration of 48 h. Wells containing
only unsterilized media (i.e., devoid of both microbes and hydrogel) were taken as negative
controls while, bacteria inoculated media without any hydrogel were taken as positive
control. After required time period, the media was removed and cells were thoroughly
washed with 1X PBS buffer under brisk shaking so as to remove the possible planktonic
bacteria, if remains in each well of the microtiter plate. A 125 uL, 0.1% (w/v) crystal violet
dye was then added in all wells and stained for 20 minutes at room temperature. The excess
crystal violet was removed by washing with 1X PBS twice under vigorous shaking and was
allowed to dry in air. For quantification of adherent cells, the cell bound crystal violet was
dissolved in their respective solvents (200 pL, 30% acetic acid for S. aureus; 80% ethanol for
E. coli) as specified in earlier studies (Merritt et al. 2011) by covering plates and incubated
for 10-15 minutes at room temperature. The biofilm growth of both species was finally
monitored at 570 nm using a micro plate reader (BioRad, USA). A two-tailed student’s t-test
was used to determine the differences in biofilm formation between the control and each
group. The P value of < 0.005 was taken as significant.

3.6 Disinfection of Natural Water Resources

The efficacy of CS/PVA/Ag hydrogels in disinfecting environmentally relevant water
resources i.e., Bhakra canal, ground water, and tap water within Patiala district, Punjab, India
was determined. The chosen water samples were inspected for physicochemical parameters
such as alkalinity, hardness, dissolved/suspended solids, and total microbial count. The
disinfection experiments were conducted against natural water sources without any
purification steps, either at their natural microbial contaminants level or spiked externally
with desired bacterial strains as contaminants. Two CS/PVA/Ag hydrogel discs (10 mm x 6
mm) were introduced in each of the flasks containing 100 mL of canal and tap water and
incubated at 37 °C in rotary shaker at 120 rpm. The aliquots withdrawn from flasks at
different time intervals (0, 45, 90 minutes) were plated over agar plates to estimate the
number of viable bacterial colonies after 24 h incubation period. Additionally, another set of

experiments were conducted for these water sources spiked with external contaminant S.
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aureus at a concentration of ~10° CFU mL™. The flasks containing externally spiked canal,
ground water, and tap water were treated with CS/PVA/Ag hydrogel discs at 37 °C in an
incubator shaker. Next, 100 uL aliquots collected from sample flasks at time intervals of 0,
60, 120, and 180 minutes were subjected to colony count assay.

3.7 Synthesis of Nano-Ag Loaded Chitosan-Graphene Oxide (CS/GO/Ag) Hydrogels
3.7.1 Synthesis of Graphene Oxide (GO)

Graphene oxide was prepared using natural graphite powder through a modified Hummers
method as described by Zhang et al. (2010) with desired modifications. In a typical
experiment, 2 g graphite and 1 g sodium nitrate were added in a 250 mL flask at 0 °C.
Subsequently, with continuous stirring, 50 mL of concentrated H,SO4 was slowly added to
the flask at 5 °C. The mixture stirred for 2 h, with KMnO4 added incrementally to control the
temperature (maintained at ~10 °C). The temperature was then raised to 35 °C, and stirring
continued for 12 h. Following incubation, 90 mL water was cautiously introduced into the
solution under vigorous stirring. A dark brown suspension was formed at the end of this step.
To convert the remaining permanganate and MnO: into soluble MnSOs, the suspension was
further treated by adding a mixture of H202 (7 mL, 30%) and water (55 mL). The resulting
bright yellow suspension indicated the completion of the reaction. Graphite oxide was
separated from the reaction mixture through centrifugation. The yellow-brown graphite oxide
sludge underwent three washes with 150 mL of 3% HCI (at approximately 40 °C) and was
finally dried at 40 °C for 24 h under vacuum. Before each use, the graphite oxide powder was
transformed into graphene oxide (GO) by ultrasonication at room temperature. The as-

prepared aqueous GO suspension was then utilized in subsequent studies.

3.7.2 Formation and Optimization of Chitosan/Graphene Oxide (CS/GO) Hydrogels

A series of chitosan (CS) working solutions with different concentrations (1%, 2%, and 3%
wi/v) were first prepared by dissolving predetermined amount of chitosan in 50 mL of acetic
acid solution of varied strength (1%, 2%, 3% v/v) respectively, while stirring overnight at 40
°C. Graphene oxide (GO) suspensions were prepared by adding various amounts of GO
(10.4, 26, 52, 208, and 416 mg) in 2 mL of distilled water at 25 °C followed by
ultrasonication in an ultrasonic bath (PCI analytics-9L, India), operated at 33+3 KHz for 4 h.
Respective GO suspensions were added separately to chitosan solutions and mixed together

via two-step stirring process (40 °C for 2 h, followed by 25 °C for 12 h) to obtain a
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homogeneous blend with final GO concentrations of 0.02, 0.05, 0.1, 0.4, and 0.8% w/v. For
cross-linking, 280 pL of 25% v/v glutaraldehyde was added drop wise to the chitosan-GO
suspensions under constant stirring at 25 °C for 5 minutes. The solutions were then
transferred to sterile syringe molds for curing at 50 °C for 6 h in a hot air oven for gelation.
The detachment of cured hydrogels from molds was done via precipitation with 12% w/v
NaOH solution at room temperature for 6 h. The hydrogels were washed thrice with distilled
water to remove residual NaOH and subjected to seven freeze/thaw cycles, with each cycle
comprising of a freezing stage (16 h at -20 °C) followed by a thawing stage (2 h at 25 °C) to
develop semi-interpenetrating networks within the hydrogel. The resulting composites were
qualitatively assessed for their consistency in order to tune optimal CS and GO content in

hydrogel formation.

3.7.3 The Extent of Silver Nanoparticles Immobilization onto CS/GO Hydrogels

In the final fabrication phase, hydrogel discs (10 mm x 6 mm) were incubated in a vial
containing 20 mL, 10 mM aqueous silver nitrate (AgNOs3) solution for 24 h, followed by
repeated washing with distilled water to remove any unbound silver ions. These silver ion-
loaded hydrogels were then transferred into a beaker containing 60 mL, 10 mM sodium
borohydride (NaBHs) solution and allowed to react for 30 minutes to reduce the silver ions to
silver nanoparticles (AgNPs). The hydrogel discs received a final rinse with distilled water,
were dried under vacuum, and sealed in plastic bags for future use. These discs loaded with

silver nanoparticles were designated as CS/GO/Ag hydrogels.

3.7.4 Material Characterization

The optical spectra of graphene oxide (1 mg mL™, sonicated) formed was recorded on a UV-
Vis spectrometer (Shimadzu 2600, Japan) in a wavelength range of 200-800 nm. All spectra
were recorded in triplicate. Fourier-transform infra-red spectroscopy (FTIR, Nicklet 380
Thermo Fisher, USA) analyses of both pristine and Ag loaded CS/GO hydrogels were carried
out in the 5004000 cm™ range. The samples were initially dried for 48 h in a lyophilizer so
as to remove all moisture/adsorbed water vapors from the hydrogels and the obtained
characteristics peaks were compared. The sample crystallinity was evaluated using XRD
analysis (X-ray diffractometer, PANalytical X-pert Pro, The Netherlands) with Cu Ka
radiation (A = 1.5406 A) over a scanning range (20) from 10° to 90° at slow scan rate (2.0°

min?t). Raman spectra of GO and hydrogel composites were produced using a LabRam
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HR800 Raman spectroscope (Horiba Jobin-Yvon, France). The surface morphology of
pristine and Ag loaded hydrogels was compared using scanning electron microscope (FE-
SEM, Hitachi SU-8010, Japan). A fine thin slice of hydrogel samples were coated with gold
sputtering and placed on to sample stubs using a double sided carbon tape. Elemental analysis
and composition of the hydrogel samples were also investigated through Energy-dispersive
X-ray spectroscopy (EDX). The shape and size of the silver nanoparticles were investigated
by high resolution transmission electron microscopy (TEM, JEOL JEM-F200, Japan).
Mechanical properties of the hydrogels were measured with Shimadzu Autograph
AG100KNG universal testing machine (UTM) equipped with a 5 kN load cell with a constant
rate of 1 mm min™t. The specific surface area of samples was calculated by Brunauer-
Emmett-Teller (BET) method via the low-temperature N. adsorption-desorption isotherms
(NOVA touch 4L, Quantachrome Instruments, USA). The samples were outgassed for 1 h at
80 °C before the test. Moreover, the average pore size and pore volume of the samples were
measured by the Barrett-Joyner-Halenda (BJH) sorption model. X-ray photoelectron
spectroscopy (XPS, ESCALAB, Thermo Fischer Scientific, USA) was done to analyse the
elemental surface composition and confirm the formation of silver nanoparticles in hydrogel
nanocomposite. The thermal degradation studies were done using (DSC) differential scanning
calorimetry (DSC131 EVO, Setaram Instrumentation, France) and (TGA) thermo gravimetric
analysis (Setsys, Setaram Instrumentation, France). For DSC, the lyophilized hydrogel
samples were analyzed with a heating/cooling rate of 20 K min™ under N, atmosphere. For
TGA, the samples were operated under 100 mL min™ N2 gas flow in temperature range of 25-
300 °C.

3.8 Swelling Capacity of CS/GO and CS/GO/Ag Hydrogel Composites

To calculate the swelling ratios, circular hydrogel discs (10 mm x 6 mm) were lyophilized to
remove all moisture, and their initial dry weights were determined and labelled as W1. These
hydrogel discs were then immersed in distilled water at 25 °C, and the swollen weights of the
corresponding hydrogel discs were recorded (W->) at regular intervals within a 1-hour period,
after surface wiping. As discussed before, the swelling ratio (S%) was computed as the ratio
of water content retained within the swollen hydrogel (W>) to the dry weight (W1), as shown
in Equation 3.1. Similarly, separate experiments were conducted to assess the swelling ratios

of CS/GO/Ag hydrogel over a wide temperature range from 25 to 55 °C.
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3.9 Silver Loading and Release Profile

The determination of the amount of AgNPs loaded in the CS/GO/Ag hydrogel was conducted
using Microwave Plasma-Atomic Emission spectrometer (MP-AES, Agilent 4100, USA). To
accomplish this, a known weight of the hydrogel (10 mm x 6 mm; weight-136.0 mg) was
thoroughly crushed and dispersed in a solution of conc. HNOs acid (3 mL) overnight to
ensure complete dissolution. Subsequently, the solution was diluted with distilled water (7
mL) and filtered to remove any remaining traces of the hydrogel. The filtered solution was
then subjected to analysis using MP-AES. Furthermore, the release kinetics of silver ions in
the aqueous phase following each reuse of the hydrogel were also determined. Briefly, the
hydrogels were placed in screw-cap flasks containing deionized water (100 mL) and
incubated for 96 h at 37 °C. The aliquots were taken from the flasks at different time intervals
and subjected to analysis using Inductively Coupled Plasma-Atomic Emission spectrometer
(ICP-AES).

3.10 Biodegradation of Hydrogels

Natural soil obtained from TIET campus, Patiala (Punjab, India) was used as the
biodegradation medium. The soil, after removal of coarse aggregates and stones, was
supplemented with urea (6 g kg™) to encourage an active microbial flora. The samples to be
tested for biodegradation were dried in the oven at 32 °C for 2 days and weighed (W,). The
hydrogel specimens (10 mm x 6 mm) were buried approximately 10 cm in depth from the
surface of the soil in pots containing 20 cm of soil (Cui et al. 2019; Kumar et al. 2019). The
samples were left in the soil for 60 days where weight loss measurements were taken after
every 15 days. Meanwhile, the test medium with samples was maintained at a temperature
(28-38 °C) with daily addition of water to replenish any loss due to evaporation.
Consequently, after specific time intervals the degraded hydrogel fragments were removed,
brushed, cleaned and oven-dried at 32 °C, until no changes in weight occurred. After that, all
samples were placed in a desiccator for 1 h and allowed to cool and finally, dried hydrogels
were weighed (Wg). The reduction in the mass percentage of the samples due to the
degradation process was calculated using Equation 3.2. Additionally, another set of hydrogels
were pre-treated using a weak tricarboxylic acid present in lemons before burying in soil to

evaluate the effect of pre-treatment on biodegradation process.
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Weight loss (%) = (%}qoo (Eq. 3.2)

0

3.11 Disinfection Ability Evaluation and Reusability of Hydrogel Nanocomposites

Primarily, the antibacterial efficacy of synthesized CS/GO and CS/GO/Ag hydrogels were
investigated in both solid and liquid medium through disc diffusion and viable colony count
methods, respectively against four bacterial strains. In the standard tests, Enterobacter
aerogenes NCIM 5139 (ATCC 13048) and Escherichia coli MTCC 739 (ATCC 10536) were
selected as faecal or non-faecal contaminant models present in drinking water. While, S.
aureus NCIM 2127 (ATCC 9144) and S. epidermidis NCIM 2493 (ATCC 12228) were taken
as biomedical contagion representatives that could enter natural waters through improper

healthcare-waste disposal.

3.11.1 Disc Diffusion Study

For disc diffusion method, 100 uL of chosen microbial solutions in the range of ~10°-107
CFU mL* were spread on nutrient agar (NA) plates. CS/GO and CS/GO/Ag composite discs
(10 mm x 6 mm) were placed on the surface of inoculated agar plates and 1X sterile
phosphate buffer saline (PBS, 100 pL) was then poured onto sample discs. After incubation
at 37 °C in the incubator chamber and the diameters of inhibition zones were measured after
24 h.

3.11.2 Colony Forming/count Assay

Bacterial inactivation rates were then determined quantitively through standard colony
forming assay against all four bacterial strains. Briefly, the sterilized nutrient broth media
containing flasks were inoculated with 10 pL, repeatedly sub-cultured microbial strain and
kept in rotary shaker at 37 °C at 120 rpm for 14-16 h. During the end of exponential log
phase, microbial cultures were isolated in pellets through centrifugation, washed thrice with
1X PBS and were finally resuspended in it. The disinfection studies were performed at a
fixed initial bacterial concentrations (No= ~103-10° CFU mL) of each strain by diluting their
respective harvested suspension (~1x10° CFU mL™) through optical density measurements
using a spectrophotometer. The hydrogel discs (two of each i.e. CS/GO and CS/GO/Ag; 10
mm x 6 mm) were introduced in flasks with ~103 CFU mL™ microbial load and incubated at

37 °C in rotary shaker (120 rpm). 100 pL aliquots from flasks were withdrawn at different
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time intervals (0, 15, 30, 60, 90, 120, 240, 360 minutes) for plating over agar plates. The
number of viable bacterial colonies were counted in triplicates after incubating for a period of
24 h.

3.11.3 Reuse Potential of Nano-Silver Loaded CS/GO Composites

The reuse index of CS/GO/Ag hydrogel nanocomposites for multiple cycles of water
disinfection was evaluated. Briefly, small hydrogel discs (10 mm x 6 mm) were placed in
separate batch reactors (~10° CFU mL™, 100 mL) containing various suspensions of E.
aerogenes, E. coli, S. aureus, and S. epidermidis. The solutions were then incubated for 2 h at
37 °C with continuous shaking at 120 rpm. After the incubation period, the nanocomposites
were removed from the bacterial suspensions, and samples of the suspensions were taken to
determine the disinfection rates using the colony count method. The retrieved hydrogels were
washed twice with sterile distilled water and then introduced into a new with fresh bacteria
under the same conditions as the first cycle. This process was repeated for a total of ten
cycles, and the antibacterial activity observed in the first cycle was considered as 100%. The
antibacterial activities during the subsequent cycles were determined as residual activities.

3.12 Antibacterial Mechanism Investigation
3.12.1 Bacterial Morphology through FE-SEM

Bacterial strains (E.coli and S. aureus each, ~10° CFU mL™) were exposed to CS/GO/Ag
hydrogels for 6 h at 37 °C to investigate any ultra-structural changes, that are likely to occur
in bacterial cells after direct contact. The untreated bacterial cells were used as a negative
control. After the required treatment, bacterial pellet was harvested by centrifugation at 5000
rpm for 10 minutes and washed twice with PBS solution. The cells were fixed in PBS
suspension containing 2.5% glutaraldehyde (500 pL) for 3 h. After primary fixation, cells
were centrifuged at 5000 rpm and rinsed twice with PBS solution. Cells were completely
dehydrated with a graded ethanol series (30%, 50%, 70%, 90%, and 100%) for 15 minutes in
each treatment (Xing et al. 2022). A 10 pL aliquot was drop casted on a stainless steel surface
(5 mm x 5 mm), dried under Infra-red lamp and immediately analysed using field emission

gun scanning electron microscopy (FEG-SEM, ZEISS Sigma 500, Germany).
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3.12.2 Intracellular Reactive Oxygen Species (ROS) Measurement

The ROS generation levels in bacterial cells were determined by employing nitro blue
tetrazolium (NBT) reduction assay (Marathe et al. 2013). Initially, bacterial suspensions
(~10® CFU mL*) were incubated at 37 °C for 6 h in the presence of CS/GO/Ag hydrogels
and untreated bacterial cells were taken as negative control. Afterwards, 375 pL, NBT
solution (1 mg mL™) was added to cell suspensions and incubated again at 37 °C for 30
minutes. Then 75 pL, 0.1M HCI was added to terminate the reaction followed by
centrifugation at 5000 rpm for 10 minutes to recover bacterial pellets. Dimethyl sulfoxide
(DMSO, 300 pL ) was used to extract the reduced NBT from obtained bacterial pellets.
Finally, the extracted solutions were diluted with 300 puL PBS and the optical density of

bluish violet formazan was recorded at 575 nm.

3.12.3 GSH Oxidation

To investigate the ROS independent oxidative stress, in vitro GSH (glutathione) oxidation
was assessed by Ellman’s assay (Xing et al. 2022). Bicarbonate buffer (50 mM, pH = 8.6)
was used as reaction solution and all samples were prepared in triplicates. CS/GO and
CS/GO/Ag composites (4 mg each) were added separately into 1 mL of GSH solution (0.8
mM) to initiate oxidation. Then all the mixtures were placed in a shaker with a speed of 150
rpm for 2 h in dark. After incubation, 3.5 mL of 0.05 M Tris-HCI and 70 pL of 100 mM 5,
5’-dithiobis- (2-nitrobenzoic acid) (Ellman’s reagent) were added into the mixtures to yield
yellow product. The mixtures were filtrated through 0.22 pm syringe filters with membrane
(Himedia, India). Measurements of the thiol content with all samples were carried out at 412
nm using ELISA reader (Thermo Scientific Multiskan® spectrum, USA). Pure GSH solution
was used as negative control and GSH solution with H20. (1 mM) as positive control. The
loss of GSH was calculated by the formula mentioned in Equation 3.3.

Mean OD i - Mean OD
Loss of GSH (%) = Negative control

Testsample %100 (Eq 3 3)
Mean ODNegative control

3.12.4 Protein Leakage Assay

Bradford’s assay was employed to quantitatively estimate intracellular protein leakage from
bacterial cells (Xing et al. 2022). The hydrogel nanocomposites were incubated with bacterial

cells (~10° CFU mL™) at 37 °C for 6 h in an incubator shaker. Treated bacterial culture
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aliquots (1 mL ) from each test vial were then withdrawn and centrifuged for 30 minutes at
1600 rpm and 4 °C temperature. Finally, Bradford’s reagent (5 mL) was added to collected
supernatants and the corresponding absorbance at 595 nm was measured. Concentration of
protein released from compromised bacterial cells was determined using a standard curve of

bovine serum albumin (BSA).

3.12.5 Lactate Dehydrogenase (LDH) Release Assay

LDH test determined the cell membrane integrity on a premise that cytosolic enzyme lactate
dehydrogenases are released into culture medium upon cell death due to plasma membrane
damage. The LDH release intensity was verified by measuring the formation of NADH (from
NAD') in the stoichiometric conversion of iodonitrotetrazolium chloride to
iodonitrotetrazolium formazan at 490 nm spectrophotometrically (Kroll et al. 2012). For this
experiment, bacterial cultures (~10°® CFU mL™) were incubated with hydrogel samples in an
incubator shaker for 6 h at 37 °C. The samples were then transferred to microcentrifuge tubes
after required duration and centrifuged for 5 minutes at 1200 rpm. In a 96-well plate, 180 pL,
LDH reagent was added to each well containing 60 pL of supernatant and incubated for 30
minutes at room temperature in dark. After incubation, the optical density of each well was
recorded at 490 nm on an ELISA reader. 0.1% Triton X-100 and 0.85% saline suspensions
were designated as positive and negative controls, respectively. LDH release percentage was
calculated using ODago values in Equation 3.4. The LDH activity of positive control was
considered 100% and activity of all other test samples was calculated relatively.

Mean OD gt sample - Mean OD egative control

LDH Release % = ( }XIOO (Eq. 3.4)

Mean ODpsitive control ~ M€aN OD Negative control

3.13 Continuous-flow Water Disinfection using CS/GO/Ag Hydrogel Composites

In order to expand the application potential of CS/GO/Ag hydrogel nanocomposites, we
investigated their disinfection efficacy as a filter column in fixed-bed reactor by using
antibacterial rate as an index. Initial experiments were conducted employing a hydrogel
column (11 mm diameter, 20 cm bed height, bed porosity 0.38) through which simulated
water infested with S. aureus, was circulated through a peristaltic pump. Hydrogel column,
on both sides was packed with glass wool to ensure consistent retention of the hydrogel

throughout the column experiments. The column reactor framework was arranged in a
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chamber equipped with UV light for sterilization and a thermostat to maintain working
temperature of 37 °C. The column was first ran with sterile saline solution devoid of any
microbial contaminants for 10 minutes under UV light and then with test solution under
visible light. After the filter column ran steadily for a while, the filtrate was collected and the
antibacterial rate at different time intervals of a disinfection cycle was calculated by plate

counting method using untreated water as a control.

(a)

Figure 3.1 Photographic image of (a) column reactor packed with nano-silver immobilized
CS/GO hydrogels. Real-time setup for (b) column sterilization under UV light, and (c)

microbial disinfection under visible light.

The single variable method was adopted to successively inspect the effect on antibacterial
rate of CS/GO/Ag hydrogel filter from four influencing factors such as, flow-rate (1.3-5.1 mL
min), bed height (2-16 cm), high bacterial load (10*-10° CFU mL™), and reuse times (5
cycles). The effective range of individual process parameters resulting in the highest
disinfection rate (%) was assessed by varying one factor while keeping the other factors
constant. Subsequently, this column reactor was then employed to disinfect water from
natural sources at optimized flow-rate and bed height to ensure maximum efficiency. For this

purpose, the water samples were systematically collected from various sources i.e., river
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water (Bhakra canal) and rain water within Patiala district, Punjab, India and analysed for

water quality parameters.

3.14 Modelling Disinfection Kinetics and Statistical Analysis

The non-linear disinfection data in continuous-flow reactor were fitted to two relevant
kinetic models viz. ‘log-linear +shoulder’ and ‘Weibull’ using GInaFiT, v1.6 (Excel add-in)
(Buzrul 2022; Ghodsi et al. 2021; Thakur et al. 2021). The log-linear +shoulder model
assumes presence of more resistant microbial subpopulation which leads to initial lag period
“shoulder” on kinetic data followed by inactivation phase and microorganisms concentration

after time (t), N is given by:
logN = logN,, +k.(s—t).log(e) — log[1+ (€*° —1).e ™" (Eq. 3.5)

Where, No is initial bacterial concentration, k is maximum reduction rate constant (mint),
and S is shoulder length. Alternatively, Weibull model presumes microbial subpopulations as
heterogeneous with varying sensitivity levels such that each cell death in the face of external
stress depends upon exposure times. Here, corresponding number of surviving bacteria after

treatment is described by:
logN = logN,, —(t/ )" (Eq. 3.6)

Where, 6 is the first decimal reduction time (min.) and p is dimensionless shape parameter.
The corresponding inactivation parameters were determined and comparison between
goodness of fit of each model was done by assessing multiple correlation coefficients (R?)
and root mean square errors (RMSE) values. The output fitted curves were presented

graphically alongside experimental data.

3.15 In vitro Biocompatibility Analysis

The evaluation of cytotoxicity of hydrogel composites was determined by colorimetric MTT
assay according to 1ISO 10993-5:2009 standards (ISO 2009). Prior to this analysis, hydrogel
extracts were prepared in accordance with 1SO 10993-12:2021 standards (Cui et al. 2019;
ISO 2021). For the purpose, CS/GO and CS/GO/Ag hydrogel fragments were added to
sterilized distilled water at a concentration of ~0.3 g mL™?* and incubated at 37 °C for 24 h.
After this period, fragments were discarded, extracts (100% and 50%) were sterilized by 0.22
pm syringe filters.
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3.15.1 Cytocompatibility in Human Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs were isolated from healthy human blood through density gradient centrifugation
aided by HiSep™ LSM 1077. Firstly, EDTA stabilized blood diluted in 1:1 ratio with sterile
PBS, was overlaid carefully on HiSep™ solution and centrifuged at 400xg for 30 minutes at
20 °C. The mononuclear cells obtained in intermediate buffy layer were harvested and
washed twice with sterile PBS before their final suspension in RPMI-1640. The trypan blue
dye exclusion technique determined the number of viable cells on an automated cell counter
(Curiosis Facscope™ B, Korea). In a flat bottomed 96-well plate, ~1x10° cells/well of
PBMCs were seeded with 100% extract and 50% diluted extract, respectively in triplicates at
37 °C with 5% CO; for 24 h in a CO; incubator (Thermo Fisher Forma™, USA). Any changes
in morphology were viewed and recorded under an inverted microscope at this point.
Subsequently, MTT reagent (5 mg mL™ in PBS solution) was added to each well plate after
supernatant decantation and kept further at 37 °C for 4 h. Dimethyl sulphoxide (DMSQO) was
then used as a solubilizing agent to dissolve the precipitated purple formazan crystals for 15
minutes and the final product in 96-well plate was read at 570 nm using ELISA microplate
reader. Untreated PBMCs were taken as experimental control and the percentage of cell

viability was calculated using Equation 3.7.

(Eq. 3.7)

Cell Viability % =
Mean ODNegative control

Mean OD
Test sample j %100

3.15.2 Cytocompatibility in Human Hepatocellular Carcinoma (HepG2) And African
Green Monkey Kidney (Vero) cells

The cell lines, HepG2 and Vero were procured from National Centre for Cell Science
(NCCS), Pune (India). The cells (HepG2 and Vero) were cultured in a seeding flask at 37 °C
in 5% CO3 in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin. Cells were observed after
every 2-3 days and subcultured accordingly. After reaching 70-80% confluency, HepG2 and
Vero cells were harvested and prepared for MTT assay. The viable cells were counted and
plated at a density of 1x10* cells/well (HepG2); ~1x10° cells/well (Vero) in 96 well culture
plates. Cell viability and cytotoxicity were assessed similarly by the method described for
PBMCs.
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3.16 Synthesis of Chitosan/Poly(vinyl alcohol)/Graphene Oxide (CS/PVA/GO) Coatings
3.16.1 Preparation of Casting Solutions

Chitosan/poly(vinyl alcohol)/graphene oxide (CS/PVA/GO) casting solutions were prepared
as follows: Graphene oxide (GO) was prepared using natural graphite flakes through a
modified Hummers method as explained earlier (Zhang et al. 2010). For polymeric mixture,
chitosan powder was dissolved in dilute 2.5% acetic acid solution to make 3% wi/v chitosan
suspension and 4% wi/v PVA solution was prepared separately in distilled water. Next, a 1: 1
ratio homogenous blend of CS and PVA was prepared by stirring at 60 °C initially for 2 h at
500 rpm and then at 25 °C over the next 12 h at 250 rpm. The precalculated amounts of GO
(3, 4.5, 6, and 9 mg) were added to CS/PVA polymeric mixtures so as to achieve final GO
concentrations of 0.05, 0.075, 0.1, 0.15% wi/v, respectively. Detailed composition of coatings
is presented in Table 3.1. Chitosan/PVA without GO was employed as the experimental
control for casting solution. All sample solutions were then ultrasonicated for 2 h followed by

homogenization under mechanical shaking (12 h, 150 rpm).

Table 3.1: Composition of various coatings

Coatings Composition of Coatings

CS/PVA CS: 1.39%, PVA: 1.85%, water + acetic acid: 96.76%

CS/PVA/GOoos  CS:1.39%, PVA: 1.85%, GO: 0.05%, water + acetic acid: 96.71%

CS/PVA/ GOopo75 CS:1.39%, PVA: 1.85%, GO: 0.075%, water + acetic acid: 96.68%

CS/PVA/ GOy CS: 1.39%, PVA: 1.85%, GO: 0.1%, water + acetic acid: 96.65%

CS/PVA/ GOg.15 CS:1.39%, PVA: 1.85%, GO: 0.15%, water + acetic acid: 96.61%

3.16.2 Coating Fabrication and Gravimetric Analysis
Coating Fabrication

Chitosan/poly(vinyl alcohol)/graphene oxide (CS/PVA/GO) coatings were prepared using
solution casting followed by evaporation technique. In brief, film-forming solutions were cast
in the circular sample holder and left for drying at 25 °C. All the experiments were carried

out in an air conditioned room without any air flow and temperature of the room was
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maintained at 25 + 1 °C. Drying behaviour of the coatings was determined using
gravimetrical methodology during coating preparation. Two sets of coatings with initial
thicknesses of ~700 um and ~1400 um were prepared using sample holder with depth: 1000
um and 3000 um, respectively. The obtained thin-films were designated according to the final
GO concentrations (% w/v) in coating solutions as CS/PVA, CS/PVA/GOogs,
CS/PVA/GOo075, CSIPVAIGOq.1, and CS/PVA/GOq .15 and stored under ambient conditions;
protected from the direct sunlight before further analysis.

Gravimetric Drying

For gravimetric analysis, weight of the empty sample holder was recorded first and then
weight of the casting solution with holder was recorded as a function of time using analytical
weighing balance (Precisa ES225SM-DR, Switzerland; accuracy +0.0001g). The continuous
weighing was done until drying process halted which was indicated by consecutive constant
readings. Various parameters such as residual solvent percentage, thickness, average solid and
solvent concentrations were calculated using equations, given at an instance where, coating
solution contains final concentrations of chitosan=1.39%, PVA= 1.85%, GO= 0.05% and

b

solvent (water + acetic acid)= 95.71% in Table 3.2. The initial mass is let “m ” and

13 2

instantaneous mass as “m” in these coating formulations.
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Table 3.2: Various Parameters Calculated in Gravimetric Analysis

Parameter Calculation Formula
Mass of chitosan 1.39
¢ = Myx——=
100
Mass of PVA 1.85
Mpya =M, x 100
Mass of GO 0.05
Mgo =M, x 100
Mass of solvent |\/|S =m — |\/|c — MPVA — |\/|GO
Volume of coating Vyeating = Chitosan vol. + PVA vol. + GO vol. + solvent vol.
Instantaneous _ M,
concentration of chitosan l, = v
coating
Instantaneous M PVA
concentration of PVA lova = Y,
coating
Instantaneous _ M o
concentration of GO lo = Y}
coating
Thickness of coating T= Vcoating
Cross-sectional area of sample holder
Residual solvent % M f solven
RS = ”asso solvent %100
Initial mass of solvent

3.16.3 Coating Stainless Steel Substrates with CS/PVA/GO Nanocomposites

Initially, 316L stainless steel (SS) substrates (15 mm x 15 mm x 2 mm) were cleaned using a
series of ultrasonic treatments. First, they were kept in 70% acetone for 15 minutes, followed
by 70% ethanol and deionized water for an equal duration. Afterwards, the substrates were
dried in an ambient environment and stored in a sealed container to prevent surface
contamination until further use. A simple spread casting method followed by solvent
evaporation was used to coat the substrates. To achieve this, 100 pL of composite coating
solutions were uniformly spread onto SS substrates and dried at room temperature for 24 h.
The samples were labeled according to their final GO concentration (% w/v) in the coating
suspensions as follows: CS/PVA, CS/PVA/GOo.05, CS/IPVA/GOqo75, CS/IPVAI/GOo.1, and
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CS/PVA/GOo 5. All coated substrates were kept under ambient conditions, shielded from
direct sunlight, until subsequent analysis. Five sets of independent experiments were also

performed to evaluate the reproducibility of coating fabrication process.

3.16.4 Material Characterization

The rheological properties of the test samples were carried out with a rotational rheometer
(Anton Paar RheolabQC, Austria). The measurements were carried out at temperature of
25°C with shear rate increasing from 07 to 100 s. The microstructures, morphology and
cross-sectional surface topography of thin-film coatings were observed through scanning
electron microscopy (SEM, Hitachi S-3400N, Japan). Prior to examination, each sample was
sputtered with gold for making samples conductive. Fourier transform infrared spectra (FTIR,
Perkin Elmer-Spectrum RX-IFTIR) was measured over the range 4000-500 cm™ while
Raman spectra of pristine GO were produced using a LabRam HR800 Raman spectroscope
(Horiba Jobin-Yvon, France). The crystal structure and phase characterization were analyzed
using wide-angle X-ray diffraction (XRD, Panalytical X Pert Pro, The Netherlands) over a 26
region of 5-70° with a scan rate of 2° min™t. The UV transmission spectra were recorded
using a UV spectrophotometer (Shimadzu UV 2600, Japan). Thermal degradation of the
samples was performed via Differential Scanning Colorimetry (DSC, 131 EVO analyzer,
SETARAM Instrumentation, France) with a heating/cooling rate of 20 K min?® under
nitrogen atmosphere. Mechanical properties of coating films (50 mm x 30 mm) were
measured with Shimadzu Autograph AG100KNG universal testing machine (UTM) equipped

with a 5 kN load cell with a constant rate of 1 mm min.

3.17 Evaluation of Antimicrobial Activity of Coatings

Staphylococcus aureus and Staphylococcus epidermidis are one of the most commonly
reported (about four cases in five) microbial species to cause biomaterial associated
infections (Oliveira et al. 2018). Hence, the antimicrobial efficacy of CS/PVA/GO coatings
on SS surfaces were examined against clinically relevant strains of Staphylococcus aureus
NCIM 2127 (ATCC 9144) and Staphylococcus epidermidis NCIM 2493 (ATCC 12228) at
various test conditions. The selection of aforementioned S. aureus and S. epidermidis strains
from culture collection database was based on their established utility as in vitro models for

quality control purposes in pharmaceutical, biomedical, and personal care applications.
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3.17.1 Antibacterial Contact Assay

The surface decontamination of coated 316L surgical SS substrates was performed through
UV exposure for 30 minutes in a sterilized laminar airflow chamber (Biosafety Cabinet,
Thermadyne, India). In a separate experiment, a 100 pL bacterial suspension (S. aureus or S.
epidermidis, ~10® CFU mL™) was spread onto petri plates containing nutrient agar. The
coated SS substrates were carefully placed onto the surface of petri plates and incubated at 37
°C. The coated substrates were periodically removed from plates after a contact time interval
of 1 h, 2 h, 4 h, and 6 h, respectively. After 24 h, the plates were monitored and again kept in
incubator at 37 °C for 30 days.

3.17.2 Antibacterial Drop Test

The antibacterial efficacy of coated SS substrates was further examined using an antibacterial
drop test. In brief, bacteria were inoculated into the nutrient broth media and cultured at 37
°C for 18-20 h in an incubator shaker at 150 rpm. Cultured bacteria were harvested and
diluted with 1X PBS to attain ~10°® CFU mL™? as initial count for studies. A 100 L bacterial
suspension was evenly spread over the surface of coated SS substrates placed on solid agar
media (coated side up). Once dried, petri plates supporting coated substrates were incubated
at 37 °C for 1 h. After required incubation, bacteria attached on SS substrates were washed
with 1 mL PBS, a 100 pL of which was re-spread on a fresh nutrient agar plate and incubated
at 37 °C for 24 h and thereafter, used for counting bacterial colonies. The remaining washed-
out bacterial suspension was immediately used for live/dead bacterial staining assay. In
another independent experiment, similar steps were repeated as above to test the

antimicrobial efficacy of coatings at incubation of 6 h.

3.17.3 LIVE/DEAD Bacterial Staining Assay

The bacterial cell viability was verified by a two-colour fluorescent staining test. Fluorescein
diacetate (FDA) and propidium iodide (PI) fluorescence reagents were used as viable and
non-viable stain probes respectively, through which survived and dead cells would fairly be
distinguished. Bacterial suspension (500 pL) from the antibacterial drop test was incubated
with FDA/PI stains for 15 minutes under dark. A fluorescence microscope (Nikon Eclipse50i,
Japan) was used to capture images of live/dead bacteria where, viable cells were viewed
under FITC mode at Aex 465-495 nm) and non-viable cells under TRITC mode at Aex 532-554

nm.
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3.18 Mechanism(s) of Antibacterial Action of Coatings
3.18.1 Assessment of Morphological Damage

Bacterial strains (S. aureus and S. epidermidis each, 10® CFU mL™) were exposed to
CS/PVA/GO coated SS substrate (15 x 15 mm?) for 6 h at 37 °C to investigate any ultra-
structural changes in bacterial cells, after direct contact with antibacterial coatings. Bacteria
exposed to pristine SS substrate were used as positive control. After the required treatment,
bacterial pellet was harvested by centrifugation at 5000 rpm for 10 minutes and washed twice
with 1X PBS solution. The cells were fixed in PBS suspension containing 2.5%
glutaraldehyde (500 pL) for 3 h. After primary fixation, cells were centrifuged at 5000 rpm
and rinsed twice with PBS. Cells were completely dehydrated with a graded ethanol series
(30%, 50%, 70%, 90%, and 100%) for 15 minutes each (Huang et al. 2017). A 10 uL aliquot
was drop casted on a SS surface (5 mm x 5 mm), dried under laminar air-flow and

immediately analysed using field emission gun scanning electron microscopy (FEG-SEM).

3.18.2 Determination of Reactive Oxygen Species (ROS)

The level of ROS generation in bacterial cells was determined using nitro-blue tetrazolium
(NBT) reduction assay with slight modifications (Marathe et al. 2013). S. aureus and S.
epidermidis suspensions (10 CFU mL™) were initially cultured at 37 °C for 6 h in the
presence of CS/PVA/GO coatings. Bacterial cells incubated in the absence of any material
was taken as negative control. Thereafter, 375 pL of NBT solution (1 mg mL™) was added to
the cell suspensions and incubated at 37 °C for 30 minutes. The reaction was terminated by
adding 75 pL of 0.1M HCI and bacterial suspensions were recovered by centrifugation at
5000 rpm for 10 minutes. The obtained bacterial pellets were treated with 300 pL dimethyl
sulfoxide (DMSO) to extract the reduced NBT. Finally, the extracted solutions were diluted
with 300 pL PBS and the optical density of bluish-violet formazan was recorded at 575 nm.

3.18.3 Protein Leakage Assay

The quantitative estimation of intracellular protein leakage from bacterial cells was carried
out using Bradford’s assay (Fang et al. 2019). The coating substrates were incubated with
bacterial cells (105 CFU mL™?) at 37 °C for 6 h in an incubator shaker. From each test vial, 1
mL of treated culture aliquot was withdrawn and centrifuged at 6000 rpm, 4°C for 30

minutes. The supernatant was treated with Bradford’s reagent (5 mL) for 5 minutes and the
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corresponding absorbance was measured at 595 nm. The protein concentration was

determined using a standard curve of bovine serum albumin.

3.18.4 Lactate Dehydrogenase (LDH) Release Assay

The intensity of LDH release was determined by the stoichiometric conversion of
iodonitrotetrazolium  chloride to  iodonitrotetrazolium  formazan at 490 nm
spectrophotometrically, due to the formation of NADH (Kroll et al. 2012). For microplate
assay, bacterial cells (~10° CFU mL) were exposed to coating samples for 6 h at 37 °C.
After this duration, samples were transferred to microcentrifuge tubes and centrifuged at
1200 rpm for 5 minutes. A 60 pL supernatant was transferred to a 96-well plate onto which
180 pL LDH reagent was added to each well and incubated for 30 minutes at 25 °C. After
incubation, the optical density of each well was recorded at 490 nm on an ELISA reader. A
0.85% saline suspension and 0.1% Triton X-100 were taken as negative and positive controls,
respectively. The % LDH release was calculated using ODago values in Equation 3.8. The
LDH activity of positive control was considered 100% and activity of all other test samples

was calculated relatively.

LDH Release % = Mean ODTest sample ~ Mean ODNegative control
0 —

Mean ODpsitive control = M€N OD Negative control

]xlOO (Eq. 3.8)

3.19 Biocompatibility Analyses
3.19.1 Hemocompatibility

To assess the biocompatibility of the coatings with blood, a hemolytic assay was performed
using human red blood cells (RBCs), following a previously reported method with minor
modifications (Eivazzadeh-Keihan et al. 2021; Shamszadeh et al. 2022). In brief, RBCs were
isolated from fresh human blood by centrifugation (4000 rpm, 5 minutes), washed three times
with PBS buffer, and diluted to a final concentration of 5% (v/v) in 1X PBS. A 500 uL RBC
suspension was added to each vial containing coating samples (10x10 mm?; 6.83 mg).
Positive and negative controls were prepared using 0.1% Triton X-100 and sterile PBS
solutions, respectively. All samples were incubated in a shaking incubator (100 rpm) at 37 °C
for 1 h. After incubation, the coatings were physically removed and the remaining contents in
the vials were centrifuged (2000 rpm, 10 minutes). The extent of hemolysis in the samples

was calculated by measuring the absorbance (540 nm) of the supernatant using Equation 3.9.
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The degree of hemolysis (%) in the coatings was determined by using the biomaterial
hemolytic index values (H) established in the guidelines of the American Society of Testing
and Materials (ASTM) F756-00.

(Eg. 3.9)

Mean OD - Mean OD ;
Hemolysis % = L Test sample Negative control JX].OO

Mean ODpqgtive control ~ M€aN OD Negative control

3.19.2 Cytocompatibility in Human Peripheral Blood Mononuclear Cells

The MTT assay was used to determine the cytotoxicity of CS/PVA/GO coatings against
human peripheral blood mononuclear cells (PBMCs). PBMCs were isolated from a healthy
human blood through density gradient centrifugation with HiSep™ LSM 1077 (Valliammai et
al. 2021). First, EDTA-stabilized blood was diluted in 1:1 ratio with sterile PBS (pH 7.2),
then overlaid carefully on HiSep™ solution and was centrifuged (400xg, 20 °C) for 30
minutes. After centrifugation, the intermediate buffy layer containing PBMCs was harvested
and washed twice with sterile PBS before suspending cells in RPMI-1640. The number of
viable cells were determined by trypan blue dye exclusion technique on an automated cell

counter.

For MTT assay, suspensions soaked with each of the coating films at varied concentrations of
2, 4, 6 mg mL™ were prepared first. Then ~1x10° cells/well were seeded along with the
coating suspensions and incubated at 37 °C with 5% CO for 24 h in a COz incubator. At this
point, any changes in morphology were viewed and recorded under an inverted microscope.
After required treatments, the supernatants were discarded and MTT reagent (5 mg mL™ in
PBS solution) was added to each well and again kept further at 37 °C for 4 h. The MTT
solution was then removed, and DMSO was added to each well to dissolve the formazan
crystals. The absorbance of the solubilized formazan was measured at 570 nm using a
microplate reader. Cell viability was expressed as a percentage of viable cells in comparison

to the untreated control cells (Equation 3.10).

(Eg. 3.10)

Mean OD
Cell Viability % = L Test sample ]xlOO

Mean ODNegative control
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3.19.3 Cytocompatibility in Human Hepatocellular Carcinoma Cells (HepG2)

The HepG2 cells were cultured in a seeding flask at 37 °C in 5% CO: in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin-streptomycin. The cell culture was monitored after every 2-3 days and adherent
cells were detached by trypsinization in between sub-cultures. After attaining 60-80%
confluency, HepG2 cells were harvested and prepared for MTT assay. The viable cells were
counted and plated at a density of 1x10* cells/well in a 96-well plate. Cell viability and

cytotoxicity were assessed similarly, as described for PBMCs.

3.20 Degradation of Coatings in Simulated Biological Fluid

The coated substrates were subjected to hydrolytic degradation analysis in a simulated
biological fluid (SBF) in compliance with ASTM F1635-16 standards. The SBF was prepared
using an established procedure mentioned in (Kokubo and Takadama (2006)). The coated
samples were immersed in 15 mL of SBF and incubated at 37 °C for the desired time periods
(1, 3, 7, 10, and 14 days). Prior to immersion, the initial dry weight of each sample (W) was
determined while weight after immersion was designated as ‘W’. The dry weight of uncoated
SS substrate was recorded as ‘Wp’. SBF was replaced every 24 h and its pH value was
measured every day. The degradation rate was then calculated as the percentage weight loss
after specific period using Equation 3.11. Finally, the dried coatings were analysed through

FE-SEM to evaluate the extent of degradation and its effects on their morphology.

Weight Loss % = (VV\\//O—_W)xloo (Eq. 3.11)

0 b

3.21 Statistical Analyses

All experiments were performed in triplicates and results were expressed as mean +standard
deviation values. Data were evaluated for statistical significance by analysis of variance
(ANOVA), followed by Tukey’s Multiple Comparison Test, p <0.05 using GraphPad Prism
8.0.1 software.
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Chapter 4

Results and Discussion




4.1 Nano-silver loaded Chitosan-Poly(vinyl alcohol)-Silver (CS/PVA/Ag) Hydrogel

The schematic representation of synthesizing silver nanoparticles onto chitosan-PVA
hydrogel is shown in Figure 4.1. An in situ approach was employed for loading nano-silver
where most of the Ag* ions were exchanged from the solution into hydrogel networks by
anchoring through functional groups of polymers while remaining silver ions were occupied

within the semi-interpenetrating networks of the CS/PVA hydrogel.

Semi-interpenetrating

Network
g
— . I ——
§ Glutaraldehyde ,Ult YWY
O Silver ions Lo, 0:: :

© Silver nanoparticles

d In situ
AgNO; g reduction
Chitosan-PVA Hydrogel Ag* ions within porous AgNPs immobilized
chitosan-PVA hydrogel chitosan-PVA hydrogel

Figure 4.1 Schematic representation of chitosan-PVA hydrogel acting as nano reactor for
synthesizing silver nanoparticles and their subsequent immobilization within the semi

interpenetrating network of hydrogel.

In fact, amine and hydroxyl functional moieties naturally present within the CS/PVA
hydrogel acted as nucleation sites, allowing stable anchoring of silver ions which were
progressively reduced into AgNPs through a suitable reducing agent (Agnihotri et al. 2012).
The precipitated CS/PVA hydrogel initially changed from golden yellow to opaque yellow in
colour with development of porous network structures after freeze-thaw treatment (Figure
4.2a-b). The light yellow coloured hydrogel subsequently turned brownish black after
reduction which could be ascribed to in situ formed AgNPs and their eventual immobilization

within the porous networks (Figure 4.2c). The polymeric network of CS/PVA thus served the
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dual role, both as a reactor for synthesizing AgNPs in concurrent with providing a template

for their subsequent immobilization.

(a) (b) (c)

R o
=

Figure 4.2 The photographic image of pristine chitosan-PVA hydrogel (a) before (b) after
freeze-thaw treatments for generating porous morphology and (b) AgNPs loaded chitosan-

PVA hydrogel (cross-section).

4.1.1 Characterization of Chitosan/PVA/AgNPs Hydrogel

In situ immobilization of AgNPs onto CS/PVA hydrogel was evaluated through diffuse
reflectance spectroscopy (Figure 4.3a). It is evident while AgNPs-immobilized hydrogel
displayed a distinct Surface Plasmon Resonance at 421 nm, which confirmed the successful
loading of nano-silver, no such extinction peak was observed in pristine CS/PVA hydrogel. A
full width at half maximum (FWHM) value of 122 indicated that silver would have uniformly
distributed throughout the surface of CS/PVA hydrogel in its nanoparticulate form. Further,
the stability of CS/PVA/Ag hydrogel was evaluated over a period of 5 five months where no
significant variation in its original SPR or FWHM value was observed.

The FTIR spectra of chitosan-PVA hydrogel before and after immobilizing AgNPs were also
compared (Figure 4.3b). An absorption peak at 3280 cm™ corresponds to the characteristics
OH and/or NH stretching vibrations, appeared in both variants of CS/PVA hydrogel due to
intermolecular hydrogen bonding between two polymeric residues. Besides, a new vibrational
band at 3450 cm™ appeared in CS/PVA/AgNPs hydrogel which confirms that AgNPs were
firmly bonded to hierarchical networks of chitosan/PVA hydrogel during their synthesis and
growth stages. Similarly, a few other characteristic peaks at 2925 cm, 1453 cm™ and 1323
cmt appeared in both hydrogel forms, which could be ascribed to CH stretching, CH bending
and CN stretching in polymeric template respectively, and remain unaltered even after

loading AgNPs. Interestingly, the peak at 1674 cm™ in pristine chitosan-PVA, which is
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attributed to carbonyl (-C=0) bond stretching (Yang et al. 2004) not only appeared with

reduced intensity in CS/PVA/Ag hydrogel, but it also shifted to a lower frequency, i.e., 1638

cm™. This clearly indicates though stronger intermolecular interactions occurred between

hydroxyl groups of PVA and hydroxyl/amine groups of chitosan while forming hydrogel,

many free -OH and -NH> moieties would still be available as nucleation sites to Ag* ions for

their in situ synthesis in concurrent with their immobilization. It is worth noting that the

absorption band at ~1100 cm™ refers to the crystallization sensitive peak of PVA, which

appeared in both pristine and Ag loaded hydrogel with same intensity. This validates that

incorporating AgNPs did not alter the overall crystallinity of PVA in the blend polymer.
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Figure 4.3 Characterization of pristine, ionic silver and nano-Ag loaded CS/PVA hydrogels

through (a) Diffuse reflectance spectroscopy, (b) FTIR, and (c) Differential scanning

calorimetry (DSC).
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Dried hydrogels were investigated using differential scanning calorimetry (DSC) to
determine its miscibility and water retention characteristics (Figure 4.3c). The thermogram
profile of pure chitosan exhibited its typical dissociation peak at 150 °C, which noticeably
reduced to 144 °C after blending with PVA. This is a clear indication of strong hydrogen-
bonding between chitosan and PVA polymeric residues (Chuang et al. 1999). In contrast,
immobilizing AgNPs on to CS/PVA hydrogel resulted to a significant loss in thermal
characteristics (dissociation peak 80 °C), which occurred due be the fact that incorporated
AgNPs would have minimized the interactions between water moieties and hydrogel
structure. Nevertheless, a good miscibility between AgNPs and CS/PVA blend composites
are in good accord with our previous study where incorporation of nanoparticles reduced the

overall hydrophilicity of the nanocomposite hydrogel (Agnihotri et al. 2012).
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Figure 4.4 FE-SEM micrographs of two forms of hydrogel composites i.e. (a) pristine and
(b) in situ synthesized AgNPs showing surface morphology distinctions as a result of

localized, dense immobilization of nano-silver.

The optical characteristics corroborated with electron microscopy (FE-SEM) analyses, where
hydrogel nanocomposites depicted a distinct variation in surface topography after
immobilizing AgNPs (Figure 4.4a-b). The in situ immobilized AgNPs existed in aggregated
form, uniformly distributed over the entire surface of CS/PVA with high density (15.8 % by
weight) as depicted through EDX analyses. The characteristics peaks of carbon (C), sodium
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(Na) and oxygen (O) elements appeared due to the chitosan/PVA polymeric blend, a peak at
~2.93 KV further validated the existence of silver as AgNPs. It is clear that such a uniform
dispersion of AgNPs did not affect the overall structural integrity of CS/PVA hydrogel and
yielded a stable intercalation of AgNPs within their semi-interpenetrating networks. Rather,
an enhancement in tensile strength would be anticipated after incorporating AgNPs in
CS/PVA hydrogel (Xu et al. 2019).

4.2 Swelling Capacity of Hydrogel Composites

The results for time-dependent and temperature-dependent swelling kinetics are demonstrated
in Figure 4.5. Both pristine and AgNPs-loaded hydrogel swelled rapidly and attained
maximum swelling i.e., equilibrium within 60 minutes under the tested conditions (at 25 °C,
pH 7). The swelling behavior of both hydrogel forms indicated that it could carry a large
volume of water while maintaining its structural integrity and strength. Interestingly,
CS/PVA/Ag hydrogel demonstrated reduced swelling capacities (67.2 £ 5.9%) than their
pristine form (52.5 £ 3.6%). This is ascribed to the reduction in surface functional-moieties of
CS/PVA polymer after incorporating AgNPs, which became less available for water
molecules to form stable hydrogen bonding such that the diffusion of water inside the

hydrogel was critically hindered.
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Figure 4.5 (a) Dynamic swelling behaviour of two hydrogel variants under ambient
conditions (20% relative humidity, pH 7, 25 °C) and (b) Temperature dependent swelling
kinetics of Ag-loaded chitosan-PVA hydrogel at wide temperature range typically manifested
in Indian subcontinent.
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The temperature-dependent swelling kinetics of CS/PVA/Ag hydrogel was also evaluated at
pH 7 under a broad temperature range (15-45 °C), typically manifested within Indian
subcontinent in a year (Figure 3b). Results indicated that the swelling ratio of hydrogel
increased with increasing temperature of the gel. The Ag loaded CS/PVA hydrogels exhibited
a temperature-responsive swelling behaviour due to reversible association/dissociation of

hydrogen bonding within the semi-interpenetrating networks (Kim et al. 2005).

4.3 Disinfection Studies of Nano-Silver Loaded Chitosan-PVA Hydrogel
4.3.1 Disc Diffusion Assay

The biocidal effects of CS/PVA/Ag hydrogels were primarily tested against four bacterial
strains with diverse pathogenicity in solid agar medium. As earlier reported (Agnihotri et al.
2012; Agnihotri et al. 2014), the antibacterial activity of CS/PVA/Ag hydrogel was compared
with its pristine form using disc diffusion methods (Figure 4.6) and the data is summarized in
Table 4.1.

CS/PVA

E. aerogenes S aureus =

CS/PVA/Ag

Figure 4.6 Disc diffusion tests for comparing the antibacterial activity of hydrogel before and

after immobilizing silver nanoparticles (CS/PVA/AQ) in solid media.

It is evident that pure CS/PVA hydrogel did not elicit any visible zone of inhibition (Zol) and
even the presence of chitosan having inherent antimicrobial characteristics could not
contribute towards biocidal activity. On contrary, the CS/PVA/Ag hydrogel showed a distinct
antibacterial activity against all four tested microorganisms having Zol ranging from 13 to 21
mm. A clear Zol in solid agar media is indicative of the mobility of Ag*/AgNPs from

hydrogel in an amount sufficient to inhibit the growth of microbes present in the surrounding
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regions. Out of the selected strains, E. coli and S. epidermidis appeared to be the least and

most sensitive bacterial species respectively, against the Ag-reinforced hydrogel.

Table 4.1 The comparative values of zone of inhibition (Zol) appeared in disc diffusion tests

of pristine and Ag-loaded chitosan-PVA hydrogel against four representative bacterial

strains.
Sample Zone of Inhibition (Zol, mm)
E. coli E. aerogenes S. aureus S. epidermidis
CS/PVA Nil Nil Nil Nil
CS/PVA/Ag  1329+027¢  17.55+0.67° 16.08£0.53°  21.14+0.19°

Mean values displaying different letters within the treatment are significantly different at P < 0.05

4.3.2 Colony Forming/count Assay

The disinfection performance of hydrogels was further evaluated in liquid medium at a fixed
initial bacterial concentrations of 103 CFU mL™* in a 100 mL batch reactor (Figure 4.7a-d).
We found that the CS/PVA hydrogel devoid of immobilized AgNPs could not elicit 100%
killing against all four strains even after 4 h under similar environment (Figure 4.8). In
contrast, CS/PVA/Ag hydrogel were bactericidal against all four strains, where complete
disinfection could be achieved within 2-3 h for all the tested conditions (Figure 4.9).
Comparing all bacterial strains, although CS/PVA/Ag hydrogel appeared to be more effective
against natural water contaminants i.e., E. coli and E. aerogenes, it was equally biocidal
towards the bacterial species associated with biomedical infections, i.e., S. aureus and S.

epidermidis with a marginal delay in time by only 60 minutes.
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Figure 4.7 The strain-specific disinfection potential of hydrogels was evaluated in liquid
suspension against four strains (a) E. coli MTCC 739 (b) E. aerogenes NCIM 5139 (c) S.
aureus NCIM 2127 and (d) S. epidermidis NCIM 2493 as representatives for water and

biomedical contamination. (No = Initial bacterial concentration, N = bacterial concentration

after treatment, CFU mL™).
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S. aureus E. aerogenes E. coli

S. epidermidis

Figure 4.8 The comparative rate of reduction in bacterial viability was evaluated after
treating with pure chitosan-PVA hydrogel disc (10 mm diameter) in a simulated potable
water suspension (100 mL) having an initial bacterial concentration of 10> CFU mL™. The
disinfection studies were performed against E. coli, E. aerogenes, S. aureus, and S.

epidermidis plated on nutrient agar at time intervals of 0, 1, and 4 h under similar conditions.
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S. aureus E. aerogenes E. coli

S. epidermidis

Figure 4.9 The comparative rate of reduction in bacterial viability was evaluated after
treating with chitosan-PVA/Ag hydrogel disc (10 mm diameter) in a simulated potable water
suspension (100 mL) having an initial bacterial concentration of 10® CFU mL™. The
disinfection studies were performed against E. coli, E. aerogenes, S. aureus, and S.
epidermidis plated on nutrient agar at time intervals of 0, 1, and 3 h under similar conditions.

We also evidenced a distinct strain-specific disinfection potential of CS/PVA/Ag hydrogel
where the sensitivity of various bacterial species followed an order: E. coli~ E. aerogenes >
S. aureus >S. epidermidis (Figure 4.10a). Even at higher bacterial concentrations (10%-10°
CFU mL), > 90% microbial killing could be achieved against E. coli using CS/PVA/Ag
hydrogel and inhibited ~80% S. aureus cells at similar initial bacterial counts (Figure 4.10Db).
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Although similar extent of disinfection could be achieved within 120 minutes against E. coli
and E. aerogenes whereas, it was prolonged to 4 h for both S. aureus and S. epidermidis
microbial strains. These results, therefore suggest an excellent disinfection performance of
CS/PVA/Ag hydrogel for a wide range of bacterial population.
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Figure 4.10 (a) A comparative disinfection ability of hydrogels tested under ambient
physico-chemical conditions and (b) Disinfection performance of Ag-loaded hydrogel at

higher initial bacterial concentration (10%-10°) against two bacteria, E. coli and S. aureus.

4.4 Reusability of Hydrogel Nanocomposites, Silver Release Profile and Mechanism of
Action of Disinfection

4.4.1 Reuse Potential of CS/PVA/Ag Hydrogel Nanocomposite

The capacity to reuse hydrogel is an important feature to claim its sustainable affordability
for water disinfection purposes. As shown in Figure 4.11a, CS/PVA/Ag hydrogel could retain
>99.5% biocidal activity against E. coli for 8 repeated use and was marginally reduced to
~92% over the next two cycles. The Ag-loaded hydrogel appeared to be less effective against
S. aureus where the residual activity of hydrogel was progressively reduced after every use.
The disinfection performance of hydrogel at 6™ usage attained its threshold value, after which
biocidal activity was sharply declined to ~32%. At first instance, a higher retention of
antibacterial activity of hydrogels against Gram-negative bacteria, E. coli than Gram-positive
bacteria (S. aureus) appeared to be the result of their strain-selective biocidal performance.

However, a thorough analysis justifying the variation in disinfection performance against
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different strains may provide some useful insights about the mechanism of bactericidal action

of hydrogel during disinfection.
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Figure 4.11 The disinfection potential of Ag-loaded chitosan PVA hydrogel on multiple
reuses determined over 10 cycles against E. coli and S. aureus as representatives of water and

biomedical contaminants, respectively.

It is well known that the presence of peptidoglycan layer on the cell wall of S. aureus makes
them more resistant to withstand harsh environment, toxins, chemicals and even antibacterial
agents, as compared to E. coli cells (Kubo et al. 2018). Moreover, S. aureus belong to sessile,
adherent microbial communities which rapidly form multilayer biofilm virtually over all
surfaces making them resistant towards the contact-active antibacterial action (Archer et al.
2011). We also speculated that after 6 repeated uses, the formation of similar stagnant biofilm
of S. aureus over hydrogel could be the responsible cause for reduction in its biocidal
activity. Possibly, the establishment of S. aureus biofilm could adversely affected the outer,
exposed surface of porous hydrogel such that water along with microbial contaminants could
not get diffused in interiors of the hydrogel causing a lower direct-contact between bacterial
cells and the immobilized AgNPs. Such results are in agreement with a recent study by
Agnihotri et al. (2019), where immobilized AgNPs over silica surfaces have shown a

significant reduction in disinfection performance.
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4.4.2 Silver Release and Mechanism of Action of Disinfection

The practical viability of silver nanocomposites for potable water applications is greatly
linked to the extent of release of silver into the aqueous systems. Due to its adverse eco-
toxicological effects, we analysed the silver content of treated water in two different
conditions, first when incubated in aqueous environment over a longer period of time and
second, after every reuse. The total amount of silver content in CS/PVA/Ag hydrogel was
measured as 9.47 mg g hydrogel through ICP-AES. As predicted, the release characteristics
of hydrogel exposed for long-duration (up to 7 days) in deionized water indicated a strong
anchoring of in situ synthesized AgNPs within hydrogel networks where, the amount of silver
released was determined as 0.08 + 0.005% and 0.41 + 0.007% of total loaded Ag after 2" and
7" day of incubation, respectively (Figure 4.12a). Further, we evaluated the corresponding
silver release from the hydrogel after each reuse (Figure 4.12b). The maximum amount of
silver in effluent was measured as 74.3+ 4.2 ppb after 10" use, which falls below the
permissible limit of Ag in drinking water (100 ppb) as per USEPA and WHO guidelines
(WHO 2011). Although the amount of Ag released in suspension was increased after every
use, the rate of silver release profile was progressively reduced after repeated usage and

eventually saturated after 81" reuse.

We hypothesize that silver release kinetics is mediated via a two-step process of oxidative
dissolution of immobilized AgNPs under ambient conditions. First, a rapid diffusion of water
inside porous hydrogel inevitably facilitates reaction between the surface exposed silver
atoms (Ag® as AgNPs) with dissolved oxygen. This results in the formation of silver (1)
oxide, Ag20 layer as surface passivation over AgNPs at sub-nanoscale. The silver oxide layer
acts as a reservoir of silver ions, which get released into the system till the oxidative

dissolution of Ag2O continues as shown below:

4A90(S) + Oz(aq) Oxidation ZAQZO(S) (Eq 41)

2Ag,0, +4H;0" —Dissolution 4AQ" ) +6H,0

(a0) (Eq. 4.2)

(aq)
Therefore, an overall high rate of release of silver during early stages of hydrogel use can be
explained through diffusion-limited process in which, AgNPs lying at the surface of hydrogel
were preferentially solvated due to short-diffusion pathways. It is imperative that water

diffusion within interiors of the hydrogel networks would be adversely affected upon
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repeated usage. This might resulted in an increasingly tortuous pathway for water molecules
to reach the rest of deeply buried AgNPs and carrying their oxidative dissolution. As a result,
water molecules would be slowly-diffused inside the more compact, denser regions of the

polymeric hydrogel and elicited a reduced rate of silver release in subsequent uses, as
evidenced in this study.
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Figure 4.12 (a) The amount of silver released from CS/PVA/Ag hydrogel after immersing in
deionized water over a period of seven days and (b) Corresponding silver release profile
investigated under identical conditions in deionized water, devoid of any contaminants.
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The above silver-release results are an indicative of the strong AgNPs retention capacity of
CS/PVA hydrogel, where silver leaching (either ions/nanoparticles, or both) cannot solely
dictate its disinfection potential. These results are in accordance with earlier reports
(Agnihotri et al. 2015; Agnihotri et al. 2013; Agnihotri et al. 2019) where it has been
demonstrated that surface immobilized AgNPs could perform more effectively for water
disinfection due to their predominant contact-active role of “capture and kill” and the
contribution of Ag release, even if occurs to an amount just sufficient to elicit the biocidal
effect. We evidenced similar phenomenon while correlating disinfection profile and silver
release kinetics upon repeated usage, where it was observed that the extent of disinfection
remained unaffected by varying silver release into the system. All these finding provide
compelling evidences to elucidate the mechanism of disinfection of CS/PVA/Ag hydrogel,
which is predominantly contact-killing driven (Hoop et al. 2016; Vilela et al. 2017).

4.5 Anti-Biofilm Activities of Hydrogel

It is evident that the inherent characteristics of drinking water system (DWS) in urban
communities may sometime make the conditions favorable for a few opportunistic microbes
to grow, attach and eventually form a biofilm (Maes et al. 2019). This situation can become
even worse if DWS gets contaminated with healthcare-associated microbes due to the unsafe
disposal of biomedical waste. These contaminants may enter in drinking water either through
broken water pipelines at nearby waste dumping site or leaching of microbes in the
surrounding environment. Several researchers have proven that under such water quality
conditions, faecal contaminants persist longer in DWS and become more resistant towards
used disinfectants using the attached biofilm as a shelter/reservoir for their survival and
regrowth (Abberton et al. 2016).

Henceforth, we investigated the ability of CS/PVA hydrogel inhibiting the biofilm formation
of two bacterial strains, E. coli and S. aureus, before and after incorporating silver
nanoparticles. In case with E. coli, CS/PVA/Ag hydrogel depicted 75% reduction in bacterial
biofilm as compared to positive control after 24 h and worked effectively with similar extent
of anti-biofilm inhibition after 48 h as well (Figure 4.13a). Even, the presence of chitosan
polymer with inherent antimicrobial characteristics could not contribute towards any
reduction in the bacterial biofilm for pristine CS/PVA hydrogel. With S. aureus, CS/PVA/Ag
hydrogel demonstrated ~78% reduction in bacterial biofilm after 24 h as compared to positive
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control and achieved even greater anti-biofilm features (87%) after 48 h (Figure 4.13b). On
the contrary, pristine CS/PVA showed an increase in biofilm formation after 48 h. We
conclude that a variation in biofilm formation among two different microbial strains did not
affect the anti-biofilm characteristics of CS/PVA/Ag hydrogel. In fact, immobilized AgNPs
on to the CS/PVA hydrogel impeded biofilm formation of both E. coli and S. aureus till 48 h
and hence, we could predict the disinfection behavior of this hydrogel for natural ecosystems

under controlled conditions.
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Figure 4.13 Anti-biofilm characteristics of pristine and Ag loaded CS-PVA hydrogel against

(@) E. coli and (b) S. aureus over a period of 48 h.

4.6 Disinfection of Natural Water Resources

Very recently, it has been reported about the impact of water quality parameters (alkalinity,
hardness and natural organic matter) on disinfection performance of immobilized AgNPs for
simulated lake water (Agnihotri et al. 2019). In present study, we extended our efforts to
demonstrate the disinfection efficacy of CS/PVA/Ag hydrogel in environmental samples
systematically collected from three water sources i.e., Bhakra canal, ground water and tap
water within Patiala district, Punjab, India and their physicochemical parameters are
summarized in Table 4.2. The chosen water samples include vast and complex habitats for
diverse microbial communities, where groundwater and canal water samples were found
having the least and highest microbial counts, respectively. However, no fecal indicator
bacteria and endotoxins were detected in the environmental samples of tap water. The
disinfection studies, where environmental samples with intrinsic micro biota depicted

complete killing of contaminants within 60 and 90 minutes in tap water and canal water,
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respectively (Figure 4.14a). It is imperative that tap water, supplied through municipal supply
would primarily have been treated with disinfectants and could possibly get contaminated
during water distribution system. The disinfection studies were not conducted for ground

water samples due to insignificant microbial counts.

Later, a few experiments were conducted for similar water sources with externally spiked S.
aureus (initial bacterial counts ~10° CFU mL™), simulating conditions for the leakage of
biomedical contaminants into potable water from nearby dumping sites (Figure 4.14b). It was
observed that the CS/PVA/Ag hydrogel was able to disinfect all natural water samples with
100% efficacy even with higher bacterial counts, where the time to achieve disinfection was
observed to be 180 minutes for canal and tap water and 120 minutes for ground water. It
seems the inherent water chemistry conditions of all three water samples were responsible for
such variations in disinfection performance of the Ag-loaded hydrogels. Based on a previous
study, the difference in disinfection time of disinfection supports the likelihood of impact of
immobilized AgNPs in the aquatic environment is highly dependent on pH and temperature
(Agnihotri et al. 2019).

Table 4.2 Physicochemical characteristics of three water sources in Patiala district, Pb, India.

Characteristics

Water Samples

Water Sources Bhakra Canal Tube Well Urban Supply

Water Type River water Ground water Tap water

Locations 30.299° N 30.289° N 30.356° N
76.326° E 76.416° E 76.367° E

Odour Odourless Odourless Odourless

pH 7.98+0.11 7.18 £0.04 7.45+0.18

Alkalinity 98 327 292

(mg Lt as CaCOs)

TDS (mg L) 138 448 500

TSS (mg L?) 10 12 16

BOD (mg L) <5 <5 <5

COD (mg L?) <5 <5 <5

Total Hardness 56.4 332 427

(mg L as CaCOs)

Microbial colony 240 £ 11 557 255+ 31

counts (CFU mL™?)
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It is observed that contaminated water supplies from municipal reservoirs, groundwater,
canals/lakes, and rivers exhibit various levels of contamination which may pose serious
health risks. However, little is understood about the consequences pertaining to leakage of
biomedical contaminants from waste disposal sites in nearby areas of water reservoirs. These
biomedical contaminants are likely to be translocated through sewage and surface runoff and
subsequently percolated to aquifers, which are the major sources of washing, and irrigation,
other than drinking in India. Since, developing countries cannot afford expensive
technologies for eradicating or managing the biomedical waste, we presented the
employability of CS/PVA/Ag hydrogel as one of the feasible solutions for mitigating

biomedical contaminants in natural water systems and improving the potable water quality.
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Figure 4.14 Disinfection performance of nano-silver loaded chitosan-PVA hydrogel against
natural samples i.e., canal water, groundwater and tap water with (a) inherent micro biota and
(b) externally spiked contaminants, S. aureus was tested at 103-10* CFU mL™. Corresponding

images depict a distinct reduction in bacterial population with duration of treatment.
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4.7 Development of Nano-Ag Loaded Chitosan-Graphene Oxide (CS/GO/Ag) Hydrogels

4.7.1 Synthesis and Optimization of Chitosan/Graphene Oxide (CS/GO) Hydrogels

The formation behaviours of CS/GO hydrogels as a function of CS and GO concentration are
depicted in Figure 4.15 and Table 4.3. An initial qualitative assessment confirmed that
concentration of chitosan greatly influenced the formation of hydrogel, i.e., hydrogel formed
only at CS concentrations of >2% w/v. The composites prepared in 1% w/v CS solution
remained in sol state even after 7 h of curing and hydrogels formed with employment of 2%
w/v CS solution were feeble in nature complete with cracks and fractures. At even higher
concentration of CS (3% w/v), hydrogel composites were obtained ranging from

mechanically robust to very weak gels.

R

A
i

Figure 4.15 Morphology of hydrogels containing (a) 1% w/v CS, (b) 2% w/v CS, and (c) 3%
w/v CS with varied GO concentration of 0.02%, 0.05%, 0.1%, 0.4%, and 0.8% in each (left
to right).

The observed phenomenon could be attributed to strength ratio of repulsion and bonding
forces between GO sheets, which determines the stability of the hydrogel (Qi et al. 2018).
Graphene oxide disperses completely into single layers due to the strong repulsion between
its negatively charged sheets while chitosan carries a positive charge due to its protonated

amino groups (An and Dultz 2007; Chabot et al. 2014). Apart from electrostatic interactions,
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hydroxyl groups of CS can form multiple hydrogen bonds with adjacent GO sheets.

Consequently, at sufficiently higher concentrations (>2% w/v), CS is capable of bonding

negatively charged GO sheets together, resulting in the rapid gelation of mixture into a

standalone hydrogel. Further, adding excessive amounts of GO (>0.1% w/v) results in its

precipitation as the GO sheets align in a parallel and compact manner with increased contact

area, which ultimately impedes stable gel formation. Eventually, the hydrogels corresponding

to CS and GO content of 3% w/v and 0.05% w/v, respectively with strong structural integrity

were selected and employed for further loading of silver nanoparticles.

Table 4.3 Qualitative assessment of the consistency of cross-linked CS/GO hydrogel

composites upon variation of the concentrations of chitosan and graphene oxide.

Chitosan (CS) Graphene Oxide (GO) Hydrogel formation

Conc. (w/v%0o)

conc. (w/v%)

(Qualitative description)

1.0
1.0
1.0
1.0
1.0
2.0
2.0
2.0
2.0
2.0
3.0
3.0
3.0
3.0
3.0

0.02
0.05
0.1
0.4
0.8
0.02
0.05
0.1
0.4
0.8
0.02
0.05
0.1
0.4
0.8

Sol

Sol

Sol

Sol

Sol

Very weak gel with cracks
Very weak gel with cracks
Extremely cracked gel
Extremely cracked gel

No stable gel

Weak gel

Robust gel”

Gel with slight cracks
Very weak gel

No stable gel

“After optimization, cross-linked CS/GO hybrids consisting of 3.0% chitosan and 0.05% graphene

oxide were selected for further analyses and usage in the entire study.
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Figure 4.16 Schematic illustration of chitosan/GO hydrogel as a ‘nano reactor’ for in situ

synthesis and instant immobilization of silver nanoparticles within its porous network.

Figure 4.16 illustrates the formation of in-situ crosslinked silver nanoparticles (AgNPs)
within the chitosan-graphene oxide (CS/GO) hydrogel. The porous network of CS/GO
hydrogel, developed through repeated freeze-thaw treatments, serve as nano reactor for
synthesizing AgNPs and their subsequent immobilization. We witnessed that the 3D structure
of hydrogels, characterized by interconnected pores, high-density functional groups, and a
large surface area facilitates the diffusion of silver ions and their entrapment within the gel
matrix (Agnihotri et al. 2012; Kaur et al. 2021). As a result, when the precursor hydrogel is
introduced into an aqueous AgNOs solution, a significant portion of Ag* ions becomes
anchored to functional moieties on the CS/GO hydrogel via ion-exchange mechanism(s). The
remaining Ag® ions occupy interstitial space within the crosslinked gel network. In case of
chitosan-derived hydrogels, these interactions appears too strong that it creates ‘nucleation
sites” within the space, where Ag* ions undergo reduction with a suitable reducing agent,

transforming into AgNPs. Hence, an immediate change in the colour (dark green to brownish

100 |Results and Discussion



black) of hydrogel was observed due to surface plasmon excitation of in situ synthesized
AgNPs. The newly-synthesized AgNPs instantaneously get immobilized within the porous
networks even in the absence of any external stabilizing agent (Figure 4.17). The use of
sodium borohydride, a strong reducing agent also facilitated the generation of ultra-small
AgNPs (average size 4 nm), which is known to exhibit a greater antibacterial activity than
their larger counterparts (Agnihotri et al. 2014).

Figure 4.17 Photographic image showing hydrogels (a) before and (b) after silver
nanoparticles immobilization.

4.7.2 Characterization of Pristine (CS/GO) and Nano-Silver Immobilized Chitosan-GO
(CS/GO/AQ) Hydrogels

The UV-visible spectrum and FTIR analyses (Figure 4.18) of as-synthesized GO confirm the

presence of abundant hydroxyl groups and oxygen moieties on the surface of GO (Yu et al.
2016).
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Figure 4.18 Material characterization displaying (a) UV-Vis spectra (inset shows synthesized

graphene oxide of brown chroma) and (b) FTIR spectra of graphene oxide (GO).
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The FTIR spectra of chitosan-GO hydrogel before and after immobilizing AgNPs was
compared (Figure 4.19a). A broad peak at 3430 cm associated with OH and/or NH
stretching vibrations, appeared in both variants of CS-GO hydrogel due to the synergistic
association of hydrogen bonding and electrostatic interactions between chitosan and
negatively-charged GO. Similarly, several other characteristic peaks at 2877 cm™, 1577 cm’!
and 1018 cm™ attributed to C—H stretching, C=C stretching, and stretching vibrations of C—
O- groups on polysaccharide skeleton respectively, appeared in both hydrogel forms and
remained unchanged even after loading AgNPs. Notably, the peak at 1632 cm™ in pristine
chitosan-GO, due to carbonyl (C=0) stretching not only exhibited reduced intensity but also
shifted to a lower frequency of 1618 cm™ in CS/GO/Ag hydrogel (Khawaja et al. 2018).
These observations suggest that although stronger intermolecular interactions occurred
between CS and GO during hydrogel formation, numerous free -OH moieties still remained
available as ‘nucleation sites’ for Ag" ions during in situ synthesis and their instant
immobilization. We therefore envisaged a localized anchoring of AgNPs to the hierarchical

networks of chitosan/GO hydrogel during nucleation and growth stages.

The X-ray diffraction pattern (Figure 4.19b) of pure GO showed a typical sharp peak at 20 =
10.5° (001) with a d spacing of 0.816 nm (Yu et al. 2016). In contrast, the CS/GO composite
displayed a broad peak at 260 =16.1°, indicating the presence of strong interactions between
GO and chitosan components, which hindered the regular stacking of GO sheets (Jiao et al.
2015). Additionally, a small peak appeared at 20 = 38.7° (inset) in the CS/GO/Ag hydrogel,
attributed to the presence of face-centered cubic planes (FCC, 111) of crystalline AgNPs
(Pounraj et al. 2018).

The Raman spectra of the hydrogel nanocomposites exhibited three distinct peaks at 1362
cm? (C-C), 1607 cm™ (C=C), and 2760 cm™ corresponding to the D, G, and 2D bands of
graphene oxide, respectively (Figure 4.19¢). The D band is attributed to edges and disordered
carbon, including other defects resulting from dangling bonds in the lattice. In contrast the G
band is associated with the graphitic hexagon-pinch mode (Yadav et al. 2014). A Raman
shift, observed in the D and G bands at 1351 cm™ and 1604 cm, respectively, confirms the
presence of hydrogen-bonded components in the CS/GO hydrogel, as previously witnessed.
The Ip/lg intensity ratio of GO was determined to be 1.013, indicating disorder in the GO
layers due to the oxidation of graphite. The position and shape of D band in Raman spectra
also dictates multi-layered GO sheets (Garcia-Cruz et al. 2016; Kumar et al. 2021). Notable,
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the CS/GO/Ag composite exhibited a higher Ip/lc ratio (1.164) compared to GO and CS/GO

(1.161), suggesting the structural defects due to the annealing temperature (Liao et al. 2018;
Nath et al. 2018).

—
Y]

~—
=
~—

N
o S P CS/GOAg T
> g
g A N N
= >
e ‘0
[47] [
= &
@ = GO
= - * J\“-w.___
—— CS/GO/Ag
4000 3500 3000 2500 2000 1500 1000 500 10 20 30 40 50
Wavenumber (cm™) 260 (degree)
(c)
D
G
2D
CSIGO/Ag

CS/GO
J\/L_Gg,/\

1000 1500 2000 2500 3000 3500
Raman shifts (cm™)

Intensity (a.u.)

Figure 4.19 Analytical characterization of pristine and nano-Ag loaded CS-GO hydrogels
through (a) FTIR spectroscopy, (b) XRD analyses and (c) Raman spectroscopy.

The topography analysis of the hydrogel nanocomposites before and after AgNPs
immobilization, conducted using electron microscopy (Figure 4.20a-d), yielded similar
observations. The cyclic freeze-thaw treatments induced both liquid-solid and liquid-liquid
phase separations, promoting the strong adherence of GO sheets to CS polymers through
hydrogen bonding (Figure 4.20a-b). Consequently, the resulting CS/GO hydrogel matrix
exhibited dense intercalation of GO sheets, a high porosity and random microstructures. This
porous matrix, particularly ease in facile synthesis and immobilization of AgNPs without
compromising the structural integrity (Figure 4.20c-d).

103 | Results and Discussion



Figure 4.20 High-resolution SEM micrographs of (a, b) CS/GO and (c, d) CS/GO/Ag

hydrogels confirming the presence of silver nanoparticles (Ag).

The energy-dispersive X-ray spectroscopy (EDS) analysis revealed a prominent peak at ~2.93
KeV, confirming the presence of silver at high proportion (13.95 % by weight), alongside the
characteristic elements in CS/GO blend (Figure 4.21a and 4.21c). The corresponding
elemental mapping confirmed a uniform distribution of nano-silver throughout the surface of
the CS/GO/Ag hydrogel matrix (Figure 4.21b and 4.21d).
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Figure 4.21 EDS spectra of (a) CS/GO and (c) CS/GO/Ag hydrogels and the uniform
distribution of elements Carbon (C), Nitrogen (N), Oxygen (O) corroborated by
corresponding (b, d) elemental mapping.

To evaluate the ‘state of existence’ of silver nanoparticles within hydrogel network, the
CS/GO/Ag hydrogel was finely ground using ball-mill, then dispersed in distilled water for
12 h and sonicated thereafter. This process facilitated the retrieval of immobilized AgNPs
from the gel network (Tyliszczak et al. 2017). The UV-Spectroscopy analysis of the
suspension showed a characteristic extinction peak of AgNPs at ~400 nm (Figure 4.22a).
Further, transmission electron microscopy (TEM) examination (Figure 4.22b) demonstrated
that in situ synthesized AgNPs exhibited a spherical shape, with an average diameter of ~4.2
nm (Figure 4.22c) and were fully segregated. The SAED diffraction (inset) supported the
XRD findings, confirming the existence of AgNPs in (111) FCC planes.
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Figure 4.22 (a) UV-Vis spectroscopy and (b) TEM micrograph of in situ synthesized AgNPs
within CS/GO hydrogel (inset shows the corresponding SAED pattern) and (b) the size
distribution histogram of AgNPs observed under TEM.

The textural properties of both pristine CS/GO and CS/GO/Ag hydrogels were studied
through N2 adsorption—desorption isotherms and the corresponding pore size distribution
curves provided in Figure 4.23a and Figure 4.23b, respectively. The data suggest that both
forms of the hydrogel displayed a type Il isotherm with a hysteresis loop, indicating their
macro porous nature. The BET surface area of CS/GO/Ag was found to be 2.0 m? g2, three-
fold higher than the corresponding value for CS/GO (0.63 m? g™1). Such increase in surface
area can be attributed to the immobilization of AgNPs on the hierarchical networks of

hydrogel.

106 |Results and Discussion



=

A
A CS/GO/Ag (Ads.)
£ 1261 A CS/GO/Ag (Des.) ADD fg
n AT AN
2 0.84- A aM
; A
o 0421 ﬁﬁ% &
- A
= AAA
S Al
5 0001 4
o ng
2 4| ™ CSGO(Ads) O o
s 0 n CS/GO (Des.) O g™
2 . O EI. ™ | |
g 0.24 1 00O al
[ |
£ o012 "
o -
= 0.00{ m : : . . .
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Pg)
(b)
0001024 A —A— CS/GO/Ag
£ 0.00068- L
[ o
- A
= 0.00034 P
% a
£ 0.00000- —A—aA A
£ 0000364 &
£ . l. —m—CS/GO
S 0.00024- u
[} [ |
S 0.00012 \
5 .R.-._."‘l._
0.00000- T

o 2 4 6 8 10 12
Pore Diameter (nm)

Figure 4.23 (a) N2 adsorption—desorption isotherms and (b) Pore size distribution in CS/GO
and CS/GO/Ag nanocomposites acquired through BET analyses.

Notably, the total pore volume and average pore diameter of pristine CS/GO were observed
to be 9.26x10* cm® g ! and 4.37 nm, respectively, whereas CS/GO/Ag exhibited values of
2.82x10% cm® g ! and 3.42 nm, respectively. These results confirm the successful anchoring
of AgNPs within the porous morphologies of the hydrogel, resulting in an increase in pore
volume a reduction in average pore diameter (Kumar et al. 2021). Collectively, CS/GO/Ag
nanocomposite possesses favourable porosity and a larger surface area, facilitating rapid
water permeation within the hydrogel. Furthermore, since the contact-driven bacterial killing
primarily occurs at the bacteria-water interface, an increased surface area offered by the

hydrogel is expected to improve its efficacy in water disinfection.
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To assess the mechanical properties of hydrogel nanocomposites, both compressive and
tensile tests were conducted on cylindrical-shaped samples. The CS/GO hydrogel exhibited a
compressive of 0.24 £ 0.04 MPa (at 39.49 + 5.45% break strain) and a tensile strength of 3.13
+ 0.26 MPa (at 13.04 + 2.09% break strain) under a load of 2.4 Kgf (Figure 4.24). After
AgNPs immobilization, the compressive and tensile strengths of CS/GO/Ag hydrogel
increased to 0.40 + 0.12 MPa (at 64.10 = 0.21% break strain) and 4.21 + 1.13 MPa (at 47.11
+ 5.12% break strain), respectively, under a load of 43 Kgf. This enhancement in mechanical
strength occurred due to strong hydrogen bonding and electrostatic interactions between
functional groups (amino, hydroxyl) present in hydrogel matrix and the well-dispersed
nanomaterial phase, facilitated by the addition of AgNPs (Pounraj et al. 2018). These
interactions, influenced by the presence of AgNPs, exhibit knot-tying functions (Yadollahi et
al. 2015) which restrict the expansion of polymer chains and result in the formation of a
compact structure, leading to improved load transfer. A strong mechanical strength is crucial
for designing a hydrogel-based water disinfection system to ensure its durability and stability
under continuous fluid flow and pressure. The system's ability to withstand mechanical stress
and maintain its structural integrity is essential for long-term, efficient operation without the

risk of structure failure or performance deterioration.
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Figure 4.24 Compressive and tensile mechanical strength of hydrogels before and after

loading of silver nanoparticles.

Surface chemistry and interactions in the nanocomposite were analyzed using X-ray

photoelectron spectroscopy (XPS). The survey spectra of both hydrogel variants exhibited
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characteristic peaks of C(1s), N(1s), and O(1s), while the Ag(3d) peak was only present in the
CS/GO/Ag composite (Figure 4.25a). Deconvolution of XPS peaks in the CS/GO/Ag
composite was performed in detail. For instance, the deconvolution of C(1s) (Figure 4.25b)
revealed a peak at 284.7 eV attributed to C-C, C-H, and C=C bonds. Additional peaks at
286.4, 287.7, 288.3, and 289.5 eV were assigned to various oxygen-containing C-OH, C-O-
C, C=0, and O=C-OH bonds. The N(1s) peaks (Figure 4.25c) indicated the presence of
amine groups and N* segments at 399.4 and 401.4 €V, respectively, demonstrating covalent

bonding and weak interactions between CS molecules and GO sheets.
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Figure 4.25 (a) Survey XPS spectra of pristine and CS/GO/Ag hydrogels, deconvolution of
XPS peaks (b) C1s and c) N(1s) of CS/GO/Ag nanocomposite.
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Further, the O(1s) peak (Figure 4.26a) was deconvoluted into two components, one at 532.0
eV due to surface hydroxyl groups and another at 533.0 eV assigned to oxygen in water
molecules adsorbed in hydrogel nanocomposite. The Ag(3d) exhibited peaks at 368.4 and
374.4 eV corresponding to Ag(3d5/2) and Ag(3d3/2) binding energies, respectively (Figure
4.26b). Such peak splitting of 3d doublet by 6.0 eV confirms the existence of metallic silver
in CS/GO/Ag hydrogels (Akhavan 2009). Furthermore, deconvolution of Ag(3d5/2) revealed
peaks at 368.4 and 367.6 eV, corresponding to Ag and Ag>0O, indicating that 65.4% and
34.6% of the silver existed in Ag®and Ag" chemical states, respectively (Jiao et al. 2015).
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Figure 4.26 XPS spectral analysis of CS/GO/Ag hydrogel nanocomposite, high resolution

spectra and deconvolution of (a) O(1s) and (b) Ag(3d) peaks.

Thermogravimetric analysis (TGA) was used to assess the thermostability of CS/GO-based
composites. The CS/GO experienced a weight loss of ~13% between 30 and 190°C, primarily
due to moisture evaporation (Figure 4.27a). A maximum weight loss of ~38% occurred at
290°C jointly due to the decomposition of functional moieties present in the chitosan along
with GO, which is thermally unstable and undergoes pyrolysis, releasing CO, CO- and water
(Stankovich et al. 2007). The third stage involved further decomposition (~16.2% weight
loss) of the remaining backbone residues of chitosan polymer. Since thermal decomposition
of pure chitosan residues majorly occurs near 300°C (Yadav et al. 2014), a lower thermal
stability of CS/GO hydrogel appeared due to the existence of ionically-bonded NHs" and
COO™ groups. The presence of graphene oxide further reduced nanocomposites’ crystallinity

and weakened the rigidity of CS chains. As compared to pristine GO, which undergoes
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weight loss at ~230°C (Nath et al. 2018), the CS/GO hydrogel demonstrated an improved
thermal stability. Also, with a total weight loss of 66.6%, the CS/GO/Ag hydrogel exhibited a
marginally better thermal resistance than CS/GO composite (weight loss, 67.5%) solely due

to silver nanoparticles.
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Figure 4.27 Thermal characteristics of hydrogel nanocomposites as depicted by (a)
thermogravimetric (TGA) curves, and (b) Differential scanning colorimetry (DSC)

thermograms.

Differential scanning calorimetry (DSC) measurements were conducted to analyse phase
transitions within the composites (Figure 4.27b). The thermogram of pristine chitosan
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exhibited a glass transition temperature, T4 at 120 °C, which was shifted to 130 °C and 136
°C for CS/GO and CS/GO/Ag composites, respectively. This shift to higher temperatures
suggests an improvement in the thermal properties of the composites due to the addition of
graphene oxide (GO) and silver nanoparticles (AgNPs). Thus, a uniform dispersion of GO
and AgNPs within hydrogel may effectively restrict the motion of chitosan chains via
electrostatic interactions attraction and hydrogen bonding, exhibiting improved thermal
characteristics (Ma et al. 2012).
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Figure 4. 28 (a) Dynamic swelling behaviour of hydrogel variants under ambient conditions
(pH 7, 25 °C) and (b) Temperature dependent swelling kinetics of AgNPs-loaded chitosan-
GO hydrogel at wide temperature range.

4.8 Dynamic Swelling Behaviour

The time and temperature-dependent swelling kinetics are shown in Figure 4.28a and 4.28b,
respectively. Under ambient conditions (25 °C, pH 7), both pristine and silver-loaded CS/GO
hydrogels exhibited fast swelling, reaching its equilibrium within 24 minutes. This behaviour
confirms a rapid water permeation capacity of the hydrogel while maintaining its structural
integrity. Notably, the CS/GO/Ag hydrogel displayed reduced swelling ratios (50.2 £ 1.3%)
compared to its pristine form (55.8 = 2.5%). As evidenced earlier (Kaur et al. 2021), the
presence of in situ immobilized AgNPs circumvents the availability of free hydrophilic
functional moieties within the CS/GO matrix, thus impeding the formations of stable
hydrogen bonds with water molecules. Consequently, this leads to an induced lowering in the
hydrophilicity of the hydrogel, hindering water diffusion within its structure. We further
assessed the temperature-dependent swelling kinetics of CS/GO/Ag hydrogel within a broad
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temperature range of 37-55 °C at pH 7 (Figure 4.28b). Remarkably, as the temperature of the
surrounding solution increased from 37 to 55 °C, the swelling capacity increased from 53.3 +
1.1% to 64.7 = 3.2%, which is attributed to reversible association and dissociation of
hydrogen bonding within semi-interpenetrating networks of the hydrogel (Kim et al. 2005).

4.9 Silver Release Kinetics and Oxidative Dissolution

Nano-silver based disinfection devices is often evaluated based on the extent of ‘silver
release’ into aqueous systems, as it may pose serious eco-toxicological consequences. Hence,
we compared the net silver loading i.e., 0.122 + 0.005 mg g hydrogel with the amount
released in treated water under long-term, practically relevant conditions. Figure 4.29a
illustrates the release profile of silver from CS/GO/Ag hydrogel in deionized water over an
extended period of up to 3 days. Within the first hour, the amount of silver released was 40.2
+ 2.0 ppb, which rapidly increased to 70.8 + 1.8 ppb over the next 6 hours. Notably, the rate
of silver release was progressively reduced and eventually reached a plateau after 36 hours.
After 96 hours of incubation, a maximum silver release of 87.4 + 2.3 ppb was detected in
suspension, which lies within the permissible limit of silver in drinking water (WHO 2021).
The total amount of silver released after 10 days of incubation was found to be only 0.12 +
0.03% of the total silver loaded. Such a low rate of silver release can be explained by the

following hypothesis;

As evidenced before (Agnihotri et al. 2018), AgNPs, composed of silver atoms (Ag?),
invariably react with dissolved oxygen, creating a sub-nanoscale layer of silver (I) oxide,
Ag20, on their surface. This layer serves as a reservoir of silver ions (Ag™*), responsible for
their gradual release in aqueous suspension through oxidative dissolution (Figure 4.29b). The
oxidative dissolution of Ag.O thus occurs even at a neutral pH of the releasing medium.
However, the silver oxide layer undergoes protonation in acidic pH, liberating a much higher
concentration of Ag* ions and causing an accelerated oxidative dissolution of AgNPs. This
pronounced dissolution is undesirable as it severely restricts colloidal stability and, in turn,
the efficacy of AgNPs. On the contrary, the Ag-O layer under alkaline conditions initially
gets converted into an unstable compound [Ag(OH):]", which undergoes reversible
conversion into Ag20. In this way, Ag20 preserves its stability over AgNPs’ surface via
‘stern layer’ formation and mediates a restricted release of Ag" ions under alkaline

conditions, preserving the colloidal stability of AgNPs too. The silver release profile further
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provides compelling evidence of an intriguing ‘shielding’ phenomenon that offers a reduced
surface oxidation of immobilized AgNPs, surpassing the influence of their strong anchoring

within the hydrogel networks.
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Figure 4.29 (a) Silver release profile of CS/GO/Ag hydrogel in aqueous medium over the
course of three days and (b) Schematic illustration of restricted oxidative-dissolution of silver

nanoparticles in immobilized state within hydrogel network.

4.10 Biodegradation Study

A soil burial test was conducted to assess environmental sustainability of the hydrogel, as
improper disposal of solid waste into soil or landfills may pose adverse effects (He et al.
2019). This test indirectly measures the ‘extent’ of hydrogel biodegradation with weight loss
(%) over a stipulated period of burial in soil (Figure 4.30a). Over a 60-day burial period, the
pristine CS/GO hydrogel exhibited faster degradation, resulting in a more weight loss
(13.3%) than CS/GO/Ag with a total weight loss of ~5%. A lower degradation of AgNPs-
laden CS/GO/Ag hydrogel can be explained in many ways. Firstly, the potent antimicrobial
properties of silver nanoparticles could suppress local soil microbiota at burial site,
hampering the pace of biodegradation. The presence of noble element, silver within hydrogel

might also impede its degradation rate in its metallic state (Ag®). Furthermore, when buried
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under deeper soil layers, limited oxygen availability could render silver nanoparticles less

susceptible to oxidation, leading to reduced degradation of hydrogel.

To enhance biodegradation, hydrogels were pre-treated with concentrated lemon juice for
approximately 15 minutes, followed by drying before burial. This pre-treatment led to
accelerated weight loss in hydrogels, reaching a maximum of 38% (CS/GO) and 31% within
a 2-month period. We envisaged a dual-benefit of this pre-treatment for degradation
purposes. The presence of citric acid, in lemon juice induces the surface oxidation of AgNPs
and transforming them into ionic state (Ag*), causing more leaching (Sankar et al. 2013).
Secondly, citric acid facilitates quicker degradation of hydrogel by structure exfoliation,
weakening intermolecular bonds and loosening hydrogel networks (Basuki et al. 2015).
Optical images of hydrogels buried in soil after 60 days (Figure 4.30b) evidenced the
accelerated biodegradation after pre-treatment displaying disintegrated fragments as the
internal structure of hydrogels started to degrade meanwhile, only minute surface
irregularities with deepening of grooves could be observed for non-treated samples. These
pre-treatment also likely to facilitate weight loss, creating a larger surface area for soil
bacteria to engage with.
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Figure 4.30 (a) Soil biodegradability of hydrogel variants before and after pre-treatment,
analysed through weight loss % w.r.t burial time over a period of 60 days and (b)
Photographic images displaying direct visual evidence for the effect of pre-treatment on
intensity of soil biodegradation of CS/GO/Ag hydrogels over the course of 60 days.
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4.11 Species-Specific Disinfection and Reusability of CS/GO and CS/GO/Ag Hydrogels
4.11.1 Disc Diffusion Assay

The biocidal effects of CS/GO/Ag hydrogels were primarily tested against four bacterial
strains with diverse pathogenicity in solid agar medium. The antibacterial activity of
CS/GO/Ag hydrogel was compared with its pristine form using disc diffusion methods
(Figure 4.31) and the data is summarized in Table 4.4.

CS/GO

E.aerogenes SECOll e S.aureus S.epidermidis

CS/GO/Ag

Figure 4.31 Solid disc diffusion studies to elucidate the bacteriostatic activity of CS/GO and
CS/GO/Ag hydrogels on nutrient agar medium.

Pure CS/GO hydrogel did not exhibit any visible zone of inhibition (Zol), suggesting that the
presence of chitosan, having innate antimicrobial character alone could not contribute to
biocidal activity. In contrast, the CS/GO/Ag hydrogel demonstrated significant antibacterial
activity against all four tested microorganisms, resulting in Zol values ranging from 13.1 to
16.8 mm. Among the selected strains, E. aerogenes and S. epidermidis exhibited the highest

and lowest sensitivity, respectively, to the hydrogel.

Table 4.4 The comparative values of zone of inhibition (Zol) appeared in disc diffusion tests
of pristine and Ag-loaded chitosan-GO hydrogel against four representative bacterial strains.

Sample Zone of Inhibition (Zol, mm)
E. aerogenes E. coli S. aureus S. epidermidis
CS/GO Nil Nil Nil Nil

CS/GO/Ag 1684 +0.22% 16.38+0.20° 14.9+0.16° 13.09 +0.10°

Mean values sharing a common letter within the treatment are not significant at P < 0.05

116 |[Results and Discussion



Time (min.) Time (min.)
0 60 120 180 240 300 360 0 60 120 180 240 300 360

O 4 1 1 1 1 1 1 O 1 1 1 I 1 1
-1 1

2 Z

c -3 c -34

- -
-4 —8— CS/GO -4 —=— CS/GO

—o— CS/GO/Ag —e— CS/GO/Ag
5 5
c : : d . .
() Time (min.) (d) Time (min.)
0 60 120 180 240 300 360 0 60 120 180 240 300 360

O I 1 1 1 I 1 0 4 1 1 1 1 1 1
-14 1

2 2 2 2

: :

c -3 c -3

- —
-4+ —8— CS/GO -4 —=— CS/GO

—e— CS/GO/Ag —e— CS/GO/Ag

-5 5

Figure 4.32 The species-specific disinfection kinetics of hydrogels evaluated in 100 mL
batch reactors against four strains (a) E. aerogenes, (b) E. coli, (c) S. aureus, and (d) S.
epidermidis at initial concentration of 102 CFU mL™. (N, = Initial bacterial concentration, N

= bacterial concentration after treatment, CFU mL1).
4.11.2 Colony Forming Assay

The disinfection performance was further assessed in liquid medium using a 100 ml batch
reactor with a fixed initial bacterial concentration of 102 CFU mL™* (Figure 4.32a-d). Pristine
CS/GO hydrogel failed to achieve complete bacterial eradication against all four strains even
after 6 hours under the tested conditions (Figure 4.33). Whereas, CS/GO/Ag hydrogel
displayed potent bactericidal activity against all four strains, achieving complete disinfection
within 60-120 minutes (Figure 4.34). We observed a distinct species-specific disinfection
capabilities of CS/GO/Ag hydrogel, with sensitivity order of E. aerogenes > E. coli > S.
aureus > S. epidermidis. Interestingly, the hydrogel was found equally efficacious in
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complete killing of natural water contaminants as well as biomedical pathogens with a

marginal delay of only 30 minutes.

S. aureus E. coli E. aerogenes

S. epidermidis

Figure 4.33 Photographic images of bacterial colonies describing the reduction rate in
bacterial viability after treatment with pristine chitosan-GO hydrogel disc (diameter 10 mm)
in artificially bacteria infested water medium with initial concentration of 10° CFU mL™. The
treated aliquots were plated on nutrient agar at time intervals of 0, 1, and 2 h for E.
aerogenes, E. coli, S. aureus, and S. epidermidis under similar conditions.
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S. aureus E. coli E. aerogenes

S. epidermidis

Figure 4.34 Photographic images of bacterial colonies describing the reduction rate in
bacterial viability after treatment with chitosan-GO/Ag hydrogel disc (diameter 10 mm) in
artificially bacteria infested water medium with initial concentration of 103 CFU mL™. The
treated aliquots were plated on nutrient agar at time intervals of 0, 1, and 2 h for E.

aerogenes, E. coli, S. aureus, and S. epidermidis under similar conditions.
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We also evaluated the growth inhibition kinetics at higher bacterial loads, i.e., ~10*-10° CFU
mL?. The CS/GO/Ag hydrogel exhibited >90% killing against E. aerogenes and E. coli
within 120 minutes, and >87.8% inhibition of S. aureus and S. epidermidis, at similar initial
bacterial counts (Figure 4.35a). These findings highlight the exceptional disinfection
performance of CS/GO/Ag hydrogel against a broad-spectrum bacterial species, suitable for

practical applications
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Figure 4.35 Disinfection performance of Ag-loaded hydrogel as a function of (a) higher

initial bacterial concentrations (10*-10%) and, (b) reuse times against all four strains.
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4.11.3 Reusability

The ability to reuse hydrogels is a crucial aspect when considering their sustainable
affordability for water disinfection purposes. As depicted in Figure 4.35b, the CS/GO/Ag
hydrogel maintained 98% biocidal activity against E. aerogenes & E. coli for 4 repeated
usage, and then slightly reduced to 90.6% over the next six cycles. The hydrogel however
displayed a relatively lower effectiveness against biomedical pathogens, S. aureus & S.
epidermidis with 93.5% residual activity after 4 consecutive uses and progressively
diminished to 82.5% after 10 cycles. This species-specific biocidal performance observed in
disinfection studies can be attributed to differences in the structural morphology and
organization of the bacterial cell wall. A thicker peptidoglycan layer on the cell wall of gram-
positive species like S. aureus & S. epidermidis imparts greater protection against
antibacterial agents than gram-negative bacteria, E. aerogenes and E. coli (Khawaja et al.
2018). Moreover, S. aureus & S. epidermidis belong to adherent and sessile microbial
communities which promptly form multilayered biofilms virtually over all surfaces making
them resistant towards antibacterial action (G6tz 2002; Siciliano et al. 2023). Such results are
in agreement with recent studies (Liu et al. 2022; Yang et al. 2023) on chitosan-PVA matrix
functionalized with AgNPs, which reported higher inactivation rates for gram-negative

bacteria than gram-positive cells.

4.12 Molecular Mechanisms underlying Antibacterial Action of Hydrogel
4.12.1 Assessment of Morphological Damage

Untreated (control) E. coli and S. aureus cells exhibited a normal morphology with a smooth
surface and intact structure through FE-SEM micrographs (Figure 4.36). Whereas,
CS/GO/Ag hydrogel-treated E. coli cells displayed a significant structural alterations
characterized by perforated membranes with ‘pits’ and ‘holes’, indicating substantial damage
to cellular integrity, as corroborated through disinfection studies. Treated S. aureus cells also
displayed altered morphologies with small indents. However, the extent of damage was less
pronounced compared to E. coli, in consistent with the observed differences in disinfection
sensitivities. These findings strongly indicate that the antibacterial mechanism of CS/GO/Ag
nanocomposites involves the disruption of cell membranes either due to the direct
accumulation of AgNPs/Ag* on the cell wall or inducing the oxidative stress, which arises
from the synergistic effect of GO and AgNPs (Li et al. 2019). As a consequence, an

irreversible damage occurs to the cell wall/membrane, leading to an increased cell
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permeability that allows for the leakage of intracellular components and cause cell death
(Huang et al. 2017; Panacek et al. 2021).

Control Treated
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Figure 4.36 Antibacterial mechanism investigation in aspect of membrane integrity
destruction, FE-SEM micrographs of untreated and CS/GO/Ag hydrogel treated E. coli and S.

aureus cells.

4.12.2 ROS-mediated Oxidative Stress

We systematically investigated the extent of reactive oxygen species (ROS) generation in
hydrogel-treated bacterial suspension (Figure 4.37a). While pure CS/GO hydrogel exhibited a
relatively constant ROS levels, the presence of CS/GO/Ag hydrogels led to 2.7-3.9 fold
increase in ROS production in E. aerogenes, E. coli, S. aureus, and S. epidermidis,
respectively (Raw data has been added in appendix-D as Table Al). The enhanced ROS
generation is linked to the ability of CS/GO/Ag hydrogels as electron donors on bacterial
surface. A rapid electron transfer between AgNPs and GO in hydrogel composite, facilitated
the absorption of surface oxygen, resulting in formation of various ROS viz. singlet oxygen,
superoxide ions, and hydroxyl radicals (Panda et al. 2018; Zheng and Xie 2021). An abrupt
rise in ROS levels at bacterial surfaces disrupts their defence mechanisms, leading to ROS
accumulation and triggering the antibacterial response. The excessive ROS levels further

initiate a series of oxidative stress reactions within bacteria. These reactions include
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destabilization of membrane potential, depletion of ATP, formation of lipid peroxides,
reduction in enzyme activity, and damage to cellular proteins and nucleic acids, eventually
leading to bacterial cell death (Panda et al. 2018).
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Figure 4.37 Antibacterial mechanism investigation in aspect of oxidative stress, (a) ROS
level generation relative to control in E. aerogenes, E. coli, S. aureus, and S. epidermidis after
exposure to pristine and Ag-loaded hydrogels and, (b) GSH oxidation at 412 nm induced by
CS/GO/Ag composites comparative to pristine hydrogel and experimental controls. Mean

values sharing a common letter within the columns are not significant at P < 0.05.
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4.12.3 ROS-independent Oxidative stress

The oxidation of glutathione (GSH), an important bacterial cell constituent is also used as an
oxidative stress indicator (Sajjad et al. 2017; Xing et al. 2022). We found that the negative
control exhibited minimal GSH oxidation (Figure 4.37b). Pure CS/GO hydrogel displayed
82.42% oxidation of GSH, as the GO has been reported to mediate ROS-independent
oxidative stress (Liu et al. 2011). Interestingly, exposure to the CS/GO/Ag hydrogel resulted
in a marked increase in GSH oxidation, reaching 95.3%, which was comparable to the
positive control group treated with 1 mM H202 (97.9%). This suggests that CS/GO/Ag
hydrogel may release AgNPs/Ag™ into the interiors of bacterial cell either through damaged
cell membrane or by directly penetrating the bacterial cells under the account of direct
contact. Consequently, a high oxidative stress induced by CS/GO/Ag could also play a

significant role in the apoptosis of bacterial cells.

4.12.4 Cytoplasmic Proteins Leakage

The amount of intracellular proteins released due to membrane leakage was determined
through Bradford assay (Figure 4.38a). Pure CS/GO hydrogels exhibited protein leakage
ranging from 3.74-4.92 ug mL™ due to the presence of antibacterial ingredients, chitosan and
GO. Additionally, protein discharge through cell exocytosis and autolysis might have also
contributed to this phenomenon (Li et al. 2019). However, the amount of released protein
drastically enhanced against bacteria exposed with CS/GO/Ag hydrogel. The range of
released protein was varied between 11.6-18.9 pug mL?, against all four bacterial strains. A
significant protein leakage further confirms the induction of oxidative stress due to the
presence of AgNPs to an extent that membrane permeability of the pathogenic bacteria get
severely compromised. Consequently, increased membrane permeability would lead to the

release of all intracellular components, including proteins.

4.12.5 Inhibition of Cellular Respiration

The amount of lactate dehydrogenase (LDH) release from cell-free culture medium is an
indicator of membrane damage and inhibited respiration activity (Figure 4.38b). The LDH
release (%) in pristine CS/GO hydrogel were found in range 40-59% against all four tested
strains. In contrast, CS/GO/Ag hydrogel caused more LDH release, as dictated by values
61.7-77.2% for similar strains. An abrupt increase in LDH release in culture supernatants is a

clear indication of more lysed bacterial cells (Jaworski et al. 2018). These results supports

124 |Results and Discussion



that following the release of LDH, CS/GO/Ag hydrogels can suppress cellular respiration and

reproduction by inhibiting respiratory chain activity.
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Figure 4.38 Antibacterial mechanism investigation in aspect of leakage of intracellular
contents, (a) cytoplasmic proteins and, (b) respiratory chain dehydrogenases (LDH) from all

four bacterial species after hydrogel treatment.

Considering all underlying mechanisms, we envisage a bimodal route of the antibacterial
mechanism of CS/GO/Ag hydrogel (Figure 4.39) As a primary mechanism, when
AgNPs/Ag" ions come into direct contact with bacterial cell wall, they cause destabilization
or change in membrane permeability resulting in the leakage of intracellular components
(Makvandi et al. 2020). Concurrently, AgNPs significantly perturb the intracellular defence
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mechanism of bacteria by inducing elevated ROS production and depleting GSH levels,
leading to severe oxidative damage (Wang et al. 2023). Subsequently, they interfere with
cellular functions by inhibiting enzymatic pathways and damaging DNA, ultimately leading
to bacterial cell death. It is important to note that while AgNPs in the CS/GO/Ag hydrogel
efficiently elicit a biocidal effect, GO also has the potential to display antibacterial character
due to its large surface area, enabling effective interaction between microbial cells and
AgNPs. The inclusion of GO would only augments the damage induced by silver, as it can
raise ROS-independent oxidative stress (Liu et al. 2011) further highlighting its role in the

hydrogel for synergistic antibacterial response.
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Figure 4.39 Schematic illustration of the proposed bimodal mechanism of CS/GO/Ag
hydrogel.

4.13 Continuous-flow Water Disinfection

The core concept of water disinfection using a continuous flow hydrogel reactor is illustrated
in Figure 4.40a. As a preliminary feature, we investigated the potential of utilizing
CS/GO/Ag hydrogel as a column-bed for disinfection without requiring regeneration. The
ultrapure water along with other natural water sources, i.e., rain water and river water were
selected to carry out experiments (Figure 4.40b). The median disinfection capacity of
hydrogel was observed to be highest in ultrapure water (3800 runs), followed by river water
(3500 runs), and rainwater (3400 runs) before reaching complete exhaustion. We found

hydrogel to be equally efficacious in executing disinfection across all water samples
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envisaging practical adaptability of this system. Though, a slight variance in its maximum
disinfection potential was observed in these samples, the overall biocidal effectiveness of the
hydrogel remained consistent. This highlights a strong permeation capacity of hydrogel
network, adequately preserving immobilized AgNPs from surface oxidation, even under
environmentally relevant conditions containing traces of ionic species viz. chlorides,
sulphates and carbonates (Figure 4.40c). Concomitantly, this shielding mechanism ensures a
more profound bacteria-AgNPs interactions as water traverses the porous bed, optimizing the

contact area and facilitating a rapid contact-driven disinfection response.
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Figure 4.40 (a) Schematic representation of CS/GO/Ag hydrogels as a column filter in a
continuous-flow disinfection reactor, (b) Hydrogel's capacity to disinfect water until complete
exhaustion across multiple runs in distinct water samples: deionized water, rainwater, and

river water, and (c) A mechanistic overview of continuous-flow water disinfection.

As a next step, three process parameters of fixed-bed reactor i.e., inlet flow rate, bed height
and initial bacterial count were optimized to achieve maximum disinfection over long runs
(Figure 4.41a-c). While analysing the impact of flow rate (1.3-5.1 mL min™), the initial
bacterial load and hydrogel bed height were set to ~10° CFU mL? and 8 cm, respectively.
Expectedly, the antibacterial rate was gradually decreased with increasing water flow as

higher flow-rates critically reduce the hydraulic residence time (HRT) (Li et al. 2014),
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rendering lesser possibilities of direct contact between hydrogel and contaminated water.

Although >99% antibacterial activity could be achieved at both, 1.3 and 2.6 mL min™* flow-

rates, we opted 2.6 mL min having ~3 minutes HRT for our studies as it leads to lesser

operation time and eventually, lower power consumption in addition to higher reactor
efficiency (Li et al. 2019). Similarly, a bed height of 8 cm and 103 CFU mL™* as initial

bacterial count was found as optimized values for achieving desired level of disinfection.
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Figure 4.41 Effect of process parameters (a) water flow rate (b) filter bed height (c) initial

bacterial load in inlet on the disinfection performance, and (d) Reuse potential of hydrogel-

column filter to the number of runs till exhibiting > 90% antibacterial rate. (No = Initial

bacterial concentration, N = bacterial concentration after treatment, CFU mL™).

Employing optimized parameters, the hydrogel-based reactor yielded excellent results in

disinfecting river water with each regeneration cycle (Figure 4.41d). Regeneration stands as a
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critical process to replenish disinfection efficacy of inactive hydrogel, thereby enhancing its
practical affordability and minimizing material loss. From a commercial standpoint,
regeneration estimates the lifespan of the hydrogel-bed and its sustainable functionality. A
freshly-installed hydrogel could disinfect ~10L of water without regeneration. Though, our
observation highlighted a gradual decline in disinfection potential of the hydrogel-based
reactor during continuous operation after its first use. As witnessed before, the inherent water
chemistry such as, alkalinity, hardness and the presence of natural organic matter (NOM)
inevitably affect surface passivation of AgNPs, even in their immobilized form and slow
down the rate of silver release. The simultaneous existence of hardness (Ca?* and Mg?*
based) and the NOM also induce charge neutralization of AgNPs, causing the formation of
larger silver aggregates. The hydrogel bed displayed reusability for a maximum of five
regeneration cycles before its antibacterial activity dropped below the 90% threshold,
indicating it was no longer suitable for further disinfection purposes. The resilience of the
hydrogel nanocomposite against natural resources is exemplified through its capability to
disinfect large volumes of rain water (up to 30L) with a microbial load of 10° CFU mL
without regeneration (Figure 4.42a).
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Figure 4.42 (a) Column data for the disinfection of E. coli contaminated water. (b) Culture
plates displaying indigenous micro-flora in natural water samples and their subsequent
removal using hydrogel-based reactor operated under optimized conditions (flow rate 2.6 mL

mint, 8 cm bed height, 3 minutes).

The chosen samples i.e., river water and rain water include vast and complex habitats for

diverse microbial communities and physicochemical parameters (Table 4.5). The CS/GO/Ag
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hydrogel filter depicted complete killing of all natural contaminants within 20 minutes
(Figure 4.42b).

Table 4.5 Physicochemical characteristics of natural water sources within Patiala district,

Punjab, India

Characteristics Water Samples

Water Sources Bhakra Canal Direct rainfall

Water Type River water Rain water

Locations 30.303° N 30.354° N
76.328° E 76.371° E

Odour Odourless Odourless

pH 7.95+0.15 7.20 £0.07

Total alkalinity 96 43

TDS (mg L) 131 25

TSS (mg L) 10 8

BOD (mg L?) <5 <5

COD (mgL?) <5 <5

Total Hardness 58.5 41

(mg Lt as CaCOs)

Microbial colony counts 48+ 9 138 + 14

(CFUmL?)

4.14 Modelling of Disinfection Kinetics

The comparison of various models offers a valuable framework for enhancing our
understandings and predictive ability for disinfection kinetics, and gaining deeper insights
into the underlying mechanisms and variables that influence the disinfection process. The
estimation of two different models, their kinetic parameters and regression coefficients are
summarized in Table 4.6. The fitted curves to log-linear + shoulder model are shown in
Figure 4.43a-c. The parameter ‘k’, which represents the maximum inactivation rate
coefficient (min) of disinfection process, declined either with increase in flow-rate (1.3- 5.1
mL mint) or the microbial load (10*-10° CFU mL™*). Whereas, an increase in bed height (2-
16 cm) reflected a concomitant enhancement in antibacterial rate since the value of k
increased from 0.16 + 0.02 to 2.07 + 0.22 min™. Applying log-linear + shoulder model also
enabled in determining the protective mechanism of the bacteria, which is associated with the
presence of more resistant sub-population. We observed that the shoulder length °S’
decreased with increase in flow-rate and microbial load which could be linked to lesser
aggregation of the dead cells. Meanwhile, shoulder length increased with higher output of

cell destruction as inactivation rate increased with bed height (Mustapha et al. 2020).
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Table 4.6 Kinetic and statistical parameters of log-linear + shoulder and Weibull models
obtained from the GInaFIT tool.

\Y Log-linear +shoulder Weibull
FR k S R? RMSE ) p R? RMSE
13 0.34+0.06 67.04+532 09830 04230 |63.44+461 4.30+0.54 0.9933 0.2456
26 0.31+0.05 63.80+4.18 0.9802 0.3931 |68.84+5.01 3.54+0.80 0.9910 0.2860
3.3 0.08+0.01 42.70+7.12 0.9909 0.1084 | 71.90+3.98 2.02+0.27 0.9941 0.0875
43 0.05%0.01 39.87+6.28 0.9949 0.0595 |81.383+3.03 1.75+0.19 0.9959 0.0533
51 0.04+0.00 34.48+8.84 0.9943 0.0460 |95.89+3.97 1.42+0.19 0.9937 0.0482
BH

2 016%0.02 6.92+1.91  0.9968 0.0403 |20.61+0.86 1.38+0.18 0.9967 0.0406
4 0.40x0.09 10.42+229 0.9833 0.1685 | 16.14+1.01 2.51+0.53 0.9921 0.1159
8 1631032 1254+120 0.9878 0.4804 | 14.77+0.85 3.41+0.28 0.9970 0.2476
12 198+0.29 13.98 +0.57 0.9911 0.3202 | 14.26+1.12 5.01+1.08 0.9949 0.3168
16 2.07+0.22 13.79+0.77 0.9949 0.4180 | 12.09+0.53 5.61+1.00 0.9990 0.1365
BL
10* 056 +0.12 20.17+3.87 0.9729 0.5060 |22.50+1.71 2.33+0.21 0.9951 0.2146
10° 0.38+0.05 17.73+2.89 0.9854 0.2714 |22.83+1.28 2.39+0.22 0.9973 0.1172
10° 0.34+0.05 17.66+2.75 0.9876 0.2239 | 23.63+1.20 2.86+0.36 0.9975 0.1005
NS

RI 057 +0.02 3.57+0.58 0.9988 0.0820 |7.14+0.43  1.38+0.07 0.9990 0.0762
RA 0.77+0.11 4.41+219 09820 0.4203 |7.16+1.03 1.65%0.22 0.9941 0.2396

V: Variables, FR: Flow-rate (in mL min™), BH: Bed height (in cm), BL: Bacterial load
concentration (in CFU mL1), NS: Natural samples, RI: River water, RA: Rain water, RMSE:
Root mean square error. Kinetic parameters are reported as mean +SE at p <0.05.

The simplicity and robustness of the Weibull model has been widely exploited for non-
thermal microbial inactivation analysis too (Ghodsi et al. 2021; Thakur et al. 2021). The
Weibull model resulted in distinctive curves (Figure 4.43d-f) with ‘6’ and ‘p’ as kinetic
parameters (Table 4.6). The scale parameter 6 (min.), represent the time required for first
decimal reduction of bacterial colonies and it is reciprocal of microbial inactivation rate.
Thus, higher & values depict slower disinfection process of microorganisms (Mustapha et al.
2020) and in this study, & values were seen to be higher for flow-rate and microbial load

kinetic variables than bed height.
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Figure 4.43 Effect of process parameters (a, d) water flow rate (b, e) filter bed height, and (c, f) initial bacterial load on the disinfection
performance corroborated using log-linear +shoulder model (a-c) and Weibull model (d-f). The symbols represent experimental data while the

solid lines show fitted data. (N, = Initial bacterial concentration, N = bacterial concentration after treatment, CFU mL™).
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With change of flow-rate from 1.3 to 2.6 mL min™, § increased with first decimal reduction
occurring after 63.44 +4.61 and 68.84 +5.01% progression of disinfection cycle, respectively
has been completed. At highest flow-rate of 5.1 mL min, decimal reduction time increased
even further (95.89 +£3.97 %) thus, depicting lower antibacterial activity with increment in
flow-rate. Similarly, increase in & values from 22.50 £1.71 to 23.63 +1.20 minutes resonated
well with slow bacterial killing rate when microbial concentration augmented from 10* to 10°
CFU mL™. In contrast, decrease in decimal reduction time from 20.61 + 0.86 to 14.77 + 0.85
minutes with increase in bed height from 2 to 8 cm displayed the effectiveness of hydrogel in
reduction of pathogens. Although, 6 declined further by a margin of 2 minutes at 16 cm bed
height however, the antibacterial rate (99%) remained unaffected. Furthermore, shape
parameter ‘p’ defines the concave and convex curvature of fit at p <1 and >1 with
“tailing/increasing resistance” and “shouldering/decreasing resistance” portion, respectively,
attributing to variations in the resistance of bacteria to disinfection treatment (Buzrul 2022).
In our study, with p >1 for all the kinetic variables depicted convex shaped inactivation trends
implying that remaining cells have high probability of dying and over the time the bacterial
cells have weakened and damage has increased.

Time (min) Time (min)
0 5 10 15 20 0 5 10 15 20

5] = River water _ m River water
A Rain water A Rain water

Figure 4.44 The disinfection kinetics of natural environmental samples (river and rain water)
treated in continuous-flow hydrogel column reactor at optimized flow rate of 2.6 £ 0.18 mL
mint and 8 cm bed height for 20 mins using (a) log-linear +shoulder model, and (b) Weibull
model. Symbols represent experimental data while the solid lines show predicted data using

mathematical models.
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The studied models presented comparable fittings to the inactivation data as indicated by the
determination coefficients and standard error values, which were within the typical range for
microbial decontamination studies (Agnihotri et al. 2019; Esua et al. 2022). Generally, R?
values close to 1 and smaller RMSE values denote the better fitting ability of a particular
model (Buzrul 2022; Mustapha et al. 2020). The data for log-linear +shoulder model
presented a fairly good fit for bacterial inactivation patterns with R?> and RMSE values
ranging 0.9802-0.9969; 0.0403-0.5060, respectively. However, the Weibull model
satisfactorily explained and adequately described the disinfection data as it accounted for
response variability in the range of 0.9910-0.9990 and 0.0406-0.3168 for R? and RMSE,
respectively. Additionally, Weibull model also performed well for bacterial reduction
patterns of natural water samples with 5, R? and RMSE values 7.14 +0.43 min., 0.9990, and
0.0762 for river water; 7.16 = 1.03 min., 0.9941, and 0.2396 for rain water (Figure 4.44a-b,
Table 4.6).
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Figure 4.45 In vitro biocompatibility of 100% and 50% hydrogel extracts after 24 h
incubation with PBMCs, HepG2 and Vero cell lines as determined by MTT assay and
reported in terms of % cell viability. Mean values displaying different letters within the

columns are significantly different at P < 0.05.

4.15 Mammalian Cell Cytotoxicity of CS/GO/Ag Hydrogel

The cytotoxicity of Ag-laden CS/GO hydrogel extracts (50%, 100%) was tested against
human peripheral blood mononuclear cells (PBMCs), HepG2, and Vero cells (Figure 4.45).
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PBMC:s represent the primary defence line of immune system during nanomaterials’ uptake
in human body, while HepG2 and Vero cells served as in vitro models, aligning with 1SO
10993-5 standards for biocompatibility assessments (ISO 2009). The standard reflects a cell
viability of >70% as threshold level for cytotoxicity safety (red dashed line, Figure 4.45).
Results indicated that neither CS/GO nor CS/GO/Ag hydrogel extracts induced any potential
cytotoxicity in PBMCs, as both led to viabilities surpassing 70%. Specifically, pristine
CS/GO extracts exhibited 92.1% and 98.5% cell viabilities against 100% and 50% extracts,
respectively, whereas these values declined to 71.5% and 84.3% for 100% and 50%
CS/GO/Ag hydrogel composite extracts. Similarly, in Vero cells, viabilities dropped from
85.8% to 79.8% with increasing CS/GO/Ag extract concentration (50% to 100%) while
remaining above the red line.

Control 50% extract 100% extract

PBMCs

HepG2

Figure 4.46 Bright-field microscopic images displaying morphology of PBMCs, HepG2,
and Vero cell lines after treatment with 100% and 50% extracts of CS/GO/Ag

nanocomposites in comparison to control cells.
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In HepG2 cells, exposure to 100% Ag-loaded hydrogel extract led to a minor viability
decrease of 69.8%, contrasting with a 71.2% viability for the 50% extract. The diminished
viabilities observed with CS/GO/Ag hydrogels, compared to their pristine counterparts, stem
from the cytotoxic potential of AgNPs, inducing apoptosis and necrosis via ROS-mediated
oxidative stress (Paino and Zucolotto 2015; Panacek et al. 2021). We found HepG2 cells to
be more sensitive to cytotoxicity of AgNPs than PBMCs and Vero cell lines. Optical
micrographs also a displayed well defined and extended morphologies of cell lines with
virtually no sign of cellular lysis and debris (Figure 4.46). Moreover, no significant change in
shape of cells occurred and morphologies of treated cells were comparable to that of negative
control. All these evidences establish the CS/GO/Ag hydrogel as non-cytotoxic against most

of the mammalian cells.
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4.16 Synthesis of Chitosan/Poly(vinyl alcohol)/Graphene Oxide (CS/PVA/GO) Coatings

The schematic representation of coating fabrication is shown in Figure 4.47. With spread
casting and evaporation strategy, polymeric nanocomposite coatings from preformulated
solutions were prepared. The casting solutions constituted of chitosan, PVA, and GO where,
positively charged chitosan electrostatically interacted with negatively charged GO sheets.
Additionally, strong hydrogen bonding between amino groups of chitosan and oxygen
functionalities of GO were also prevalent. Meanwhile, hydroxyl groups on PVA chains

formed stable intermolecular hydrogen bonds with oxygen groups of GO (Wang et al. 2015).
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Figure 4.47 Schematic representation of plausible network interactions among chitosan,
PVA, and GO for coatings formation along with driving forces behind their subsequent

drying process.

The polymer solution dispersed onto the entire area of the sample holder started to evaporate
instantly into the surrounding air, which resulted in instantaneous weight loss of coating
solution. Since, the sample holder was made of impermeable 316L stainless steel, mass
transfer could only take place from the top of casting solution to the air. However, heat
transfer could take place from the both sides, top and bottom. The thickness of the coating
contracted in the longitudinal direction towards the substrate. Initially, drying was externally
controlled due to high solvent amount on the top surface. During the course of drying, the

solvent level at top of the coating decreased and drying became internally controlled due to
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the diffusion process within the coating. Therefore, combination of such driving forces in

drying process resulted in formation of water based polymer thin-film coatings.

4.16.1 Gravimetric Drying Studies

The effect of graphene oxide (GO) content on the drying behaviour of chitosan-poly (vinyl
alcohol) polymeric coatings was evaluated via different drying parameters. The initial
thicknesses (~700 um and ~1400 pum) in each case changed because some amount of solution
remained in the micropipette tip while pouring. For better comparison of the results, each

thickness has been normalized with respect to its initial thickness and plotted as required.

Residual Solvent

The amount of solvent that is left behind which then diffuses into the dried coating at the later
stage is called residual solvent. It has been associated with the defects incurred during the
drying process hence, residual solvent percentage of all coatings were determined. As shown
in Figure 4.48a and Figure 4.49a, decrease in residual solvent percentage with increasing time
period was witnessed in both cases. Initially, solvent evaporated at a faster rate due to the
presence of high amount of solvent at the top surface. However, this rate decreased with
progression of time as the process became diffusion controlled due to poor diffusion of
solvent. For control coatings (CS/PVA), residual solvent (%) were recorded at the lowest in
both cases (~700 um-1.03%; ~1400 um-1.67%), depicting that solvent was evaporated easily

as compared to GO incorporated coatings.

With increment in GO concentration, increase in residual solvent percentage was observed
i.e. 2.01%, 5.31%, 7.83%, and 9.97% for 0.05, 0.075, 0.1, and 0.15 wt.% GO, respectively in
coatings of ~700 um. On the other hand, in coatings of ~1400 um initial thickness, solvent
evaporation was 94.89%, 93.2%, 91.02%, and 89.79% when GO concentration increased
from 0.05-0.15 wt.%. This phenomenon can be justified by the fact that graphene oxide has
hydrophilic ability and polar molecular adsorption characteristics (Smith et al. 2019).
Therefore, with high graphene oxide content, more amount of solvent remains attached to its
polar functional groups such as (-COOH) carboxyl moieties. In control sample however, in
the absence of GO as a counter effect more solvent was able to escape giving rise to the
lowest amount of residual solvent. The increase in residual solvent (%) in ~1400 um coatings

as compared to ~700 pm coatings could be ascribed to the increase in initial volume of
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coating solution which results in overall increases in the amount of graphene oxide. Hence,

additional GO traps more solvent thereby giving rise in percentage of residual solvent.
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Figure 4.48 (a) Residual Solvent, (b) Normalized thickness, (c) Solvent concentration, and

(d) solid concentration of coatings at ~700 pum plotted as a function of time.

Coating Thickness

Thickness of polymeric coatings observed, suggested a common linear descend with respect
to time up to a certain point and then plateaued out (Figure 4.48b and Figure 4.49b). Coatings
with initial thickness of ~700 um at GO concentration of 0.05, 0.075, 0.1, and 0.15 wt.%
reduced to final thickness of 44 pum, 71 um, 88 um, and 95 um, respectively. While coatings
with ~1400 um initial thickness contracted to final values of 128 um, 154 um, 187 um, and
203 um with rise in GO concentration (Table 4.7). It is established that the coating left with
high amount of residual solvent (%) at the end of drying period will be significantly thicker
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(Sharma et al. 2017). Therefore, these observations aligned well with residual solvent (%)
study. The introduction of graphene oxide as a filler resulted in increase of final coating
thickness because higher amount of GO eventually entrapped more solvent in its structure.
Amongst the coatings with graphene oxide, CS/PVA/GOqos (~700 pm) had the lowest

amount of residual solvent, leaving it the thinnest when completely dried.
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Figure 4.49 (a) Residual solvent, (b) Normalized thickness, (c) Solvent concentration, and

(d) solid concentration of coatings at ~1400 um plotted as a function of time.

Average Solvent Concentration

The average solvent concentration specifies the solvent evaporated from coating solutions
which provides an insight on their drying period and residual solvent (%). An exponential
decrease in solvent concentration with time was recorded as it started to evaporate under

convection which levelled off after a while. In control coatings, the solvent concentration
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reached to final values of 0.199 g cm™ (~700 pum) and 0.356 g cm™ (~1400 pum) before
becoming constant. Final solvent concentrations for lower initial thickness coatings were
0.326 g cm?3, 0563 g cm® 0.655 g cm3, and 0.707 g cm™ with increasing GO
concentrations (0.05-0.15 wt.%) at the end of their respective drying times (Figure 4.48c). In
case of ~1400 um thickness coatings, solvent concentration values increased to 0.552 g cm,
0.622 g cm™, 0.685 g cm™, and 0.712 g cm™ compared to their ~700 pm initial thickness
counterpart (Figure 4.49c). It can be inferred from the recorded data that CS/PVA/GOQOq.05
coatings had the least amount of solvent concentration which rendered them with least

amount of residual solvent (%) possible.

The drying times for ~1400 um initial thickness coatings were higher as compared to ~700
pMm coatings, because of the greater initial volume, more amount of solvent needed to be
evaporated. One interesting phenomenon observed in both cases was that coatings with
highest GO concentration (0.15 wt.%) had almost comparable drying time to that of control.
This could be due to the high adsorptive capacity and agglomeration of GO which makes it
engulf significant amount of solvent (Smith et al. 2019). Therefore, a larger amount of
residual solvent is entrapped while remaining free solvent evaporates very quickly resulting
in shorter drying period. Experimental findings suggest that even if CS/PVA/GOq s is taking

more time but the end result is far better than other casting solutions.

Average Solid Concentration

The average solid concentration w.r.t time is shown in Figure 4.48d and Figure 4.49d for
coatings with initial thickness ~700 um and ~1400 pum, respectively. It was observed that the
solid concentration increased exponentially with increase in time due to more solvent
removal from the coating solutions. In coatings with ~700 um thickness, the concentration of
solids accumulated in CS/PVA/GOoos, CS/PVA/GOoors, CS/PVA/GOo1, and
CS/PVA/GOg15 were 0.552 g cm, 0.362 g cm, 0.289 g cm=and 0.248 g cm, respectively.
While in ~1400 pum thickness coatings, final solid concentration of 0.368 g cm™3, 0.313 g
cm3, 0.264 g cm™ and 0.245 g cm3, respectively was observed for GO concentration from
0.05-0.15 wt.%. The similar results were obtained previously where after evaporation of
solvent, the coating with the highest solid concentration had the lowest percentage of residual
solvent (Sharma et al. 2017). Amongst the coatings with GO, CS/PVA/GOog.0s had the
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highest final solid concentration and lowest residual solvent (%) owing to its high diffusion

coefficient which led to more solvent removal.

Table 4.7 Summary of various physical parameters in designated coatings.

Coatings :ll:ilzllilllless gllitclrl:l::s l;::;:::? l Solvegt Conc.  Solid Eonc.
(am)  (um) o &™) (& cnr)
CS/PVA 612 30 1.03 0.199 0.648
CS/PVA/GOo.05 751 44 2.01 0.326 0.551
CS/PVA/ GOopo75 786 71 5.31 0.563 0.362
CS/PVA/ GOo.1 768 88 7.83 0.655 0.289
CS/PVA/ GOo.15 701 95 9.97 0.707 0.248
CS/PVA 1446 73 2.17 0.417 0.471
CS/PVA/GOo.05 1443 128 5.11 0.552 0.367
CS/PVA/ GOoo75 1466 154 6.80 0.622 0.313
CS/PVA/ GOo.1 1483 187 8.98 0.685 0.263
CS/PVA/ GOo.15 1476 203 10.21 0.711 0.244

Considering the fact that only change in the experiment setup was the alteration in initial
thickness (~700 um and ~1400 pum), notably different drying behaviours were observed. The
plausible reason behind this could be that a physical change i.e., thickness is affecting the
drying behaviour to a larger extent. It implies that thicker coating (~1400 pm) may be more
viscous on the top and solvent diffusion slows down to a significant degree. Drying times
obtained here were longer than observed in conventional system due to utilization of water as
solvent for coatings, which because of low volatility dried at a much slower pace. Therefore,
coatings with slow drying rates (longer drying times) might create higher energy demands.
However, the end result is much more environmental friendly than traditional coatings where,
highly volatile organic solvents although dry faster but leave a toxic trail behind. From
application point of view, coatings with comparatively less amount of residual solvent are
usually preferred and their drying periods should not be abnormally longer. It is because of
the fact that high residual solvent amounts may frequently give rise to coating defects like
cratering, cissing, flaking and/or blistering etc (Arya et al. 2021). Furthermore, diffusion rates

have partial restraint over thinner coatings, which leads to more rapid heating. Thus, in
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thinner coatings likelihood of blistering decreases as the residual solvent drops more swiftly.
Whereas, thicker coatings dry slowly due to higher solvent retention near their base, and are
more vulnerable to blistering (Bhargava and Arya 2015). Considering these observations and
based on earlier findings, thinner coatings of ~700 pm initial thickness were found

particularly promising for further analysis, as shown in further studies.
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Figure 4.50 Rheological properties of various CS/PVA/GO coatings.

4.16.2 Material Characterization

Rheological analysis was performed to obtain information on interactions among polymers
and graphene oxide. Chitosan, PVA, and graphene oxide can be well mixed and forms
homogeneously aqueous and stable polymer solution at room temperature. It is well-known
that dynamic rheology is a powerful tool for evaluating the structure of melts or solution. As
shown in Figure 4.50a, the viscosity of these aqueous coating suspensions decreased with
increase in shear rates (y) from 10 to 100 s. Thus, the CS/PVA/GO solutions exhibited a
distinctive sheer thinning behaviour. For instance, the viscosity of CS/PVA/GOo 05 decreased
from about 0.75 Pa.s at 10s™ to 0.14 Pa.s at 100 s™*. The rheological pattern observed here is
the most common type of non-Newtonian behaviour and is quite typical of suspensions,
emulsions, and polymer solutions etc. (Barnes et al. 1989). It is the result of micro-structural
rearrangements such as polymer chains disentanglement and stretching occurring in the plane
of applied shear (Osswald and Rudolph 2015). Furthermore, the viscosity of the coating
mixtures apparently increased with the addition of graphene oxide from 0.05-0.15 wt.%. The
Figure 4.50b shows the viscosity of CS/PVA, CS/PVA/GOgos, CS/PVA/GOo7s,
CS/IPVA/GOQq1, and CS/PVA/GQq1s at a shear rate (y) of 50 s with values 0.266 * 2.62,
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0.266 £ 3.94, 0.276 + 2.70, 0.287 + 3.63 and 0.282 + 2.79 Pa.s respectively. This result can
be attributed to different amounts of GO present in these coatings. Even at small increments
of GO concentrations, minute increase in viscosity values can be observed, which indicated
altered interactions among the polymer molecules in the solution by GO.
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Figure 4.51 Material characterization displaying FTIR spectra of (a) chitosan, graphene

oxide; (b) pristine and graphene-oxide loaded chitosan-PVA thin-film composites.
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The variation in functional moieties of CS/PVA polymer matrix after graphene oxide
introduction were determined through FTIR spectroscopy. FTIR spectrum of pure GO
exhibited a strong peak at 3411 cm™ due to stretching vibrations of hydroxyl (-OH) groups
(Figure 4.51a). Other characteristics bands at 1726 cm™ (stretching vibrations of C=0 from
carboxylic groups), 1401 cm™ (O-H deformation vibrations), 1215 cm™ (epoxy rings), 1052
cm™ (C-OH bending) were also manifested. A peak at 1629 cm™ due to C=C stretching
modes validate its sp? configuration (Han et al. 2011). All these analyses confirmed the
successful synthesis of graphene oxide. In chitosan, the vibrational peak at 1653 cm™ was
assigned to carbonyl (C=0) stretching of acetylated amino (-NHCO-) group (Figure 4.51a).
A few other peaks at 3421 cmt, 2884 cm®, 1602 cm®, and 1382 cm™ can be ascribed to -OH
stretching, C-H stretching vibrations and N-H bending of amino groups, respectively present
in chitosan polymer (Wang et al. 2015).

The FTIR spectra of CS/PVA/GO coatings (Figure 4.51b) displayed a relatively broader
absorption band at 3441 cm™ due to combined stretching effects of amine and hydroxyl
groups contributed from chitosan and graphene oxide, respectively. As compared to pristine
chitosan and GO, corresponding peaks at 1602 cm™ (-NH: vibrations) and 1726 cm™ (C=0
stretching vibration of carboxylic groups) disappeared. Besides, the appearance of a new peak
at 1640 cm™ clearly indicates a stable association between CS/PVA polymeric blend and the
oxygenated groups of GO via hydrogen bonding and electrostatic interactions (Ruiz et al.
2019). A slight decrease in the intensities of the OH-bands in CS/PVA/GO coatings than
pristine CS/PVA (without GO) is consistent with the formation of intermolecular hydrogen
bonds between GO and PVA, as witnessed before (Liu et al. 2014; Pandele et al. 2014; Ying
et al. 2020). Further, no significant difference in the -OH band intensities was observed
among the CS/PVA/GO coatings with varying GO content. This suggests that adding such a
low proportionate of GO to CS/PVA matrix did not alter the hydrogen bonding already

existed between the CS and PVA components.
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Figure 4.52 Material characterization displaying XRD spectra of (a) chitosan, graphene

oxide; (b) pristine and graphene-oxide loaded chitosan-PVA thin-film composites.

XRD analyses were done to evaluate the structural integrity of polymer matrix before and
after loading of graphene oxide. The XRD pattern of GO (Figure 4.52a) showed a
characteristic 20 peak at 10.9° (d-spacing, 0.816 nm) indicating the existence of oxygen
containing moieties (Liao et al. 2011). The XRD pattern of chitosan at 20=10° reflected the
hydrated crystalline structure and a broad peak 26=20° indicated the existence of amorphous
structure (Han et al. 2011). The addition of GO to CS/PVA coatings led to an increase in the
intensity of PVA lattice peak at 19.8° contributing towards an enhanced crystallinity of the
PVA component (Figure 4.52b). On the other hand, the absence of a distinct GO peak at
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10.9° may be attributed to the complete exfoliation of GO sheets and their integration within
the hierarchical matrices of CS/PVA polymers (Wang et al. 2015). Furthermore, given the
low proportion of GO (0.05-0.15 wt.%) in the CS/PVA/GO nanocomposites, it is possible
that the characteristic diffraction peak of GO was too weak and overshadowed by the
chitosan peak. These findings corroborate to similar studies done with CS/PVA/GO
nanocomposites (Pandele et al. 2014; Pandele et al. 2017). Though the GO concentrations
used in those studies were much higher (~10-47 folds) than the current work. XRD results
also indicate a significant enhancement in polymer crystallinity after incorporating GO,

which is likely to enhance mechanical strength of the coatings.
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Figure 4.53 (a) Stress-strain curve of various CS/PVA composites after reinforcing GO with
varying content (0.05-0.15 wt.%) and (b) Digital images of coating film at initial moment
(left) and at breakpoint (right).

The mechanical properties of thin-film coatings on stainless steel surface were studied
(Figure 4.53a). Stress—strain curve in all samples depicts a typical modulus and tensile
strength at fracture behaviour of coatings. The curves exhibited a linear regime depicting
maximum hydrogen-bond content during elastic stress until hydrogen-bonding network was
severely ruptured. We analysed that incorporation of minute amount of GO (0.05 wt.%)
intensified tensile strength and Young’s modulus of CS/PVA coatings by 43% and 20%
respectively. The tensile strength at break of CS/PVA/GO composite films was enhanced
from 87.88 to 167.13 MPa while increasing the GO content from 0.05 to 0.15 wt.% (Table
4.8). The strong dependency of tensile strength on GO content is ascribed to great dispersion

of GO into hierarchical networks of CS/PVA, which augments a strong hydrogen bonding
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and electrostatic interactions at molecular level. As a result, under mechanical stress, energy
released while forming hydrogen bond between CS/PVA matrix and GO always remains
higher than energy loss during matrix deformation. Thus, better interactions among GO and
CS/PVA provide better load transfer which ultimately leads to mechanical strength
enhancement (Han et al. 2011; Rathod et al. 2016). Figure 4.53b demonstrates the breaking of

composite thin-films at break point during tensile tests.

Table 4.8 Tensile strength and Young’s Modulus of composite coatings.

Sample Tensile strength (o) Young’s Modulus (E)
(MPa) (MPa)

CS/IPVA 61.22 + 2.67° 24.40+ 3.08°

CSIPVA/GOo.0s 87.88 + 2.23¢ 29.15+ 1.33°

CS/IPVA/GOq 75 120.92 + 5.36° 30.84+ 2.64°

CS/IPVA/GOo1 137.56 + 4.97° 34.24+ 1.57°

CS/PVA/GOQo.15 167.13 + 6.222 42.28+ 1.922

Mean values sharing a common letter within the treatment are not significant at P < 0.05 (Values are Mean %
SD, n=3)

Differential scanning colorimetry (DSC) was used to examine thermal stability of CS/PVA
blended composites while varying GO loading. Since, both chitosan and PVA polymers are
semi crystalline in nature their physico-microstructural properties depend rather strongly on
crystallinity degree. In order to examine the influence of mobility of the chains with
temperature, the glass transition region was analysed. The thermograms of all coating
samples showed broad endothermic peaks in the temperature range of 100-140 °C, which is
due to the evaporation of adsorbed water. Sharp peaks at higher temperatures were observed,
which were attributed to crystalline melting transition (Figure 4.54a). Pure PVA sample
showed endothermic peaks at 108 °C and 227 °C, which were assigned to the evaporation of
adsorbed moisture and melting transition, respectively (Kumar et al. 2019). The thermogram
analysis revealed that the CS/PVA coating exhibited peak broadening and a shift towards a
lower temperature i.e., from 227 °C to 205 °C, indicating stable interactions between the
polymer moieties. After the incorporation of GO in the coatings, DSC curves showed red
shifts in the peaks in the range of 211-214 °C. This red shift resulted from the crosslinking of
CS/PVA and GO through hydrogen bonds, which restricted the motion of molecular chains

and increased the melting temperature of the coatings (Ma et al. 2012). It indicates that both
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CS/PVA and GO were compatible while coating fabrication, which improved the overall

thermal characteristics of nanocomposites.
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Figure 4.54 (a) DSC thermograms and, (b) Optical transmittance spectra of pristine and

graphene-oxide loaded chitosan-PVA coatings.

The development of UV-protective materials is crucial while designing bioactive coatings, as
they must remain protected against radiation-induced damage while maintaining their
appearance and avoiding cracks for extended periods (Ahmed et al. 2019; Refaee et al. 2022).
We analysed the UV-light shielding behaviour of CS/PVA films varying GO content through
light transmittance (Figure 4.54b). Pristine CS/PVA films exhibited poor UV-absorption
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capability having 53.2% transmittance and high transparency in UV region (200-400 nm). A
proportionate rise in GO content however, significantly enhanced the UV-shielding effect of
CS/PVA films. This was manifested through a drastic reduction in transmittance in
CS/IPVAIGOo0s (29.7%), CS/IPVAIGOoors (23.3%), CS/PVA/GOo1 (13.4%), and
CS/PVA/GOo.15 (12.9%) films. An increased GO content appeared responsible for such UV-
blocking ability of organic coatings where planar structure and high C/O ratio of GO
nanosheets imparted an effective barrier to UV light (Xie et al. 2015). Besides, GO sheets are
well known UV-absorbers which potentially transform the adsorbed energy to less damaging
thermal energy via photo-physical process. The incorporation of GO sheets onto CS/PVA
based composite coatings prevent unsolicited UV-induced protein degradation at implants

site (Xie et al. 2015) and thus improve tissue regeneration.

SEM micrographs unveiled the surface structure and interfacial interactions of coatings
(Figure 4.55). The unusual tangentially curved morphologies in pristine CS/PVA surface
were indicative of chitosan susceptibility to self-aggregation (Han et al. 2011). This was
further verified after incorporating graphene oxide into chitosan/PVA matrix which resulted
in better surface smoothness due to great dispersion, miscibility and strong interactions of GO
with CS/PVA. The surface morphology of CS/PVA/GQOq.0s and CS/PVA/GOo.075 coatings did
not deviate much from their pristine form. Whereas, incorporating a higher GO content
imparted slightly rough features on CS/PVA/GOo.: and CS/PVA/GOois film surfaces
accompanied by larger artefacts. The cross-sectional images of coating films showed
fractured surface along with grooves and rough edges (Figure 4.55). The polymeric blends
appeared denser after incorporating GO sheets ascribable to synergistic charge carriers,
complementary microstructures and superior chain entanglement among chitosan, PVA and
GO. SEM micrographs did not show any individual exfoliated multi-layered GO sheets
which envisaged a great adhesion as if they were well wrapped between layers of CS/PVA
blends. Further, Energy dispersive X-Ray (EDX) analysis (Table 4.9) confirmed the presence
of characteristic elements such as carbon (C), oxygen (O) and nitrogen (N). The revelation of
proportional increase in oxygen content validated the increasing GO content in the coatings.
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Figure 455 SEM micrographs showing surface topography and cross-sectional
microstructures of pure chitosan-PVA (CS/PVA) and graphene oxide loaded chitosan-PVA
(CS/PVA/GO) composites.
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Table 4.9 Elemental composition (mass norm. %) of CS/PVA and CS/PVA/GO coatings.

CS/PVA CS/PVA/GOo.05 CS/IPVA/GOoo7s CS/PVA/GOo1 CS/PVA/GOo.15

C 50.60 50.47 49.48 49.37 48.53
@) 36.54 39.47 40.26 40.56 40.70
N 3.42 2.88 2.52 2.77 3.21

4.17 Antibacterial Efficacy of Coatings
4.17.1 Antibacterial Contact Assay

The uncoated SS substrates did not show any inhibitory effect on bacterial growth, regardless
of the bacterial species and incubation time (Figure 4.56). In contrast, CS/PVA/GO-coated
substrates exhibited a significant inhibition of bacterial growth, forming a clear zone of
inhibition (Zol). Although increasing the GO content in CS/PVA coatings did not produce
any noticeable changes in bacterial growth, the duration of the initial contact time certainly
had a profound impact. Coatings that were in contact with bacteria for 1-4 h displayed only a
bacteriostatic response since a permanent Zol could not be established in the exposed area
and was eventually replaced by bacterial growth from neighbouring areas over 10 days of
aging (Figure 4.56). However, a 6 h contact duration was sufficient to impart a permanent
antibacterial (bactericidal) response onto the coated surface, where no signs of bacterial
growth were observed on the formed Zol even after aging the plates for a month. This
suggests that the biomedical coatings exhibit a contact-active behaviour, which sometimes
provides a higher antibacterial response than materials that prefer release-mediated

antibacterial action, as reported earlier (Agnihotri et al. 2015; Agnihotri et al. 2013).
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S. aureus S. epidermidis
After 1 day After 30 days After 1 day After 30 days

Contact time 4 h Contacttime 2 h Contacttime 1 h

Contact time 6 h

Figure 4.56 Contact bacterial growth inhibition of S.aureus and S epidermidis by coatings
C=control; 1=CS/PVA; 2=CS/PVA/GOo0s5; 3=CS/PVA/GOoo75; 4=CS/PVA/GOo.1;
5=CS/PVA/GOg.5 at 1 h, 2 h, 4 h & 6 h contact time after 1 day and its progression after 30
days.

4.17.2 Antibacterial Drop Test

The drop test results indicated that both S. epidermidis and S. aureus grew well on uncoated
SS surface forming bacterial biofilm in 10 days. However, fewer bacterial colonies were
propagated in CS/PVA/GO coatings revealing a significant antibacterial activity against both
strains (Figure 4.57a). The cell viability (%) data of pristine CS/PVA coating also indicated
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bacterial growth viz. 43.6% and 46.7% for S. epidermidis and S. aureus, respectively (Figure
4.57b). With increasing GO concentration (0.05-0.15 wt.%) in coatings, the cell viability
reduced from 33.9 to 17.7% (S. epidermidis) and 22.8 to 10.9% (S. aureus) in just 1 h of

incubation exhibiting an intense biocidal nature of the coatings.
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Figure 4.57 (a) Digital images of colony-forming unit of S. epidermidis and S. aureus
incubated for 1 h on the control (pristine SS) and CS/PVA/GO coated SS surfaces. (b) Drop
test for the quantitative analysis of bacterial cell viability (%) against CS/PVA/GO coatings

for S. aureus and S. epidermidis.

Furthermore, increasing the incubation time to 6 h resulted in decrease of S. epidermidis cell
viability from 14.6 to 7.8% and 8.9 to 2.9% in S. aureus cells when treated with coatings of

GO content <0.075 wt.%. Complete eradication of Staphylococcus sp. cells was eventually
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also observed at 6 h incubation with coatings containing higher GO concentrations of >0.1
wt.% (Figure 4.58a-b). The results obtained in this study demonstrate a superior antibacterial
efficacy compared to previously reported literature (Khan et al. 2021; Ruiz et al. 2019;
Tamayo Marin et al. 2019), where comparatively higher GO concentrations were required to
induce effective bactericidal activity.
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Figure 4.58 (a) Digital images of colony-forming unit of S. epidermidis and S. aureus

incubated for 6 h on the control (pristine SS) and CS/PVA/GO coated SS surfaces. (b) Drop

test for the quantitative analysis of bacterial cell viability (%) against CS/PVA/GO coatings
for S. aureus and S. epidermidis.
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The reproducibility of coatings’ fabrication was also evaluated using a drop test, which
revealed excellent replicability in terms of bioactivity, thus validating the efficacy of our
procedure (Table 4.10).

Table 4.10 Bacterial cell viability (%) of S. aureus and S. epidermidis evaluated against
CS/PVA/GO coatings in a drop test at time interval of 6 h.

Cell viability %

S. aureus S. epidermidis
Control 99.34 + 0.95 99.69 + 0.56°
CS/PVA 36.92 + 1.76" 39.23 +0.86°
CS/IPVA/GOo0s  10.04 + 0.48° 14.97 +0.31°
CSIPVAIGOoors  3.14 + 0.17¢ 7.89 +0.20¢
CS/PVAIGOo1  0.066 + 0.001° 0.065 + 0.002°
CS/IPVA/GOo1s  (.063 + 0.003° 0.064 + 0.002°

Mean values sharing a common letter within the treatment are not significant at P < 0.05

4.17.3 LIVE/DEAD Assay

A live/dead bacterial staining assay was conducted to assess the membrane permeability of
bacteria following exposure to the coatings. Fluorescein diacetate (FDA) accumulated by live
bacteria displayed viable cells as green and propidium iodide (P1), a nucleotide-binding probe
that can only enter cells with damaged membranes, presented the non-viable cells as red. The
results, presented in Figure 4.59, show dominant green and negligible red fluorescence
signals for the control groups, indicating that the untreated cells maintained a normal
membrane. Compared to the negative control, the CS/PVA coating displayed some bacterial
inhibition, likely due to the inherent bactericidal properties of chitosan moieties. The cationic
moieties present in this polysaccharide are known to compromise the cellular framework of
bacteria, leading to their death (Khan et al. 2021). In contrast, the GO-based coatings showed
varied degrees of red fluorescence. As the GO content in coatings was increased from 0.05-
0.15 wt.%, there was a significant enhancement in red fluorescence as the number of non-
viable bacterial cells increased and only a few sporadic live bacteria cells survived. These
results were attributed to the synergistic effect of GO and CS, which could more efficiently
disrupt the bacterial cell membrane in contact with CS/PVA/GO coatings, leading to bacterial
inactivation as a consequence of the leakage of intracellular metabolites through permeable

membranes. Further, the fluorescent images showed a higher number of non-viable cells in

156 | Results and Discussion



case of S. aureus than S. epidermidis, which were in good agreement with the antibacterial

drop test results.

S. epidermidis S.aureus
LIVE (FDA) DEAD (PI) LIVE (FDA) DEAD (PI)
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Figure 4.59 Fluorescent images showing the comparative distribution of live and dead cell of

S. epidermidis and S. aureus bacteria when come in direct contact to CS/PVA/GO coatings.
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4.18 Antibacterial Mechanism of Bioactive Coatings

Other than analysing the quantitative data for antibacterial analyses, it is equally important to
understand the mechanistic insights into the functioning of antibacterial coatings while
designing anti-biofouling surfaces for biomedical purposes. This can be understood well by

elucidating the underlying mechanism of antibacterial action of these coatings.

4.18.1 Bacterial Morphology through SEM

The SEM images of untreated (control) cells revealed a typical glossy, circular, and grape-
shaped morphology of S. epidermidis colonies with intact and smooth cell membranes
(Figure 4.60). However, when treated with CS/PVA/GO coatings, significant morphological
abnormalities were observed in S. epidermidis. The majority of bacterial cells appeared
wrinkled with shrunken cell membranes, and perforated with pronounced breakages,
indicating severe damage to cellular integrity. Similar findings were observed in S. aureus
cells, which exhibited lysed cells and distorted shapes after exposure to CS/PVA/GO
coatings. The exterior surface morphology analysis revealed irreversible damage to the cell
membrane due to direct contact with immobilized GO sheets within CS/PVA matrices, as
confirmed through material characterization. As previously reported, graphene oxide, when
dispersed in a polymeric matrix, exhibits a much more lethal antibacterial action than its
colloidal form (Ma et al. 2012). GO triggers ROS generation, causing severe membrane
damage, forming pits/holes and enhancing membrane permeability (Agnihotri et al. 2015;
Agnihotri et al. 2013; Liu et al. 2011).

4.18.2 Membrane Damage through ROS-triggered Oxidative Stress

The mechanism of antibacterial action via oxidative stress generation is evident in GO-based
coatings (Figure 4.61a). Our observations reveal a 2-3 fold increase in ROS production in S.
epidermidis and S. aureus cells when treated with CS/PVA/GO coatings (Raw data has been
added in appendix-D as Table A2). The ROS production was consistent with an increase in
GO content in the antibacterial coatings. This highlights the role of CS/PVA/GO coating as
an electron donor on the bacterial surface, which reacts with oxygen molecules to generate
superoxide radicals (O2"). Such an abrupt rise in ROS at bacterial surface could not be
handled by their defence mechanism and get accumulated, resulting in an antibacterial

response. Excessive levels of ROS may propel adverse events to bacteria furthermore viz.
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enhanced membrane permeability, diminished enzymes activity and destruction of cellular
proteins/nucleic acids, leading to bacterial death (Panda et al. 2018).

Treated

S. epidermidis

S. aureus

Figure 4.60 FE-SEM micrographs of S. epidermidis and S. aureus cells untreated (control)
and treated with CS/PVA/GO coatings.
4.18.3 Leakage of Cytoplasmic Proteins

The release of intracellular proteins was evaluated to determine membrane leakage in treated
bacterial cells (Figure 4.61b). No significant release of proteins was observed from untreated
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S. epidermidis (1.87 pg mL™?) and S. aureus (2.08 ug mL™Y) cells. However, upon introducing
CS/PVA/GO coated SS substrates to both bacterial suspensions, the amount of released
protein drastically enhanced by 8.5-9 folds. The increase in protein leakage 5.96-15.72 ug
mL7in treated S. epidermidis and 8.07-18.43 pug mL in treated S. aureus was also dependent
on GO-content (0.05-0.15 wt.%) in the final nanocomposite coatings. This confirms our
hypothesis that a GO-induced rise in ROS levels would have severely compromised
membrane permeability of pathogenic bacteria resulting in the release of all intracellular

components including proteins.
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Figure 4.61 (a) Fold increase in intracellular ROS of S. epidermidis & S. aureus cells
exposed to CS/PVA/GO composites, leakage of (b) cytoplasmic proteins and (c) respiratory
chain lactate dehydrogenases from S. epidermidis & S. aureus cells exposed to various
CS/PVA/GO coatings.
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4.18.4 Suppression of Respiratory Chain Activity

LDH release assay was further employed to test bacterial cell membrane integrity (Figure
4.61c). SS substrates coated with CS/PVA/GO disrupted cellular respiration with significant
difference among controls, CS/PVA and CS/PVA/GO coatings. The LDH release (%) in
control and pristine CS/PVA were 6.4% and 29.6% (S. epidermidis) and 9.8%, 24.2% (S.
aureus), respectively. As discussed earlier, introducing GO in bioactive coatings caused more
release of LDH. For instance, CS/PVA/GOo.0s5, CS/IPVA/GOoo75, CS/IPVA/GOo1, and
CS/PVA/GOo.15 showed LDH release of 47.3%, 51.8%, 58.6%, and 61.5% for S. epidermidis
while 55.2%, 62.1%, 65.2%, 66.6% for S. aureus respectively. An increase in LDH release in
culture supernatants clearly indicates more lysed bacterial cells (Jaworski et al. 2018).
Therefore, CS/PVA coatings having 0.15% GO disrupted the bacterial membrane most
severely. These results indicated that following LDH release, an important enzyme in cellular
respiration, CS/PVA/GO coatings are capable to suppress cellular respiration and

reproduction by inhibiting respiratory chain activity.

Analysing results, a coupled mechanism of bacterial inhibition with CS/PVA/GO coatings
was envisaged. We observed that both structural and chemical characteristics of GO, which
often work synergistically, dictate its lethal action towards pathogens. A few studies claimed
that direct contact of GO sheets with bacterial surface through their sharp edges can likely
cause deep penetration and puncture membranes, often leading to cellular deformation (Ruiz
et al. 2019; Yadav et al. 2017). However, such penetration of GO sheets onto bacterial
suspension was difficult to predict as GO exists in immobilized state within CS/PVA matrix.
Even during coating process, slow water evaporation forms a self-assembled surface where
majority of GO sheets would lie flat in basal plane of the substrate surface. This observation
aligned well to SEM micrographs where no signs of sharp edges of GO sheets were found.
Therefore, in contrast to earlier reports, we eliminated the “nano-knife” behaviour of
immobilized GO as its primary antibacterial action mechanism. As reported earlier (Hajji et
al. 2016; Liu et al. 2018), while a contact-active CS/PVA hydrogel had shown remarkable
biocidal effects, the inclusion of GO would only augment its action, which cannot be ignored.
Besides, cell rupturing, protein leakage and respiratory dehydrogenases disruption via
CS/PVA/GO coatings could have also been triggered by lipid peroxidation due to the
oxidative nature of GO (Fan et al. 2017). Therefore, being passive in nature (non-releasing

antimicrobial), the predominant mechanism of GO-based coatings was mediated through
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oxidative stress (ROS generation) (Perreault et al. 2015). Damaged cell membrane further
weakened the cellular integrity inhibiting its respiratory chain activity and promoting

cytoplasmic leakage as the two main secondary mechanisms, leading to antibacterial
response.

4.19 Evaluation of Biocompatibility

4.19.1 Hemolysis

In vitro hemolytic assays were performed to evaluate the compatibility of blood-contacting
coatings. Percentage hemolysis of pristine CS/PVA, CS/PVA/GOqos, CS/PVA/GOq7s,
CS/PVA/GOo1, and CS/PVA/GOg.15 coatings were recorded as 1.15%, 1.84%, 1.87%, 3.21%
and 3.43%, respectively (Figure 4.62a). While a consistent increase in hemolysis was
observed with increasing GO content, the extent of RBC rupture also became prominent. This
could be attributed to toxicological response of GO against RBCs based upon its size,
morphology, oxygen content, exfoliation extent, and surface charge. However, the hemolytic
activity of GO is predominantly surface-linked, as the RBC disruption occurs due to strong
electrostatic interactions between negatively-charged GO surface and positively-charged

phosphatidylcholine lipids on RBC's outer membrane (Liao et al. 2011).
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Figure 4.62 (a) Hemolysis of human erythrocytes by CS/PVA/GO composite coatings and,
(b) Photographs from hemolytic activity test where PBS and Triton X-100 stand as negative
and positive controls respectively. Mean values sharing a common letter within the treatment
are not significant at P < 0.05.
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Coatings having GO concentration <0.1% were classified as non-hemolytic (H<2%) as per
the hemolysis grade defined by ASTM F756-00 standard (H= 0-2%, non-hemolytic; H= 2-
5%, slightly hemolytic, H=>5%, hemolytic). Figure 4.62b represents an apparent difference
in colour between the test samples, positive and negative control. Positive control causing
100% RBC lysis demonstrated bright red colour while the negative control was pale yellow.

The test samples were observed having an incremental change in pink colour.
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Figure 4.63 Cytotoxicity analysis of soak solutions obtained from CS/PVA/GO coatings at
concentration range of 2-6 mg mL™ on (a) PBMCs, and (b) HepG2 cells as determined by
MTT assay. Results reported in terms of % cell viability and in controls cells (unexposed)
100% cell viability (0% cytotoxicity) was taken.

4.19.2 Cytotoxicity towards PBMCs and HepG2 Cells

Human peripheral blood mononuclear cells (PBMCs) represent one of the major population
of cells that gather at the first line of immune defence during biomaterial implantation in
human body (Greulich et al. 2011). Therefore, the cytotoxic impact of pristine and graphene
oxide loaded coatings on PBMCs was investigated first (Figure 4.63a). We demonstrated that
none of the coatings induced any cytotoxicity effects, where all test samples (CS/PVA/GO
coatings) resulted in an average cell viability of 77.1% under the test concentration range of
2-6 mg mLt. HepG2 cells were employed as in vitro model for determining materials’
cytotoxicity (Agnihotri et al. 2015; Mersch-Sundermann et al. 2004). As shown in Figure
4.63b, all bioactive coatings including the highest GO concentration (0.15 wt.%)

demonstrated >70% cell viability under similar test conditions.
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Additionally, when GO concentration in coating films was increased from 2 to 4 mg mL™,
cell viability concomitantly decreased from 82.4% to 77.4% (PBMCs) and 80.9% to 78.3%
(HepG2 cells). At 6 mg mL* GO concentration, mammalian cell viability further reduced to
72.22% (HepG2) and 70.92% (PBMCs).
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Control

CS/PVA/GOy g5 CS/PVA
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CSIPVA/GO, 4

CSIPVA/GO, 15

Figure 4.64 Bright-field microscopic images displaying morphology of PBMCs and HepG2
after treatment with 6 mg mL* soak solution of CS/PVA/GO coatings.

Microscopic analysis demonstrated virtually no significant change in shape of cells upon
exposure to CS/PVA/GO coatings. Both, treated PBMCs and HepG2 cells exhibited well
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defined and extended morphologies, similar to untreated ones (Figure 4.64). All coatings with
GO displayed statistically significant decrease in survival of PBMCs and HepG2 cells
compared to control. However, the difference between cell viability of coatings on account of
increase in GO concentration was non-significant in both cell groups. As per the
biocompatibility guidance, ISO 10993-5, 2009, ‘Biological evaluation of medical devices’,
>70% cell viability obtained in test method is regarded as the cytotoxicity safety limit
(Urzedo et al. 2020). Thus, we concluded that CS/PVA/GO coatings when coated on SS
implants appear as non-cytotoxic against the targeted mammalian cells.

4.20 Degradation behaviour of CS/PVA/GO coatings

The purpose of evaluating extent of degradation in simulated body fluid over 14 days period
was to determine coating's durability and estimate its longevity in vivo (Figure 4.65a). This
would enable us to design a more reliable and long-lasting biomedical coatings. Following
the 14-day testing period, pure CS/PVA coatings exhibited a final degradation of 87%, while
CS/PVA/GO coatings displayed declining deterioration from 78% to 69% as the GO content
increased from 0.05 to 0.15 wt.%. It is well-established that degradation of polymers in a
body fluid occurs due to a complex series of events, including water absorption, molecule
hydration, hydrogen bond rupture, and eventual hydrolysis of unstable bonds (Depan et al.
2011; Tamayo Marin et al. 2019). Our results indicate that increasing the GO content in
Chitosan/PVA blends restrained the entry of SBF into the polymeric matrices, resulting in
lower weight loss and consequently lower degradation (Ruiz et al. 2019). This finding
underscores the strong adhesion and improved stability of CS/PVA/GO-based coatings
(Tamayo Marin et al. 2019). We hypothesize that the extensive hydrogen bonding network
between the polymer matrix and GO provides the CS/PVA/GO composite with high-energy

links and immense chemical stability.

In addition, a gradual decline in solution pH was observed during the degradation processes
of coatings (Figure 4.65b). This observation is an indicative of coating hydrolysis-led
dissolution of a more susceptible and acidic moieties available in amorphous phases of the
polymer matrix. As a result, the release of residual acetic acid and other harmless degradation
by-products, typically present in chitosan polymer may have contributed to the lowering of
the pH of SBF (Depan et al. 2013). As determined by ASTM F1635 standard, the admissible
pH scales that promote and maintain vital functions in human body lie between 6 and 8. This
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indicates that the values obtained in 6.7-7.5 range during coating degradation in this study lie

within the reference domain of biological processes.

@ 400
80 4 I/
2 'k////{
2 g
=
S 407 7 —=— CS/PVA
g CS/PVA/GO, o5
—v— GS/PVA/GOy 4
) J —+— CS/PVA/GO, 5
0 2 4 6 8 10 12 14
Time (Days)
(b)
7.6 1
7.4
I 72'
o

20 —=—CS/PVA
CS/PVA/GO, g

CS/PVA/GO, 476
681 . csiPvAGO,,
| —+— CS/PVA/GO, ;s

6-6 T T T T T T T
0 2 4 6 8 10 12 14

Time (Days)

Figure 4.65 (a) Weight loss of CS/PVA/GO nanocomposite coatings and (b) Changes in pH
of simulated body fluid, SBF at different time intervals over the span of 14 days.

The topographical changes in CS/PVA/GO coatings that might occur during the degradation
process were also examined (as shown in Figure 4.66). The micrographs clearly illustrate a
highly rough texture of the coatings, which increases with GO content during degradation.
The lighter grey regions in SEM micrographs shows the exposed SS substrate surface from
where the coating undergoing degradation has been eroded (Figure 4.66, Column X). A
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comparison of the surface morphology of the coatings before and after immersion in SBF can
be observed in Figures 4.55 and 4.66, respectively, revealing a noticeable difference in

surface texture.

CS/PVA/GOO1 CS/PVA/G00075 CS/PVA/GO()05

CS/PVA/GOy 45

100 pm

Figure 4.66 FE-SEM micrographs illustrating morphological changes in CS/PVA/GO
coatings undergoing degradation after immersion in SBF for 14 days. Column X represents
degraded coatings on SS substrate surface after 14 days and Column Y illustrates
precipitated whitish layer.
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Additionally, a whitish layer that precipitated on the coating surfaces (Figure 4.66, Column
Y) could be observed, which is considered suitable as it promotes interaction between the
material surface and surrounding tissues (Mokhtari et al. 2018). Energy dispersive
spectroscopy (EDS) of test sample revealed the presence of elements such as C, O, and Fe
along with small amounts of Na, Cl, K, Cr, Mn, Ca, P, and Ni (Table 4.11). These results
provide valuable insights into the degradation behaviour and surface morphology of the
polymeric coatings, which are crucial factors in designing reliable and long-lasting

biomedical coatings.

Table 4.11 Elemental contents of CS/PVA/GOo.15 coating degraded over a time period of 14
days in simulated body fluid (SBF).

Elements Mass normal %

C 24.65
@) 5.70
Na 4.23
Cr 12.32
Mn 0.70
Fe 37.23
Ni 4.79
Cl 1.68
Ca 5.83
P 2.42
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Chapter 5

Conclusions




The pressing need for hygienic living conditions prompts new challenge for the development
of affordable, environmentally friendly, and non-toxic antimicrobial materials. In the realm of
resilient bacterial pathogens both in drinking water sources and healthcare facilities,
unresolved challenges persisted up to the present day. The effective eradication of bacterial
contaminants therefore demands innovative solutions to mitigate allied risks and safeguard
public health. The current work is dedicated to develop a polymer-nanoparticles system as
‘antibiotic alternatives’ offering potent biocidal properties while minimizing the
antimicrobial resistance crisis. Three types of polymer nanocomposites, in forms of hydrogels
and thin-film coatings containing different biocidal agents (AgNPs or GO) were evaluated for
controlling bacterial infections. The antibacterial characteristics, mechanism of action and
kinetic modelling of polymeric nanocomposites was done under relevant conditions for water
disinfection and biomedical implants coatings. The remarkable versatility of these polymeric
nanocomposites, capable of controlling microbial spread in two seemingly unrelated
domains, is a testament to their potential. This work serves as a reference point for future
research, offering a foundation for the design and implementation of antimicrobial materials

across various applications.

"Each achievement is a stepping stone, sufficient for my journey, yet paving the way for

others to explore and innovate."

The following conclusions are drawn based on the research work carried out:

5.1 Nano-silver loaded Chitosan-Polyvinyl alcohol (CS/PVA/Ag) Hydrogel for Water

Disinfection

e An innovative material was developed to simultaneously eliminate natural and biomedical
contaminants from water using a cross-linked chitosan-based hydrogel as an

immobilization matrix.

e The nanocomposite was fabricated by immobilizing silver nanoparticles (AgNPs) on to
chitosan-PVA hydrogel through in situ chemical reduction. The hierarchical network of
hydrogel acted as ‘miniature nanoreactor’ that enabled simultaneous synthesis and

immobilization of nanoparticles.

e Structural characterization confirmed the successful loading of AgNPs onto CS/PVA

without losing their antimicrobial activity. A high payload of AgNPs did not compromise
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the overall structural integrity of CS/PVA hydrogel and remained firmly intercalated

within the semi-interpenetrating networks.

Hydrogel nanocomposites displayed excellent strain-selective biocidal activity under
batch process conditions over a broad range of microbial concentrations (103-10° CFU
mL1). The hydrogels retained ~92% of its disinfection efficiency after 10 reuses and

reduced overall < 78% of biofilm within 24 h.

The correlation of disinfection profile and silver release on multiple reuse, deemed the
biocidal action of hydrogel to be ‘contact-active’, where a higher uptake of microbial cells
enabled by macro porous structure of the hydrogel resulted in their instant disruption

when in the close vicinity of immobilized AgNPs.

The hydrogel’s affordability, mechanical durability, and long-term disinfection efficacy
with a cumulative silver release below 100 ppb indicates its practical employability for

point-of-use water treatment purposes.

5.2 Nano-silver loaded Chitosan-Graphene oxide (CS/GO/Ag) Hydrogel for water

Disinfection

The developed nanocomposite hydrogel i.e., chitosan-graphene oxide, served as an
immobilization matrix for in situ synthesized AgNPs. Optimal GO content, achieved
through qualitative cross-linking, ensures structural stability and provides ample

anchoring sites for high AgNPs loading.

The immobilization of small-sized AgNPs increased the surface area by 3-folds to
facilitate rapid water permeation with dynamic swelling behaviour and imparted greater
thermal and mechanical stability to the hydrogel.

Chitosan-GO/Ag hydrogel exhibits species-specific disinfection potential under batch
conditions with multiple reuse cycles, while adhering to WHO silver release safety limits

for drinking water.

A coupled antibacterial mechanism involving both membrane damage and oxidative

stress pathways was envisaged in hydrogel nanocomposites.

Nanocomposite hydrogels, when formulated into bactericidal column filters, achieve 99%
bacterial inactivation within 2.9 minutes in a continuous reactor, following Weibull

kinetics as statistically optimized.
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In fixed-bed hydrogel reactors, complete disinfection of real canal and rainwater is

achieved within 20 minutes, demonstrating practical water treatment feasibility.

CS/GO/Ag hydrogel nanocomposites exhibit significant biocompatibility —with

mammalian cells and biodegradability in soil.

The implementation of hydrogel reactors with operational simplicity holds immense
potential for real-world applications, especially in regions with critical water disinfection

infrastructure deficiencies.

5.3 Chitosan-Polyvinyl alcohol/Graphene oxide (CS/PVA/GO) Nanocomposite as

Biomedical Coatings

Graphene oxide, serving as a bacterial growth inhibitor in varying concentrations, was
successfully embedded in a chitosan-PVA matrix to create protective coatings on 316L

stainless steel substrates through solvent casting and subsequent evaporation.

This technique yielded smooth, crack-free polymer nanocomposite thin-films on the
substrate, demonstrating considerable mechanical strength, thermal stability, and UV-
shielding properties.

Gravimetric drying analysis revealed that thicker coatings (~1400 pum) retained more

residual solvent compared to thinner coatings (~700 pum).

Bioactive coatings exhibited a robust antibacterial response (>82%) within 1 hour and
achieved complete inhibition at 6 hours against nosocomial infections causing

Staphylococcus species.

The primary antibacterial mechanism of these nanocomposite coatings involved ROS-
mediated oxidative stress, supported by morphological damage, intercellular component

leakage, and reparatory activity inhibition.

The coatings demonstrated non-cytotoxicity toward human cell lines and excellent blood
compatibility. The addition of GO enhanced coating stability against hydrolytic
degradation (69-78%) in simulated body fluids during a 14-day testing period.

This study's facile and eco-friendly approach opens new avenues for developing an
effective strategy to enhance the antibacterial performance and biocompatibility of

stainless steel-based implants simultaneously.
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Future Scope of the Work

Some key recommendations for future researchers in this field drawn from the insights

gained in the current research are given below:

e In addition to the enforcement of stringent guidelines and policies targeting microbial
contamination from anthropogenic sources, there's a pressing need for scientific
endeavours to explore novel materials and innovative techniques that selectively combat

harmful pathogens.

e Extending the hydrogel-based continuous reactor presented in this study with scalable
parameters and a comprehensive cost-to-benefit analysis could greatly enhance its

adoption in commercial water treatment industries.

e Research into earth-abundant metal-free nanoscale materials such as carbon nitride, red
phosphorus, or other natural products, either individually or in synergy with graphene
oxide, holds promise for greener nanocomposites, especially in the context of water

disinfection.

e Utilizing cross-linking and reducing agents from plant-based sources instead of chemical
compounds may enhance the extent of biocompatibility and provide a more suitable

microenvironment for optimizing microbe-nanoparticle interactions.

e The potential lies in designing or modifying coatings that permit surface rejuvenation or
repair, extending their functional lifespan. Such studies, coupled with a profound
understanding of environmental factors, fatigue resistance, and chemical stability, can

pave the way for futuristic materials.

e Extensive in vivo experimentation to assess long-term biological responses to
biomaterials and potential cytotoxicity is of paramount importance. Prioritizing
translational research and regulatory compliance through extensive pre-clinical and
clinical trials is essential to evaluate the safety and efficacy of these materials in real-

world scenarios.
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Appendix-A

Details of instruments used

Autoclave: Equitron, India.

Centrifuge: Himac 22G, Hitachi, Japan; Sorvall Legend XFR, Thermo Scientific, USA.
ELISA plate reader: Multiskan Spectrum, Thermo Scientific, USA; BioRad, USA
Field emission-scanning electron microscopy: Hitachi SU8010, Japan; Carl-Zeiss
Sigma 500 FEG-SEM, Germany.

Fourier Transform Infrared Spectroscopy: Nicklet 380 Thermo Fisher, USA; Perkin
Elmer-Spectrum RX-IFTIR, USA.

Differential Scanning Calorimetry: DSC131 evo, SETARAM Instrumentation, France
Inductively Coupled Plasma-Atomic Emission spectrometer: ARCOS- simultaneous
ICP Spectrometer, Germany

Raman Spectroscopy: LabRam HR800 Raman spectroscope, Horiba Jobin-Yvon,
France

Transmission electron microscopy: Jeol JEM-F200, Japan.

Fluorescence microscope: Nikon Eclipse50i, Japan.

Mechanical strength: Shimadzu Autograph AG100KNG universal testing machine
(UTM), Japan.

Thermogravimetric analysis: Setsys, Setaram Instrumentation, France
Brunauer-Emmett-Teller analysis: NOVA touch 4L, Quantachrome Instruments, USA
Microwave Plasma-Atomic Emission spectrometry: MP-AES, Agilent 4100, USA.
Incubator: Calton® BOD incubator, NSW India.

CO:2 incubator: Thermo Fisher Forma™, USA.

Automated cell counter: Curiosis Facscope™ B, Korea.

Rotational Rheometer: Anton Paar RheolabQC, Austria.

Laminar flow cabinet: Thermadyne Biosafety Cabinet Class-I, India.

Oven: NSW India.

pH meter: Adwa AD1030, Hungary.

Scanning electron microscopy: Hitachi S-3400N, Japan.

Shaking incubator: Excella® E25 Incubator shaker, New Brunswick Scientific, USA.
Thermogravimetric Analyzer: EXSTAR TG/DTA 6300, Seiko Instruments Inc., Japan.
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Ultrasonic bath: PCI analytics-9L, India.

UV-Viz spectrophotometer: UV-2600, Shimadzu Corp., Japan.

Vortex: Tarson Spinix 3002, India.

Water bath: Precision Reciprocal Shaking Bath, Thermo Scientific, USA; NSW India.
Weighing balance: ME 104 Mettler Toledo, USA,; Precisa ES225SM-D, Switzerland.
X-ray diffractometer: PANalytical X-pert Pro, The Netherlands.

X-ray photoelectron spectroscopy: ESCALAB, Thermo Fischer Scientific, USA.
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Appendix-B

List of materials used

All chemicals and reagents used for the experiments were of the highest analytical grade.
Glassware and plasticware were procured from Borosil, JSGW and Tarsons, India. All
experiments were conducted using either deionized or double distilled water. Glassware used
were treated with Aqua Regia (3:1 solution of hydrochloric acid and nitric acid) to remove all
the accumulated metals and salts, followed by washing with distilled water. Sterilization of
the media components, buffers, saline solutions were done in an autoclave at 121°C (15 psi)

for 15 minutes unless otherwise specified.

Loba-Chemie Pvt. Ltd, India: Sodium hydroxide, sulphuric acid, graphite powder (purity
98%, particle size -60 mesh), sodium nitrate, potassium permanganate, nitro blue tetrazolium
chloride, lithium lactate, 30% hydrogen peroxide, and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), sodium chloride, potassium chloride, sodium phosphate
dibasic, potassium phosphate monobasic, magnesium chloride hexahydrate, sodium sulphate,

sodium carbonate, sodium hydrogen carbonate, di-potassium hydrogen phosphate trihydrate.

Hi Media Laboratories Pvt. Ltd. (Mumbai, India): Poly (vinyl alcohol), calcium chloride,
bovine serum albumin, glutaraldehyde, nutrient agar, nutrient broth, luria broth, tris Buffer,
B-Nicotinamide  adenine  dinucleotide  sodium  salt, Phenazine  methosulfate,
lodonitrotetrazolium chloride, Tris-HCI, Tris-base, L-glutathione, 5, 5’-dithiobis- (2-
nitrobenzoic acid), RPMI-1640, Fetal bovine serum, Coomassie Brilliant Blue G-250, and
DMEM.

Merck, USA: Acetic acid, ethanol, hydrochloric acid, nitric acid, phosphoric acid, and

sodium hydroxide.

Nano Wings Pvt. Ltd., India: Chitosan (>99% pure, 85% deacetylated, MW 100-300 kD).
Jindal Steel Corporation, India: Surgical grade stainless steel (AISI 316L).

Sigma Aldrich (USA): Silver nitrate and sodium borohydride.

National Collection of Industrial Microorganisms (CSIR-NCL, Pune, India): Bacterial
slant cultures of Enterobacter aerogenes NCIM 5139 (ATCC 13048), Staphylococcus aureus
NCIM 2127 (ATCC 9144) and Staphylococcus epidermidis NCIM 2493 (ATCC 12228).
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Microbial Type Culture Collection and Gene Bank (CSIR-IMTECH, Chandigarh,
India): Escherichia coli MTCC 739 (ATCC 10536) culture (freeze-dried).

National Centre for Cell Science, Pune (India): Human hepatocellular carcinoma cells

(HepG2) and African green monkey kidney cells (Vero).
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Appendix-C

Details of reagents prepared

1. Phosphate buffer saline (PBS)

Designated amount of sodium chloride, potassium chloride, potassium phosphate
monobasic and sodium phosphate dibasic were mixed in 80 mL of distilled water.
Solution was adjusted to desired pH ~7.2 and final volume was made 100 mL with

addition of distilled water.

For 1X (100 mL), pH ~7.2
Components Amount
Sodium chloride (NaCl) 800 mg
Potassium chloride (KCI) 20 mg
Sodium phosphate dibasic (NazHPOa) 144 mg
Potassium phosphate monobasic (KH2PO4) 24.5 mg

2. Bicarbonate buffer

0.72g of sodium carbonate (Na2CO3z) and 1.89g of sodium bicarbonate (NaHCO3) were
added to 400 mL of distilled water. Solution was adjusted to desired pH ~8.6 and final

volume was made to 500 mL with addition of distilled water.

3. Bradford reagent

Reagent was prepared by adding 0.01% (w/v) Coomassie Brilliant Blue G-250, 4.7%
(w/v) ethanol, and 8.5% (w/v) phosphoric acid.

4. LDH assay reagent

Solution A: Mixture of 1.175 mM phenazine methosulfate (PMS in distilled water), 2.610
mM iodonitrotetrazolium chloride (INT in dimethyl sulfoxide ), and 5.185 mM B-
nicotinamide adenine dinucleotide sodium (NAD in distilled water)

Solution B: 50mM lithium lactate in distilled water

Solution C: 200 mM TRIS in distilled water with pH 8

Reagent preparation: 50 pL each of solution A, solution B, and solution C.
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5. Simulated body fluid

The container with 700 mL of distilled water was placed in a constant temperature water
bath at 36.5 = 0.5 °C, the reagents were completely dissolved in the order listed in the
table below, and the pH value of the SBF was adjusted to 7.45 with Tris and HCI. Finally,

the volume was made to 1000 mL with addition of distilled water.

For 1000 mL, pH ~7.45

Components Amount

Sodium chloride (NaCl) 8.035¢

Sodium hydrogen carbonate (NaHCO3) 0.355¢
Di-potassium hydrogen phosphate trihydrate (KoHPO4. 3H20) 0.231¢
Magnesium chloride hexahydrate (MgClz. 6H20) 0.311¢g

1.0 M Hydrochloric acid (HCI) 39 mL

Calcium chloride (CaCly) 0.292 ¢

Sodium sulphate (Na2S0O4) 0.072 g
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Appendix-D

Standard Curves

1. Standard curve of Bovine Serum Albumin (BSA) using Bradford method
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Raw Data

Table A1 Raw data used for calculating folds increase in intracellular ROS in graph of figure
4.37(a).

Sample E. aerogenes | E. coli | S. aureus | S. epidermidis
ODs7s

Control 0.1209 0.1339 0.1325 0.1311

CS/IGO 0.1618 0.1757 0.1751 0.1637

CS/GO/Ag | 0.4749 0.4303 0.4158 0.3509
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Table A2 Raw data used for calculating folds increase in intracellular ROS in graph of figure
4.61(a).

Sample S. epidermidis | S. aureus
ODs7s
Control 0.0635 0.0377
CS/IPVA 0.0666 0.0490
CS/PVAIGOo.05 0.1133 0.0807
CS/PVA/GOo.075 0.1183 0.1061
CS/PVAIGOo.1 0.1310 0.1199
CS/PVA/GOo.15 0.1591 0.1295

215 |Appendix



SPRINGER NATURE LICENSE

TERMS AND CONDITIONS

Aug 17,2023

This Agreement between Thapar University -- Navneet Dhiman ("You") and Springer Nature
("Springer Nature") consists of your license details and the terms and conditions provided by
Springer Nature and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

5611250805876

Aug 17,2023

Springer Nature

Springer eBook

Graphene Oxide Coatings as Tools to Prevent
Microbial Biofilm Formation on Medical Device

Margherita Cacaci, Cecilia Martini, Cinzia Guarino
et al

Jan 1, 2019

Thesis/Dissertation

academic/university or research institute

print and electronic

figures/tables/illustrations

Number of figures/tables/illustrations 1



Will you be translating? no

Circulation/distribution 1-29

Author of this Springer Nature content no

Development of polymeric hydrogel nanocomposites

Title for antibacterial application
Institution name Thapar Institute of Engg. & Technology
Expected presentation date Mar 2024
Portions Fig.1
Thapar University
Navneet Kaur c¢/o Biotech Lab 2, TIFAC-CO
Bhadson Road

Requestor Location
PATIALA, Punjab 147004
India
Attn: Thapar University

Total 0.00 USD

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By clicking
'accept' and completing the transaction for your use of the material ("Licensed Material"),
you confirm your acceptance of and obligation to be bound by these Terms and
Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate to
the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order



Environmental

Science
Nano

PAPER

7 ROYAL SOCIETY
PN OF CHEMISTRY

i '.) Check for updates ‘

Cite this: Environ. Sci.: Nano, 2020,
7, 2337

Received 19th April 2020,
Accepted 11th June 2020

DOI: 10.1039/d0en00405g

rsc.li/es-nano

Environmental significance

Hierarchically aligned nano silver/chitosan-PVA
hydrogel for point-of-use water disinfection:
contact-active mechanism revealedy

Navneet Kaur Dhiman @2 and Shekhar Agnihotri @ *ab¢

The unsafe disposal of biomedical waste poses hazardous consequences to natural water resources, which
may get contaminated through several means of leakage into waterways. Herein, the disinfection potential
of nano-silver loaded chitosan-PVA hydrogel to completely eradicate biomedical contaminants coexisting
with natural contaminants in environmental samples was successfully demonstrated for the first time. The
polymeric network of the hydrogel served a dual role for in situ synthesis and immobilization of silver
nanoparticles (AgNPs) simultaneously. Porous Ag-loaded hydrogels displayed a temperature-dependent
swelling behavior and exhibited an improved mechanical strength (Young's modulus, 12.36 + 0.29 MPa;
elongation at break, 180%) by effectively distributing the external stress and restored its structural integrity.
Complete disinfection (100% killing) could be achieved within 4 h against all the four tested contaminants,
demonstrating a distinct strain-specific biocidal activity. Being a diffusion-controlled process, the oxidative
dissolution of AgNPs deeply buried in the interiors of the hydrogel architectures was adversely affected on
repeated use and restricted the maximum silver release to 38.8 + 5.6 ug g hydrogel in an aqueous
suspension over 7 days. Correlating the reusability and silver release kinetics, a predominant contact-active
role of the hydrogel was envisaged via ‘capture and kill' over leaching of silver ions for rapid water
disinfection. The Ag-loaded hydrogels also severely inhibited the biofilm formation of Escherichia coli and
Staphylococcus aureus till 48 h. Finally, the hydrogels could completely disinfect the natural water samples,
i.e., river, ground, and tap water with inherited microbiota and biomedical contaminants in 2 h under the
real conditions.

This study accounts for the possibilities of biomedical contamination coexisting with natural contaminants in our water resources and their complete
removal through hydrogel-based disinfection systems, thus mitigating their hazardous consequences. The concentration range of each water quality
parameter was selected so as to represent the practical water chemistry conditions prevailing in various regions around the globe. The semi-
interpenetrating networks of the hydrogel performed a dual role, acting both as a nanoreactor for in situ AgNP synthesis and a support matrix for their
subsequent immobilization. The hydrogel appeared to be robust, reusable with anti-biofilm characteristics, and achieved 100% disinfection with only ~74
ppb of silver release in the water samples through the ‘contact-active’ mode of bactericidal action; thus, it poses no hazards associated with silver leaching.

1. Introduction

purification purposes."” Several coinage metals (copper,
silver, gold) and metal oxides at the nanoscale have

The recent interventions in nanotechnology have created new
paradigms of using functional nanomaterials for water
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demonstrated excellent capabilities to purify contaminated
water owing to their high aspect ratio along with unique
physicochemical characteristics.® Silver nanoparticles (AgNPs)
possess the most striking attributes among such
nanomaterials for myriad of water based applications such as
the removal of emerging contaminants,” photocatalytic water-
splitting,” wastewater treatment,® biomedical coatings,” and
potable water purification.®** Despite this, the use of AgNPs
for water purification still lacks practical affordability for
three main reasons."? First, colloidal AgNPs are more prone
to get aggregated under different chemical conditions of
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water and eventually lose their original efficacy at the time of
application.'® Second, in the absence of any carrier support
or matrix, AgNPs cannot be reused/retrieved further, which
make such systems uneconomical and unrealistic.® Most
importantly, an inevitable release of colloidal AgNPs into the
waterways after every single use would adversely affect
aquatic life forms and eventually, humans.'* Few recent
progresses in immobilizing AgNPs on to various support
materials such as silica,” granular activated carbon,"
graphene oxide,'®"” electrospun cellulose membrane,'® and
polymeric gels*>"’ the aforementioned
limitations, establishing silver-based nanocomposites as
promising materials to treat contaminated water/wastewater.

While selecting an ideal material for immobilization, the
porous morphology of the support matrix allows a dense,
stable localization of biomolecules/nanomaterials through
suitable surface functionalization approaches.”®**> Polymeric
chitosan hydrogels bear such characteristics where the
presence of semi-interpenetrating networks facilitate
maximum AgNP-water interactions within the hydrogel
without getting dissolved in it. Being innately antimicrobial,
non-cytotoxic, and biodegradable, chitosan hydrogel-based
nanocomposites have recently been utilized for several
biomedical purposes.”** Moreover, poor mechanical strength
of the chitosan hydrogel can be minimized either by adding
certain crosslinker(s) or introducing another compatible
polymer such polyvinyl alcohol (PVA). In contrast to this,
many studies rely on the modification of chitosan polymers
using either harsh chemicals and/or crosslinkers, which pose
even more hazardous implications to the ecosystem.>* A few
studies have demonstrated the incorporation of pre-
synthesized AgNPs over the nanocomposite via surface
functionalization, which requires an additional step of
chemical processing, making this approach unworthy.>®
Interestingly, a diverse range of nanoparticle-hydrogel
systems have recently been reported following our strategy,"’
wherein in situ synthesis of nanoparticles could be achieved
within the polymeric network of bulk hydrogel, which
simultaneously acted as an immobilizing matrix for
AgNPs.”>**® The underlying limitations in such reports
further prompted us to develop nano-silver loaded hydrogel
for point-of-use water disinfection purposes under natural
water quality conditions.

Within the Indian subcontinent, rivers, canals, ponds, and
aquifers are considered as the major natural resources of
clean water, which reach urban communities through
municipal supply after preliminary treatments. The inherent
chemical conditions of natural waters (alkalinity, hardness,
organic matter), however, may make these treatments
ineffective,'® thus allowing microbial contaminants to grow
before they get consumed in our homes. In addition, the
unsafe garbage/waste disposal practices through landfills,
septic tanks, and sewers have emerged as the major conduits
of surface and groundwater contamination. Although there
have been several reports on purifying water using silver-
based nanocomposites, most of the disinfection studies are

have overcome
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confined due to the use of distilled/deionized water as the
medium.**~** This might be a major hurdle for the successful
application of hydrogels in water purification purposes under
practically relevant conditions. As a step ahead, it is
imperative to testify the applicability of nanocomposites in
real, natural waters under various water quality parameters.
Moreover, it is of great public health concern to elucidate the
fate of microbial contaminants that may enter into drinking
water systems (DWS) through various means.

Herein, we have attempted to investigate a facile and eco-
friendly approach for synthesizing chitosan-PVA hydrogel
with in situ immobilized AgNPs for water disinfection
purposes. The disinfection studies were tested against four
bacterial strains under simulated potable water conditions.
Escherichia coli (E. coli) and Enterobacter aerogenes (E.
aerogenes) are well known indicators of water contamination,
while Staphylococcus aureus (S. aureus) and Staphylococcus
epidermidis (S. epidermidis) are associated with health
infections and are considered as the representatives of unsafe
biomedical waste disposal activities. Experiments were
conducted against real water sources (canal, groundwater,
and tap water) collected from local regions to further validate
the efficacy of the method. A distinct strain-specific
disinfection potential of AgNPs/chitosan-PVA hydrogel was
observed under various test conditions. Minimum leaching
of silver from the hydrogel indicated its potential safety
towards the environment, apart from achieving 100%
disinfection after every use. AgNPs immobilized over the
hydrogel further prevented biofilm formation. The AgNP-
laden  hydrogel could completely disinfect three
environmental samples river water, ground water and tap
water under real conditions without manipulating their
inherent water quality parameters and microbial
communities.

2. Materials and methods

2.1 Materials required

Chitosan (>99% pure, 85% deacetylated, MW 100-300 kD)
was procured from Nano Wings Pvt. Ltd., Telangana, India.
Silver nitrate, sodium borohydride, and phosphate buffer
solution (PBS) were obtained from Sigma Aldrich Pvt. Ltd.,
USA, while polyvinyl alcohol (PVA, MW 85-124 kD) was
purchased from HiMedia Pvt. Ltd., India. Sodium hydroxide
pellets were obtained from SD Fine Chemicals Ltd. Acetic
acid, glutaraldehyde (25% v/v, >98% purity), and ethanol
were purchased from Merck Life Science Pvt. Ltd., India. All
other solvents were obtained from Loba Chemie Pvt. Ltd.,
Mumbai, India and used as received. For antibacterial
experiments, non-pathogenic strains of E. coli MTCC 739
(ATCC 10536) were procured from Microbial Type Culture
Collection and Gene Bank, CSIR-IMTECH, Chandigarh
(India), while E. aerogenes NCIM 5139 (ATCC 13048), S. aureus
NCIM 2127 (ATCC 9144), and S. epidermidis NCIM 2493
(ATCC 12228) were procured from National Collection of
Industrial Microorganisms (CSIR-NCL, Pune, India) as stock

This journal is © The Royal Society of Chemistry 2020
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cultures. All the experiments were conducted using either
deionized (for nanoparticle synthesis) or double distilled (for
disinfection studies) water. The disinfection experiments
were also done in water samples from natural sources
without any purification steps at their natural microbial
contaminants level and spiked externally with the
aforementioned strains at ~10°-10* CFU mL™" as the initial
cell concentration.

2.2 Synthesis of nano-Ag loaded chitosan-PVA hydrogels

As described earlier,'”® a 2% w/v chitosan suspension was
prepared in 2% v/v acetic acid solution while stirring
overnight at 40 °C. A clear chitosan solution, devoid of any
insoluble impurities, was obtained through centrifugation
and filtration. Similarly, a 4% w/v PVA solution was prepared
in distilled water at 90 °C under vigorous stirring for 4 h.
Chitosan and PVA solutions were added in equal ratios (1:1)
in a beaker and stirred at 60 °C initially for 2 h and then at
25 °C over the next 12 h to obtain a homogeneous blend
suspension. To this solution, 100 pL 25% v/v glutaraldehyde
was added dropwise under constant stirring at 25 °C. The
solution was then casted in test tubes/Petri plates and cured
at 45 °C in a hot air oven for gelation. The formed hydrogels
were removed from the molds through precipitation with
12% w/v NaOH solution at room temperature for 8 h. The
hydrogels were then washed repeatedly with distilled water to
remove the residual alkali. The hydrogels were subjected to
five repeated freeze/thaw cycles, with each cycle comprising
of a freezing step (16 h at -20 °C), followed by a thawing step
(3 h at 25 °C) to develop porous network structures within
the hydrogel system.

The hydrogel was sliced into cylindrical discs (10 mm x 6
mm) and introduced into a vial containing 10 mM AgNO; aq.
solution for one day under dark conditions. After the
required incubation, the discs were washed thrice with DI
water to remove any unbound silver ions. The Ag" loaded
hydrogels were immersed in 10 mM NaBH, solution for 10
min for carrying out the reduction of silver ions to AgNPs.
These hydrogel discs were again rinsed with DI water, dried
under vacuum, and sealed in plastic bags till further use. The
chitosan-PVA hydrogel discs with loaded silver nanoparticles
is designated as Ag/CS-PVA hydrogel in later sections.

2.3 Material characterization

The optical spectra of the hydrogel films were recorded on a
UV-vis spectrometer (Shimadzu 2600, Japan) with a diffuse
reflectance accessory over the 200-600 nm wavelength range
in triplicate. Fourier-transform infrared spectroscopic (FTIR,
Nicolet 380 Thermo Fisher, USA) analyses were carried out in
the 500-4000 cm ™" range after lyophilizing the samples for 48
h so as to remove all the moisture/adsorbed water vapors and
their characteristic peaks were compared. The thermal
degradation studies were done using differential scanning
calorimetry (DSC 131 evo, SETARAM Instrumentation,
France). For this, the lyophilized specimens were analyzed at

This journal is © The Royal Society of Chemistry 2020
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a heating/cooling rate of 20 K min™' under N, atmosphere.
The surface morphology of pristine and Ag/CS-PVA hydrogels
was compared using a field emission scanning electron
microscope (FE-SEM, Hitachi SU-8010, Japan). A thin
specimen of the hydrogel samples was sputtered with gold
and pasted over the sample stubs using a carbon tape.
Elemental analyses and the composition of the hydrogel
samples were also investigated through energy-dispersive
X-ray spectroscopy (EDX). The mechanical performance of
the hydrogels, before and after immobilizing the AgNPs, was
determined using a dynamic mechanical analyzer (DMA
RSA3, TA instruments, USA) in their swollen state with a
crosshead speed of 3 mm min™" at room temperature (25 °C).
At least three specimens with similar dimensions (15 mm x
10 mm x 0.15 mm) were tested for each set of hydrogels.

2.4 Swelling studies

The initial dry weight of the lyophilized hydrogel discs (10
mm diameter) was calculated and designated as W;. The
hydrogels were then soaked in distilled water at 25 °C and
the swollen weight (W,) of the corresponding hydrogel discs
was determined at regular time interval over a span of 2 h
after wiping the surface. The swelling ratio (S%) is defined as
the ratio of the water content retained within the swollen
hydrogel (W, — W;) to its initial dry weight (W;). The impact
of temperature on the swelling studies was also evaluated for
the Ag/CS-PVA hydrogel over a broad range from 15-45 °C by
following eqn (1).

W,

- W,
S(%) = Tl x100 (1)

2.5 Strain specific disinfection and reusability studies

The antibacterial activity of the as-synthesized pristine and
Ag/CS-PVA hydrogels was primarily tested in both solid and
liquid medium through disc diffusion and viable cell count
methods, respectively, against four bacterial strains, namely,
E. coli, E. aerogenes, S. aureus, and S. epidermidis. In the disc
diffusion method, nutrient agar plates were spread with 100
uL of the chosen microbial solution having a count of ~10°-
10" CFU mL™. The sample discs were then placed on the
surface of the inoculated agar plates and kept at 37 °C in an
incubation chamber. The experiments were performed in
duplicate and the diameters of the inhibition zones were
measured after 18-20 h of incubation.

Quantitative assays for determining bacterial killing were
performed by adopting the standard pour plate culture
method. Briefly, sterilized flasks containing the nutrient
media were inoculated with 10 puL of the repeatedly sub-
cultured microbial strain and kept in a rotary shaker at 37 °C
at 120 rpm for 14-16 h. At the end of the log phase of
microbial growth, the grown cultures were isolated in pellets
through centrifugation, washed thrice, and resuspended in
PBS. The disinfection studies were performed at a fixed
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initial bacterial concentration (N, = 10°~10° CFU mL™") of
each strain, diluting their respective harvested suspension (1
x 10° CFU mL ") through optical density measurements using
a spectrophotometer. For instance, the hydrogel discs were
introduced into the flasks with ~10° CFU mL™ microbial
contamination (diameter 10 mm, pristine and Ag-loaded),
incubated at 37 °C, 120 rpm in a rotary shaker; aliquots were
withdrawn from the flasks at stipulated time intervals (0, 15,
30, 60, 90, 120, and 240 minutes) and plated on agar plates.
The numbers of viable bacterial colonies were counted in
triplicate after incubating for a period of 18-24 h.

The long-term affordability of the Ag-loaded CS/PVA
hydrogel was tested by evaluating its disinfection potential
over multiple uses. For this, hydrogel discs (15 mm x 10 mm)
were immersed in a 100 mL batch reactor having 10> CFU
mL™" microbial suspension for a period of 4 h. After the
required incubation, the hydrogels immediately
removed from the microbial suspension, washed with
deionized water, and completely dried (nitrogen purging) so
as to prepare it for next use. Similar experiments were
repeated over 10 similar cycles by incubating the same
hydrogel disc and the corresponding residual antibacterial
activities (R,p%) were estimated (eqn (2)). The disinfection
efficacy of the Ag/CS-PVA hydrogel was tested separately
against two microbes, namely, E. coli and S. aureus.

were

No-N
Rap% = (#> x100 (2)
Ny

where, N, = initial viable counts; N, = viable counts after the
completion of each cycle.

2.6 Biofilm assays

Pre-grown cultures of both E. coli and S. aureus were diluted
in the 1:100 ratio in a freshly prepared LB media and
assayed separately. The CS-PVA hydrogel films (pristine and
AgNPs loaded) were introduced in each well containing 100
pL of the diluted bacterial suspension in a 96-well micro-titer
plate and were incubated at 37 °C for 48 h. The wells
containing only the unsterilized media (i.e., devoid of both
microbes and hydrogel) were taken as negative controls,
while bacteria inoculated media without any hydrogel were
taken as the positive control. After the required time period,
the media were removed and the cells were thoroughly
washed with 1x PBS buffer under brisk shaking so as to
remove the possible planktonic bacteria, if they remain in
each well of the microtiter plate. 125 pL 0.1% (w/v) crystal
violet dye was then added to all the wells and stained for 20
min at room temperature. Excess crystal violet was removed
by washing with 1x PBS twice under vigorous shaking and
was allowed to dry in air. For quantification of the adherent
cells, cell-bound crystal violet was dissolved in the respective
solvents (200 uL 30% acetic acid for S. aureus; 80% ethanol
for E. coli), as specified earlier*® by covering the plates and
incubated for 10-15 min at room temperature. The biofilm
growth of both the species was finally monitored at 570 nm
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using a micro plate reader (BioRad, USA). All the data are
expressed as the mean + standard deviation (SD) of the
triplicate experimental data. A two-tailed Student's ¢-test was
used to determine the differences in the biofilm formation
between the control and each group. The P value of <0.005
was taken as significant.

3. Results and discussion

The schematic representation of synthesizing chitosan-PVA
hydrogel is shown in Fig. 1. With repeated freeze-thaw
treatments, a porous network structure was developed on
the precipitated chitosan-PVA (CS-PVA) hydrogel, as is
evident from change in the colour of the hydrogel from
golden yellow to opaque yellow (Fig. S1, ESI{). An in situ
approach was employed for immobilizing AgNPs, where
most of the silver ions from the solution were anchored on
to hydrogel network through ion-exchange mechanism while
remaining silver ions were occupied within the semi-
interpenetrating network of the CS-PVA hydrogel. The amine
and hydroxyl functional moieties naturally present within
the CS/PVA hydrogel acted as nucleation sites that allowed
stable anchoring of silver ions, which were progressively
reduced into AgNPs through a suitable reducing agent."’
The yellow color hydrogel turned into brownish black,
indicating the in situ formation of AgNPs, which were
subsequently immobilized within the porous hydrogel
network of the hydrogel (Fig. Sic, ESIt). The polymeric
network of CS-PVA thus served a dual role, both as a reactor
for synthesizing AgNPs along with providing a template for
their subsequent immobilization.

3.1 Characterization of the Ag/chitosan-PVA hydrogel

The in situ immobilization of AgNPs on to the CS-PVA
hydrogel was evaluated through diffuse reflectance
spectroscopy (Fig. 2a). It is evident that while the AgNP-
immobilized hydrogel displayed a distinct surface plasmon
resonance at 421 nm, which confirmed the successful loading
of nano-silver, no such extinction peak was observed in
pristine CS-PVA hydrogel. A full width at half maximum
(FWHM) value of 122 indicated that silver would have
uniformly distributed throughout the surface of the CS-PVA
hydrogel in its nanoparticulate form. Further, the stability of
the Ag/CS-PVA hydrogel was evaluated over a period of five
months where no significant variation in its original SPR or
FWHM value was observed.

The FTIR spectra of chitosan-PVA hydrogel before and
after immobilizing AgNPs were also compared (Fig. 2b). An
absorption peak at 3280 cm ' corresponds to the
characteristic OH and/or NH stretching vibrations, which
appeared in both the variants of CS-PVA hydrogel due to
intermolecular hydrogen bonding between the two polymeric
residues. Besides, a new vibrational band that appeared at
3450 em™' in the Ag/CS-PVA hydrogel confirms that AgNPs
were firmly bonded to the hierarchical network of the CS-
PVA hydrogel during their synthesis and growth stages.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic representation of chitosan-PVA hydrogel acting as nano reactor for synthesizing silver nanoparticles and their subsequent

immobilization within the semi interpenetrating network of hydrogel.

Similarly, a few other characteristic peaks at 2925 cm™" (CH
stretching), 1453 cm™ (CH bending), and 1323 cm™* (CN
stretching) appeared in both the hydrogel forms and remain
unaltered even after loading AgNPs. Interestingly, a peak at
1674 cm™' in pristine chitosan-PVA, attributed to carbonyl
(-C=0) bond stretching,** not only appeared with reduced
intensity in the Ag/CS-PVA hydrogel but also shifted to a
lower frequency, i.e., 1638 cm . This clearly indicates that
although there exists a stronger intermolecular interaction
between hydroxyl groups of PVA and hydroxyl/amine groups
of chitosan while forming the hydrogel, many free -OH
and -NH, moieties would still be available as nucleation
sites to Ag' ions for in situ synthesis of AgNPs and
concurrently, their immobilization. It is worth noting that
the absorption band at ~1100 cm™', referring to
crystallization sensitive peak of PVA, appeared in both
pristine and Ag/CS-PVA hydrogels with the same intensity.
This validates that the incorporation of AgNPs did not alter
the overall crystallinity of PVA in the blend polymer.

The dried hydrogels were investigated using differential
scanning calorimetry to determine their miscibility and water
retention characteristics (Fig. 2c). The thermogram profile of
pure chitosan exhibited a typical dissociation peak at 150 °C,
which noticeably reduced to 144 °C after blending with PVA.
This was a clear indication of the strong hydrogen-bonding
between chitosan and PVA polymeric residues. In contrast,
immobilizing AgNPs on to the CS-PVA hydrogel resulted in a
significant loss in thermal characteristics (dissociation peak
80 °C), which occurred due to the reduced chances of
interaction among water moieties and polymeric chains in
the presence of AgNPs. Nevertheless, a good miscibility
between AgNPs and CS-PVA blend composites were in good
agreement with our previous study'® where the incorporation
of the nanoparticles reduced the overall hydrophilicity of the
nanocomposite hydrogel.

This journal is © The Royal Society of Chemistry 2020

The optical characteristics corroborated with the FE-SEM
analyses, wherein the hydrogel nanocomposites depicted a
distinct variation in surface topography after immobilizing
AgNPs (Fig. 2d and e). The in situ immobilized AgNPs existed
in the aggregated form, uniformly distributed over the entire
surface of CS-PVA with a high density (15.8% by weight), as
depicted through EDX analyses. The characteristic peaks of
carbon (C), sodium (Na), and oxygen (O) elements appeared
due to the chitosan/PVA polymeric blend and a peak at ~2.93
keV further validated the existence of silver as AgNPs. It is
clear that such a uniform dispersion of AgNPs did not affect
the overall structural integrity of the CS-PVA hydrogel and
yielded a stable intercalation of AgNPs within their semi-
interpenetrating network.

A hydrogel-based system employed for water purification
purposes should possess both strong and flexible characteristics
so as to be able to bear harsh processing conditions with the
required durability. A preliminary validation of the improved
mechanical performance of the Ag/CS-PVA hydrogel was noticed
when it could withstand a load up to 50 g and regained its
original shape without any deformation (Fig. 2f). We further
evaluated the mechanical properties of the CS-PVA hydrogel
blends before and after immobilizing the AgNPs using tensile-
compression tests (Fig. 2g). The Young's modulus of rigidity
and % elongation at break were selected as the two mechanical
parameters for comparing the rigidity/hardness and flexibility of
the hydrogels, respectively. The hydrogel exhibited an
extraordinary self-recovery and fatigue resistance ability, where
the value of Young's modulus was marginally improved after
immobilizing AgNPs (12.36 + 0.29 MPa) compared to its pure
form (10.52 + 0.56 MPa). This indicated that a homogenous
reinforcement of AgNPs within the hydrogel network could
behave cooperatively to dissipate the energy while distributing
the external stress and thus could effectively restore its
structural integrity.*
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In addition, the elongation at break (%) values of the
pure and Ag/CS-PVA hydrogels were obtained as 155% and
180%, respectively, which could be ascribed to a higher
flexibility of the inter-twined polymeric network within the
hydrogel after immobilizing AgNPs. We evidenced a unique
combination of high compressive strength and elasticity at
the same time in the Ag/CS-PVA hydrogel. This unusual
behavior could be explained by a unique property of the
AgNPs, which might act as a cross-linker between polymeric
chains of the hydrogel, if suitably dispersed.*®” Unlike the
organic cross-linkers, the silver nanoparticles can crosslink
both the short and long polymeric chains to a much
greater extent owing to their higher surface area/volume
ratio and thus could effectively restrain the mechanical
deformation of the hydrogel under external stimuli. A
recent few studies®*™® have also demonstrated similar
features in hybrid nano-polymeric gels, wherein the
presence of two or more polymeric chains with varying
chain lengths effectively distributed the stress in the entire
system, thus contributing towards high compressive
toughness concomitantly with maintaining the elasticity of
their network.

The results of the time-dependent and temperature-
dependent swelling kinetics are summarized in Fig. 3. Both
pristine and Ag/CS-PVA hydrogels swelled rapidly and
attained maximum swelling within 60 min under the tested
conditions (25 °C, pH 7). The swelling behavior of both the
hydrogel forms indicated that it could carry a large volume of
water while maintaining its structural integrity and strength.
The Ag/CS-PVA hydrogel demonstrated a remarkable
reduction in the swelling capacity (52.5 + 3.6%) than its
pristine form (67.2 + 3.9%). This could be ascribed to the
reduction in the surface functional-moieties of CS-PVA
polymer after incorporating AgNPs, which became less
available for water molecules to form stable hydrogen
bonding such that the diffusion of water inside the hydrogel
was critically hindered. The temperature-dependent swelling
kinetics of the Ag/CS-PVA hydrogel was also evaluated at pH
7 under a broad temperature range (15-45 °C), typically
manifested within the Indian subcontinent in a year
(Fig. 3b). The results indicate that the swelling ratios

80

SACks 3333

gl . e 2939

Ss0{ o §§§§§§§§§

2401 ]

=30 @

(O]

= 204 @

n @ CS-PVA
10 @ Ag/CS-PVA
o+ - -

0 15 30 45 60 75 90 105120
Time (min)

Fig. 3

Paper

increased with increasing temperature in both the hydrogel
variants. In particular, Ag/CS-PVA hydrogels exhibited a
temperature-responsive swelling behaviour due to the
reversible association/dissociation of hydrogen bonds within
the semi-interpenetrating networks.

3.2 Disinfection studies of the nano-silver loaded chitosan-
PVA hydrogel

The biocidal effects of the Ag/CS-PVA hydrogels were
primarily tested against four bacterial strains with diverse
pathogenicity in solid agar medium. As reported earlier,"*"’
the antibacterial activity of the Ag/CS-PVA hydrogel was
compared with its pristine form using disc diffusion methods
(Fig. 4a) and the data is summarized in Table S1, ESLf It is
evident that the pure CS-PVA hydrogel did not elicit any
visible zone of inhibition (ZoI) and even the presence of
chitosan having inherent antimicrobial characteristics could
not contribute towards the biocidal activity. On the contrary,
the Ag/CS-PVA hydrogel showed a distinct antibacterial
activity against all the four tested microorganisms, exhibiting
Zol ranging from 13 to 21 mm. A clear ZoI in the solid agar
media is indicative of the mobility of Ag'/AgNPs from the
hydrogel in an amount sufficient to inhibit the growth of
microbes present in the surrounding regions. Out of the
selected strains, E. coli and S. epidermidis appeared to be the
least and most sensitive bacterial species against the Ag-
reinforced hydrogel, respectively.

The disinfection performance of the hydrogels was further
evaluated in a liquid medium at a fixed initial bacterial
concentration of 10° CFU mL™ in a 100 mL batch reactor
(Fig. 4b-e). Regardless of the strain type, Ag/CS-PVA hydrogel
appeared to be bactericidal against all microbial species and
achieved 100% disinfection within 2-3 h (Fig. S2, ESIt). On
the other hand, although pristine CS-PVA hydrogel
manifested a variable bacterial killing (%) against similar
species, it could not achieve complete disinfection even after
4 h under similar test conditions (Fig. 4f and S3, ESI}).
Interestingly, Ag/CS-PVA hydrogel elicited a distinct strain-
specific disinfection potential on the basis of the ‘extent of
disinfection’ (i.e., time to achieve complete disinfection)
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(a) Dynamic swelling behaviour of two hydrogel variants under ambient conditions (20% relative humidity, pH 7, 25 °C) and (b) temperature

dependent swelling kinetics of Ag-loaded chitosan-PVA hydrogel at wide temperature range typically manifested in Indian subcontinent.
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solid media. The strain-specific disinfection potential of hydrogels was evaluated in liquid suspension against four strains (b) E. coli MTCC 739 (c) E.
aerogenes NCIM 5139 (d) S. aureus NCIM 2127 and (e) S. epidermidis NCIM 2493 as representatives for water and biomedical contamination. (f) A
comparative disinfection ability of hydrogels was tested under ambient physico-chemical conditions (g). The disinfection performance of Ag-
loaded CS-PVA hydrogel was evaluated at higher initial bacterial concentration (10%-10° CFU ml™) against E. coli and S. aureus.

appeared to be more effective against natural water
contaminants, i.e., E. coli and E. aerogenes but it was equally

biocidal towards the bacterial species associated with

where the susceptibility of various bacterial species followed
the order: E. coli ~ E. aerogenes > S. aureus > S. epidermidis.
Comparing all bacterial strains, Ag/CS-PVA hydrogel
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biomedical infections, i.e., S. aureus and S. epidermidis with a
marginal delay of 60 min in the extent of disinfection. Even
at a higher bacterial concentration (10*-10° CFU mL™),
>90% microbial killing could be achieved against E. coli
using Ag/CS-PVA hydrogel and ~80% S. aureus cells were
inhibited at similar initial bacterial counts (Fig. 4g). Although
similar extent of disinfection could be achieved within 120
min against E. coli and S. aureus, it was prolonged to 4 h for
both S. aureus and S. aureus microbial strains. These results,
therefore, suggest the excellent disinfection performance of
the Ag/CS-PVA hydrogel for a wide range of bacterial
populations.

3.3 Reuse potential of the hydrogel

The capacity to reuse a hydrogel is an important feature to
claim its sustainable affordability in water disinfection
purposes. As shown in Fig. 5a, Ag/CS-PVA hydrogel could
retain >99.5% of its biocidal activity against E. coli after 8
repeated uses, which was marginally reduced to ~92% after
the next two cycles. The Ag-loaded hydrogel appeared to be
less effective against S. aureus, where the residual activity of
the hydrogel was progressively reduced after every use. The
disinfection performance of the hydrogel at 6™ usage
attained its threshold value, after which the biocidal activity
sharply declined to ~32%. At first instance, a higher
retention of the antibacterial activity of the hydrogels against
Gram-negative bacteria (E. coli) than Gram-positive bacteria
(S. aureus) appeared to be the result of their strain-selective
biocidal performance. However, a thorough analysis
justifying the variation in the disinfection performance
against different strains may provide some useful insights
about the mechanism of bactericidal action of the hydrogel
during disinfection.

It is well known that the presence of the peptidoglycan
layer on the cell wall of S. aureus makes them more resistant
to harsh environments, toxins, chemicals, and even
antibacterial agents, as compared to E. coli cells.>* Moreover,
S. aureus belong to sessile, adherent microbial communities

Paper

that rapidly form multilayer biofilm virtually over all surfaces,
thus making them resistant towards contact-active
antibacterial action.” We also speculated that after 6 repeated
uses, the formation of a similar stagnant biofilm of S. aureus
over the hydrogel could be the responsible cause for the
reduction in its biocidal activity. Possibly, the establishment
of the S. aureus biofilm could adversely affect the outer
exposed surface of the porous hydrogel such that water along
with microbial contaminants could not get diffused in the
interior of the hydrogel causing a lower direct-contact
between S. aureus and the immobilized AgNPs. Such results
are in agreement with our recent study,’® wherein
immobilized AgNPs over silica surfaces have shown a
significant reduction in the disinfection performance.

3.4 Silver release and mechanism of action of disinfection

The practical viability of silver nanocomposites for potable
water applications is greatly linked to the extent of release of
silver into aqueous systems. Due to its adverse eco-
toxicological effects, we analyzed the silver content of treated
water in two different conditions: first when incubated in
aqueous environment over a longer period of time (Fig. S4,
ESIf) and second, after every reuse (Fig. 5b). The total
amount of silver content in the Ag/CS-PVA hydrogel was
measured to be 9.47 mg g™* hydrogel through ICP-AES. As
predicted, the release characteristics of the hydrogel exposed
for long duration (up to 7 days) to deionized water indicated
a strong anchoring of the in situ synthesized AgNPs within
the hydrogel networks, wherein the amount of silver released
was determined to be 0.08 + 0.01% and 0.41 + 0.07% of the
total loaded Ag after the 2™ and 7™ day of incubation,
respectively (Fig. S4, ESIf). Further, we evaluated the
corresponding silver release from the hydrogel after each
reuse. The maximum amount of silver in the effluent was
measured to be 74.3 + 4.2 ppb after 10™ use, which falls
below the permissible limit of Ag in drinking water (100 ppb)
as per USEPA and WHO guidelines.*® Although the amount
of Ag released in the suspension increased after every use,
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Fig. 5 (a) The disinfection potential of Ag-loaded chitosan-PVA hydrogel on multiple reuses was determined over 10 cycles against E. coli and S.
aureus as representatives of water and biomedical contaminants, respectively. (b) Corresponding silver release profile was investigated under

identical conditions in deionized water, devoid of any contaminants.
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the rate of silver release profile was progressively reduced
after repeated usage and reached a plateau after 8" reuse.

We hypothesize that silver release kinetics is mediated via
a two-step process involving the oxidative dissolution of
immobilized AgNPs under ambient conditions. First, a rapid
diffusion of water inside the porous hydrogel inevitably
facilitates reaction between the surface exposed silver atoms
(Ag® as AgNPs) with dissolved oxygen. This results in the
formation of silver(1) oxide, Ag,O layer as surface passivation
over the AgNPs at sub-nanoscale level. The silver oxide layer
acts as a reservoir of silver ions, which get released into the
system till the oxidative dissolution of Ag,O continues, as
shown below:

Oxidati
4Ag(s)0 =+ OZ(aq) m ZAgZO(S) (3)

 Dissolution
—_—

2Ag,0(s) + 4H;0(yq) 4Ag (g +6H00g  (4)
Therefore, an overall high rate of release of silver during the
early stages of the hydrogel use can be explained through
diffusion-limited process, in which AgNPs lying at the surface
of the hydrogel were preferentially solvated due to the short-
diffusion pathways. It is imperative that water diffusion
within the interiors of the hydrogel networks was adversely
affected upon repeated usage. This might result in an
increasingly tortuous pathway for water molecules to reach
the rest of the deeply buried AgNPs and carrying their
oxidative dissolution. As a result, water molecules would be
slowly-diffused inside the more compact, denser regions of
polymeric hydrogel and elicited a reduced rate of silver
release in subsequent use, as evidenced in this study.

The silver-release profile suggested a strong AgNP
retention capacity of the CS-PVA hydrogel, wherein silver
leaching from hydrogel either in the form of silver ions/
nanoparticles or both could not solely dictate its disinfection
potential. In fact, the presence of the hierarchical
macroporous structure of the hydrogel appeared to be
conducive for higher uptake of the microbial cells owing to
its large surface area and confined environment.’® Moreover,
an extremely slow oxidative dissolution of immobilized

AgNPs  contributed to maintain a highly-localized
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antimicrobial environment within the porous hydrogel,
wherein the microbial cells get ‘trapped and killed’ instantly.
Our reusability study supported these observations wherein a
decline in the disinfection potential was observed after each
reuse, which could be possible only in the case with a lower
surface area available for direct contact with the microbial
cells and hence, elicited a diminished biocidal response
(Fig. 5a). Further, correlating the disinfection profile and
silver release kinetics on repeated usage also suggested that
the extent of disinfection remained unaffected by varying
silver release into the system. This surface-dependent
disinfection performance of the Ag/CS-PVA hydrogel
appeared to be highly effective as compared to other
routinely claimed mechanisms of AgNPs, such as the release
of silver ions and reactive oxygen species (ROS) generation.*
A recent few studies from various research groups®™®*0™4?
have proven that the surface immobilized AgNPs perform
more effectively in water disinfection due to their
predominant contact-active role of ‘capture and kill’
compared to the contribution of Ag release, even if it occurs
to an amount that is just sufficient to elicit biocidal effects.
All these findings provide compelling evidences to elucidate
the mechanism of disinfection of the Ag/CS-PVA hydrogel,
which is predominantly contact-killing driven.****

3.5 Anti-biofilm activities of the hydrogel

The inherent characteristics of drinking water systems (DWS) in
urban communities may sometimes make the conditions
favorable for a few opportunistic microbes to grow, attach, and
eventually form a biofilm.” This situation becomes even worse
if the DWS gets contaminated with healthcare-associated
microbes due to the unsafe disposal of biomedical waste. These
contaminants may enter the drinking water supplies either
through broken pipelines at nearby waste dumping sites or the
leaching of microbes in the surrounding environment. Under
such water quality conditions, faecal contaminants persist
longer in DWS and become resilient towards conventional
disinfectants using the attached biofilm as a shelter for their
survival and regrowth.*®
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Fig. 6 Anti-biofilm characteristics of pristine and Ag loaded CS-PVA hydrogel against (a) E. coli and (b) S. aureus over a period of 48 h.
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Table 1 Physicochemical characteristics of three water sources in Patiala
district, Punjab, India

Characteristics Water samples

Water sources Bhakra Tube well ~ Urban
canal supply

Water type River Ground Tap water
water water

Locations 30.299° N 30.289° N  30.356° N
76.326°E  76.416° E 76.367° E

Odour Odourless Odourless  Odourless

pH 798 £0.11 7.18 +0.04 7.45+0.18

Alkalinity (mg L™ as CaCO;) 98 327 292

TDS (mg L) 138 448 500

TSS (mg L) 10 12 16

BOD (mg L) <5 <5 <5

COD (mg L) <5 <5 <5

Total hardness (mg L™ as 56.4 332 227

CaCo;)

Micrlobial colony counts (CFU 240 + 11 55+ 7 255 + 31

mL™)

Henceforth, we investigated the ability of the CS-PVA
hydrogel to inhibit the biofilm formation of two bacterial
strains, E. coli and S. aureus, before and after incorporating
silver nanoparticles (Fig. 6). In the case with E. coli, the Ag/

a. Time (min)
0 15 30 45 60 75 90
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—a— Canal water water
—e— Tap water
e
)
Z -2
S~
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S -3 water
-4
-5
b. Time (min)
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0 min
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CS-PVA hydrogel depicted 75% reduction in bacterial biofilm
as compared to the positive control after 24 h and worked
effectively with a similar extent of biofilm inhibition after 48
h as well. Besides, the presence of the chitosan polymer with
inherent antimicrobial characteristics could not contribute
towards any reduction in bacterial biofilm for pristine CS/
PVA hydrogel. With S. aureus, the Ag/CS-PVA hydrogel
demonstrated ~78% reduction in bacterial biofilm after 24 h
and achieved even greater anti-biofilm features (87%) after 48
h, as compared to the positive control. On the contrary,
pristine CS-PVA showed an increase in biofilm formation
after 48 h. We conclude that a variation in biofilm formation
among two different microbial strains did not affect the anti-
biofilm characteristics of the Ag/CS-PVA hydrogel. In fact, the
Ag/CS-PVA hydrogel impeded biofilm formation of both E.
coli and S. aureus till 48 h and hence, we could predict the
disinfection behavior of this hydrogel for natural ecosystem
under controlled conditions.

3.6 Disinfection of natural water resources

Very recently, we reported the impact of water quality
parameters (alkalinity, hardness, and natural organic matter)

180 min

Fig. 7 Disinfection performance of nano-silver loaded chitosan-PVA hydrogel against natural samples i.e., canal water, groundwater and tap water
with (a) inherent microbiota and (b) externally spiked contaminants, S. aureus tested at 10°-10* CFU ml™. Corresponding images depict a distinct

reduction in bacterial population with the duration of treatment.

This journal is © The Royal Society of Chemistry 2020
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on the disinfection performance of immobilized AgNPs for
simulated lake water.'® Herein, we extended our efforts to
demonstrate the disinfection efficacy of the Ag/CS-PVA
hydrogel in environmental samples systematically collected
from three water sources, i.e., Bhakra canal, ground water,
and tap water within Patiala district, Punjab, India and

their physicochemical parameters are summarized in
Table 1. The chosen water samples include vast and
complex habitats for diverse microbial communities,

wherein groundwater and canal water samples were found
to have the least and highest microbial counts,
respectively. However, no fecal indicator bacteria and
endotoxins were detected in the environmental samples of
tap water. The disinfection studies in the environmental
samples with intrinsic micro biota depicted complete
killing of the contaminants within 60 and 90 min in tap
and canal water, respectively (Fig. 7a). It is
imperative that tap water, supplied through municipal
supply, is primarily treated with disinfectants and could
thus possibly get contaminated during the
distribution  process. No disinfection studies were
conducted for ground water samples due to the
insignificant microbial counts.

Later, a few experiments were conducted for similar water
sources with externally spiked S. aureus (initial bacterial
counts ~10° CFU mL™"), simulating conditions for the
leakage of biomedical contaminants into potable water from
nearby dumping sites (Fig. 7b). It was observed that the Ag/
CS-PVA hydrogel could disinfect all natural water samples
with 100% efficacy even at higher initial bacterial counts,
where the time to achieve disinfection was observed to be
180 min for canal and/or tap water and 90 min for ground
water. It seems that the inherent background chemical
conditions of all water samples were responsible for such a
variation in the disinfection performance of the Ag/CS-PVA
hydrogels. Such results are consistent with the fact that
different water resources with variable physicochemical
characteristics greatly influence the disinfection efficacy of
silver ~nanocomposites other than just pH and
temperature.*®*

It is observed that contaminated water supplies from
municipal reservoirs, groundwater, canals/lakes, and rivers
exhibit various levels of contamination, which may pose
serious health risks. However, little is understood about the
consequences pertaining to the leakage of biomedical
contaminants from waste disposal sites in nearby areas of
water reservoirs. These biomedical contaminants are likely to
be translocated through sewage and surface runoff and
subsequently percolate to aquifers, which are the major
sources of washing and irrigation, other than drinking water
in India. Since developing countries cannot afford expensive
technologies for eradicating or managing biomedical waste,
we presented the employability of the Ag/CS-PVA hydrogel as
one of the feasible solutions for mitigating biomedical
contaminants in natural water systems and improving the
potable water quality.

water

water
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4. Conclusions

The unsafe disposal of biomedical waste along with the
presence of inherent contaminants may pose hazardous
impacts on the quality of local water bodies. In this work, we
could successfully demonstrate the disinfection efficacy of
nano-silver loaded chitosan-PVA hydrogel to eradicate
biomedical and natural contaminants together, wherein the
hierarchical network of the hydrogel acted both as a
nanoreactor and an immobilizing matrix for AgNPs. Apart
from a rapid, strain-selective biocidal activity of the Ag/CS-
PVA hydrogel against four bacterial strains, it also exhibited a
good disinfection efficacy broad microbial
concentration range (10°-10° CFU mL™") typically manifested
in water/wastewater treatments. The fabricated hydrogel is
cheap, affordable, and mechanically durable, which can be
reused multiple times with a cumulative silver release below
100 ppb, enabling treated water safe for drinking purposes.
Correlating disinfection profile and silver release on multiple
use, the biocidal action of the hydrogel appeared to be
‘contact-active’, wherein the hierarchical macroporous
structure of the hydrogel enabled a higher uptake of the
microbial cells, which get attached and are disrupted
instantly when they come in the close vicinity of immobilized
AgNPs. A long-term anti-biofilm activity and disinfection
efficacy of the Ag/CS-PVA hydrogel without much silver
release indicates its long-term employability for practical
water treatment purposes and addresses a feasible solution
for the complete removal of natural contaminants and
nosocomial pathogens simultaneously.
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The study proposes an alternative therapeutics to diminish bacterial attachment in biomedical implants by
modifying their surface with passive coatings. A uniform, thin-film of chitosan/polyvinyl alcohol/graphene oxide
(CS/PVA/GO) was coated on 316 L stainless steel (SS) surface through spread casting followed by solvent
evaporation. The abundant anchoring sites available at macromolecular interfaces of chitosan/PVA matrix
facilitated a smooth, dense loading of GO. The effect of GO content on physicochemical features, antibacterial
potential, and biocompatibility of coatings was thoroughly studied. The hybrid films displayed good adhesion
behavior, and UV-protection ability with desired mechanical and thermal stability when coated on SS surface.
Coatings manifested a 1.5-1.7 fold rise in antibacterial efficacy against Staphylococcus epidermidis and Staphy-
lococcus aureus and exhibited a permanent biocidal response after 6 h of contact-active behaviour. We investi-
gated a 3-fold generation of reactive oxygen species as the predominant antibacterial mechanism, which
diminishes bacterial integrity by inducing protein leakage (8.5-9 fold higher) and suppressing respiratory chain
activity as two secondary mechanisms. All coatings with varying GO content appeared non-haemolytic (<2%)
with ultra-low cytotoxicity (<29.08%) against human hepatocellular carcinoma (HepG2) and peripheral blood
mononuclear cells. The degradation rate of coatings in simulated body fluid exhibited a higher stability, indi-
cated by a lower weight loss (69-78%) and a decrease in pH values as the GO content in coatings increased from
0.05 to 0.15 wt%. Such anti-infective coating is a step forward in inhibiting bacterial colonization on SS surfaces
to extend its lifespan.

1. Introduction

Regenerative healthcare therapies aim to restore the mobility and
function of damaged tissues by utilizing biomedical implants as sub-
stitutes. The rising post-operative complications in these implants
however, call for superior biomaterials that offer required biocompati-
bility, mechanical durability, and corrosion resistance along with
intended functions [1-3]. Biomedical devices and implants based on
stainless steel (SS) and its alloys are acknowledged for such character-
istics [4]. Without exception, these materials cannot completely eradi-
cate bacterial adhesion and proliferation thus, are prone to be attacked

with biomaterial-associated infections [5,6]. Besides, the undesired
leaching of a few elements, viz. iron, chromium, and nickel from SS
implants manifests adverse effects on surrounding tissues [7]. The
development of antibacterial biomaterial via surface modification has
emerged as one of the viable strategies to handle antibiotic resistance
and serious post-clinical consequences while combating bacterial
infections.

Among various approaches for imparting antimicrobial features onto
implant surfaces, surface coating of biomaterials through incorporating
the antibacterial component is still considered the most feasible and
effective [8]. Recent advancements in functional antimicrobial coatings
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emphasize effectiveness via incorporating nanomaterials with biocidal
characteristics like copper, zinc-oxide, silver, and titania for mitigating
the severity of bacterial infections [8-11]. However, coating systems
often fall short of their intended use because of toxicity, biocompati-
bility, and environmental issues caused by the leaching of inorganic
metal ions [12]. Finding new-generation biomaterials that can effec-
tively combat against bacterial infections is under the quest. Graphene
and its derivatives, since their discovery in 2004 have been at the
forefront of biomedical research because of their unique physicochem-
ical attributes [13,14]. Graphene oxide (GO), in particular has invoked
scientific interest due to its easy functionalization, remarkable me-
chanical strength, biocidal nature, and limited cytotoxicity [15,16].

Graphene oxide (GO) is a two-dimensional structure consisting of
hexagonally packed carbon atoms with various functional groups such
as hydroxyl, epoxy, and carboxyl, which facilitate its application as an
antibacterial agent [17,18]. The antibacterial action of GO through
physical interaction with bacteria is too complex and depends on sharp
edges and their orientation on the deposited surface [4,19]. A
direct-contact and ROS-dependant oxidative stress are hypothesized to
be leading mechanisms of GO for disrupting bacterial cells [20,21].
Further, the combination of GO and polymers have become progres-
sively popular, as it results in nanocomposites that are robust and
biocompatible [22,23]. Moreover, GO-based polymer composite coat-
ings have been found to effectively increase substrate adhesion, prevent
crack formation, and improve the overall antibacterial performance of
coatings [24,25].

Various polymers (natural/synthetic) such as chitosan, poly
(ethylene glycol), poly(vinyl pyrrolidone), and poly(vinyl alcohol) have
been employed synergistically with GO in coating systems that render
the metallic implant with coveted antimicrobial interface [26]. Among
biopolymers, chitosan (CS), which is a cationic polyaminosaccharide of
B-(1,4)-linked N-acetyl-2-amino-2-deoxy-D-glucopyranose and 2-ami-
no-2-deoxy-f-D-glucopyranose is widely employed in biomedical ap-
plications as a surface modifier due to its prominent film-forming ability,
complexing capability, biocompatibility, and biodegradability [27].
However, chitosan alone has a limited use for developing biomedical
coatings due to its weak mechanical strength and antibacterial proper-
ties [28]. PVA, a synthetic water-soluble polymer with excellent me-
chanical, biocompatible, biodegradable and nontoxic properties has
been widely used in biomedical applications as a tuneable plasticizer [3,
29,30]. The incorporation of PVA with biopolymeric blends can improve
their processability and mechanical properties via intermolecular
hydrogen bonding [30]. Thus, the vital characteristics of PVA can be
integrated with CS to form a mechanically stable polymer composite
which could provide a durable support matrix for GO as an antimicrobial
filler and form a strong film on metallic implants.

Several recent studies have investigated the antimicrobial potential
of CS/PVA/GO nanocomposites in biomedical applications (Table S1).
For instance, Ruiz et al. [3] and Tamayo Marin et al. [31] prepared
well-dispersed composites of CS/PVA with 0.25-1.0 wt% graphene
oxide by drop-casting and freeze-drying methods, respectively. They
reported strong activity against Gram-positive and Gram-negative bac-
teria and desired biocompatibility in Wistar rats. Yang et al. [32] pro-
duced CS/PVA electrospun membranes using a relatively higher GO
content i.e., 1-5 wt% and demonstrated high antibacterial efficacy
against E. coli and S. aureus. Additionally, conjugating CS/PVA nano-
fibers with allicin and GO (0.1-0.5 wt%) also exhibited strong anti-
bacterial activity with sustained release character [33]. These studies
provide compelling evidences that the proportion of GO in CS/PVA
matrices is crucial while dictating antibacterial efficacy of a nano-
composite. The optimization of GO content, is therefore necessary while
designing chitosan/PVA-based antimicrobial coatings without posing
any significant cytotoxic implications.

The present work demonstrates as how a bioactive coating material
on stainless steel implants can effectively eradicate nosocomial in-
fections without evoking toxicological implications on human cells.
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Several thin-films composed of chitosan/polyvinyl alcohol varying
graphene oxide content were fabricated and characterized through
physicochemical and biological studies. The antimicrobial efficacy of
coatings was evaluated at clinically relevance conditions against
Staphylococcus aureus and Staphylococcus epidermidis strains, the two
most common strains responsible for causing hospital-acquired in-
fections. The underlying mechanisms of antibacterial action of coatings
causing severe damage to bacterial biofilms were thoroughly examined
and verified. Furthermore, coatings were undergone through in vitro
hemocompatibility and cytocompatibility tests to envisage their wide
applicability as antibacterial coatings for biomedical surfaces, especially
stainless steel implants.

2. Materials and methods

All details regarding materials used, material characterizations, and
live/dead bacterial staining assay are provided in supporting informa-
tion (S1, S2 and S3).

2.1. Preparation of chitosan/poly(vinyl alcohol) /graphene oxide coatings

Graphene oxide was synthesized using graphite flakes through
modified Hummers method [34]. A 3% w/v chitosan suspension (2.5%
v/v acetic acid: water) and aqueous PVA (4% w/v) solution were each
separately prepared. Next, a 1:1 ratio blend of CS and PVA was prepared
by stirring at 500 rpm for 2 h at 60°C. A predetermined amount of GO
was added to achieve a final concentration of 0.05%, 0.075%, 0.1% and
0.15% w/v in the resulting CS/PVA/GO nanocomposites. The CS/PVA
blend without GO was used as an experimental control. All solutions
were ultrasonicated for 2 h and then mechanically homogenized at
40°C, 150 rpm for 12 h. Finally, these nanocomposites were coated onto
stainless steel surfaces.

2.2. Coating stainless steel substrates with CS/PVA/GO nanocomposites

Initially, 316 L SS substrates (15 mm x 15 mm x 2 mm) were cleaned
using a series of ultrasonic treatments. First, they were kept in 70%
acetone for 15 min, followed by 70% ethanol and deionized water for an
equal duration. Afterward, the substrates were dried in an ambient
environment and stored in a sealed container to prevent surface
contamination until further use. A simple spread casting method fol-
lowed by solvent evaporation was used to coat the substrates. To achieve
this, 100 uL of composite coating solutions were uniformly spread onto
SS substrates and dried at room temperature for 24 h. The samples were
labeled according to their final GO concentration (% w/v) in the coating
suspensions as follows: CS/PVA, CS/PVA/GOy s, CS/PVA/GOg g75, CS/
PVA/GOy 1, and CS/PVA/GOg 1s. All coated substrates were kept under
ambient conditions, shielded from direct sunlight, until subsequent
analysis. Five sets of independent experiments were also performed to
evaluate the reproducibility of coating fabrication process.

2.3. Evaluation of antimicrobial activity of coatings

2.3.1. Antibacterial contact assay

The surface decontamination of coated 316 L surgical SS substrates
was performed through UV exposure for 30 min in a sterilized laminar
airflow chamber. In a separate experiment, a 100 pL bacterial suspen-
sion (S. aureus or S. epidermidis, ~10° CFU mL™!) was spread onto petri
plates containing nutrient agar. The coated SS substrates were carefully
placed onto the surface of petri plates and incubated at 37°C. The coated
substrates were periodically removed from plates after a contact time
interval of 1 h, 2 h, 4 h, and 6 h, respectively. After 24 h, the plates were
monitored and again kept in incubator for 30 days.

2.3.2. Antibacterial drop test
The antibacterial efficacy of thin-film coatings was further examined
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using an antibacterial drop test. In brief, bacteria were inoculated into
the nutrient broth and cultured at 37°C for 18-20 h under vigorous
shaking. Cultured bacteria were harvested and diluted with phosphate
buffer saline (PBS) to attain ~10° CFU mL ! as initial count for studies.
A 100 puL bacterial suspension was evenly spread over the surface of solid
agar media. Once dried, coated SS substrates were carefully placed onto
solid media surface and incubated at 37°C. After 1 h incubation, bacteria
attached on SS substrates were washed with 1 mL PBS, a 100 uL of which
was re-spread on a fresh nutrient agar plate and incubated at 37°C for
24 h and thereafter, used for counting bacterial colonies. The remaining
washed-out bacterial suspension was immediately used for live/dead
bacterial staining assay.

2.4. Mechanism(s) of antibacterial action of coatings

2.4.1. Assessment of morphological damage

Bacterial strains (S. aureus and S. epidermidis each, 10° CFU mL ™))
were exposed to CS/PVA/GO coated SS substrate (15 x 15 mrnz) for6 h
at 37°C to investigate any ultra-structural changes in bacterial cells,
after direct contact with antibacterial coatings. Bacteria exposed to
pristine SS substrate were used as positive control. After the required
treatment, bacterial pellet was harvested by centrifugation at 5000 rpm
for 10 min and washed twice with PBS solution. The cells were fixed in
PBS suspension containing 2.5% glutaraldehyde (500 pL) for 3 h. After
primary fixation, cells were centrifuged at 5000 rpm and rinsed twice
with PBS. Cells were completely dehydrated with a graded ethanol series
(30%, 50%, 70%, 90%, and 100%) for 15 min each [35]. A 10 uL aliquot
was drop casted on a SS surface (5 mm x 5 mm), dried under laminar
air-flow and immediately analysed using field emission gun scanning
electron microscopy (FEG-SEM, ZEISS Sigma 500, Germany).

2.4.2. Determination of reactive oxygen species (ROS)

The level of ROS generation in bacterial cells was determined using
nitro-blue tetrazolium (NBT) reduction assay with slight modifications
[36]. S. aureus and S. epidermidis suspensions (106 CFU mL_l) were
initially cultured at 37°C for 6 h in the presence of CS/PVA/GO coatings.
Bacterial cells incubated in the absence of any material was taken as
negative control. Thereafter, 375 uL of NBT solution (1 mg mL™!) was
added to the cell suspensions and incubated at 37°C for 30 min. The
reaction was terminated by adding 75 uL of 0.1 M HCL and bacterial
suspensions were recovered by centrifugation at 5000 rpm for 10 min.
The obtained bacterial pellets were treated with 300 uL dimethyl sulf-
oxide (DMSO) to extract the reduced NBT. Finally, the extracted solu-
tions were diluted with 300 uL PBS and the optical density of
bluish-violet formazan was recorded at 575 nm.

2.4.3. Protein leakage assay

The quantitative estimation of intracellular protein leakage from
bacterial cells was carried out using Bradford’s assay [37]. The coating
substrates were incubated with bacterial cells (10® CFU mL™') at 37°C
for 6 h in an incubator shaker. From each test vial, 1 mL of treated
culture aliquot was withdrawn and centrifuged at 6000 rpm, 4°C for 30
min. The supernatant was treated with Bradford’s reagent (0.01% w/v
Coomassie Brilliant Blue G-250, 4.7% w/v ethanol, 8.5% w/v phos-
phoric acid) and the corresponding absorbance was measured at 595
nm.

2.4.4. Lactate dehydrogenase (LDH) release assay

The release of LDH caused by cytosolic leakage resulting from poor
membrane integrity is often used to quantify cell death. The intensity of
LDH release was determined by the stoichiometric conversion of iodo-
nitrotetrazolium chloride to iodonitrotetrazolium formazan at 490 nm
spectrophotometrically, due to the formation of NADH [38].

For microplate assay, an assay reagent was prepared by adding 50 uL
each of PIN (1.175 mM PMS, 2.610 mM INT, 5.185 mM NAD) solution,
50 mM lithium lactate and 200 mM TRIS (pH-8). Bacterial cells (~106
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CFU mL 1) were exposed to coating samples for 6 h at 37°C. After this
duration, samples were transferred to microcentrifuge tubes and
centrifuged at 1200 rpm for 5 min. A 60 pL supernatant was transferred
to a 96-well plate onto which 180 pL assay mixture was added to each
well and incubated for 30 min at 25°C. After incubation, the optical
density of each well was recorded at 490 nm on an ELISA reader
(Thermo-Scientific Multiskan® spectrum). A 0.85% saline suspension
and 0.1% Triton X-100 were taken as negative and positive controls,
respectively. The % LDH release was calculated using OD4g values in
Eq. (1). The LDH activity of positive control was considered 100% and
activity of all other test samples was calculated relatively.

L DH release— < Mean ODof testsample — Mean OD of negative control )

Mean OD of positive control — Mean OD of negative control
x 100
®

2.5. Biocompatibility analyses

2.5.1. Hemocompatibility

To assess the biocompatibility of the coatings with blood, a hemo-
lytic assay was performed using human red blood cells (RBCs), following
a previously reported method with minor modifications [39,40]. In
brief, RBCs were isolated from fresh human blood by centrifugation
(4000 rpm, 5 min), washed three times with PBS buffer, and diluted to a
final concentration of 5% (v/v) in PBS. A 500 uL RBC suspension was
added to each vial containing coating samples (10 x10 mm?; 6.83 mg).
Positive and negative controls were prepared using 0.1% Triton X-100
and sterile PBS solutions, respectively. All samples were incubated in a
shaking incubator (100 rpm) at 37°C for 1h. After incubation, the
coatings were physically removed and the remaining contents in the
vials were centrifuged (2000 rpm, 10 min). The extent of hemolysis in
the samples was calculated by measuring the absorbance (540 nm) of
the supernatant using Eq. (2). The degree of hemolysis (%) in the
coatings was determined by using the biomaterial hemolytic index
values (H) established in the guidelines of the American Society of
Testing and Materials (ASTM) F756-00.

Hemolysis% — ( Mean OD of testsample — Mean OD of negative control )

Mean OD of positive control — Mean OD of negative control
x 100
@

2.5.2. Cytocompatibility in human peripheral blood mononuclear cells

The MTT assay was used to determine the cytotoxicity and cell
viability human peripheral blood mononuclear cells (PBMCs). PBMCs
were isolated from a healthy human blood through density gradient
centrifugation with HiSep™ LSM 1077 [41]. First, EDTA-stabilized
blood was diluted in 1:1 ratio with sterile PBS (pH 7.2), then overlaid
carefully on HiSep™ solution and was centrifuged (400xg, 20°C) for
30 min. After centrifugation, the intermediate buffy layer containing
PBMCs was harvested and washed twice with sterile PBS before sus-
pending cells in RPMI-1640. The number of viable cells were determined
by trypan blue dye exclusion technique on an automated cell counter
(Curiosis Facscope™ B).

For MTT assay, ~1 x 10° cells/well were seeded along with the
suspensions, soaked with various coated films and incubated at 37°C
with 5% CO, for 24 h in a CO5 incubator (Thermo-Fisher Forma™). At
this point, any changes in morphology were viewed and recorded under
an inverted microscope. After required treatments, the supernatants
were discarded and MTT reagent (5 mg mL~! in PBS solution) was
added to each well and again kept further at 37°C for 4 h. The MTT
solution was then removed, and DMSO was added to each well to
dissolve the formazan crystals. The absorbance of the solubilized for-
mazan was measured at 570 nm using a microplate reader. Cell viability
was expressed as a percentage of viable cells in comparison to the
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Fig. 1. : (a) FTIR spectra (b) X-ray diffraction patterns (c) DSC thermograms (d) Optical transmittance spectra (e) Stress-strain curve of various CS/PVA composites
after reinforcing GO with varying content (0.05-0.15 wt%). (f) Digital images of coating film at initial moment (left) and at breakpoint (right) (g) SEM micrographs
showing surface topography and cross-sectional microstructures of pure CS/PVA and CS/PVA/GO.

untreated control cells Eq. (3).

Mean OD of test sample % 100
Mean OD of negative control

Cell viability% = ( 3

2.5.3. Cytocompatibility in human hepatocellular carcinoma cells (HepG2)

The HepG2 cells were cultured in a seeding flask at 37°C in 5% CO»
in Dulbecco’s Modified Eagle’s Medium supplemented with 10% (v/v)
fetal bovine serum and 1% (v/v) penicillin-streptomycin. The cell cul-
ture was monitored after every 2-3 days and adherent cells were de-
tached by trypsinization in between sub-cultures. After attaining
60-80% confluency, HepG2 cells were harvested and prepared for MTT
assay. The viable cells were counted and plated at a density of 1 x 10*
cells/well in a 96-well plate. Cell viability and cytotoxicity were
assessed similarly, as described for PBMCs.

2.6. Degradation of coatings in simulated biological fluid

The coated substrates were subjected to hydrolytic degradation
analysis in a simulated biological fluid (SBF) in compliance with ASTM
F1635-16 standards. The SBF was prepared using an established pro-
cedure [42]. The coated samples were immersed in 15 mL of SBF and
incubated at 37°C for the desired time periods (1, 3, 7, 10, and 14 days).
Prior to immersion, the initial dry weight of each sample (Wy) was
determined while weight after immersion was designated as ‘W’. The
dry weight of uncoated SS substrate was recorded as ‘W}’. SBF was
replaced every 24 h and its pH value was measured every day. The
degradation rate was then calculated as the percentage weight loss after
specific period using Eq. (4). Finally, the dried coatings were analysed
through FE-SEM to evaluate the extent of degradation and its effects on
their morphology.
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Weight loss% = [ ———) x 1
eight loss% ( - b) x 100 4

2.7. Statistical analyses

All experiments were performed in triplicates and results were
expressed as mean + standard deviation values. Data were evaluated for
statistical significance by analysis of variance (ANOVA), followed by
Tukey’s Multiple Comparison Test, p < 0.05 using GraphPad Prism
8.0.1 software.

3. Results and discussion

Stainless steel (SS) implants, despite providing several advantages
such as durability, appearance, and corrosion resistance, are more prone
to bacterial colonization than other metal-based implants [43,44].
Surface modification of SS implants with biocidal coatings is an effective
strategy to design novel biomaterials with tuneable functionalities.
Modulating surface characteristics of implants with antimicrobial coat-
ings aim to avoid post-surgery infections, improve cell interactions,
tissue growth and biocompatibility [45]. As a step forward, we
attempted to develop passive coatings on 316 L stainless steel that
would minimizes bacterial adhesion onto its surface and prevent further
bacterial colonization without releasing any bactericidal agent in sur-
rounding tissues. The nanocomposite coatings were fabricated by
incorporating graphene oxide in chitosan/PVA matrix through green
chemistry, where positively charged chitosan moieties electrostatically
interacted with negatively-charged GO sheets, and hydroxyl groups on
PVA chains formed stable intermolecular hydrogen bonds with oxygen
groups of GO [46]. A strong hydrogen-bonding between amino groups of
chitosan and oxygen functionalities of GO was also prevalent. We chose
a spread casting and solvent evaporation strategy to fabricate
CS/PVA/GO thin-film coatings on 316 L SS implant surfaces, which is a
cost-effective method compared to other expensive techniques such as
sputtering, pulsed laser-deposition, electrophoretic deposition, plasma
spray [47,48].

3.1. Material characterization

FTIR spectrum of pure GO exhibited a strong peak at 3411 cm ™! due
to stretching vibrations of hydroxyl (-OH) groups (Fig. Sla). Other
characteristics bands at 1726 cm ™! (stretching vibrations of C=0 from
carboxylic groups), 1401 em ! (O-H deformation vibrations),
1215 cm™! (epoxy rings), 1052 em~! (C-OH bending) were also man-
ifested. A peak at 1629 cm™! due to C=C stretching modes validate its
sp? configuration [49]. All these analyses confirmed the successful
synthesis of graphene oxide. In chitosan, the vibrational peak at
1653 cm ™! was assigned to carbonyl (C=O0) stretching of acetylated
amino (-NHCO-) group (Fig. Sla). A few other peaks at 3421 em ™,
2884 cm™!, 1602 cm™!, and 1382 cm™! can be ascribed to -OH
stretching, C-H stretching vibrations and N-H bending of amino groups,
respectively present in chitosan polymer [46]. The FTIR spectra of
CS/PVA/GO coatings (Fig. 1a) displayed a relatively broader absorption
band at 3441 cm™! due to combined stretching effects of amine and
hydroxyl groups contributed from chitosan and graphene oxide,
respectively. As compared to pristine chitosan and GO, corresponding
peaks at 1602 cem! (-NH,, vibrations) and 1726 cm~! (C=0 stretching
vibration of carboxylic groups) disappeared. Besides, the appearance of
a new peak at 1640 cm™! clearly indicates a stable association between
CS/PVA polymeric blend and the oxygenated groups of GO via hydrogen
bonding and electrostatic interactions [3]. A slight decrease in the in-
tensities of the OH-bands in CS/PVA/GO coatings than pristine CS/PVA
(without GO) is consistent with the formation of intermolecular
hydrogen bonds between GO and PVA, as witnessed before [50-52].
Further, no significant difference in the -OH band intensities was
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observed among the CS/PVA/GO coatings with varying GO content
(Fig. S1). This suggests that adding such a low proportionate of GO to
CS/PVA matrix did not alter the hydrogen bonding already existed be-
tween the CS and PVA components.

The XRD pattern of GO (Fig. S2b) shows a characteristic 20 peak at
10.9 (d-spacing, 0.816 nm) indicating the existence of oxygen contain-
ing moieties [53]. The XRD pattern of chitosan at 26= 10 reflects the
hydrated crystalline structure and a broad peak 26= 20 indicated the
existence of amorphous structure [49]. The addition of GO to CS/PVA
coatings led to an increase in the intensity of PVA lattice peak at 19.8
contributing towards an enhanced crystallinity of the PVA component
(Fig. 1b). On the other hand, the absence of a distinct GO peak at 10.9
may be attributed to the complete exfoliation of GO sheets and their
integration within the hierarchical matrices of CS/PVA polymers [46].
Furthermore, given the low proportion of GO (0.05-0.15 wt%) in the
CS/PVA/GO nanocomposites, it is possible that the characteristic
diffraction peak of GO was too weak and overshadowed by the chitosan
peak. These findings corroborate to similar studies done with
CS/PVA/GO nanocomposites [52,54]. Though the GO concentrations
used in those studies were much higher (~10-47 folds) than the current
work. XRD results also indicate a significant enhancement in polymer
crystallinity after incorporating GO, which is likely to enhance me-
chanical strength of the coatings.

Differential scanning colorimetry (DSC) was used to examine ther-
mal stability of CS/PVA polymeric networks while varying GO loading.
The thermograms of all coating samples showed broad endothermic
peaks in the temperature range of 100-140°C, which is due to the
evaporation of adsorbed water. Sharp peaks at higher temperatures were
observed, which were attributed to crystalline melting transition
(Fig. 1c). Pure PVA sample showed endothermic peaks at 108°C and
227°C, which were assigned to the evaporation of adsorbed moisture
and melting transition, respectively [55]. The thermogram analysis
revealed that the CS/PVA coating exhibited peak broadening and a shift
towards a lower temperature i.e., from 227°C to 205°C, indicating stable
interactions between the polymer moieties. After the incorporation of
GO in the coatings, DSC curves showed red shifts in the peaks in the
range of 211-214°C. This red shift resulted from the crosslinking of
CS/PVA and GO through hydrogen bonds, which restricted the motion
of molecular chains and increased the melting temperature of the
coatings [56]. It indicates that both CS/PVA and GO were compatible
while coating fabrication, which improved the overall thermal charac-
teristics of nanocomposites.

The development of UV-protective materials is crucial while
designing bioactive coatings, as they must remain protected against
radiation-induced damage while maintaining their appearance and
avoiding cracks for extended periods [57,58]. We analysed the UV-light
shielding behaviour of CS/PVA films varying GO content through light
transmittance (Fig. 1d). Pristine CS/PVA films exhibited poor
UV-absorption capability having 53.2% transmittance and high trans-
parency in UV region (200-400 nm). A proportionate rise in GO content
however, significantly enhanced the UV-shielding effect of CS/PVA
films. This was manifested through a drastic reduction in transmittance
in CS/PVA/GOq g5 (29.7%), CS/PVA/GOq 075 (23.3%), CS/PVA/GOq 1
(13.4%), and CS/PVA/GOg 15 (12.9%) films. An increased GO content
appeared responsible for such UV-blocking ability of organic coatings
where planar structure and high C/O ratio of GO nanosheets imparted
an effective barrier to UV light [34]. Besides, GO sheets are well known
UV-absorbers which potentially transform the adsorbed energy to less
damaging thermal energy via photo-physical process. The incorporation
of GO sheets onto CS/PVA based composite coatings prevent unsolicited
UV-induced protein degradation at implants site [34] and thus improve
tissue regeneration.

The mechanical properties of thin-film coatings on stainless steel
surface were studied (Fig. 1e). Stress—strain curve in all samples depicts
a typical modulus and tensile strength at fracture behaviour of coatings.
The curves exhibited a linear regime depicting maximum hydrogen-
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Table 1
Tensile strength and Young’s Modulus of composite coatings.

Sample Tensile strength () (MPa) Young’s Modulus (E) (MPa)
CS/PVA 61.22 + 1.58 24.40 £ 2.23
CS/PVA/GOq o5 87.88 + 0.64 29.15 + 0.52
CS/PVA/GOq.075 120.92 +1.21 30.84 +1.79
CS/PVA/GOg 1 137.56 + 1.13 34.24 £ 0.85
CS/PVA/GOq 15 167.13 + 0.72 42.28 £ 0.41

bond content during elastic stress until hydrogen-bonding network was
severely ruptured. We analysed that incorporation of minute amount of
GO (0.05 wt%) intensified tensile strength and Young’s modulus of CS/
PVA coatings by 43% and 20% respectively. The tensile strength at
break of CS/PVA/GO composite films was enhanced from 87.88 to
167.13 MPa while increasing the GO content from 0.05 to 0.15 wt%
(Table 1). The strong dependency of tensile strength on GO content is
ascribed to great dispersion of GO into hierarchical networks of CS-PVA,
which augments a strong hydrogen bonding and electrostatic in-
teractions at molecular level. As a result, under mechanical stress, en-
ergy released while forming hydrogen bond between CS/PVA matrix
and GO always remains higher than energy loss during matrix defor-
mation. Thus, better interactions among GO and CS/PVA provide better
load transfer which ultimately leads to mechanical strength enhance-
ment [49,59]. Fig. 1f demonstrates the breaking of composite thin-films
at break point during tensile tests.

SEM micrographs unveiled the surface structure and interfacial in-
teractions of coatings. The unusual tangentially curved morphologies in
pristine CS/PVA surface were indicative of chitosan susceptibility to
self-aggregation [49]. This was further verified after incorporating
graphene oxide into chitosan/PVA matrix which resulted in better sur-
face smoothness due to great dispersion, miscibility and strong in-
teractions of GO with CS/PVA. The surface morphology of
CS/PVA/GOg 05 and CS/PVA/GOg 75 coatings did not deviate much
from their pristine form. Whereas, incorporating a higher GO content
imparted slightly rough features on CS/PVA/GOy ; and CS/PVA/GOg 15
film surfaces accompanied by larger artefacts. The cross-sectional im-
ages of coating films showed fractured surface along with grooves and
rough edges (Fig. 1g and S3a). The polymeric blends appear denser after

S. aureus

Contact time 6h

Contact time 1h

After 1 day

After 30 days
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incorporating GO sheets thanks to synergistic charge carriers, comple-
mentary microstructures and superior chain entanglement among chi-
tosan, PVA and GO. SEM micrographs did not show any individual
exfoliated multi-layered GO (as also deduced from Raman spectra, S4,
Fig. S3b) and envisages a great adhesion as if they were well wrapped
between layers of CS/PVA blends. Further, EDX spectra (Table S2,
Fig. S3c) confirmed the presence of characteristic elements and revealed
a proportional increase in oxygen content with increasing GO content in
the coatings.

3.2. Antibacterial efficacy of coatings

S. aureus and S. epidermidis are one of the most reported microbial
species causing biomaterial associated infections [8]. Hence, the anti-
microbial efficacy of CS/PVA/GO coatings on SS surfaces were exam-
ined against these clinically relevant strains at various test conditions.

3.2.1. Antibacterial contact assay

The uncoated SS substrates did not show any inhibitory effect on
bacterial growth, regardless of the bacterial species and incubation time
(Fig. 2). In contrast, CS/PVA/GO-coated substrates exhibited a signifi-
cant inhibition of bacterial growth, forming a clear zone of inhibition
(Zol). Although increasing the GO content in CS/PVA coatings did not
produce any noticeable changes in bacterial growth, the duration of the
initial contact time certainly had a profound impact. Coatings that were
in contact with bacteria for 1-3 h displayed only a bacteriostatic
response since a permanent Zol could not be established in the exposed
area and was eventually replaced by bacterial growth from neighbour-
ing areas over 10 days of aging (Fig. S4). However, a 6 h contact dura-
tion was sufficient to impart a permanent antibacterial (bactericidal)
response onto the coated surface, where no signs of bacterial growth
were observed on the formed Zol even after aging the plates for a month.
This suggests that the biomedical coatings exhibit a contact-active
behaviour, which sometimes provides a higher antibacterial response
than materials that prefer release-mediated antibacterial action, as re-
ported earlier [60,61].

3.2.2. Antibacterial drop test
The drop test results indicate that both S. epidermidis and S. aureus
S. epidermidis

Contact time 1h Contact time 6h

Fig. 2. : Contact bacterial growth inhibition of S. aureus and S. epidermidis by coatings where, C=control; 1 =CS/PVA; 2 =CS/PVA/GOy os; 3 =CS/PVA/GOq o7s;
4 =CS/PVA/GOq;; 5 =CS/PVA/GOy 15 at 1 h & 6 h contact time after 1 day and its progression after 30 days.
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Fig. 3. : (a) Digital images of colony-forming unit of S. epidermidis and S. aureus incubated for 1 h on the control (pristine SS) and CS/PVA/GO coated SS surfaces. (b)
Drop test for the quantitative analysis of bacterial cell viability (%) against CS/PVA/GO coatings for S. aureus and S. epidermidis. Asterisk- statistically different

compared to control (****p < 0.0001).

grew well on uncoated SS surface forming bacterial biofilm in 10 days.
However, fewer bacterial colonies were propagated in CS/PVA/GO
coatings revealing a significant antibacterial activity against both strains
(Fig. 3a). The cell viability (%) data of pure CS/PVA coating also indi-
cated bacterial growth viz. 43.6% and 46.7% for S. epidermidis and
S. aureus, respectively (Fig. 3b). With increasing GO concentration
(0.05-0.15 wt%) in coatings, the cell viability reduced from 33.9% to
17.7% (S. epidermidis) and 22.8-10.9% (S. aureus) in just 1 h of incu-
bation exhibiting an intense biocidal nature of the coatings. Further-
more, increasing the incubation time to 6 h resulted in complete
eradication of bacterial cells at higher GO concentrations (>0.1 wt%,
Fig. S5). The results obtained in this study demonstrate a superior
antibacterial efficacy compared to previously reported literature, where
comparatively higher GO concentrations were required to induce
effective bactericidal activity (Table S1). The reproducibility of coat-
ings’ fabrication was evaluated using a drop test, which revealed
excellent replicability in terms of bioactivity, thus validating the efficacy
of our procedure (Table S3).

3.2.3. LIVE/DEAD assay

A live/dead bacterial staining assay was conducted to assess the
membrane permeability of bacteria following exposure to the coatings.
The results, presented in Fig. 4, show dominant green and negligible red
fluorescence signals for the control groups, indicating that the untreated

cells maintained a normal membrane. Compared to the negative control,
the CS/PVA coating displayed some bacterial inhibition, likely due to
the inherent bactericidal properties of chitosan moieties. The cationic
moieties present in this polysaccharide are known to compromise the
cellular framework of bacteria, leading to their death [62]. In contrast,
the GO-based coatings showed varied degrees of red fluorescence. As the
GO content in coatings was increased from 0.05 to 0.15 wt%, there was a
significant enhancement in red fluorescence as the number of non-viable
bacterial cells increased and only a few sporadic live bacteria cells
survived. These results were attributed to the synergistic effect of GO
and CS, which could more efficiently disrupt the bacterial cell mem-
brane in contact with CS/PVA/GO coatings, leading to bacterial inac-
tivation as a consequence of the leakage of intracellular metabolites
through permeable membranes. Further, the fluorescent images showed
a higher number of non-viable cells in case of S. aureus than
S. epidermidis, which were in good agreement with the antibacterial drop
test results.

3.3. Antibacterial mechanism of bioactive coatings

Other than analysing the quantitative data for antibacterial analyses,
it is equally important to understand the mechanistic insights into the
functioning of antibacterial coatings while designing anti-biofouling
surfaces for biomedical purposes. This can be understood well by
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Fig. 4. Fluorescent images showing the comparative distribution of live and dead cell of S. epidermidis and S. aureus bacteria when come in direct contact to CS/PVA/

GO coatings.

elucidating the underlying mechanism of antibacterial action of these
coatings.

3.3.1. Bacterial morphology through SEM

The SEM images of untreated (control) cells revealed a typical glossy,
circular, and grape-shaped morphology of S. epidermidis colonies with
intact and smooth cell membranes (Fig. 5a). However, when treated
with CS/PVA/GO coatings, significant morphological abnormalities
were observed in S. epidermidis. The majority of bacterial cells appeared

wrinkled with shrunken cell membranes, and perforated with pro-
nounced breakages, indicating severe damage to cellular integrity.
Similar findings were observed in S. aureus cells, which exhibited lysed
cells and distorted shapes after exposure to CS/PVA/GO coatings. The
exterior surface morphology analysis revealed irreversible damage to
the cell membrane due to direct contact with immobilized GO sheets
within CS/PVA matrices, as confirmed through material characteriza-
tion. As previously reported, graphene oxide, when dispersed in a
polymeric matrix, exhibits a much more lethal antibacterial action than
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its colloidal form [56]. GO triggers ROS generation, causing severe
membrane damage, forming pits/holes and enhancing membrane
permeability [60,61,63].

3.3.2. Membrane damage through ROS-triggered oxidative stress

The mechanism of antibacterial action via oxidative stress genera-
tion is evident in GO-based coatings. Our observations reveal a 2-3 fold
increase in ROS production in S. epidermidis and S. aureus cells when
treated with CS/PVA/GO coatings (Fig. 5b). The ROS production was

consistent with an increase in GO content in the antibacterial coatings.
This highlights the role of CS/PVA/GO coating as an electron donor on
the bacterial surface, which reacts with oxygen molecules to generate
superoxide radicals (0%). Such an abrupt rise in ROS at bacterial surface
could not be handled by their defence mechanism and get accumulated,
resulting in an antibacterial response. Excessive levels of ROS may
propel adverse events to bacteria furthermore viz. enhanced membrane
permeability, diminished enzymes activity and destruction of cellular
proteins/nucleic acids, leading to bacterial death [64].
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3.3.3. Leakage of cytoplasmic proteins

The release of intracellular proteins was evaluated to determine
membrane leakage in treated bacterial cells (Fig. 5c). No significant
release of proteins was observed in untreated S. -epidermidis
(1.87 ugmL™Y) and S. aureus (2.08 uyg mL™1) cells. However, upon
introducing CS/PVA/GO coated SS substrates to both bacterial suspen-
sions, the amount of released protein drastically enhanced by 8.5-9
folds. The increase in protein leakage was also dependent on GO-content
(0.05-0.15 wt%) in the final CS/PVA coatings. This confirms our hy-
pothesis that a GO-induced rise in ROS levels would have severely
compromised membrane permeability of pathogenic bacteria resulting
in the release of all intracellular components including proteins.

3.3.4. Suppression of respiratory chain activity

LDH release assay was further employed to test bacterial cell mem-
brane integrity (Fig. 5d). SS substrates coated with CS/PVA/GO dis-
rupted cellular respiration with significant difference among controls,
CS/PVA and CS/PVA/GO coatings. The LDH release (%) in control and
pristine CS/PVA were 6.4% and 29.6% (S. epidermidis) and 9.8%, 24.2%
(S. aureus), respectively. As discussed earlier, introducing GO in bioac-
tive coatings caused more release of LDH. For instance, CS/PVA/GOy gs,
CS/PVA/GO()_Q75, CS/PVA/GOQ_l, and CS/PVA/GOQ_15 showed LDH
release of 47.3%, 51.8%, 58.6%, and 61.5% for S. epidermidis while
55.2%, 62.1%, 65.2%, 66.6% for S. aureus respectively. An increase in
LDH release in culture supernatants clearly indicates more lysed bac-
terial cells [65]. Therefore, CS/PVA coatings having 0.15% GO dis-
rupted the bacterial membrane most severely. These results indicated
that following LDH release, an important enzyme in cellular respiration,
CS/PVA/GO coatings are capable to suppress cellular respiration and
reproduction by inhibiting respiratory chain activity.

Analysing results, a coupled mechanism of bacterial inhibition with
CS/PVA/GO coatings was envisaged. We observed that both structural
and chemical characteristics of GO, which often work synergistically,
dictate its lethal action towards pathogens. A few studies claimed that
direct contact of GO sheets with bacterial surface through their sharp
edges can likely cause deep penetration and puncture membranes, often
leading to cellular deformation [3,66]. However, such penetration of GO
sheets onto bacterial suspension was difficult to predict as GO exists in
immobilized state within CS/PVA matrix. Even during coating process,
slow water evaporation forms a self-assembled surface where majority
of GO sheets would lie flat in basal plane of the substrate surface. This
observation aligned well to SEM micrographs where no signs of sharp
edges of GO sheets were found. Therefore, in contrast to earlier reports,
we eliminated the “nano-knife” behaviour of immobilized GO as its
primary antibacterial action mechanism. As reported recently [28],
while a contact-active CS/PVA hydrogel had shown remarkable biocidal
effects, the inclusion of GO would only augment its action, which cannot
be ignored. Besides, cell rupturing, protein leakage and respiratory de-
hydrogenases disruption via CS/PVA/GO coatings could have also been
triggered by lipid peroxidation due to the oxidative nature of GO [67].
Therefore, being passive in nature (non-releasing antimicrobial), the
predominant mechanism of GO-based coatings was mediated through
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oxidative stress (ROS generation) [4]. Damaged cell membrane further
weakened the cellular integrity inhibiting its respiratory chain activity
and promoting cytoplasmic leakage as the two main secondary mecha-
nisms, leading to antibacterial response (Fig. 6).

3.4. Evaluation of biocompatibility

In-vitro hemolytic assays were performed to evaluate the compati-
bility of blood-contacting coatings. Percentage hemolysis of pristine CS/
PVA, CS/PVA/GOO.os, CS/PVA/G004075, CS/PVA/GOO_], and CS/PVA/
GOy.15 coatings were recorded as 1.15%, 1.84%, 1.87%, 3.21% and
3.43%, respectively (Fig. 7a). While a consistent increase in hemolysis
was observed with increasing GO content, the extent of RBC rupture also
became prominent which is attributed to surface-linked toxicological
response of GO against RBCs. The RBC disruption occurs due to strong
electrostatic interactions between negatively-charged GO surface and
positively-charged phosphatidylcholine lipids on RBC’s outer mem-
brane [53]. Coatings having GO concentration < 0.1% were classified as
non-hemolytic (H<2%) as per the hemolysis grade defined by ASTM
F756-00 standard (H= 0-2%, non-hemolytic; H= 2-5%, slightly he-
molytic; H=>5%, hemolytic). Fig. 7b represents an apparent difference
in colour between the test samples, positive and negative control. Pos-
itive control causing 100% RBC lysis demonstrated bright red colour
while the negative control was pale yellow. The test samples were
observed having an incremental change in pink colour.

3.5. Cytotoxicity towards PBMCs and HepG2 cells

Human peripheral blood mononuclear cells (PBMCs) represent one
of the major population of cells that gather at the first line of immune
defence during biomaterial implantation in human body [68]. There-
fore, the impact of coatings on PBMCs was investigated first (Fig. 7c).
We demonstrated that none of the coatings induced any cytotoxicity
effects, where all test samples (CS/PVA/GO coatings) resulted in an
average cell viability of 77.1% under the test concentration range of
2-6 mg mL~L. HepG2 cells are employed as in vitro model for deter-
mining materials’ cytotoxicity [60,69]. As shown in Fig. 7d, all bioactive
coatings including the highest GO concentration (0.15 wt%) demon-
strated > 70% cell viability under similar test conditions.

Microscopic analysis demonstrated virtually no significant change in
shape of cells upon exposure to CS/PVA/GO coatings. Both, treated
PBMCs and HepG2 cells exhibited well defined and extended morphol-
ogies, similar to untreated ones (Fig. 7e). All coatings with GO displayed
statistically significant decrease in survival of PBMCs and HepG2 cells
compared to control. However, the difference between cell viability of
coatings on account of increase in GO concentration was non-significant
in both cell groups.

Additionally, when GO concentration in coating films was increased
from 2 to 4 mg mL~?, cell viability concomitantly decreased from 82.4%
to 77.4% (PBMCs) and 80.9-78.3% (HepG2 cells). At 6 mg mL™!' GO
concentration, mammalian cell viability further reduced to 72.22%
(HepG2) and 70.92% (PBMCs). As per the biocompatibility guidance,
ISO 10993-5, 2009, ‘Biological evaluation of medical devices’, > 70%
cell viability obtained in test method is regarded as the cytotoxicity
safety limit [70]. Thus, we conclude that CS/PVA/GO coatings when
coated on SS implants appear as non-cytotoxic against the targeted
mammalian cells.

3.6. Degradation behaviour of CS/PVA/GO coatings

The purpose of evaluating extent of degradation in simulated body
fluid over 14 days period was to determine coating’s durability and
estimate its longevity in vivo (Fig. 8a). This would enable us to design a
more reliable and long-lasting biomedical coatings. Following the 14-
day testing period, pure CS/PVA coatings exhibited a final degrada-
tion of 87%, while CS/PVA/GO coatings displayed declining
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Fig. 7. : (a) Hemolysis of human erythrocytes by CS/PVA/GO composite coatings. (b) Photographs from hemolytic activity test where PBS and Triton X-100 stand as
negative and positive controls respectively. Cytotoxicity analysis of soak solutions obtained from CS/PVA/GO coatings at concentration range of 2-6 mg mL~" on (c)
PBMCs, and (d) HepG2 cells as determined by MTT assay. Results reported in terms of % cell viability and in controls cells (unexposed) 100% cell viability (0%
cytotoxicity) was taken. (e) Bright-field microscopic images displaying morphology of PBMCs and HepG2 after treatment with 6 mg mL ™" soak solution of CS/PVA/
GO coatings. Asterisk- statistically significant from control (*p < 0.05, **p < 0.001, ***p & ****p < 0.0001).

deterioration from 78% to 69% as the GO content increased from 0.05 to
0.15 wt%. It is well-established that degradation of polymers in a body
fluid occurs due to a complex series of events, including water absorp-
tion, molecule hydration, hydrogen bond rupture, and eventual hydro-
lysis of unstable bonds [31,71]. Our results indicate that increasing the
GO content in Chitosan/PVA blends restrained the entry of SBF into the
polymeric matrices, resulting in lower weight loss and consequently
lower degradation [3]. This finding underscores the strong adhesion and
improved stability of CS/PVA/GO-based coatings [31]. We hypothesize
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that the extensive hydrogen bonding network between the polymer
matrix and GO provides the CS/PVA/GO composite with high-energy
links and immense chemical stability.

In addition, a gradual decline in solution pH was observed during the
degradation processes of coatings (Fig. 8b). This observation is an
indicative of coating hydrolysis-led dissolution of a more susceptible and
acidic moieties available in amorphous phases of the polymer matrix. As
a result, the release of residual acetic acid and other harmless degra-
dation by-products, typically present in chitosan polymer may have
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contributed to the lowering of the pH of SBF [72]. As determined by
ASTM F1635 standard, the admissible pH scales that promote and
maintain vital functions in human body lie between 6 and 8. This in-
dicates that the values obtained in 6.7-7.5 range during coating
degradation in this study lie within the reference domain of biological
processes.

The topographical changes in CS/PVA/GO coatings that might occur
during the degradation process were also examined (as shown in
Fig. 8c). The micrographs clearly illustrate a highly rough texture of the
coatings, which increases with GO content during degradation. The
lighter grey regions in SEM micrographs shows the exposed SS substrate
surface from where the coating undergoing degradation has been eroded
(Fig. 8c, Column X). A comparison of the surface morphology of the
coatings before and after immersion in SBF can be observed in Figs. 1g
and 8c, respectively, revealing a noticeable difference in surface texture.
Additionally, a whitish layer that precipitated on the coating surfaces
(Fig. 8¢, Column Y) could be observed, which is considered suitable as it
promotes interaction between the material surface and surrounding
tissues [73]. Energy dispersive spectroscopy (EDS) of test sample
revealed the presence of elements such as C, O, and Fe along with small
amounts of Na, Cl, K, Cr, Mn, Ca, P, and Ni (Table S4). These results
provide valuable insights into the degradation behaviour and surface
morphology of the polymeric coatings, which are crucial factors in
designing reliable and long-lasting biomedical coatings.
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4. Conclusion

We propose a new prophylactic coating composed of chitosan/
polyvinyl-alcohol/graphene oxide that could reduce bacterial chal-
lenge during tissue repair surgeries. A simple, facile method of solvent
casting at room temperature using polymeric blend of chitosan and PVA
with varying GO content resulted in CS/PVA/GO coatings on 316 L SS
substrate. SEM surface morphological analysis indicated a smooth and
crack-free surface of polymer film on substrate yielding an increase in
mechanical strength with increasing GO content. The bioactive coatings
displayed a well-recognized (>82%) antibacterial action against noso-
comial infections causing bacteria S. aureus and S. epidermidis. The
detailed analyses of antibacterial action mechanism revealed ROS-
mediated oxidative stress as the leading cause, which primarily in-
duces membrane damage followed by the leakage of intercellular pro-
teins and inhibition of reparatory activity. Further, coatings with GO
content < 0.1 wt% demonstrated an outstanding blood compatibility.
The cell viability through MTT assay indicated the as-developed coat-
ings to be non-cytotoxic towards human cells lines PBMCs and HepG2.
The addition of GO provided excellent stability against degradation in
simulated body fluids. In conclusion, the present study may seek new
avenues for developing an effective strategy modifying stainless steel-
based implants to improve their antibacterial performance and
biocompatibility simultaneously.
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