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ABSTRACT

This thesis explores the microbial production of pullulan and its applications in biomedical,
cosmetic, and food-packaging sectors. Pullulan, an extracellular polysaccharide synthesized by
Aureobasidium pullulans (A. pullulans), has gained attention as a sustainable alternative to
synthetic polymers due to its biodegradability, biocompatibility, water solubility, and film-
forming property. The research was driven by the increasing need for environmentally safe and
biologically compatible materials that can be used in various industrial and healthcare
applications. Pullulan production was optimized by shake-flask fermentation of A. pullulans
NCIM 1049 using liquid sugarcane jaggery as a cost-effective carbon source. A systematic
study of media components including jaggery, yeast extract, NaCl, K;HPO4, (NH4)2SOs4,
MgS04.7H>0, and ZnS0O4.5H>0, was performed using Plackett-Burman Design (PBD), which
enabled the identification of significant factors influencing pullulan production. These
significant factors were further optimized using Box—Behnken Design (BBD). The predicted
pullulan production (5.106 g/L) under optimized conditions (jaggery = 49.09 g/L, yeast extract
=2.15 g/, NaCl = 1.28 g/L) closely matched the experimentally observed production (4.923
+ 0.14 g/L), demonstrating the reliability of the statistical model. The produced pullulan was
extracted and purified using ethanol precipitation, dialysis, and lyophilization. Structural
characterization by Fourier Transform Infrared (FTIR) spectroscopy, Proton Nuclear Magnetic
Resonance ("H NMR), Carbon Nuclear Magnetic Resonance (**C NMR), and Matrix-Assisted
Laser Desorption lonization-Time of Flight Mass Spectrometry (MALDI-TOF MS) confirmed
its structural similarity to commercial pullulan. Beyond synthesis, the study explored the
applications of pullulan in biomedical engineering, cosmetics, and food-packaging. A
bilayered wound healing scaffold was prepared by combining an electrospun hydrophilic
sublayer of pullulan/polyvinyl alcohol (PVA)/gum arabic containing gentamicin sulfate with a
solvent-casted polylactic acid (PLA) top layer. This design addressed key challenges associated
with traditional single-layered wound dressings, offering controlled gentamicin release and
high swelling capacity for exudate absorption. The scaffold demonstrated antibacterial efficacy
against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), and drug release
studies showed that 93.09 + 2.63 % of gentamicin sulfate was released in a controlled manner
over 48 hrs following Zero-Order kinetics (R? = 0.9850). It exhibited a high swelling index of
611.85 + 15.05 %, a water vapour transmission rate (WVTR) of 94.20 + 14.50 g/m?*/day, and
porosity of 70.56 £ 0.58 %, along with biocompatibility with human dermal fibroblasts, all of
which are essential for accelerated healing. In another application-based study, coaxially
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electro-centrifugally spun core/sheath nanofibers composed of pullulan and poly(lactic-co-
glycolic acid) (PLGA) were fabricated to co-deliver ciprofloxacin (CIP) and paclitaxel (PTX).
These nanofibers exhibited tunable release kinetics characterized by an initial burst release
within 6 hrs followed by sustained drug delivery. They demonstrated significant in vitro
cytotoxic effects against melanoma A375 cells, highlighting their suitability as a dual drug
delivery system. The dual drug-loaded nanofibers with core-to-sheath ratios of 23G/1mm and
21G/Imm showed melanoma cell viabilities of 65.37 £ 1.96 % and 67.82 = 1.31 %,
respectively, after 72 hrs, highlighting their potential as dual drug delivery systems with
tunable release properties. The functional properties of pullulan were also used in the
preparation of an antibacterial skin-cream, where its film-forming ability and moisture
retention were combined with the antimicrobial activity of turkey berry (Solanum torvum, S.
torvum) leaf extract. The leaf extract exhibited antibacterial activity with zones of inhibition of
11.51 £ 0.92 mm against S. aureus and 10.45 £ 0.50 mm against E. coli, while the cream
formulation showed enhanced zones of inhibition of 16.67 + 0.40 mm and 14.83 = 0.12 mm
against S. aureus and E. coli, respectively. The formulation demonstrated good thermal
stability with a pH of 6.10 £ 0.20, total fatty matter (TFM) of 8.5 %, moisture content of 65 %,
shear-thinning behaviour, and absence of heavy metals, arsenic, and microbial contamination,
all within acceptable limits for topical application. Additionally, active edible biocomposites
were prepared using pullulan and gum arabic, functionalized with chitosan nanoparticles
(NCS) and neem essential oil (NEO). The incorporation of NCS and NEO addressed the
inherent high hydrophilicity and poor barrier properties of pullulan-based films. Among the
formulations investigated, the PUL/GA/NCS3/NEO film (containing 3 % NCS and 1 % NEO)
exhibited the most significant improvements in properties, with surface hydrophobicity
increasing from a water contact angle of 55.49 +£2.31° to 115.01 & 1.86°. It also enhanced their
tensile strength by ~ 12.77 MPa, elongation at break by ~ 6.26 %, barrier performance by ~
45.95 %, while imparting antimicrobial, antioxidant, and UV-shielding properties. It was
further applied as an edible coating for fresh-cut guava preservation, where it maintained

quality attributes and extended shelf life under both ambient and refrigerated conditions.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

This chapter explains the background and purpose of the study by focusing on the growing
interest in natural materials that are safe to use and better for the environment. Pullulan, an
exopolysaccharide produced by the fungus Aureobasidium pullulans (A. pullulans), is one such
material. It has gained attention for being non-toxic, water-soluble, and able to form
transparent, flexible films. These attributes make it useful in several biomedical, skincare, and
food packaging applications. The chapter also looks at how pullulan is produced through
fermentation and how the fermentation media components affect its production. In addition, it
reviews how pullulan can be blended with other natural substances to improve its mechanical
and water vapour barrier properties, or incorporation of antibacterial activity. Although
pullulan has been studied before, there is still a need to make its production more cost-effective
and to better understand how it can be used in versatile applications. This chapter reviews
earlier studies to identify these gaps and explains how this research builds on that knowledge

to explore new uses for pullulan.

The work in this chapter is under preparation of a review article titled as “Pullulan: A

Comprehensive Review on its Production and Multifaceted Applications”.
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1.1 Introduction

Proper waste management continues to be a significant challenge in both rural and urban areas
of many developing countries, such as India. One potential solution is the bioconversion of
these wastes, which not only mitigates environmental pollution but also offers economic
benefits, such as the microbial synthesis of valuable products like enzymes, organic acids, and
animal feed [1]. Plastics, widely utilized in daily life for packaging and manufacturing, have
contributed significantly to environmental degradation due to their excessive use. This has led
to growing global concern and interest in identifying sustainable alternatives to conventional
plastic materials [2]. With increasing interest in environmentally friendly materials, bio-based
polymers or biopolymers have gained interest as alternatives to petroleum-derived plastics.
Biopolymers are naturally occurring polymers synthesized by microorganisms, plants, and
animals. These macromolecules include polysaccharides, proteins, and nucleic acids, each with
distinct structural and functional properties [3]. Due to their biodegradability, renewability, and
biocompatibility, biopolymers have gained significant attention in several industrial sectors,
including food packaging, agriculture, pharmaceuticals, and cosmetics. Their diverse physical
and chemical properties allow them to serve as emulsifiers that stabilize mixtures of immiscible
liquids, thickening agents that enhance viscosity, and binders that improve cohesion in
formulations. They also function as suspending agents, stabilizers, lubricants, coagulants, film
formers, and gelling agents, contributing to improved sustainability and product performance.
Furthermore, the development of polymeric composites or blends has led to significant
technological advancements. Polymer blends are created by physically combining two or more
polymers, resulting in materials with improved thermal, mechanical, and other functional
properties compared to the individual components. These blends can enhance durability,
strength, flexibility, and other desirable characteristics, making them highly valuable in
applications ranging from biomedical devices to packaging materials. The integration of
biopolymers into polymeric blends further enhances their performance, offering sustainable
alternatives to conventional synthetic polymers [4,5].

Microbial polymers are among the most promising alternatives to both synthetic and
other biopolymers due to their sustainability, eco-friendliness, and ease of production. Various
microorganisms are capable of synthesizing structurally diverse polymers, including
polyesters, proteins, and polysaccharides [6]. These polymers can be classified into structural,
intracellular and extracellular based on their localization within the microbial cell during
production. Typically integrated within the cell wall, structural polysaccharides like cellulose

and chitin are synthesized by both plants and animals. Cellulose, made of B-linked glucose
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units, is plant-derived, while chitin is found in animals. These biodegradable materials are
suitable for applications in pharmaceuticals, food, and biomedical devices. Intracellular
polymers, or endopolysaccharides, are primarily polyesters that accumulate as granules within
the microbial cytoplasm, serving as energy reserves. Located near or within the cytoplasmic
membrane, they may also form complex matrices with lipids, proteins, polysaccharides, and
nucleic acids. Their elastic-like properties, along with functional versatility, make them
valuable in health, food, and medical applications [7]. In contrast, extracellular carbohydrate
polymers or exopolysaccharides are secreted onto the outer surface of microbial cells, forming
a loose slime layer. They are high molecular-weight polymers, produced by lactic acid bacteria
such as Leuconostoc, Lactobacillus, and Streptococcus, and are utilized in food and
pharmaceutical industries. These extracellular polymers are typically long-chain
polysaccharides, which can be either homopolysaccharides or heteropolysaccharides,
composed of repeating sugar units in varying ratios. The World Health Organization (WHO)
classified probiotic exopolysaccharides as Generally Recognized as Safe (GRAS), indicating
that they are safe for human consumption [8]. Exopolysaccharides can be classified as cationic,
anionic, or neutral based on their ionic properties. They include pullulan, dextran, xanthan,
gellan, alginate, bacterial cellulose, and others, many of which exhibit strong water retention
and film-forming abilities [9,10]. Pullulan is a neutral exopolysaccharide with distinct
characteristics that make it valuable for diverse applications. It is a water-soluble and
biodegradable bipolymer produced extracellularly by the fungus Aureobasidium pullulans (A.
pullulans) [11,12]. Pullulan was first reported in 1884, when it was described as a
polysaccharide produced by microorganism initially referred to as Dematium pullulans by De
Bary [13,14]. However, in the year 1958, Bernier successfully isolated the polysaccharide from
A. pullulans, marking the first documented extraction of pullulan. The following year, further

research led to its official naming as "pullulan" [15,16].

1.2 Occurrence, classification, and morphology of A. pullulans

A. pullulans is a widely distributed, polymorphic fungus isolated from diverse environments
including soil, water, decaying plant material, etc. It is particularly known for colonizing early
stages of organic decomposition, such as leaf litter and wood, and has also been implicated in
the biodeterioration of materials like plasticized polyvinyl chloride (PVC) [17]. As a
saprophyte, the fungus produces various extracellular enzymes including amylases, pectinases,
xylanases, and hemicellulases [18,19]. According to the classification proposed by DeHoog

and McGinnis (1987), A. pullulans is categorized under Kingdom Fungi, Phylum Ascomycota,
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Class Dothideomycetes, Order Dothidiales, Family Dothididaceae, Genus Aureobasidium and
Species pullulans. Earlier classifications placed it under the family Moniliaceae within the
group of fungi imperfecti [20]. Although no perfect sexual stage has been observed, more
recent literature places it firmly among the Ascomycetes, particularly within the Dothididaceae
family. It exhibits five major morphological forms throughout its life cycle, namely yeast-like
cells, young and swollen blastospores, chlamydospores, and mycelia. As colonies mature, they
shift from a moist, smooth, and pale yeast-like appearance to darker shades of brown or black,
often accompanied by filamentous, pigmented mycelia, slimy conidial masses, and septate
hyphae. A distinctive feature of A. pullulans is its dimorphism, that enable transitions between
budding yeast and filamentous forms in response to environmental conditions, with thick-

walled chlamydospores indicating developmental stages [21].

1.3 Structure
The chemical composition of pullulan was fully explained in the 1960s, revealing it to be a
linear a-D-glucan primarily composed of repeating units of maltotriose. These units are linked

through a(1—6) glycosidic linkages, while the internal structure of each maltotriose consists

of a(1—4) bonds.
Malto-triose unit

-
<
|

Malto-triose unit

Figure 1.1 Structure of pullulan.
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This alternating arrangement of a(1—4) and o(l—6) linkages imparts two significant
properties to pullulan: enhanced solubility and structural flexibility. The molecular weight of
pullulan varies between 4.5 x 10* — 6 x 10° Da, and its general molecular formula is (CsH10Os),
[22]. These structural attributes contribute to its diverse functional properties, making it useful
in fields such as food packaging, pharmaceuticals, and other industrial sectors. The chemical
structure of pullulan is illustrated in Figure 1.1. Despite being water soluble, it is insoluble in
inorganic solvents, except for dimethyl sulfoxide (DMSO) and dimethylformamide (DMF).
Pullulan has the capability to form highly viscous solutions, making it suitable for creating
oxygen-impermeable films and fibers, as well as serve as thickening agents, adhesives,
extenders, or encapsulating agents. Despite being an a-D-glucan, it resists a-D-amylolysis and
can be used in the preparation of low-calorie food formulations [23]. A schematic
representation of the overview of pullulan production and its different applications is shown in

Figure 1.2.

Figure 1.2 Overview of pullulan production by fermentation and its utilization in various

applications.

1.4 Biosynthetic pathway for pullulan production

A. pullulans, being a polymorphic and metabolically versatile fungus, has been extensively
studied for its unique cytological and physiological attributes. Despite significant research,
the exact biosynthetic pathway of pullulan remains only partially understood. A variety of

carbon sources, including glucose, galactose, fructose, sucrose, xylose, maltose, and
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agricultural residues, are utilized as initial raw materials for pullulan production [16]. When
agro-wastes are used as carbon source, they are first hydrolyzed into simple sugars by a multi-
enzyme system comprising protease, amylase, xylanase, laccase and, cellulose [24]. Earlier
studies demonstrated that pullulan can be synthesized from simple sugars such as
sucrose using acetone-dried cells of 4. pullulans, indicating that the biosynthetic machinery
can function even in non-viable yet enzymatically active cells. Moreover, the cell-free enzymes
of A. pullulans are capable of producing pullulan from sucrose in the presence of uridine
diphosphoglucose (also known as wuridine 5'-diphosphate glucose or UDPG)
pyrophosphorylase and adenosine triphosphate (ATP) [22,25]. Inside the cell, saccharide
molecules are stored, and glucose residues are converted into exopolysaccharides. These sugars
accumulate within the cells and are subsequently utilized for pullulan synthesis during
microbial growth and proliferation [26]. A schematic overview of the biosynthetic pathway of

pullulan is presented in Figure 1.3.

Figure 1.3 Biosynthetic pathway of pullulan.
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At the biochemical level, glucose undergoes a series of transformations to yield the key
precursor UDPG. Glucose is first isomerized into fructose, which is then phosphorylated by
ATP to form fructose-1-phosphate. Subsequent phosphorylation and isomerization steps
generate glucose-6-phosphate, which is converted to glucose-1-phosphate by a-
phosphoglucose mutase. UDPG pyrophosphorylase then catalyzes the synthesis of UDPG from
glucose-1-phosphate. More detailed biochemical investigations revealed that UDPG serves as
a crucial glucose donor in the biosynthesis of pullulan [27,28], and adenosine diphosphate
glucose (ADPG), another common glucose donor in microbial systems, cannot substitute for
UDPG in this process. Furthermore, glucose-containing lipid intermediates (LPh-Glc) may
play a crucial role in the biosynthesis and export of pullulan [29]. The biosynthetic process can
be conceptually divided into two primary stages. In the first stage, a D-glucose residue from
UDPG is transferred to a lipid molecule via a phosphoester linkage, resulting in the formation
of lipid-linked glucose (LPh-Glc), and this step is catalyzed by specific glycosyltransferases.
In the second stage, additional glucose residues are sequentially transferred from UDPG to
form lipid-bound isomaltose. This disaccharide unit subsequently reacts with other lipid-linked
glucose intermediates to yield pyranosyl or isopanosyl structures, which are polymerized into
longer chains to produce pullulan. Importantly, isopanose, a trisaccharide consisting of two
a(1—6) and one a(1—4) linked glucose residues, is identified as a key intermediate in this
biosynthetic sequence. The formation of isopanose appears to require both glucose
conjugates and a lipid-phospholipid (LPh) carrier system, further emphasizing the lipid-
mediated nature of this process. This multi-step, enzyme-catalyzed, and lipid-facilitated
pathway highlights the complex biochemical nature of pullulan production by 4. pullulans. An
increase in the activities of phosphoglucose mutase and UDPG-pyrophosphorylase has been
associated with improved pullulan production [16,27]. The proposed mechanism has been
summarized schematically in Figure 1.3, illustrating the key intermediates and steps involved

in this complex biosynthetic network.

1.5 Production of pullulan

Pullulan production is often limited by the high cost of refined carbon and nitrogen sources
required for microbial fermentation, which limits its large-scale commercialization. To address
this, several studies have explored low-cost alternatives such as molasses, starch hydrolysates,
fruit processing wastes, and agro-industrial residues, as these substrates contain fermentable
sugars and nutrients that can support microbial growth. The use of such materials not only

reduces production costs but also offers an eco-friendly approach to resource utilization.
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However, their effectiveness depends on factors such as nutrient availability, composition
consistency, and the requirement for pre-processing in some cases. Simpler sugar-rich
feedstocks, such as jaggery, can also serve as efficient substrates without the need for extensive
processing, offering a balance between cost-effectiveness and ease of use. Overall, the
selection of substrate plays a crucial role in determining the cost-effectiveness of pullulan
production.

Widyastuti et al. [30] reported the optimisation of pullulan production by A4. pullulans
Y428 using Melinjo seeds (Gnetum gnemon) as the substrate. The prepared pulluan was
characterised as a glucose-fructose trisaccharide (~ 2.3x10% Da) with semi-crystalline structure,
smooth layered morphology, and high thermal stability (~ 219 °C). Tagne et al. [31] explored
the production of pullulan using sugarcane bagasse hemicellulosic hydrolysate in a bubble
column reactor with 4. pullulans ATCC 42023. The process yielded up to 28.62 + 1.43 g/L of
pullulan after 120 hrs. Mujdeci et al. [32] reported the optimisation of pullulan production by
A. pullulans AZ-6 using Response Surface Methodology (RSM) in a defined synthetic medium.
Under the optimal conditions (100 g/L sucrose, 11.31 g/L peptone, pH 6.48, and 24.2 °C), the
strain achieved pullulan concentration of ~ 35.47 g/L with 54.48 % yield. Dsouza et al. [33]
reported an iterative statistical optimization strategy for pullulan production by 4. pullulans
DSM 3042. Using One Factor At a Time (OFAT), Plackett-Burman Design (PBD), and RSM,
sucrose was identified as the optimal carbon source, with pH 6 and 4 days incubation as
favourable conditions. The process increased pullulan yield 6.34-fold, achieving 113.5 + 3.5
g/l in shake-flask culture, representing the highest reported titer for this strain, and
highlighting its industrial potential. Chen et al. [34] reported the isolation of a high-yielding
pullulan-producing strain, RM1603, from rhizosphere soil, identified as A. pullulans through
morphological and phylogenetic analysis. The strain produced 33.07 = 1.03 g/L pullulan in
shake flasks, which increased to 62.52 + 0.24 g/L in a 5-L fermenter under optimized
conditions (pH 6.5, 2 vvm aeration, 600 rpm, 2 % inoculum). Chen et al. [35] identified and
engineered a novel strain, A. pullulans BL06, capable of high molecular weight (My, = 3.3 X
10° Da) pullulan production, and developed a modified strain (BLO6APMAS) that produces
moderate molecular weight (M = 1.3 x 10° Da) pullulan with significantly higher yield (140.2
g/L) compared to the wild strain (83.4 g/L). By manipulation of key genes involved in synthesis
pathway, the researchers demonstrated precise control over My, and purity of pullulan. Ganduri
et al. [36] reported the statistical optimization of pullulan production by 4. pullulans MTCC
2195 using jaggery as a carbon source. The Central Composite Design (CCD) model of RSM

demonstrated that fermentation time had the most significant effect compared to initial pH, and

TH-3900_206106011 [8]



Header Page of 283.

interaction plots highlighted the impact of parameters. Under the optimized fermentation

conditions (50 g/L jaggery, initial pH 5.0, and 120 hrs), a maximum pullulan concentration of

15.589 g/L. was achieved. Vijayendra et al. [37] reported pullulan production by a locally

isolated strain A. pullulans CFR-77 using jaggery as the sole carbon source in batch

fermentation. A maximum pullulan concentration of 51.90 g/L was obtained within 72 hrs at 5

% jaggery, which also yielded pigment-free, highly viscous polymer (160.50 cP, compared to

32.00 cP with sucrose). Table 1.1 shows an overview of different studies using various

substrates and microbial strains for pullulan production.

Table 1.1 Different substrates and microbial strains used in pullulan production.

Substrates Microorganism Fermentation parameters Pullulan References
production
t T pH Agitati
(h) ‘C) on
speed
(rpm)
Melinjo seeds | A. pullulans Y428 120 25 7 - 0.42 g/L [30]
Sugarcane A. pullulans ATCC | 120 26 5.50 200 28.62+1.43 g/L [31]
bagasse 42023
hemicellulosic
hydrolysate
Sucrose A. pullulans AZ-6 - 242 6.48 - 3537 g/L [32]
Sucrose A. pullulans DSM 96 28 6 140 113.50+3.50 g/L [33]
3042
Sucrose A. pullulans BL06 168 28 - 200 83.40 g/L and [35]
and BLO6APMAs 140.20 g/L
Sucrose A. pullulans 132 28 6.50 600 62.52+0.24 g/L [34]
RM1603
Hazelnut husk A.pullulans 168 | 24.20 6.48 - 74.39 g/L [38]
hydrolysate AZ-6
Sucrose A. pullulans 144 28 6 180 42.70 g/L [39]
YQ65
Kitchen waste | A. pullulans MTCC - 28 5 150 24.77+1.06 g/L [1]
2013
Deoiled rice | A. pullulans MTCC | 189. - - 250 8.32+0.02 % w/v [40]
bran 6994 6
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Cassava A. pullulans MTCC | 168 30 5.50 - 6.45 g/L [41]
Bagasse 1991
Sesame seed A. pullulans - 23 - - 54.50 pullulan/kg [42]
oil cake KY767024 substrate
(SSOC)
Sugarcane A. pullulans LB83 96 28 - 200 20 g/L [43]
bagasse
hydrolysate
Jaggery A. pullulans MTCC | 120 - 5 - 15.589 g/L [36]
2195
Jaggery A. pullulans CFR- 72 30 5 - 23.07 g/L [37]
17
Corn steep A. pullulans 120 20 - 250 88.59 g/L [44]
liquor RBF4A3
Molasses A. pullulans MTCC | 120 35 - 150 45 g/L [45]
2195
Jaggery, corn A. pullulans 72 28 - 250 61.17 g/L [46]
steep liquor, RBF4A3
deoiled
jatropha
seed cake
Jackfruit seed | A. pullulans MTCC | 168 30 - 200 17.95 g/L [47]
powder 2195
Hemicellulose | A. pullulans AYS82 168 - 5 400 12.65 g/L [48]
hydrolysate
Potato starch A. pullulans 201, - 28 - 500 54.57 g/L. [49]
hydrolysate 253
Cassava A. pullulans MTCC | 120 30 7.50 - 19 g/L [50]
bagasse 2670
Coconut milk | A4. pullulans MTCC | 168 28 200 58 g/L [51]
2195
Coconut water | A. pullulans MTCC | 168 28 - 200 38.80 g/L [51]
2195
Jatropha A. pullulans RBF 120 28 - 200 83.98 g/L [52]
seedcake 4A3
Palm kernel | A. pullulans MTCC | 168 30 - 18.43 g/L [53]
2670
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Soybean A. pullulans MTCC | 168 - 210 27 125.70 g/L [54]
pomace 1991
Sweet potato | A. pullulans AP329 | 96 28 - 200 29.43 g/L [55]
hydrolysate
Whey A. pullulans ATCC | 120 28 - 210 12 g/l [56]
42023
Kitchen waste | A. pullulans MTCC - 28 5 150 24.77 +1.06 g/L [1]
2013
Soyabean A. pullulans 84 28 7 220 59.80 g/L [57]
meal NCPS2016
hydrolysate
Cassava A. pullulans MTCC - 50 and 10 300 and | 1.90 (% w/v) and [58]
bagasse and 2670 40 400 1.50 (% w/v)
Asian palm respectively
kernel
Cassava A. pullulans MTCC - - 5.50 - 39.42 mg/g of dry [59]
bagasse 2670 substrate
Cassava A. pullulans MTCC | 96 - 5.50 - 23.60 mg/g of dry [60]
bagasse 2670 substrate
Asian palm | A. pullulans MTCC | 168 30 6.50 - 16 g/L [53]
kernel 2670
Corn bran A. pullulans 96 - 5.50 - 19.45 +0.40 g/L [61]
hydrolysate KY767024
Deoiled rice A. pullulans 6994 168 30 - 150 54.80 g/L [62]
bran
Sugarcane A. pullulans LB83 96 25.30 - 232 25.19 g/L [63]
bagasse
Sugarcane A. pullulans LB83 96 28 - 200 20 g/L [63]
bagasse
hydrolysate
Rice hull A. pullulans 148 28 3.80 400 2220 g/L [64]
hydrolysate CCTCCM
2012259
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1.6 Factors influencing pullulan production
The fermentation parameters or factors that affect pullulan production are as follows:
e Carbon source: Pullulan can utilize a wide range of agricultural residues as substrates
due to its multi-enzyme system. The optimal carbon source concentration is typically
10-15 %. Exceeding 20 % can inhibit pullulan production as enzymes are hindered at
this concentration. Lower concentrations of carbon sources may prioritize biomass
production over pullulan production. Sucrose is commonly used as the carbon source
for A. pullulans growth [22,49,54,65-67]. Moreover, glucose has been identified as the
most effective carbon source for pullulan production by mutant variant 4. pullulans
UVMUG6-1 [68]. Other sources like glucose, corn syrup, molasses, and agricultural
waste residues have also been utilized [50]. Xylose and lactose, however, result in
lower pullulan yields [28]. It is noteworthy that an excessive increase in sugar
concentration beyond a certain threshold has been shown to reduce pullulan production

[62,69].

e Nitrogen source: The availability of nitrogen is a critical factor affecting pullulan
production, with multiple studies noting its importance. Reduced nitrogen in the
medium leads to higher pullulan production and vice-versa [50,62,70,71]. Different
nitrogen sources yield varying production yields, and the type and concentration of
nitrogen source play a pivotal role in pullulan production. It is noteworthy that while
pullulan production decreases with the increase in nitrogen concentration in the
medium, biomass tends to increase [72]. Agricultural waste-derived nitrogen sources
have been utilized for the production of pullulan. Maximum pullulan production has
been reported when nitrogen sources such as ammonium sulfate ((NH4)2SO4) and
ammonium nitrate (NH4NO3) were used [51]. Nitrogen sources also influence enzyme
activity and has implications for incubation time and the activity of UDPG
phosphorylase. Another study reported that limiting nitrogen in the medium led to peak
production levels, which is attributed to increased activity of glucosyltransferase and

a-phosphoglucomutase [73].

e pH: The optimal pH range for pullulan production is 5.5-7.5, as suggested by [70]. The
highest yield of pullulan from A. pullulans MTCC 1991 was achieved within pH
ranging from 6.5-7.5, as reported by [74]. However, the ideal pH for producing pullulan
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has been documented as pH 5 [52] and pH 4 [68]. These varying optimum pH values
for pullulan production can be attributed to the specific strain used and the culture
conditions [37,68]. At very low pH of 2.5, pullulan production is suppressed, and
insoluble glucan may be produced [70].

e Cell morphology: The connection between the cell morphology and its capacity to
produce polysaccharides is a significant factor, given that polysaccharide production is
closely linked to specific cell shapes. The exact type of cells responsible for
synthesizing pullulan remains uncertain. In the majority of studies, pullulan production
has been observed primarily in the yeast-like morphology of 4. pullulans, as noted by
[75]. On the other hand, in several other research papers, the ability to produce this
polysaccharide has been associated with the chlamydospore population. On the other
hand, yeast-like cells, when maintained at a neutral pH, yield pullulan with an

exceptionally large molecular size [70].

o Temperature: A. pullulans is capable of thriving across a wide range of temperatures.
For shake-flask experiments conducted under various physiochemical conditions using
different agricultural residues, the optimal temperature for production of pullulan
ranges from 25-35 °C [50]. Furthermore, when using the OVAT approach to optimize
fermentation conditions for A. pullulans, it was determined that the ideal temperature

for maximizing pullulan production is 27.5 °C [76].

o Aeration and agitation speed: Pullulan production by A. pullulans is highly dependent
on aeration and agitation speed. Notably, increased aeration and lower agitation speed
tend to improve pullulan production in bioreactor (Cheng et al., 2011a). A study on
pullulan production using a solid-state fermentation matrix of Asian palm kernel and
cassava bagasse found that optimal yields occurred at agitation speeds between 300—
400 rpm [58]. In another study, it was reported that higher agitation speeds lead to the
formation of a greater number of A. pullulans colonies, resulting in increased pullulan
production [76]. It is noteworthy that changes in aeration speed were associated with

alterations in cell morphology.
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o Supplements: The introduction of tween-80 into the fermentation medium have been
found to boost pullulan production, but it doesn't lead to increase in biomass [68,77—
79]. In a different study, it was reported that incorporation of uracil into the growth
medium enhances the production of pullulan. The pullulan yield was elevated from

37.72-49.07 g/l when 5 mM uracil was introduced after 48 hrs [80].

Overall, pullulan production is influenced by various factors that need to be carefully controlled

to achieve optimal yields.

1.7 Downstream processing

The extraction procedure for pullulan from the fermentation broth comprises several stages:
(1) removing of biomass by centrifugation, (2) cold ethanol or isopropanol addition to
supernatant for precipitating the polysaccharide, (3) dissolution of precipitate in deionised
water, (4) dialysis to remove low molecular weight impurities, and (5) freeze-drying
(Iyophilization), which is the final step of pullulan extraction in purified form. The biomass
pellet is isolated through centrifugation of the broth at 10,000 rpm and 4 °C for 30 mins. The
resultant supernatant is subjected to heat treatment at 80 °C for 20—30 mins to remove insoluble
components and proteins sensitive to heat [55]. Various organic solvents such as ethanol
[53,55,58,60,81], methanol [82], 2-propanol [83], isopropanol [37,84]; and acetone : ethanol
(1:1)[85] have been used for precipitation of pullulan. In a study, Kachhawa et al. [86] noted
the highest precipitation of polysaccharides by utilizing a mixture of ethanol and ethyl methyl
ketone in a ratio of 60:40. Additionally, the purity of pullulan can be further enhanced through
ultrafiltration or dialysis using membranes with appropriate molecular weight cut-offs,
followed by lyophilisation of the dialysed sample. Cross-flow membrane separation methods

may also be used for additional refinement.

1.8 Structural analysis of pullulan
The structure of the polysaccharide can be determined by Fourier Transform Infrared
Spectroscopy (FTIR) and Nuclear Magnetic Resonance (NMR) techniques.
o FTIR analysis
By analyzing the infrared (IR) energy absorption at specific wave numbers associated
with distinct functional groups or linkages within the sample, it is possible to make

predictions about the structure of the exopolysaccharide [87]. FTIR spectroscopy is
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used to identify functional groups, chemical bonding, and stretching in biopolymers
[88]. The peaks observed at 1156 cm™ and 856 cm™ correspond to the presence of D-
glucose in its pyranose configuration and the a-glycosidic bonds connecting the
glycosyl units. Furthermore, the absorption peaks at 764 cm™ and 931 cm™ indicate the

existence of a(1—6) and a(1—4) glycosidic bonds, respectively [50].

e NMR analysis
Researchers have conducted NMR spectroscopic examination on pullulan obtained
through fermentation processes. In the proton NMR (‘H NMR) spectra, the peaks
between 4.5 and 5.6 ppm correspond to the hydroxyl protons present in the sample
[60,89,90]. The presence of 6-deoxy sugar is indicated by the peak at 16.8 ppm in the
carbon NMR ('*C NMR), as reported by [60] and [91]. Additionally, the presence of
the anomeric carbon a(1—6) is evidenced by the peak at 100.1 ppm [89].

1.9 Applications of pullulan

Pullulan is a natural polysaccharide with many useful applications in different areas. Being a
biodegradable and biocompatible polymer, it is used in food, pharmaceutical, and cosmetic
applications. Beyond these, pullulan also finds use in electronics, oil recovery, and water
purification. It can be formulated or fabricated into coatings, fibers, gels, and particles, making
it a valuable material for both everyday products and advanced technologies. The applications

of pullulan in different domains have been discussed in detail as follows:

1.9.1 Biomedical applications

Pullulan and its derivatives have been widely recognized as versatile biomaterials with various
applications in the biomedical field. With their biocompatibility and biodegradability, they
have found utility in various medical applications. One notable area is drug delivery, where
pullulan-based nanoparticles function as effective delivery systems for the controlled release
of drugs, improving therapeutic outcomes and reducing adverse effects. Furthermore, pullulan
coatings have been used in tissue engineering to facilitate cell adhesion and proliferation,
helping in damaged tissue regeneration [92]. In wound healing, pullulan dressings exhibit
excellent moisture retention properties, creating an optimal environment for wound repair.
Moreover, pullulan-based hydrogels have demonstrated promise in creating scaffolds for
regenerative medicine and tissue engineering, offering support for cell growth and tissue

regeneration [93,94]. Different biomedical applications of pullulan and its derivatives have
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been depicted in Table 1.2, with selected recent examples discussed below to emphasize key

findings and advancement.

1.9.1.1 Wound healing

Kang et al. [95] reported that oxidized pullulan, obtained through sodium periodate oxidation,
introduces aldehyde groups capable of forming crosslinked networks with polymers such as
chitosan, polyvinyl alcohol (PVA), or collagen, thereby enhancing mechanical properties, cell
viability, and antibacterial activity. At higher oxidation levels, the films significantly promoted
wound healing in methicillin-resistant Staphylococcus aureus (MRSA)-infected mouse
models, indicating strong potential for use in advanced skincare and wound treatment
applications. Liu et al. [96] developed a multifunctional conductive hydrogel composed of
quaternized chitosan, oxidized pullulan, Chlorella vulgaris, and dopamine-coated polypyrrole,
offering antimicrobial, anti-inflammatory, oxygen-releasing, and wound-monitoring functions.
The enhanced solubility, mechanical strength, and conductivity of the hydrogel, combined with
microalgae-driven oxygenation and photothermal therapy, significantly improved healing in
chronic diabetic wounds. This integrated approach presents a promising strategy for
simultaneous wound treatment and monitoring. Li et al. [97] developed a sustainable 3D
nanofiber sponge dressing using quaternized chitosan derived from housefly pupa shells,
pullulan, and citric acid, utilizing gas foaming for environmentally friendly fabrication. This
biodegradable dressing exhibited strong haemostatic, antibacterial, and pro-angiogenic
properties, with high porosity and extracellular matrix (ECM)-mimicking architecture that
supports fluid absorption and cellular growth. Its potential as a drug delivery platform further
enhances its promise for advanced wound healing applications. In another study, Li et al. [98]
introduced a fully natural hydrogel composed of quaternary chitosan, oxidized pullulan, and
cuttlefish-ink nanoparticles for treatment of bacteria-infected diabetic oral ulcers. The hydrogel
combines anti-inflammatory, antibacterial, pro-angiogenic, and antioxidant properties within a
3D network, significantly promoting healing in diabetic rat models. This multifunctional
platform demonstrated the potential of naturally derived components in oral ulcer treatment.
Reinoza et al. [99] developed pullulan-chitosan nanofibers via high-speed rotational spinning,
achieving uniform, bead-free structures with enhanced hydrophilicity and permeability due to
strong hydrogen bonding between components. These nanofibers demonstrated excellent
haemocompatibility and significant haemostatic properties, suggesting their application in
wound healing and bleeding control. Plugariu et al. [100] reported the development of
PV A/pullulan hydrogels with and without clay, evaluating their structural, rheological, and
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drug release properties under physiological conditions. Hydrogels without clay showed
enhanced swelling and more effective neomycin release, best described by the Peppas-Sahlin
model, while clay-containing networks followed the Korsmeyer-Peppas model. The
incorporation of pullulan improved biocompatibility and drug diffusion, making these
hydrogels promising candidates for antibiotic delivery in wound dressing applications. Jiang
et al. [101] developed a multifunctional hydrogel composed of catechol-quaternized chitosan,
methacrylate-dialdehyde pullulan, and gallium ions, offering antibacterial, haemostatic, self-
healing, and injectable properties. The hydrogel exhibited strong mechanical performance,
effective activity against drug-resistant bacteria (including MRSA), and enhanced wound
healing through collagen synthesis and vascular regeneration. Its photo-crosslinkable and
bioactive composition demonstrated its potential as an advanced dressing for infected wound
care. Wang et al. [102] reported the development of chitosan/hyaluronic acid-grafted pullulan
succinate (HA-st-Pu) polymers through electrostatic interaction between HA-st-Pu and
chitosan, aiming at superficial wound healing applications. Characterization confirmed
successful synthesis, and the composite exhibited favourable properties such as a porous
structure, high swelling capacity, rapid haemostasis, biocompatibility, and antibacterial and
antioxidant activity. In vivo studies further demonstrated its ability to accelerate wound healing,
suggesting its potential as an effective wound dressing material. Khalaji et al. [103] reported
the fabrication of a functional wound dressing by silylating bacterial nanocellulose (BNC) with
3-aminopropyltrimethoxysilane, followed by grafting electrospun pullulan-zinc oxide (ZnO)
hybrid nanofibers onto the modified surface. The resulting aminoalkylsilane grafted BNC (A-
g-BNC) membrane/pullulan-ZnO dressing exhibited superior antibacterial activity, enhanced
mechanical strength, and significantly improved wound healing performance compared to

pristine BNC and A-g-BNC, while maintaining good biocompatibility.

Table 1.2 Biomedical applications of pullulan and pullulan derivatives/composites.

Pullulan derivatives/ composites Formulation Biomedical applications References
Curcumin grafted hyaluronic acid Chemical Wound dressing [104]
pullulan polymers modification
Poly (vinyl alcohol)/pullulan Hydrogel Wound dressing [100]
Pullulan Hydrogel Sutureless wound healing [105]
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Chitosan/hyaluronic acid/pullulan Film Wound dressing [106]
Pullulan/collagen Hydrogel Wound dressing [107]
Chitosan-and hyaluronic acid- Film Wound healing [102]
grafted pullulan succinate
Algae-inspired chitosan/pullulan Multifunctional Wound healing [96]
hydrogel
Hyaluronic acid grafted pullulan Film Wound healing [108]
Pullulan-grafted copolymer Hydrogel Wound healing [109]
hydrogel formed through UV
copolymerization and crosslinking.
Bacterial cellulose Bilayer Wound healing [110]
(BC)/pullulan/vitamin-C/vitamin-E membrane
Alginate/pullulan/hyaluronic acid Hydrogel Wound healing [111]
Chitosan/pullulan/sodium hydroxide Hydrogel Wound healing [112]
Pullulan Gel Wound healing [113]
Chitosan/carboxymethyl Film Wound healing [114]
pullulan/bioglass
Propolis-loaded photocurable Film Wound healing [115]
methacrylated pullulan
Pullulan/ poly (3-hydroxybutyrate- | Bilayer scaffold Wound healing [116]
co-3-hydroxyvalerate) (PHBV)
Collagen-oxidized pullulan loaded Scaffold Chronic wound healing [117]
with polydatin
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Oxidized pullulan/ Film MRSA-infected wound healing [95]
PV A/chitosan/collagen
Cross-linked Powder that Wound healing [118]
pullulan/polyhexamethylene transforms into
biguanide (PHMB) gel upon contact
with wound
exudate
Pullulan/e-poly-1-lysine Hydrogels Burn wound healing [119]
2D molybdenum disulfide (MoS>) Glycosheets Wound disinfection and healing [120]
functionalized with quaternary
pullulan
Chitosan-fucoidan Nanoparticle- Wound healing [121]
nanoparticle/pullulan loaded
microneedle
patch
Ulmus davidiana var. japonica root | Superabsorbing Wound healing [122]
bark/pullulan hydrogel film
Curcumin-loaded methacrylate Hydrogels Wound healing [123]
pullulan with grafted
carboxymethyl-p-cyclodextrin
Aminoalkylsilane-grafted bacterial Nanofibers Multifunctional wound dressing. [103]
nanocellulose with ZnO-
nanoparticles-doped pullulan
nanofibers
Chitosan and hyaluronic acid- Film Wound healing [102]
grafted pullulan succinate
Insect chitosan/pullulan/gallium Hydrogels MRSA-infected wound healing [101]
Pullulan/chitosan Fiber membranes Haemostasis [99]
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Eumelanin-assisted Hydrogel Diabetic oral ulcers treatment [98]
pullulan/chitosan
Insect quaternized 3D nanofiber Wound healing [97]
chitosan/pullulan/citric acid sponge
Oxidized pullulan Injectable Open abdominal wound [124]
polysaccharide/carboxymethyl hydrogel treatment
chitosan
Amoxicillin-loaded multilayer Nanofibers Topical drug delivery in skin [125]
pullulan treatments and wound healing
Silk fibroin coated Pullulan Microcarriers Bone tissue regeneration [126]
microspheres, crosslinked
by trisodium trimetaphosphate
(STMP)
Pullulan-g-poly(L-lactide) Nanoparticles Cancer cells treatment [127]
Gold (Au) nanoparticles using Nanoparticles Demonstrate efficient uptake, [128]
pullulan as reducing/ stabilizing/ non-toxicity toward normal
capping agent cells, and increased toxic effects
on gastric cancer cell lines
Tannic acid/ chitosan/ pullulan Nanofibers Wound dressing [129]
Cholesterol modified pullulan Nanoparticles Facilitated rapid mitoxantrone [130]
nanoparticles loaded with release at pH 5.6 within 9 hrs
mitoxantrone post- administration
Carboxymethyl pullulan Nanoparticles Controlled drug release system [131]
Carboxymethyl pullulan Nanocomplexes DNA and pH-sensitive drug [132]
delivery for cancer treatment
Oxidized pullulan Conjugate Improved targeting specifically [133]
toward hepatocellular
carcinoma HepG?2 cells within
the liver
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Oxidised pullulan

Hydrogels

Targeted delivery of drug to

colon tumour HCT116 cells

[134]

Polyethylenimine pullulan (PEIP)
nanomicelles modified with

deoxycholic acid

Nanomicelles

High encapsulation efficiency
(84.05 %) enabled sustained
drug release and enhanced
cytotoxicity against MCF-7

breast cancer cells

[135]

PEIP nanoplexes connected via a
mercaptosuccinic acid disulfide

bond

Nanoplexes

Enhanced doxorubicin (DOX)
retention via glutathione-
induced disulfide bond

reduction in C6 cells

[136]

Core-crosslinked pullulan lipoic

acid

Nanoparticles

Prolonged systemic retention
and gradual plasma clearance
observed in the human
hepatocellular carcinoma

SMMC-7721 cell line

[137]

Hydroxypropyl cyclosophoraose-

pullulan

Microspheres

Resulted in a release system
influenced by pH, which
enhanced drug entrapment. The
microspheres maintained the
naproxen levels in the plasma of

Sprague-Dawley rats for up to

72 hrs of oral administration

[138]

Pullulan-g-poly
(N-isopropylacrylamide)

Nanoparticles

Thermo-responsive drug release
from nanoparticles at pH 7.4 or
5 varies with polymer molecular

weight and drug loading.

[139]

Core-shell stearyl pullulan

Nanostructures

Prolonged drug release under
simulated gastrointestinal
conditions and effectively

controlled hyperglycemia over

time.

[140]

pH-sensitive pullulan-1,1,2-

trichlorotrifluoroethane

Nanoparticles

Improved tumour ablation and
therapeutic effectiveness of

drug.

[141]

NH: functionalized mesoporous
silica nanoparticles with oxidized

pullulan coating

Nanoparticles

Acid-triggered release of 5-

fluorouracil from nanoparticles.

[142]
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Carboxylated pullulan Hydrogels Insulin is released from [143]
carboxylated pullulan-
concanavalin A-insulin

hydrogels in a controlled

manner, through specific

binding of concanavalin A to

glucose.

1.9.1.2 Cancer treatment and stem cell therapy

In cancer treatment, precise targeting of cells or tissues is frequently necessary to minimize
adverse effects on healthy tissues in the body. Pawara et al. [144] reported the development of
surface-functionalized, resveratrol-loaded pullulan nanoparticles for targeted drug delivery in
lung cancer treatment. The nanoparticles demonstrated high drug entrapment efficiency,
optimal size for deep lung deposition, and prolonged retention in vivo. Their findings
demonstrated the potential of these biocompatible, stable nanoparticles as a sustainable, green
alternative for cancer therapy, emphasizing the need for further research and clinical validation
to optimize personalized medicine approaches for lung cancer. Nakatsukasa et al.
[145] reported that M2 tumour-associated macrophages (TAMs) in CT26 and CMS5a tumour
models showed high CD209b expression and preferentially internalized cholesteryl pullulan
(CHP) nanogels via this receptor. CHP nanogels complexed with Pseudomonas Exotoxin A
(PE) selectively depleted CD209b-positive M2 TAMs, likely due to targeted binding and
uptake. Beyond depletion, CHP nanogels showed potential as drug delivery systems for
modulating TAM function, offering a promising approach for tumour immunotherapy. Sheikhi
et al. [146] reported that supercritical CO: technology effectively enhanced the solubility and
dissolution rate of the hydrophobic anti-cancer drug regorafenib by impregnating it into the
hydrophilic pullulan polymer. Process conditions, particularly temperature, significantly
influenced drug loading, with the highest loading achieved at 328 K and 280 bar. The resulting
amorphous regorafenib exhibited improved dissolution (up to 80 % over 60 hrs), attributed to
increased surface area and Fickian diffusion as the primary release mechanism. Lopez-Vince
et al. [147] reported the development of a green, polysaccharide-based hydrogel platform using
3D-printed molds for scalable and reproducible cancer spheroid formation. The non-adhesive,
porous hydrogels supported spheroid growth across multiple cancer cell types and enabled drug
testing with doxorubicin (DOX) and paclitaxel (PTX), revealing cell-type-specific responses
in 3D versus 2D cultures. This system offers a customizable, biomimetic microenvironment

suitable for drug screening and further tumour microenvironment (TME) modelling. Thomas
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et al. [148] reported that pullulan-based nanoparticles represent a promising platform for
targeted and controlled drug delivery, owing to biocompatibility, non-toxicity, and
biodegradability of pullulan. These nanoparticles enhance drug solubility, stability, and
therapeutic efficacy, with demonstrated applications in cancer and antimicrobial therapies.
Despite challenges such as size uniformity and scalability, ongoing research is optimizing
synthesis and characterization methods to improve reproducibility and clinical potential.
Varadhan et al. [149] developed hyalgan-coated pullulan acetate nanoparticles loaded with
ferulic acid, which showed significantly enhanced anti-tumour activity, approximately three
times more effective than free ferulic acid, against gastrointestinal cancer cell lines. The nano-
formulation showed favourable drug release kinetics (95 % in 22 hrs), optimal particle size
(425 +£ 5.2 nm), excellent biocompatibility and haemocompatibility, highlighting its potential
for targeted gastrointestinal cancer therapy. Solanki et al. [150] reported the development of a
novel drug delivery system based on berberine-loaded 4-carboxyphenyl boronic acid-modified
pullulan-stearic acid conjugate nanoparticles (BPPNPs) for targeted delivery of berberine to
treat skin cancer. The nanoparticles exhibited favourable physicochemical properties,
including nanoscale size, high encapsulation efficiency, sustained drug release, and excellent
colloidal stability. /n vitro studies using 2D and 3D cell culture models demonstrated
significantly enhanced anticancer activity and apoptosis induction compared to free berberine,
highlighting the potential of BPPNPs as an effective therapeutic strategy for skin cancer. Barer
et al. [151] developed a novel system combining microspheres and hydrogels for localized
postoperative delivery of doxorubicin (DOX)-loaded polycaprolactone microspheres in the
treatment of breast cancer. They used an innovative method to embed the microspheres onto
the hydrogel surface, which enabled controlled drug release and sustained anticancer activity,
as shown in both 2D and 3D MCF-7 breast cancer models. Fard et al. [152] reported the
formulation of polysaccharide-based nano-emulsions using blends of charged polymers—
chitosan (positive), alginate (negative), and pullulan (neutral), to optimize drug delivery for
melanoma treatment. Among various combinations, a nano-emulsion made from pullulan and
chitosan in a 1 : 2 ratio demonstrated the most favourable drug release profile. When modified
with folate, it enhanced cellular uptake and significantly reduced the viability of A375
melanoma cells. Asgari et al. [153] reported the development of an oxygen-rich graphene oxide
(GO)-based nanocarrier with high dispersibility, co-loaded with paclitaxel (PTX) and
curcumin, two hydrophobic anticancer agents. This dual-drug nanocarrier was incorporated
into pullulan nanofibers via electrospinning, enabling localized, sustained drug release and

reduced systemic toxicity. The formulation showed an enhanced ability to inhibit the growth
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of MCF-7 breast cancer cells and potential for localized breast cancer treatment or prevention
of post-surgical recurrence. Emam et al. [154] reported the green and cost-effective synthesis
of carbon quantum dots (CQDs) using a hydrothermal method, comparing carrageenan and
pullulan as nucleating agents. The resulting monodispersed CQDs (~ 2.1 nm) exhibited distinct
bioactivities. Pullulan-derived CQDs showed superior anticancer effects against human breast
cancer cells, whereas carrageenan-derived CQDs demonstrated enhanced antiviral activity
against Middle East respiratory syndrome coronavirus (MERS-CoV), highlighting their
potential as an effective therapeutic agent. Huang et al. [137] developed nanoparticles derived
from pullulan to transport PTX with reversible cross-linking, demonstrating notable cytotoxic
effects and a capacity for targeting the liver. Furthermore, to overcome the limitations of using
DOX in cancer therapy, Chen et al. [155] created an innovative copolymer micelle based on
pullulan. This micelle was modified with folate to target tumours and was able to
simultaneously deliver DOX and shRNA targeting Beclinl. The delivery system exhibited
efficient cellular uptake in folate-positive HepG2 and HeLa cells, leading to cytotoxicity and
induction of apoptosis, thereby displaying encouraging anti-tumour efficacy. In another study,
Wang et al. [156] developed a nanoparticle-based system to co-deliver PTX and IR780,
enabling a synergistic combination of photothermal and photodynamic therapy with
chemotherapy for hepatocellular carcinoma. Hepatic cancer cells were observed to uptake
pullulan-DOX conjugates, with DOX being released within the acidic pH environment of the
endosome/lysosome. This facilitated the delivery of DOX to the nuclei of tumour cells, where
it hindered proliferation and stimulated apoptosis owing to its affinity to nucleic acids [157].
Utilization of stem cells for disease treatment or prevention presents significant
potential in both scientific investigation and medical practice. Mesenchymal stem cells (MSCs)
are highly regarded in stem cell therapy for their capacity to transform into diverse cell types.
Researchers have discovered that porous scaffolds composed of pullulan and dextran serve as
effective substrates for cultivating cord-blood endothelial colony-forming cells (ECFCs).
Porous nature of the material facilitated enzymatic degradation, allowing for the recovery of
cultivated cells. This showed the potential of such biocompatible permeable substance in
delivering stem cells for the treatment of vascular diseases [158]. MSC-derived exosomes were
functionalized with cationic spermine-pullulan, enabling targeted delivery to hepatocytes, and
accumulating in liver tissues. These modified exosomes exhibited therapeutic effects with anti-
inflammatory and protective properties [159]. Hydrogels derived from a combination of
pullulan and silk fibroin were utilized to encapsulate rabbit bone marrow MSCs. Assessment

of cell viability and morphological observations indicated excellent compatibility between the
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hydrogels and the cells. These results indicated that pullulan-based hydrogels hold promise as
vehicles for delivering stem cells in musculoskeletal tissue engineering applications [160].
Pullulan underwent modification to form spermine-pullulan, which was then combined with
plasmid DNA encoding hepatocyte growth factor (HGF). Upon introduction into MSCs, this
compound enabled the synthesis of HGF. Implantation of these altered MSCs into a rat model
led to a noteworthy decrease in liver fibrosis [161]. In a separate investigation, spermine-
pullulan was mixed with the cytomegalovirus thymidine kinase (CMV-TK) gene and
ganciclovir, and subsequently introduced into bone marrow MSCs to assess its influence on
pulmonary melanoma metastasis. This strategy demonstrated cytotoxic effects and
successfully suppressed tumour proliferation both in laboratory settings and within living
organisms [162]. Researchers have explored the utilization of pullulan-based compositions in
MSC therapy. Among these compositions is a hydrogel made of pullulan and collagen bio-
scaffold, utilized for delivering MSCs to wound locations. Applying MSCs through this
hydrogel resulted in increased expression of genes related to angiogenesis, enhanced viability
of adipose-derived stem cells, accelerated wound healing, and an increase in blood vessel

[163].

1.9.1.3 Gene delivery

Pullulan-derived carriers have been thoroughly researched for gene delivery because of their
biocompatible characteristics, minimal immunogenicity and great adaptability. Reichel et al.
[164] developed a hydrophobic and pH-responsive cationic polymer based on pullulan,
synthesized via esterification with 5-norbornene-2-carboxylic acid and subsequent thiol-ene
functionalization with a tertiary amine. The modified pullulan exhibited enhanced gene
delivery capabilities by improving endosomal escape, promoting protein interaction, and
balancing transfection efficiency with low cytotoxicity. Sherly et al. [165] reported the
synthesis of dextran- and pullulan-based polymer derivatives (DPD I/Il and PPD I/II)
conjugated with polyethyleneimine (PEI) and diethyl aminoethyl methacrylate (DEAEM)
using Michael addition reaction at varying grafting densities. Among them, DPD II and PPD
IT showed high cytocompatibility, efficient cellular internalization, and selective transfection
in cancer cell lines (C6 and HeLa), with no activity in non-cancerous 1929 cells. In vivo
biodistribution studies in BALB/c mice confirmed good renal clearance and no accumulation
in major organs, indicating favourable safety profiles. Moraes et al. [166] reported
development of nanosized, stable polyplexes in aqueous medium by simply mixing miRNA

with cationized pullulan derivatives. These nanoparticles, developed without toxic reagents or
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organic solvents, showed no cytotoxicity in human umbilical vein endothelial cells (HUVECs:)
and represented a novel, safe approach for miRNA delivery systems, building on prior work
with pullulan-modified nanoparticles. Caroline et al. [167] reported that cationized pullulan
modified with PEI and cross-linked using ethylene glycol dimethacrylate exhibited high
cytocompatibility and reduced interactions with plasma proteins, enhancing its potential for
systemic gene delivery. The crosslinked pullulan-PEI (PPE) polyplexes showed selective
uptake and effective pS3-mediated apoptosis in C6 cancer cells, highlighting their promise as
targeted gene delivery vectors for cancer therapy. Farahpour et al. [168] reported the
conjugation of pullulan with poly(B-amino esters) to develop gene delivery nanocarriers with
favourable transfection efficiency and low toxicity. The resulting polyplexes exhibited
appropriate particle size, positive zeta potential, and effective DNA condensation, making them
promising candidates for further development in gene delivery applications. In another study,
a gene delivery agent was synthesized by functionalizing lysine dendrons with octaguanidine
and attaching them to pullulan. The carrier system incorporated the plasmid pKillerRed-mem,
serving as a photosensitizer. Compared to control groups, this system exhibited notably
enhanced gene transfection efficiency without inducing haemolysis. It was suggested that the
carriers were internalized via macropinocytosis, and the photosensitizer triggered reactive
oxygen species production, thereby inducing cytotoxicity in tumour cells [169]. In another
study, nanoplexes were formed by cationically modifying pullulan with disulfide linkages,
resulting in particles of around 150 nm in size that exhibited redox sensitivity and susceptibility
to reductive cleavage. The nanoplexes demonstrated safety towards C6 glioma cells and had
the capability to target the cell nucleus, releasing DNA following reduction with dithiothreitol.
This system facilitated the combined delivery of both DOX and the p53 gene, resulting in
increased intracellular drug retention through the inhibition of efflux pumps. This simultaneous

drug and gene delivery approach enhanced cell death [136,170].

1.9.1.4 Tissue engineering and drug delivery

Numerous studies have explored the use of pullulan-based scaffolds in tissue engineering, with
particular emphasis on bone regeneration. de Carvalho et al. [171] reported the development
of poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) filaments incorporating pullulan
and ketoprofen via hot-melt extrusion, with pullulan enhancing drug release and degradation
due to its hydrophilic and amorphous nature. The addition of pullulan shifted the drug release
mechanism from erosion-controlled (non-Fickian) to diffusion-controlled (Fickian), while all

formulations demonstrated good biocompatibility, suggesting their potential for bone tissue
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engineering applications. Qin et al. [172] reported the development of a biocompatible
methacrylated pullulan/polyethylene (glycol) diacrylate composite (PulMA/PEGDA) hydrogel
synthesized via UV photo-crosslinking. The hydrogel supported rabbit mesenchymal stem cell
viability, promoted glycosaminoglycan synthesis, and enhanced chondrogenic differentiation,
highlighting its potential for cartilage repair and regeneration applications. Chauhan et al. [173]
developed an injectable, biodegradable, and self-healing hydrogel composed of pullulan and
poly(ethylene glycol), crosslinked through pH-responsive hydrazone bonds and incorporated
with a poly(ethylene glycol)-dexamethasone conjugate. The hydrogel showed high porosity,
provided sustained drug release for up to 28 days, and promoted osteogenic differentiation and
mineralization in murine osteoblast precursor cells. Le et al. [174] synthesized polyaminated
pullulan derivatives by attaching low molecular weight polyamines to the pullulan backbone,
which improved their mucoadhesive behaviour and ability to sustain drug release. These
derivatives, particularly pullulan-polyethyleneimine (Pul-PEI) and pullulan-tris(2-
aminoethyl)amine (Pul-TAEA), demonstrated significantly increased tensile strength,
mucoadhesion time, and reduced drug flux, while maintaining biocompatibility and
biodegradability. Moris et al. [175] developed a pullulan/polyvinylpyrrolidone (PVP)
nanocomposite scaffold integrated with anisotropic Ag-silica Janus particles displaying a ball-
stick morphology for bone regeneration applications. Incorporation of these particles improved
the antibacterial performance, mechanical strength, and osteogenic potential of the scaffold,
as evidenced by enhanced MG-63 cell viability, alkaline phosphatase activity, and increased
calcium mineralization. The scaffolds also supported apatite formation, indicating promising
bioactivity for bone repair applications. Su et al. [176] reported the development of a pullulan-
based hydrogel incorporating fibers via a one-step crosslinking strategy to enhance its
mechanical and viscoelastic properties. The polydopamine fibers imparted pH-responsive drug
loading and release capabilities, while maintaining good cytocompatibility. In another study
conducted on rats with femoral bone defects utilized implants made from dextran-pullulan
biomaterials enriched with hydroxyapatite and fucoidan. Researchers used a specialized
Magnetic Resonance Imaging (MRI) protocol to observe bone regeneration and the formation
of new blood vessels following implantation [177]. Pullulan and dextran were used to fabricate
a scaffold designed for astaxanthin administration to treat injury caused by ischemic-
reperfusion in a specific animal model. Through subjecting the animals to femoral artery
clamping and repeated reperfusion periods, the implant demonstrated enhanced antioxidant
properties and efficiently mitigated muscle damage resulting from the injury [178]. Another

investigation focused on creating macroporous beads by combining pullulan, dextran, and
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hydroxyapatite, which were then implanted into rats with defects in their femoral condyles.
Interestingly, there were no signs of inflammation due to the implant, and over time, cellular
structures formed between the scaffolds, facilitating space filling. By the 70" day, both the

density and amount of mineralization significantly enhanced [179].

1.9.1.5 Medical imaging

Pullulan has been found to have significant applications as a contrast agent in MRI, a technique
that uses magnetic field to image parts of the body. The effectiveness of MRI relies
significantly on magnetic nanoparticles, which exhibit sensitivity to the magnetic field
gradients of the instrument. Extensive research has been focused on developing pullulan-based
magnetic nanoparticles that are biocompatible and suitable for imaging techniques such as
MRI, ultrasound imaging and single-photon emission computed tomography (SPECT).
Medical imaging enables visualization of internal body structures by using fluorescent probes
to label cells and subcellular components. Among these, quantum dots (QDs), that are
semiconductor nanocrystals, are widely recognized for real-time cellular imaging, owing to
their broad excitation range, intense fluorescence, narrow emission spectra and excellent
photostability [180—182]. Despite this, achieving the successful introduction of QDs into live
cells presents a substantial difficulty, given the typically low uptake efficiency of cells for QDs.
To address this limitation, cationic liposomes have been explored as potential QD carriers since
they can interact with negatively charged cell membranes and promote endocytosis [183,184].
However, their tendency to form large cytoplasmic aggregates reduces imaging efficiency. A
promising alternative is the use of amine-functionalized cholesteryl pullulan (CHPNH2), which
overcomes these drawbacks and supports precise intracellular labelling [185]. The cellular
uptake efficiency of QDs conjugated with CHP exceeds that of traditional carriers, rendering
monodisperse hybrid nanoparticles of QDs-CHPNHj suitable for use as fluorescent probes in
medical imaging across diverse human cell types. In a study by Biliuta et al. [186], pullulan
was oxidised to its carboxylated form through the (2,2,6,6-tetramethylpiperidine-1-yl)-oxyl
(TEMPO) radical reaction, and this modified iteration was used to stabilize and cover magnetic
Fe;04 nanoparticles, rendering it a fitting contrast agent for MRI. Upon administration into pig
liver, the formulated contrast agent displayed a reduced diffusion factor compared to
conventional agents, rendering it suitable for specific scenarios where lower diffusion
properties are preferred. In another study, Kong et al. [187] developed CHP-based
nanoparticles linked with infrared dye 900 as near-infrared polymer nanogels (NIR-PNG),

showing limited dispersion and extended retention within sentinel nodes. These nanogels

TH-3900_206106011 [28]



Header Page of 283.

provided high sensitivity and specificity for sentinel node detection, indicating their potential
use as tracers in navigation surgery for gastric cancer. Jenjob et al. [188] engineered a novel
MRI contrast agent, gadolinium-diethylene triamine pentaacetate (DTPA)-pullulan, by
conjugating pullulan with gadolinium-DTPA, exhibiting improved and prolonged contrast
effects for more than 30 mins in comparison to a commercial agent. Chen et al. [189]
demonstrated the incorporation of calcium carbonate and pullulan into a copolymer-based
nanoparticle platform which improved ultrasound imaging resolution at hepatic tumour
regions. Another study by Huang et al. [190] developed cationic pullulan-based nanoparticles,
incorporating ethanolamine-functionalized poly(glycidyl methacrylate) together with
gadolinium, that showed strong potential as MRI contrast agents, especially in HepG2 cells.
They also demonstrated notable gene transfection efficacy and were efficiently taken up by

both HeLa and HepG2 cells.

1.9.1.6 Plasma expander

Plasma expander, also known as a blood plasma substitute, is a colloidal substance designed to
mimic the properties of blood plasma, including appropriate colloidal osmotic effect, osmotic
pressure, and viscosity. For it to be considered appropriate for medical use, the plasma
expander needs to be free from pyrogens, non-toxic, and compatible with the human body
[191]. In cases of polytrauma resulting from severe accidents or other circumstances,
significant blood loss occurs, leading to a decrease in osmotic pressure. In such cases, blood
plasma volume expanders are essential for restoring blood circulation and sustaining osmotic
pressure within blood vessels. Highly water-soluble polymers are suitable for use as plasma
expanders, and pullulan falls into this category being a water-soluble polymer. Pullulan, known
for its non-toxicity and high compatibility with the human body, has been reported to be
valuable in maintaining the osmotic pressure within blood vessels and facilitating adequate
blood circulation. It possesses the ability to metabolize and thereby counterbalance blood loss,
while still being easily removable after achieving the desired therapeutic effects [192,193].
Modified pullulan, recognized as a colloidal component, has emerged as a highly promising
therapeutic candidate to function as a substitute for blood plasma [194,195], as depicted in
Figure 1.4. Its efficacy as a plasma expander is closely linked to its molecular weight (My).
Researchers discovered that for pullulan to be effective as a blood plasma expander, it should
possess a My, of approximately 60 kDa. They noted that pullulan with higher My raised venous
pressure, whereas pullulan with lower My, was rapidly cleared from the body, resulting in

secondary haemorrhagic shock [191]. Therefore, pullulan intended for this purpose should fall
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within the effective therapeutic My, range, avoiding both very low and very high molar mass
fraction. Modified pullulan fractionated within 30,000-90,000 My, distribution range has been
shown to effectively treat and, in some cases, prevent haemorrhage [191,196]. Fractionation
can be achieved using water-miscible organic solvents such as ethanol, isopropanol, methanol,
and acetone, while isotonic agents like glucose, sodium chloride, xylitol, sorbitol, etc. are used
for dilution. To improve its therapeutic performance, chemical modifications of pullulan have
been developed. These resist amylase action, thereby slowing degradation in blood vessels.
Gamma (y)-irradiated pullulan with reduced My, and viscosity has been identified as a suitable
plasma expander candidate [197]. Furthermore, conjugation of cationic and anionic surfactants
with y-irradiated pullulan have been reported to produce fractions with narrower My,

distributions [198-200], enhancing its suitability for plasma substitution [194].

c 2
Significant blood loss in S — ‘
individuals due to accidents or » Po'lytl i within blood vess‘els Blood & S Blood
injuries resulting in osmotic pressure <.

The Pullulan complex reduces
the osmotic pressure within [ Blood vessels gets collapse ]

blood vessels
: Blood » i

Adequate blood circ i
within the blood vessels

Figure 1.4 Application of pullulan as plasma expander.

1.9.1.7 Molecular chaperons

Molecular chaperones are unique supramolecular arrangements formed by the interaction of
self-aggregated hydrophobic polymers with soluble proteins. These chaperones play a crucial
role in improving the thermal stability and enzymatic activities of protein structures. By using
the self-assembling technique, which involves assembling polymers as fundamental units,
scientists have effectively developed functional nanogels and nanobiomaterials. Chaperone-
like activity involves the ability to capture and release proteins. Molecular chaperones have the
capability to selectively bind denatured proteins, preventing irreversible aggregation through
host-guest interactions. Once bound, the host chaperone releases the protein in its refolded

state. To improve the recovery yield of native proteins during refolding, researchers attempted
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to use water-soluble polymers like polyethylene oxide (PEO) [201]. These polymers function
by blocking the exposed hydrophobic surfaces on denatured proteins, effectively preventing
protein aggregation. However, it is crucial not to bind too strongly to intermediates, as it could
hinder the folding process into the native confirmation. Cholesteryl pullulan (CHP)
nanoparticles modified to be hydrophobic have shown properties similar to molecular
chaperones, especially in enzyme engineering. CHP has been reported to effectively enhance
the thermal stability of proteins by capturing the denatured state of a-chymotrypsin within its
self-aggregate and then releasing the restructured protein [202]. Even after being subjected to
heat, the restructured chymotrypsin retains its stability, preserving 74 % of its initial enzyme
activity without experiencing thermal unfolding. Likewise, hydrogel nanoparticles made from
hydrophobized CHP have demonstrated the capacity to improve the thermal stability and
reconfiguration of heat-denatured Carbonic Anhydrase B (CAB) [192]. CHP helped in
refolding the heat-denatured CAB, leading to ~ 100 % recovery of enzyme activity and further
stabilizing the refolded form of CAB, protecting it from irreversible heat denaturation. Certain
CHP nanogels responsive to both heat and light have been known to function as molecular
chaperones, significantly boosting the activity of citrate synthase [201]. Additionally, it has
been discovered that CHP nanogels effectively inhibit the aggregation of enzymes such as
citrate synthase, lipase, and horseradish peroxidase. When CHP was combined with 2-
methacryloyloxyethyl phosphorylcholine, it enhanced the capture of denatured insulin or CAB,
followed by the subsequent release of these proteins in their restructured states [203]. Figure

1.5 depicts an overview of the application of pullulan as molecular chaperones.
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Figure 1.5 Application of pullulan as molecular chaperones.

1.9.2 Cosmetics and pharmaceuticals

Pullulan, recognized for its biocompatibility, skin-friendly properties, and environmental
sustainability, has attracted considerable attention within the cosmetic sector [50,204]. Due to
its non-toxic nature and environmentally friendly characteristics, pullulan is frequently used in
producing biopolymer nanocomposites. In cosmetics, pullulan shows promising potential to
reduce photoirritancy and photoactinic responses, skin irritation and sensitivity caused by
sunlight, which can happen when certain ingredients are absorbed into the body. It has been
reported that sunscreen formulations containing pullulan-dioxybenzone provided protection
against harmful UV rays, while shielding dioxybenzone from the hypochromic impact caused
by noncovalent m-n molecular stacking. Unlike free dioxybenzone, which readily penetrated
the epidermis and dermis, pullulan—dioxybenzone largely remained on the skin surface in
hairless mice, thereby offering effective UVA/UVB protection without systemic absorption
[205]. Its durability and resistance to gas penetration allow it to function as a clear and
environmentally friendly material for cosmeceutical uses [206-209]. Researchers have found
that skin penetration is influenced by molecular weight, with components under 500 Da capable
of having systemic effects [210,211]. Xiao et al. [212] prepared PVA/pullulan aerogels with
tunable composition that demonstrated high water absorption and retention, mechanical
softness, and flexibility in both dry and wet states, making them well-suited for skin-contact

applications. Their rapid release of loaded ascorbic acid (> 90 % within 30 mins) demonstrated
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their potential as delivery systems in facial masks. Pullulan has a significant role in cosmetics,
particularly in addressing concerns related to phototoxicity and photoallergic reactions
resulting from the systemic absorption of certain ingredients. By utilizing pullulan in cosmetic
products, it is possible to create safer and chemical-free options, minimizing allergic and
inflammatory reactions. These products may contribute positively to skin cell proliferation and
lifespan, potentially mitigating aging effects [213]. Facial masks containing pullulan have been
shown to possess rejuvenating effects on the structural integrity of the skin, providing
significant cosmeceutical advantages [214]. Self-dissolving microneedles made from pullulan
have been used for the transdermal distribution of various cosmetic biomolecules, regardless
of their size [215]. Pullulan has been used in creating cosmetic products aimed at skin
rejuvenation, shampoos, eye creams, facial powders, hair treatments, and facial masks blended
with diverse ingredients for skin brightening and addressing hyperpigmentation concerns
[216-218]. Its capacity to disperse across a surface, create films, and hold liquids, such as
water, makes it suitable for these applications [22,50,219-221]. Pullulan, in conjunction with
other biomaterials such as chitin nanofibrils and nanolignin, has been reported to be beneficial
in rejuvenating the skin of elderly individuals [222]. The rising demand for effective and
revitalizing cosmeceutical items aimed at preserving youthful looks indicates a promising
future market for anti-aging cosmeceuticals. By blending pullulan with low molecular weight
polymers, inorganic substances, fragrances, and preservatives, superior cosmeceutical products
can be formulated, enhancing the structural characteristics of human skin [223]. Furthermore,
pullulan can also be used in the dental field as a dental adhesive and dental powder owing to
its stabilizing and adhesive characteristics. A patent has been submitted for a pullulan-based
ingestible film integrated with essential oils (thymol, menthol, eucalyptol, and methyl
salicylate), serving as an antimicrobial agent against bacteria responsible for gingivitis,

halitosis, and dental plaque [224].

1.9.3 Food industry

The food packaging sector has experienced notable advancements due to increasing demands
for food safety. Over the past few decades, polymers, such as plastic, have dominated food
packaging due to their numerous advantages, such as cost-effectiveness, lightweight nature,
heat-sealing capabilities, and adaptability to various packaging requirements. However, their
non-biodegradable nature poses a major environmental concern as they accumulate and spread
as waste, posing a threat to both humans and the environment. To address these concerns, the

adoption of naturally degradable materials has emerged as the most effective solution. Natural
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polysaccharides have gained considerable attention for their film-forming ability, nutritional
functionality, and chemical stability. Being abundant, non-toxic, biodegradable, and
biocompatible, these biopolymers offer promising potential for sustainable food packaging
applications [225,226]. Among these, pullulan, a fungal exopolysaccharide, is considered an
ideal raw material for producing food packaging materials owing to its remarkable
biodegradability, biocompatibility, and thermal stability. Moreover, the Food and Drug
Administration (FDA) has recognized pullulan as safe for use in food products due to its
Generally Recognized as Safe (GRAS) status, making it suitable for incorporation into food
items [227] and the effective production of edible films [228,229]. These unique characteristics
of pullulan contribute to its various uses in the food and related industries. Being odourless,
tasteless, and biodegradable, it offers excellent properties for creating high-quality films that
can be used as non-polluting food packaging material [230,231]. Films made from pullulan
exhibit unique characteristics including transparency, lack of pigmentation and odour, and low
permeability to oil and oxygen. Pullulan can be utilized to create a clear and distinct frosting
layer on frozen food, acting as a protective glaze. It also serves as a low-calorie dietary fiber
substitute for starch in food preparations. Moreover, its exceptional oxygen barrier properties
help extend the shelf-life of sensitive food items, reducing waste and enhancing product
sustainability. Additionally, it functions as a dispersing agent in beverages, effectively
inhibiting the occurrence of turbidity and the formation of sediment [232]. Table 1.3
summarizes previous studies on the use of pullulan-based composites in food packaging and
edible coatings, and a few recent examples are discussed below to highlight important results
and developments.

Enhancing food safety and extending shelf life can be achieved through the use of
antimicrobial food-packaging films. Krasniewska et al. [233] developed a polyethylene
terephthalate/polypropylene-based active packaging film coated with pullulan and enriched
with clove essential oil. The film demonstrated improved UV-light barrier, antioxidant, and
antibacterial properties; particularly against Gram-negative bacteria, while maintaining
transparency and preserving the visual quality of packaged spinach. Another study by Liu et
al. [234] developed soluble soybean polysaccharide/pullulan films incorporating lavender or
clove essential oils with enhanced antioxidant, antibacterial, and UV-barrier properties. The
clove essential oil-enriched films exhibited superior performance, particularly in free radical
scavenging and bacterial inhibition, making them more suitable for active food packaging.
Mayakrishnan et al. [235] prepared bio-nanocomposite films using pullulan, lignin and silicon

carbide for high-performance active food packaging applications. The incorporation of silicon
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carbide enhanced film properties by increasing hydrophobicity, tensile strength, antibacterial
activity, and opacity, while reducing moisture content, porosity, and gas/water vapour
transmission rates. Afzia et al. [236] prepared biocomposite films from pectin/pullulan,
reinforced with cassava peel-derived cellulose nanofibers, and optionally combined with olive
oil, which showed improved thermal stability, barrier properties and mechanical strength.
These films effectively preserved chicken meat quality by reducing weight loss, slowing
bacterial growth, and maintaining texture, highlighting their potential as sustainable
alternatives to conventional plastic packaging. In another study by Sul et al. [237] nitrogen-
doped carbon dots derived from tangerine peel were incorporated into chitosan/pullulan films,
resulting in active packaging with enhanced antibacterial, antioxidant, and UV-blocking
properties. These films helped preserve sliced bread during refrigerated storage by suppressing
microbial contamination, thereby prolonging its shelf life. This study highlights the potential
of using food waste-derived carbon dots as functional additives in sustainable packaging. Bian
et al. [238] developed pullulan-based films incorporating gellan gum and extracts
from Broussonetia papyrifera with strong antioxidant, antibacterial, and UV-blocking
properties, along with good mechanical strength and biodegradability. The films also showed
clear colour changes in response to pH and amine levels, making them suitable for monitoring
fish freshness. These features demonstrated their potential as multifunctional, eco-friendly
packaging materials with built-in spoilage indicators. Madihalli et al. [239] developed
chitosan/pullulan films integrated with quinic acid and montmorillonite (MMT) that showed
improved mechanical, UV-protective, and antimicrobial properties. It also demonstrated
superior performance in preserving tofu by minimizing weight loss, maintaining nutrient
content, and inhibiting microbial growth over 72 hrs. In another study, Dong et al. [240]
prepared edible composite films by combining pullulan with soy protein amyloid fibrils,
achieving about a threefold improvement in mechanical strength through hydrogen bonding.
The films also showed improved antimicrobial activity, hydrophobicity, and moisture
resistance compared to those made with soy protein isolate. Additionally, when loaded with
epigallocatechin gallate, the films demonstrated effective release in simulated oral conditions,
suggesting their potential for oral rapid-release applications. Gan et al. [241] developed edible
films incorporating bacterial levan with pullulan, chitosan, and e-polylysine that showed UV-
blocking, water resistance, oxygen barrier properties, and flexibility with higher levan content.
These films also demonstrated strong antimicrobial activity, biodegradability, and effectively
preserved strawberries by reducing water loss and microbial growth during storage. Gasti et al.

[242] developed a sustainable nanocomposite film by incorporating hybrid nanoparticles
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composed of chitosan and zinc oxide (ZnO), infused with clove essential oil, into a
chitosan/pullulan matrix for use in food packaging. The inclusion of these nanoparticles
significantly enhanced the UV-blocking capability, barrier efficiency, mechanical strength, and
water resistance of the film, while also providing strong antioxidant and antimicrobial
properties. When applied to chicken meat storage, it extended shelf life by up to five days under
refrigeration, demonstrating its potential for sustainable food preservation. Kumar et al. [243]
reported the development of a composite edible coating consisting of chitosan and pullulan in
a 50 : 50 ratio, enhanced with pomegranate peel extract. This specific blend of chitosan and
pullulan demonstrated its efficacy in preserving the quality and prolonging the post-harvest
shelf life of litchi fruits during storage under both room temperature of 23 °C and cold storage

conditions of 4 °C (Figure 1.6).

Figure 1.6 Chitosan/ pullulan composites for improvement of shelf life and quality of litchi

[243].
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Silva et al. [244] demonstrated a cost-efficient solvent casting method to prepare transparent
films consisting of pullulan reinforced with lysozyme nanofibers (Figure 1.7). These resulting
nanocomposite films exhibited a high degree of uniformity, transparency, and gloss, along with
impressive mechanical strength and thermal stability. The incorporation of lysozyme
nanofibers to pullulan not only improved its strength but also introduced new functionalities,

including notable antioxidant and antibacterial properties.

Table 1.3 Different pullulan-based composites for use in food grade applications.

Composites Applications References
Polyethylene Preservation of packaged [233]
terephthalate/polypropylene/pullulan/clove spinach

essential oil

Soluble soybean polysaccharide Food packaging [234]
/pullulan/lavender or clove essential oils

Pullulan/lignin/silicon carbide Food packaging [235]

Pectin/pullulan/cassava peel-derived Chicken meat preservation [236]

cellulose nanofibers/olive oil

Chitosan/pullulan/nitrogen-doped carbon Sliced bread preservation [237]
dots derived from tangerine peel
Gella gum/ pullulan/ Broussonetia Food packaging [238]
papyrifera extract
Chitosan/pullulan/quinic acid/ Tofu preservation [239]
montmorillonite
Soy protein amyloid fibrils/pullulan Food packaging [240]
Carvacrol/cyclodextrin/gelatin/pullulan Food packaging [245]
nanofibers
Levan/pullulan/chitosan/e-polylysine Food packaging [241]
Chitosan/pullulan/ chitosan-ZnO hybrid Food packaging [242]
nanoparticles loaded with clove essential oil
Pectin/pullulan Enhance shelf life of peanuts [246]
Pullulan/pectin/grape seed extract Diminished lipid oxidation in [246]

both uncooked and roasted

peanuts
Pullulan/chitin nanofibers containing Intelligent food packaging [247]
curcumin and anthocyanins
Pectin/pullulan Food packaging [231,246]

TH-3900_206106011 [37]



Header Page of 283.

Carboxymethyl chitosan/pullulan Mango preservation [248]
Chickpea protein isolate/pullulan Food packaging [249]
Chitosan/pullulan/pomegranate peel extract | Enhance shelf life and quality of [250-252]
tomato, green bell pepper and
mango

Pea protein isolate/pullulan Extension of shelf life of [253]

foods/delivery system for

enhancement of food products
with added value
Lysozyme nanofibers/pullulan Food packaging [244]
Chitosan/pullulan and carboxymethyl Edible films [254]
chitosan/pullulan

Carboxymethyl-gellan/pullulan Edible films [255]
Casein/pullulan Food packaging [256]
Whey protein/pullulan Entrapment of probiotic [257]

Lactobacillus acidophilus
Amaranth protein/pullulan Encapsulation of bioactives [258]
Nanofibrillated cellulose/pullulan Dry food packaging [259]
Whey protein isolate/pullulan films with Improve food shelf life and in [260]

nano-SiO: packaging
Pullulan/sodium alginate Edible films [261]
Pullulan/alginate incorporated with Edible films [262]
capsaicin

Esterification of pullulan using octenyl Enhance shelf life of sapota [263]

succinylation fruits (Manilkara zapota)
Pullulan/sorbitol/sucrose fatty acid ester Enhance shelf life of fruits [264]
Whey protein isolate/pullulan Extension of shelf life of [265]

chestnut fruits

Pullulan/glutathione/chitooligosaccharides Extension of shelf life of fresh- [266]

cut ‘Fuji’ apples
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Oligosaccharides derived from Laminaria Extend shelf life of cherry [267]
Japonica /pullulan tomato
Chitosan/pullulan Enhance quality and shelf life of [243]
litchi

Figure 1.7 Pullulan-based nanocomposites for food packaging with antioxidant and

antibacterial properties [244].

1.9.4 Other applications
o  Waste mitigation and water purification
Water contamination from industrial effluents, heavy metals, aromatic compounds, and
synthetic dyes remains a major environmental challenge. As a result, there is an
increasing need for efficient and high-value treatment of heavy metal-containing
effluents [268,269]. Microbial strains producing extracellular polysaccharides have
shown promise in water remediation because of their ability to sequester heavy metals
through biosorption. This process involves the interaction between metal cations and
the acidic functional groups of the polysaccharide [270,271]. In response to the
challenge of eliminating anionic dyes from water, scientists developed microspheres
made of pullulan-graft-poly(3-acrylamidopropyl trimethylammonium chloride) (P-g-
pAPTAC). These microspheres were produced through suspension cross-linking of
pullulan that had been pre-modified with cationic components. The uptake of
Azocarmine B by the microspheres served as a model system to demonstrate their
effectiveness in eliminating anionic dyes from aqueous solutions. This study provides

details on the preparation and characterization of these cross-linked pullulan

TH-3900_206106011 [39]



Header Page of 283.

microspheres with grafted cationic properties, as well as their capability to absorb
sulfonated anionic dyes [272]. Sectors such as paper, textile, dye, and plastic
manufacturing produce substantial volumes of contaminated wastewater owing to their
extensive water consumption and the utilization of chemicals and dyes for product
colouring. This wastewater, loaded with dyes, has the potential to significantly degrade
water quality and pose risks to human health due to its carcinogenic, teratogenic, and
mutagenic characteristics [273—275]. Managing wastewater containing dyes cause
difficulties because the dyes resist aerobic digestion and remain stable against oxidizing
agents. A range of physical, biological, and chemical techniques have been utilized for
treating dye wastewater. However, often a combination of multiple approaches is
required to attain the desired water quality in an economically feasible manner
[276,277]. Therefore, there is a demand for the development of effective and
industrially viable decolouration methods. Pullulan was chemically crosslinked
separately with 1,2-bis(2,3-epoxypropoxy)-ethane (BEPE), tetramethylene glycol
diglycidyl ether (TGDE) and epichlorohydrin (ECH). The TGDE-derived gel (Gel-T)
exhibited a macro-porous structure and desirable swelling capacity while maintaining
relative rigidity. The Gel-T being biocompatible, was combined with montmorillonite
(MMT) to form a nanocomposite hydrogel system. This pullulan-constructed
nanocomposite hydrogel exhibited an excellent adsorption capacity (80 mg/g) for
crystal violet, making it an effective adsorption system for removing dyes from aqueous
media [278]. In another study, pullulan hydrogels containing MMT and polydopamine
have been utilized in the elimination of crystal violet [279]. A composite nanogel,
consisting of gellan and pullulan, was created using chemical crosslinking with 2,2-
diphenyl-1-picrylhydrazyl (DPPH). This nanogel was used for the adsorption of
methylene blue from aqueous media [280]. Cationized pullulan demonstrated enhanced
pesticide flocculation with decreasing emulsion pH and increasing degree of
substitution [281,282]. The sodium salt of succinylated pullulan exhibited a remarkable
90 % removal of Cadmium (Cd) from spiked water within the initial 15 mins [283].
During fermentation on acid peat hydrolysate, metals accumulate in the A. pullulans
CH-1 biomass, making this microorganism appropriate for decreasing metal levels.
This technology effectively combined the biosynthesis of pullulan using the A.
pullulans strain CH-1 with simultaneous biosorption of metals, offering a practical
solution for mitigating metal pollution. Moreover, the excellent attributes of pullulan

such as its comparable transparency, roughness, hardness, and gloss make it a
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sustainable alternative to synthetic polymers such as polystyrene and polyvinyl chloride
(PVC), which pose environmental hazards when carelessly disposed of [284,285].
Pullulan is also known to serve as a reducing, stabilizing, and capping agent in the
production of metallic nanoparticles, showing promise in photo-decolorization
applications. Isa et al. [286] examined the amalgamation of pullulan and zinc oxide
(ZnO) nanoparticles for the swift photo-decolorization of Methyl Orange and
Rhodamine B. Pullulan acted as a capping agent, while ZnO nanoparticles served as
catalyst. The synthesis conditions of ZnO nanoparticles, particularly at 400 °C and 1 hr
of calcination, significantly influenced the degradation of dyes, leading to effective
photocatalytic removal of dyes such as Methyl Orange and Rhodamine B. In another
study by Isa et al. [287], pullulan-assisted porous ZnO microflowers were prepared
through a precipitation approach for the photocatalytic degradation of Methyl Orange.
Additionally, cationic derivatives of pullulan have been reported as efficient flocculants
for industrial wastewater treatment, particularly in the removal of metal oxides, dyes,
and pesticide residues [291]. Sonmez et al [288] prepared pullulan-based hydrogels
through free radical solution polymerization. As shown in Figure 1.8, these hydrogels
exhibited significant capability in adsorbing five different metal ions (cadmium(II),
mercury(Il), nickel(I), copper(Il) and zinc(I) ions) and demonstrated favourable
reusability characteristics, making them promising options for applications in metal

removal from water.

Figure 1.8 Pullulan based hydrogels for metal ions removal from water [288].
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e Electronics, oil recovery, and fiber formation
It has been reported that cyanoethylated pullulan offers promising applications in
sensors and low-frequency amplifiers [289]. Furthermore, this natural polymer has
been acknowledged for its capacity to improve the retrieval of crude oil in the
petroleum extraction process [290]. Pullulan can also be spun into fibers with
characteristics similar to rayon or nylon through dry or wet spinning, and can be

extruded into materials resembling polystyrene or polyvinyl alcohol (PVA) [6,15].

1.10 Chapter summary

Pullulan has been recognized as a versatile and sustainable biopolymer, finding applications
across diverse industries. Its unique properties, such as being non-toxic, biodegradable, and
water-soluble, make it an promising alternative to synthetic polymers. Throughout this chapter,
we have explored its production process and discussed its diverse applications in different
fields. In the field of production, significant improvements have been made in optimizing
pullulan extraction techniques. Advancements in microbial fermentation, particularly using
different strains of A. pullulans, have led to increased yields and cost-effectiveness. Moreover,
the development of novel bioreactor designs and the utilization of agro-industrial waste as
feedstock have further enhanced the eco-friendliness of the production process. These
advancements play a crucial role in promoting sustainability by mitigating the environmental
burden associated with the polymer industry. The applications of pullulan are vast and continue
to expand, driven by progressive research and technological advancements. In the food
industry, pullulan has proven to be an excellent stabilizer, thickener, and film-forming agent,
replacing synthetic additives and promoting healthier and safer products [231,292]. Its ability
to form transparent and oxygen-permeable films makes it suitable for use in the packaging
industry, offering a sustainable solution for enhancing the shelf life of perishable goods.
Pharmaceutical and biomedical applications of pullulan have shown promise as well. Its
biocompatibility and biodegradability make it a valuable material for drug delivery systems
[131,132,134] and tissue engineering scaffolds [160]. As research in nanotechnology
progresses, pullulan-based nanoparticles hold potential for targeted drug delivery, enabling
more efficient and controlled treatments [139]. In the cosmetic sector, the film-forming and
moisturizing properties of pullulan have gained attention. It has found application in skincare
products, hair care formulations, [50,204] and even in the development of eco-friendly and

biodegradable microbeads/ microspheres, replacing harmful plastic microbeads that pollute
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water bodies [272]. Overall, this biodegradable polysaccharide has been widely explored in
medicinal and other industrial applications, and its potential in drug delivery opens up new

possibilities for the future.

1.11 Research gaps in prior literature

Although pullulan is a sustainable biopolymer known for its non-toxic, biodegradable, and
excellent film-forming properties, there exists a research gap in its limited large-scale
application due to its high production cost. To address this, extensive research is being explored
on use of low-cost sugar sources such as agro-industrial residues, naturally derived sugars etc.
Although many low-cost substrates have been explored, existing studies often lack
optimization strategies or fail to assess performance across different microbial strains.
Additionally, there is not much exploration of fermentation parameters that directly impact
pullulan production and cost-effectiveness when using such alternative substrates.

For wound healing applications, single-layered scaffolds often fail to meet all the
essential requirements, such as moisture regulation, exudate absorption, breathability,
mechanical strength, and controlled drug release. For example, a purely hydrophilic scaffold
may effectively absorb wound exudates but can be mechanically weak and may adhere to the
wound surface, causing pain during removal of the wound dressing. On the other hand, a purely
hydrophobic scaffold may offer better mechanical strength but often lacks adequate exudate
absorption, potentially leading to excessive moisture build-up on the wound and impaired
healing. To overcome these limitations, bilayered wound dressing scaffolds have emerged as a
promising alternative. These scaffolds are designed to mimic the natural architecture of healthy
skin, which consists of two specialized layers: the epidermis (a dense outer layer) and the
dermis (an inner layer composed of loosely organized connective tissue with collagen, elastic
fibers, and extracellular matrix components). Typically, bilayered scaffolds consist of a
hydrophilic sublayer that promotes cell adhesion and proliferation, closely simulating the
regenerative properties of the dermis. Above this, a dense hydrophobic top layer provides
structural integrity, regulates moisture loss, and serves as a protective barrier against external
contaminants, including microorganisms and fluids, thus maintaining an optimal healing
environment. Despite many advancements in design of wound dressing materials, many
existing wound dressings still lack either antimicrobial efficacy or sufficient mechanical
properties. Therefore, there remains a critical need for the development of advanced wound
dressing materials that combine these essential properties to enhance overall wound healing

effectiveness.
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For drug delivery applications, there remains the lack of an effective localized drug
delivery system that can simultaneously deliver multiple drugs or therapeutic agents with
distinct properties, such as hydrophilic and hydrophobic drugs. The conventional drug delivery
systems often face several challenges, including systemic toxicity, poor drug targeting, limited
control over drug release kinetics, and an increased risk of developing drug resistance. Notably,
the cancerous tissues, especially those in skin-related malignancies like melanoma, are
susceptible to secondary infections, which further complicate the process of treatment. There
has been limited exploration of advanced nanofibrous systems that combine both anticancerous
and antimicrobial agents within a single system while ensuring biocompatibility and sustained
release.

For application in cosmetic formulations, pullulan has been explored in earlier literature
for its film-forming and moisture-retentive properties. However, most of these either combined
pullulan with synthetic or unspecified antibacterial agents or focused mainly on texture and
moisturizing effects rather than antimicrobial action. Additionally, many topical skincare
formulations often contain strong chemical preservatives including parabens, triclosan, and
formaldehyde-releasing compounds. Although these ingredients are effective in reducing
microbial load, their continued and prolonged use raise concerns about side effects such as
allergic contact dermatitis, skin irritation, and disruption of the skin microbiome. More
critically, the overuse of antibiotics in cosmetics has been linked to the development of
antimicrobial resistance, which is a growing global health concern.

For food packaging applications, especially in preservation of fresh-cut fruits, there is
an increasing demand to develop biodegradable, multifunctional materials that not only provide
physical protection but also offer antimicrobial, antioxidant, and UV-blocking properties.
Traditional plastic packaging poses serious environmental hazards and often lack active
functional properties. Fresh-cut fruits are particularly susceptible to microbial spoilage,
oxidation, and quality loss due to increased surface exposure. Although biopolymer-based
edible coatings have shown promise as sustainable alternatives, many still lack sufficient
functional properties for practical use.

Based on these research gaps, the following research objectives were designed to

address the limitations.
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1.12 Research objectives

» Objective 1: Shake-flask optimization of pullulan production by fungal fermentation of
Aureobasidium pullulans NCIM 1049 using sugarcane jaggery as substrate.

» Objective 2: Preparation of bilayered wound healing scaffold with electrospun
gentamicin-loaded pullulan/PVA/gum arabic nanofibers and solvent-casted PLA.

» Objective 3: Preparation of pullulan/PLGA dual drug-loaded core/sheath nanofibers by
coaxial electro-centrifugal spinning and their in vitro cytotoxic efficacy towards
melanoma cells.

» Objective 4: Formulation and characterization of antibacterial cosmetic skin-cream
infused with pullulan and turkey berry (Solanum torvum) leaf extract.

» Objective 5: Preparation of chitosan nanoparticles and neem essential oil-
functionalized pullulan/gum arabic biocomposites for edible food packaging.

Figure 1.9 presents a mind-map outlining the key research objectives of the present study

within a structured framework.

Figure 1.9 Mind-map illustrating the research objectives of the present study.

TH-3900_206106011 [45]



Header Page of 283.

CHAPTER 2

MATERIALS AND METHODS

This chapter describes in detail the materials used, the step-by-step experimental procedures
followed, and the techniques applied to analyze and evaluate the results across all phases of
the study. The research was conducted in a series of interconnected stages, beginning with the
optimization of pullulan production using shake-flask fermentation with the fungal strain A.
pullulans NCIM 1049. It also explores the practical application of pullulan in preparing
various functional products, including biomedical scaffolds, topical cosmetic formulations,
and food packaging films. Each area of application required a different approach, carefully
chosen to meet the specific goals of that part of the research. For example, the development of
bilayered wound dressing scaffolds and dual drug-loaded nanofibers for possible melanoma
treatment involved fabrication methods like electrospinning and solvent casting, as well as
biological tests to check their safety and effectiveness. Similarly, the formulation of skin-cream
and edible films involved blending pullulan with natural additives, followed by tests to assess
their physical properties, skin compatibility, and antimicrobial activity. Throughout the study,
standardized and widely accepted methods were used to prepare and test the samples. These
included evaluations of physical appearance, surface morphology, mechanical properties,
drug release, antimicrobial effects, and in vitro biocompatibility with living cells. Different
analytical instrumentation techniques were used to validate the quality and performance of the
developed materials. To ensure accuracy and reliability, all experiments were carried out in

triplicate, with results recorded and analyzed accordingly.
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The chapter is organized into six major sections, corresponding to the different experimental
phases of the study. Section 2.1 describes the shake-flask optimization of pullulan production
by Aureobasidium pullulans NCIM 1049 using sugarcane jaggery as a cost-effective carbon
source. It includes details of microbial culture conditions, preparation and characterization of
the substrate, screening of significant variables using Plackett-Burman Design (PBD), and
media optimization using Response Surface Methodology (RSM), followed by extraction and
purification procedures. Section 2.2 discusses about the preparation of a bilayered wound
healing scaffold comprising an electrospun pullulan/PVA/gum arabic sublayer loaded with
gentamicin sulfate and a solvent-casted PLA top layer. The section further details the
physicochemical characterization, swelling behaviour, water vapour transmission rate,
porosity, antibacterial properties, in vitro degradation analysis, biocompatibility studies,
wound healing assay, and drug release kinetics. Section 2.3 describes the fabrication of dual
drug-loaded pullulan/PLGA core-sheath nanofibers using coaxial electro-centrifugal spinning.
The methodology includes nanofiber preparation, drug loading, in vitro drug release study,
hydrolytic degradation analysis, and cytotoxicity evaluation against melanoma cells. Section
2.4 presents the formulation and characterization of an antibacterial cosmetic skin-cream
infused with pullulan and turkey berry (Solanum torvum) leaf extract. The procedures include
extract preparation, cream formulation, antibacterial activity assessment, cytotoxicity analysis,
evaluation of physicochemical properties, determination of heavy metals and arsenic, total fatty
matter (TFM), moisture content, microbial load, and rheological characterization. Section 2.5
details the preparation of chitosan nanoparticles and neem essential oil-functionalized
pullulan/gum arabic biocomposites for edible food packaging applications. The section
includes synthesis of chitosan nanoparticles, film preparation, evaluation of mechanical,
thermal, water vapour barrier, antioxidant and antimicrobial properties, and biocompatibility.
It also describes the application of the prepared filmogenic solution as edible coating for shelf-
life enhancement of fresh-cut guava. Finally, Section 2.6 describes the analytical

instrumentation and characterization techniques used throughout the study.

2.1 Shake-flask optimization of pullulan production by fungal fermentation of
Aureobasidium pullulans NCIM 1049 using sugarcane jaggery as substrate

2.1.1 Materials
Yeast extract, ammonium sulfate ((NH4)2SOs), potassium phosphate dibasic anhydrous
(KoHPO4), magnesium sulfate heptahydrate (MgSOs-7H20), zinc sulfate pentahydrate
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(ZnS0O4 .5H>0), sodium chloride (NaCl), potato dextrose agar (PDA), potato dextrose broth
(PDB), and D (+) glucose anhydrous were supplied by HiMedia Laboratories, India. Acetone,
diethyl ether, and acetonitrile were procured from FINAR chemicals, India. The commercial
pullulan standard was procured from Sisco Research Laboratories Pvt. Ltd. (SRL), India.
Phenol, sulfuric acid (H2SO4) and deuterium oxide (D>0) were procured from Sigma-Aldrich,
USA. 2, 5-dihydroxybenzoic acid was purchased from Tokyo Chemical Industry (TCI). Fresh
sugarcane stalks were purchased from Amingaon local market in Guwahati, Assam, India.
Lyophilized culture of the yeast-like fungal strain, 4. pullulans NCIM 1049 was obtained from
National Chemical Laboratory (NCL), Pune, India.

2.1.2 Microorganism culture conditions

The fungal stock culture was maintained on PDA plates at 4 °C and sub-cultured after an
interval of every 15 days. The A. pullulans cells from the PDA plate were then transferred
to conical flasks containing PDB. This is the sterilized seed-culture medium, which was
incubated at 30 °C, 200 rpm for 48 hrs in an orbital shaker and was used to inoculate

the fermentation media.

2.1.3 Preparation of liquid sugarcane jaggery

Fresh sugarcane stalks were procured from the local market, thoroughly washed with distilled
water, peeled, and crushed using a mechanical crusher to extract juice. The raw juice was
filtered through a muslin cloth to remove suspended solids and fibers. The resulting juice was
transferred to a glass beaker and concentrated by heating at 90°C for 3 hrs under constant
stirring, until a viscous dark brown liquid (jaggery) was obtained. The concentrated syrup was
then allowed to cool down to room temperature, aseptically transferred to sterile glass

container, and stored at 4 °C for later use as a carbon source in the fermentation media.

2.1.4 Determination of total sugar content in the jaggery

Total sugar content in the jaggery was estimated using the phenol-sulfuric acid method, as
reported by Dubois et al. [293] and Pathirana et al. [294] , with slight modifications. A standard
calibration curve was prepared using known concentrations of D (+) glucose. For the assay,
the diluted jaggery sample (1:500 v/v) was mixed with 1 ml of 5 % phenol solution, followed
by addition of 5 ml of concentrated H>SO4. The reaction mixture was allowed to stand for 30
mins at room temperature to enable colour development. A blank solution containing 1 mL of

distilled (Millipore) water in place of the jaggery sample was used as the control. Absorbance
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was then measured at 490 nm using a UV—Vis spectrophotometer (Make: PerkinElmer, Model:
Lambda 45) and the sugar concentration was calculated based on the standard curve. Based on
this measured sugar content, the required volume of liquid jaggery was added to the
fermentation medium to achieve the desired initial sugar concentrations, as discussed later

under PBD and BBD experimental setups (Sections 2.1.5 and 2.1.6, respectively).

2.1.5 Screening of significant process variables using Plackett-Burman Design (PBD)

The experimental approach involved two main stages: an initial screening using the Plackett-
Burman Design (PBD), followed by optimization using the Box-Behnken Design (BBD). PBD
was used to identify which media components had a significant effect on pullulan production.
Seven media components were examined in the study: jaggery, yeast extract, NaCl, K;HPOs,
(NH4)2S04, MgS04.7H20, and ZnSO4.5H20. This phase included 12 experiments, with each
factor tested at two levels, represented as —1 and +1. The PBD method assumes a linear
relationship and does not account for interactions among variables, making it suitable for
screening the most significant factors. The design and statistical analysis of the PBD

experiments were done using Minitab software (trial version), using the equation (1):
Y=+ Bx (1)

where ! represents the response (pullulan production in g/L), X, indicates the level of each

variable, and f3, and /3, are the intercept and coefficients, respectively. Based on analysis

of variance (ANOVA), only the variables with p-values below 0.05 were considered
statistically significant and selected for further optimization using Response Surface
Methodology (RSM). The variables for pullulan production along with their corresponding
coded levels used in the PBD have been presented in Table 2.1.

Table 2.1 Variables and their corresponding coded levels used in PBD for pullulan production

by A. pullulans.

Variables (g/L) Coded levels

Low (-1) High (+1)

Jaggery 30 60
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Variables (g/L) Coded levels
Low (-1) High (+1)

KoHPO4 1 4

Yeast extract 1 4
(NH4)2S04 0.5 1.5
NaCl 0.5 2.5
MgSO4.7H20 0.1 0.5
ZnS045H,0 0.01 0.05

2.1.6 Media optimization by Response Surface Methodology (RSM)

The key variables found to significantly influence pullulan production during the Plackett-
Burman screening, namely jaggery, yeast extract and NaCl, were selected as the independent
variables for further optimization using a Box-Behnken Design (BBD). The remaining
components in the growth medium (K2HPO4, (NH4)2SO4, MgS04.7H20, ZnS0O4.5H,0), along
with the initial pH of 6 and incubation period of 7 days, were held constant at the levels
identified in the PBD phase for maximising pullulan production. The BBD model consisted of
17 experimental runs, including five replicates at the center point. The concentration ranges for
jaggery, yeast extract, and NaCl were set based on prior experimental trials for pullulan
production: jaggery (30-60 g/L), yeast extract (1-4 g/L), and NaCl (0.5-2.5 g/L). Variables
were coded at three levels (=1, 0, +1) to represent low, mean, and high values, respectively.
Each experimental run was conducted as per the software-generated combinations, and the
corresponding pullulan production (responses) were recorded. The design and statistical

analysis of the BBD experiments were done using Minitab software (trial version).
For statistical analysis, the variables were coded using the following equation (2):
x=(X-X,)/AX 2)

Where x; is the coded value, X, is the actual value of the variable, X is the value at

the center point, and AX represents the step change in the uncoded variable.
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A quadratic regression model, as shown in equation (3), was used in Response Surface
Methodology (RSM) to capture the relationship between the dependent (response) and

independent variables:

y=a,+ Zaixi + Zaﬁxl.z t ZZ%% 3)

In this equation, , represents the response variable, @, , ¢, a

i »

and q, are the regression
coefficients, and x, and », are the independent variables. According to the ANOVA, only those

variables with p-values less than 0.05 were considered to have a statistically significant effect.
The model’s fit was assessed using the coefficient of determination (R?). Minitab response
optimizer tool was used to find the optimal conditions for maximising pullulan production,
with the values of the independent variables kept within ranges of their various levels. The
optimized condition, having a desirability value close to 1, was validated in triplicate
experiments. The 3D surface and contour plots were made using the Design Expert software
(trial version) at the same conditions for better visual representation. A summary of the

variables and their coded levels is presented in Table 2.2.

Table 2.2 Selected variables along with their corresponding coded levels used in BBD for

pullulan production by 4. pullulans.

Variables (g/L) Coded levels
Low (-) Center (0) High (+1)
Jaggery 30 45 60
Yeast extract 1 26 4
NaCl 0.5 1.5 2.5

2.1.7 Fermentation conditions

The required amount of sugar source (liquid sugarcane jaggery) was taken along
with production media containing each of the components (yeast extract, (NH4)2SO4, KxHPO4,
MgS04.7H20, ZnSO4 .5H20 and NaCl) according to the PBD and BBD models. The prepared
media were autoclaved for 15 min at 121 °C. After sterilization, the media were allowed to

cool before being inoculated with 2 % (v/v) of a 48-hr-old 4. pullulans culture, resulting in an
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initial cell concentration of approximately 1 x 107 cells/mL. The fermentation was carried out
for a period of 7 days, conducted in 250 mL Erlenmeyer flasks sealed with cotton plugs, each

containing 100 mL of the sterilized production medium.

2.1.8 Extraction and purification of pullulan

The A. pullulans cells were separated from the fermentation broth by centrifugation at 2500 x
g for 10 mins at 4 °C. Pullulan was then precipitated from the cell-free supernatant or broth by
adding two volumes of ice-cold ethanol [53,295]. In the present study, additional purification
steps were included. The precipitate was washed three times with acetone and diethyl ether,
followed by dissolution in deionized water. Dialysis was carried out at 4 °C for 3 days using
tubing with a 12,000—14,000 Da molecular weight cutoff, with five changes of deionised water
to remove residual salts and impurities. The dialyzed solution was finally lyophilized to obtain
purified pullulan in powdered form. The lyophilised pullulan powder was then weighed to

estimate its concentration, which was expressed in grams per liter (g/L).

Analytical instrumentation and characterization techniques used: Fourier Transform
Infrared (FTIR) spectroscopy, Proton Nuclear Magnetic Resonance ('H NMR), Carbon
Nuclear Magnetic Resonance ('*C NMR), and Matrix-Assisted Laser Desorption Ionization-

Time of Flight Mass Spectrometry (MALDI-TOF MS) analyses.

2.2 Preparation of bilayered wound healing scaffold with electrospun gentamicin-loaded

pullulan/PVA/gum arabic nanofibers and solvent-casted PLA

2.2.1 Materials

Pullulan was supplied by Sisco Research Laboratories Pvt. Ltd. (SRL), India. PVA (Molecular
weight (My): 89,000-98,000, percentage of hydrolysis: 99+ %), gum arabic (Source: from
acacia tree), Dulbecco's Modified Eagle's Medium (DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), poly-D-lysine, phosphate-buffered saline (PBS) and
dimethyl sulfoxide (DMSO) were procured from Sigma-Aldrich, USA. Extrusion grade 2003D
PLA (NatureWorks® LLC, USA, density- 1.24 g/cc) was used for the study. Chloroform and
glutaraldehyde were procured from Merck, Germany. Gentamicin sulfate, Luria—Bertani (LB)
agar and broth were supplied by HiMedia Laboratories, India. The human dermal fibroblast
(HDF) cell line and the bacterial strains (Staphylococcus aureus (S. aureus), ATCC 29213 and
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Escherichia coli (E. coli), ATCC 25922) were purchased from American Type Culture
Collection (ATCC), USA.

2.2.2 Preparation of top layer by solvent-casting

The casting solution was formulated by dissolution of 1 % (w/v) PLA in chloroform and
subjected to stirring overnight. Then, the resultant solution was solvent-casted on glass Petri
plate and dried in a fume hood at room temperature (25 + 2 °C) for a period of 24 hrs to prepare

the solvent-casted hydrophobic top layer, as shown in Figure 2.1 (a).

2.2.3 Preparation of sublayer by electrospinning

The nanofibrous layer (or the hydrophilic sublayer) composed of pullulan, PVA and gum arabic
was prepared using the electrospinning technique performed at 20 kV (Make: ESpin Nanotech,
Model: ES-2).

Figure 2.1 Steps involved in the preparation of the bilayered scaffold.

Pullulan, PVA and gum arabic were mixed to form the blend solution in distilled water
(Millipore), having a ratio of 30/60/10. The solution underwent stirring at 90 °C for 4 hrs,
followed by incorporation of 25 % aqueous glutaraldehyde (2 % v/v) to introduce crosslinking.
The drug delivery system in wound healing scaffolds should consist of a bioabsorbable

component with a large surface area to promote cell adhesion and proliferation. Therefore, an
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antibacterial drug, gentamicin sulfate (0.5 mg/ml) was loaded into the nanofibers during
electrospinning. Two sets of solutions were prepared (one with and another without gentamicin
sulfate), and a 10 pL/min flow rate was maintained in each case. The resulting fibers were
collected over the solvent-casted PLA layer (Figure 2.1 (b)), which was positioned horizontally
to the spinning needle tip, with the tip at a 12 c¢cm distance from the collector. A visual

representation of the fabricated bilayered scaffold is depicted in Figure 2.1 (c).

2.2.4 Thickness, swelling index and moisture content

The average thickness of the scaffold was calculated using a digital micrometer at eight
random locations [296]. The swelling index and moisture content were calculated, as reported
in prior studies [297,298]. The moisture content is defined as the scaffold volume occupied by

water molecules [299]. Initially, a known quantity of scaffold was dried at 105 °C till it

attained the constant weight ( 772, ). Next, the dry scaffold was kept in distilled water (pH 7) at

37 °C for 24 hrs. Following this, the wet weight ( 772, ) was measured at specific time intervals

[297,300,301]. The measurements were taken in triplicates, and the particulars were calculated

using equations (4) and (5).

Swelling index (%) = [’"z — JXIOO (4)

m

Moisture content (%) = [M)XIOO (5)
m2

2.2.5 WVTR characterization

Water vapour transmission rate (WVTR) of the fabricated scaffold was determined using cup
method (ASTM E96 standard), and the measurements were taken in triplicates. Sample
containers filled with distilled water (Millipore) were taken to conduct this analysis. The
fabricated scaffolds were attached to the mouth of each container (outer diameter: 44.31 mm,
inner diameter: 42.60 mm), and a low density polyethylene (LDPE) film was used as the
control. The containers were retained in an environmental chamber maintained at 40 = 2 %
relative humidity and a temperature of 37 °C for 6 days. Over this period, the weight of the
containers was recorded after every 24-hr interval. The amount of water vapour lost from the
cups was determined by calculating their weight losses over time. Equation (6) was used to

determine the WVTR:
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(6)

WVTR (g/m’/day) = [ Change insample weight j

Area of opening of the container x Time

2.2.6 Porosity

The porosity of the bilayered scaffold and the electrospun layer was measured using the liquid
displacement method, with ethanol chosen as the displacement medium due to its non-swelling,
non-degrading properties and ease of penetration. Prior to analysis, the samples were weighed

and placed in a graduated cylinder containing a known volume ( /], ) of ethanol for 5 mins.

Following this, evacuation—pressurization cycles were applied to drive ethanol into the sample

pores, repeating until air bubbles have ceased to form, and the final volume (}7,) was
recorded. After removing the ethanol-impregnated samples from the cylinder, the volume ( V,

) was determined and the porosity was calculated using the following equation (7) as reported

by Khan et al. [302]:

2 K

Porosity = (%jxmo (7)

2.2.7 Antibacterial property

The antibacterial effectiveness of the bilayered scaffold was examined against S. aureus and
E. coli. Firstly, LB agar and broth media were prepared in distilled water (Millipore), then
sterilised at 121 °C and 15 psi for 20 mins. After bringing the media to room temperature, the
LB agar was casted into a petri plate and given time to solidify. Meanwhile, the LB broth was
inoculated with the bacterial cultures and grown overnight in a shaking incubator at 37 °C. The
cultures grown overnight were diluted and used as inoculum for the antimicrobial assay to
achieve 2 x 10'° colony-forming units (CFU)/mL concentration for S. aureus and 2 x 10°
CFU/mL for E. coli. Circular pieces of the scaffold samples (both drug-loaded and the one
without drug) were cut and subjected to 1 hr of UV sterilization prior to use. Then, the samples
were placed onto LB agar plates inoculated with model bacteria, followed by a 24-hr incubation
at 37 °C. The analysis was performed in triplicates, and the inhibition zones were measured in
millimetres (mm) in each case. The average zone of inhibition was determined using the mean
values of the triplicates. An antibiotic disc of gentamicin (10 pg) was used as the positive
control, and a circular piece of prepared scaffold without any drug loaded in it was used as the

negative control in each case.
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2.2.8 In vitro hydrolytic degradation

The prepared samples of identical size and weight were immersed in PBS solution (pH 7.4), to
assess the rate of in vitro hydrolytic degradation. The samples were removed at specific
intervals, followed by drying at 60 °C. The percentage weight loss due to degradation was

calculated using the equation (8):

Weight loss (%) = (%V;W jxlOO ®)

0
where W, is the initial weight of scaffold, and I, is the weight measured at specific intervals.

2.2.9 Biocompatibility test

Biocompatibility testing was carried out to evaluate the safety and suitability of the fabricated
bilayered scaffold for potential wound healing applications. The study involved haemolytic
assay, cell viability, and cell adhesion assessments to determine its haemocompatibility,

cytocompatibility, and ability to support cellular attachment and growth.

o Haemolytic assay

The fabricated scaffold was made into 1 X 1 cm? pieces and kept in the saline solution
(800 nL) at 37 °C for 30 mins. The scaffold pieces were then treated with diluted blood
(200 pL) for 1 hr at 37 °C. In this study, the positive control (PC) with 100 %
haemolysis followed the ratio of 4:5 (human blood and distilled water), and the negative
control (NC) was the physiological saline solution, as reported by Pandey et al. [303].
Following a 15-min centrifugation at 5000 rpm, the supernatant aliquots were pipetted
into a 96-well plate, as represented in Figure 2.2 (a). Finally, the absorbance was
calculated by a microplate reader (Make: Molecular Probes, Model: SpectraMax iD3)
at 540 nm [304]. The haemolytic index was determined using equation (9) [305]:

Absorbance of bilayered scaffold — Absorbance of NC
Absorbance of PC — Absorbance of NC

Haemolytic index (%) = ( jxlOO )
o Cell viability (MTT assay)

In a 96-well plate, the fabricated bilayered scaffold was placed at the bottom of three

wells. HDF cells were introduced into the wells, grouped as control, poly-D-lysine, and

TH-3900_206106011 [56]



Header Page of 283.

bilayered scaffold, and each well was left to incubate for 24, 48, and 72 hrs, as
represented in Figure 2.2 (b). Following each exposure period with the bilayered
scaffold or poly-D-lysine, the cell culture media was aspirated entirely, followed by
addition of MTT (0.4 mg/ml) in plain DMEM to each of the wells. After a 4-hr
incubation, followed by dissolution of the formazan crystals in DMSO, the absorbance
was calculated by a microplate reader (Make: Molecular Probes, Model: SpectraMax

iD3) at 570 nm [306].

Figure 2.2 Experimental design for (a) haemolytic assay on human blood, (b) MTT assay, and
(c) cell adhesion study of the scaffold on HDF cell lines.

o Cell adhesion

The bilayered scaffold was put into three wells of a 24-well plate. Similarly, poly-D-
lysine coating was done at the bottom surface of another three wells, as represented in
Figure 2.2 (c). Subsequently, around 10,000 cells were seeded in each well, grouped as
control, poly-D-lysine, and bilayered scaffold; and left for an exposure period of 24,

48, and 72 hrs. Following the completion of the exposure period, cell images were
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captured using a 100X inverted microscope (Make: Nikon). These collected images

were then analyzed to assess the impact on cell adhesion.

2.2.10 In vitro wound healing (scratch assay)

HDF cells were grown at a density of 1 x 10° cells/well in 6 wells of a 6-well tissue culture
plate under standard conditions (37 °C, 5 % CO2). When a confluence of 90 % was attained, a
pipette tip (200 pL) was taken to create a straight-line scratch to mimic a cell-free wounded
area within the monolayer. Following this, cellular debris was eliminated by rinsing the cells
twice with PBS. Subsequently, the fabricated scaffold samples were placed into the wells and
maintained under the aforementioned conditions to facilitate cell migration. The wound healing
progress was observed at 0, 12, 24 and 48 hrs and was captured using a 100X inverted
microscope (Make: Nikon). The wound closure percentage was obtained with equation (10),

as reported by Hussein et al. [301]:

(10)

Wound closure (%) = ( Wound area (0Ohr)—Wound area (xhr) j <100

Wound area (0hr)

where Wound area (0 hr) denotes the initial wound area, and Wound area (x hr) denotes the

wound area at x hr. The wound area was measured with the help of Image J v1.48 software.

2.2.11 In vitro drug release

For the in vitro release study, PBS solution (10 ml, pH 7.4) was mixed with 80 mg of the drug-
loaded scaffold. The vial was then incubated at 37 °C temperature and 80 rpm agitation speed.
At regular intervals, 0.5 ml sample was collected and immediately restored by fresh buffer
solution of same quantity to maintain the sink condition. A UV-Vis spectrometer (Make:
PerkinElmer, Model: Lambda 25) was used to calculate the percentage of cumulative drug
release (CDR) from the scaffold into PBS solution. The absorbance was recorded at 232 nm
wavelength [307].

2.2.12 Release kinetics of gentamicin sulfate

The in vitro release kinetics of gentamicin sulfate in PBS solution (pH 7.4) was studied as a

function of time against various mathematical models depicted in equations (11) to (15):

Zero-Order: Q, ={0, + (k, x1)} (11)

First-Order: Q, = Q,x{l1— e **"} (12)
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1

Higuchi-Crowell model: O = (K, x£2) (13)
Korsmeyer-Peppas model: In (%J = {nxIn(?)} + In(K) (14)
0
1 1
Hixson-Crowell model: Q2 —Q,* =(K xt) (15)
where

O, - amount of drug released at the time ¢,
O, - initial amount of the drug,

Kk, k, K > and K - rate constants and, » - release exponent.

If, n<0.5, it indicates Fickian diffusion; and if 0.5 <7 <1, it indicates a non-Fickian

behaviour.

2.2.13 Statistical analysis

The mean =+ standard deviation (SD) was used to report the results, all measured in triplicates.
The statistical tests were performed using the GraphPad Prism 9.0 software with p < 0.05.
Student's t-test was conducted to statistically analyse the results of porosity, antibacterial
activity and haemolytic assay. One-way ANOVA was performed for the statistical analysis of
mechanical properties, contact angle measurement, WVTR, MTT assay and CDR. Ordinary
two-way ANOVA followed by Bonferroni-sidak multiple comparison test was performed for
analysis of in vitro wound healing assay. Brown-Forsythe and Welch ANOVA followed by
Dunnett’s T3 multiple comparison test was performed for analysis of moisture content and
swelling index. Two-way RM ANOVA with Geisser-greenhouse correction followed by
Turkey’s multiple comparison test was performed for analysis of the in vitro degradation rate.
Analytical instrumentation and characterization techniques used: Field Emission Scanning
Electron Microscope (FESEM), Energy-Dispersive X-ray (EDX), Universal Testing Machine
(UTM), and surface wettability.

2.3 Preparation of pullulan/PLGA dual drug-loaded core/sheath nanofibers by coaxial

electro-centrifugal spinning and their in vitro cytotoxic efficacy towards melanoma cells

2.3.1 Materials
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Pullulan was purchased from Tokyo Chemicals, Japan and PLGA (molecular weight
(My) = 136000, L : G ratio =5 : 5) was purchased from BMG, Japan. Chloroform was procured
from Nacalai Tesque Ltd., Japan. Ciprofloxacin (CIP, 98% purity) and paclitaxel (PTX) were
purchased from Thermo Scientific, U.S.A. Dimethyl sulfoxide (DMSO), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Dulbecco's Modified
Eagle's Medium (DMEM) were procured from Sigma-Aldrich, U.S.A. Acetonitrile was
supplied by Kanto Chemical Co., Inc., Japan and phosphate-buffered saline (PBS) was supplied
by Nacalai Tesque, Ltd., Japan. The human melanoma A375 cell line was supplied by
American Type Culture Collection (ATCC), U.S.A.

2.3.2 Fabrication and drug loading of pullulan/PLGA core/sheath nanofibers by electro-
centrifugal spinning (ECS)

The nanofibers were fabricated by the in-house built coaxial ECS setup as reported by Gu et
al. [308]. For the study, a temperature of ~ 25 °C and a relative humidity of ~ 35 % were
selected. To examine the drug release behaviour of the fabricated core/sheath nanofibers, CIP
and PTX were chosen as the model drugs. For fabrication of the drug-loaded nanofibers, two
distinct polymeric solutions were formulated as follows:

(a) The core solution was prepared by dissolving pullulan in distilled (Millipore) water

at 20 wt. % concentration with the incorporation of CIP at a 1/100 (CIP/pullulan)

weight ratio, and

(b) The sheath solution was prepared by dissolving PLGA in chloroform at 7 wt. %

concentration, incorporating PTX at a 1/100 (PTX/PLGA) weight ratio.

Initially, the solutions had numerous bubbles following vigorous stirring. However,
these bubbles completely dissipated, and a uniform solution was obtained after allowing it to
stand for 8—10 hrs. For each coaxial ECS run, spinning dopes of ~ 0.7 mL core solution and ~
1.5 mL sheath solution were used. To maintain the desired core-to-sheath ratio of the
nanofibers, the sheath needle diameter was kept fixed at | mm, and the core needle diameter
was varied as 0.34 mm (23G) and 0.51 mm (21G). The spinning parameters such as the distance
from needle to collector, positive and negative high voltage, and spinneret rotational speed
were optimized to 10 cm, 15 kV, -5 kV, and 960 rpm, respectively, to ensure the production
of homogeneous fibers. Additionally, for optical microscopic visualization, thicker fibers were
produced. For this, the inner needle diameter of 21G was used, and positive high voltage and
the rotational speed were maintained at 12 kV and 250 rpm, respectively. The collector was

maintained at 2 mm/s translation speed to facilitate the scaling up of the nanofiber production.
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For subsequent characterization, the as-spun nanofibers were collected over an aluminium foil
positioned on a stainless-steel plate (for SEM observation) or on a steel rod collector (for
mechanical testing). The resultant dual drug-loaded core/sheath nanofibers were produced for
subsequent analysis of drug release behaviour in vitro. Additionally, non-drug-loaded
pullulan/PLGA core/sheath nanofibers, CIP-loaded pullulan nanofibers and PTX-loaded
PLGA nanofibers were separately prepared to determine the cytotoxic efficacy of the
individual drugs towards A375 melanoma cells. A schematic representation of the coaxial ECS

setup and the spinneret have been shown in Figure 2.3 (a, b), respectively.

Figure 2.3 Schematic images of (a) the coaxial ECS setup and (b) the spinneret.

2.3.3 In vitro drug release

The fabricated nanofibers were kept in desiccator for more than 24 hrs to eliminate any residual
solvent prior to the drug release analysis. Subsequently, 15 mg of each of the nanofiber samples
were submerged in 20 mL PBS solution enclosed within glass vials and maintained at 37 °C,
60 rpm. The fiber specimens were kept immersed in the PBS solution for durations of 0.5, 1,
2,4,6,12,48,96 and 168 hrs. All PBS solutions containing released CIP (from core) and PTX
(from sheath) were then subjected to drying at 60 °C for 24 hrs, followed by re-dissolution in
1 mL of acetonitrile. This resulting solution was then passed through a filter with 0.45 um mean
pore size, thereby eliminating any unwanted impurities. To determine the quantity of released
CIP and PTX present in the solution, High Performance Liquid Chromatography (HPLC)
(Model: LC10AD, Make: Shimazu) was performed using a chromatographic column (Model:
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COSMOSIL 3C18-EB, Make: Nacalai Tesque). As the UV-detection wavelength is different
for CIP and PTX, each sample was chromatographed twice. The flow rate was maintained at
1.0 mL/min, with a column temperature of 50 °C, and the UV detection was performed at

wavelength of 280 nm (for CIP) and 227 nm (for PTX), as reported by Wu et al. [309].

2.3.4 In vitro hydrolytic degradation
o Weight loss of as-spun nanofibers
To determine the weight loss of the as-spun nanofibers resulting from hydrolytic
degradation, about 50 mg of the nanofibers were immersed in 20 mL PBS (pH 7.4)
solution at 37 °C. Following specified time intervals of 0.5, 1, 2, 4, 6, 12, 48, 96, and
168 hrs, the nanofibers were removed from the PBS solution. They were then washed
with distilled (Millipore) water and dried at 40 °C for 24 hrs before their mass change

was measured.

o  Molecular weight reduction of PLGA sheath
The core material pullulan being highly hydrophilic would readily dissolve in the PBS
solution. Hence, to further confirm the hydrolytic degradation of the core/sheath
nanofibers, the sheath material PLGA was examined for any reduction in its molecular
weight. A Gel Permeation Chromatography (GPC) instrument (Make: Shimadzu) was
used to determine the molecular weight of PLGA following its immersion in a PBS
solution for durations of 1, 3, 6, 12, 24, 72, and 168 hrs. The GPC setup comprised of
a LC-20AD pump and a RID-10A refractive index detector. PLGA was dissolved in
chloroform at 5 mg/mL concentration and chromatographed at 40 °C using TSK gel
Super HZM-N and HZM-L columns, and chloroform was used as the mobile phase at

0.25 mL/min flow rate. The GPC column was calibrated using polystyrene standards.

2.3.5 In vitro cytotoxicity study
e MTT assay
The MTT assay was used to determine the viability of A375 cells in presence of the
drug-loaded and non-drug-loaded nanofiber test samples. For this study, the standard
DMEM solution without any test sample was used as the control. All the test samples
were placed in triplicates at the bottom of the corresponding wells of a 96-well plate.
The A375 melanoma cells were then placed onto the wells, grouped as control, non-

drug-loaded core/sheath nanofibers, CIP-loaded pullulan nanofibers, PTX-loaded
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PLGA nanofibers and CIP/PTX or dual drug-loaded 23G/Imm and 21G/Imm
pullulan/PLGA nanofibers. Each well was then incubated for 24, 48, and 72 hrs; and
following each incubation period, the cell culture media was completely aspirated, and
MTT solution (0.4 mg/ml in plain DMEM) was added to each well. After an incubation
period of 4 hrs and dissolution of the formazan crystals in DMSO, the absorbance was

measured with a microplate reader (Molecular Probes, SpectraMax iD3 model) at 570

nm [306].

e Cell adhesion
The test samples in triplicates were placed onto the corresponding wells of a 24-well
plate. Subsequently, around 10,000 cells were seeded in each well, grouped as control,
non-drug-loaded core/sheath nanofibers, CIP-loaded pullulan nanofibers, PTX-loaded
PLGA nanofibers and dual drug-loaded 23G/Imm and 21G/Imm pullulan/PLGA
nanofibers; and left to be incubated for 24, 48, and 72 hrs. Upon the completion of the
incubation period, cell images were taken using an inverted (100X) microscope (Make:
Nikon). Subsequently, these images were analyzed to determine the effect of the

nanofibers on A375 cell adhesion.

2.3.6 Statistical analysis

All the data were measured in triplicates and the results were represented as mean = SD. The
statistical analysis was conducted using GraphPad Prism 9.0 with significance determined at p
< 0.05. One-way ANOVA was used to analyze the mechanical properties and unpaired one-
way ANOVA followed by Dunnett’s test was used for surface wettability analysis. The MTT
assay results were analyzed using two-way RM ANOVA followed by Tukey’s multiple
comparison test. The weight loss due to hydrolytic degradation was analysed using two-way

RM ANOVA followed by Sidak’s multiple comparison test.

Analytical instrumentation and characterization techniques used: Scanning Electron
Microscope (SEM), optical microscopy, Universal Testing Machine (UTM), Fourier
Transform Infrared (FTIR) spectroscopy, and surface wettability.
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2.4 Formulation and characterization of antibacterial cosmetic skin-cream infused with

pullulan and turkey berry (Solanum torvum) leaf extract

2.4.1 Materials

Pullulan was purchased from Sisco Research Laboratories Pvt. Ltd. (SRL), India. Stearic acid
and cetyl alcohol were purchased from Sigma Aldrich. Glycerol, propylene glycol and
phenoxyethanol were purchased from FINAR chemicals, India. Ethylenediaminetetraacetic
acid (EDTA), potassium hydroxide (KOH), isopropyl palmitate (IPP), octyl methoxy
cinnamate (OMC), dimethicone (DC 350), butylated hydroxytoluene (BHT), titanium dioxide
(TiO2), zinc oxide (ZnO), niacinamide, methylene blue, methyl orange, petroleum ether,
sodium chloride (NaCl), Soybean Casein Digest Agar (SCDA), Potato Dextrose Agar (PDA),
MacConkey Agar, Mannitol Salt Agar (MSA) and Brain Heart Infusion Agar (BHIA) were
supplied by HiMedia Laboratories. Lead nitrate (Pb(NOs3)2), arsenic trioxide (As2O3),
hydrochloric acid (HCI), hydrogen sulfide (H2S), acetic acid (CH3COOH), sulfuric acid
(H2S04), sodium sulfate (Na;SOs), ferric ammonium sulfate (NHsFe(SOa4)2.12H20), stannous
chloride (SnCl2.2H20) and toluene were purchased from Merck. 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and Dulbecco's Modified Eagle's Medium (DMEM)

for cytotoxicity analysis were procured from Sigma-Aldrich, U.S.A.

2.4.2 Preparation of turkey berry leaf extract (TBLE)

The TBLE was obtained using an ultrasonic method as reported by Kumar et al. [310]. After
collection, the leaves were thoroughly washed with distilled water, sun-dried at 25 + 5 °C for
2 days, and then ground into fine, uniform powder using a mixer grinder, as shown in Figure
2.4. Around 50 gms of the powder was soaked in 500 mL of an ethanol (80 % v/v) and water
(20 % v/v) solution, and the mixture was kept at 4 °C for 24 hrs before ultrasonic treatment.
The treatment was performed in an ultrasonic bath (Make: Labman Scientific Instrument, India,
Model: LMUC-12) at a frequency of 40 kHz and a temperature of 30 °C for 30 mins, followed
by centrifugation of the solution at 5000 rpm and 10 °C for 20 mins. After centrifugation, the
supernatant was filtered using Whatman No. 1 filter paper, and the filtrate was concentrated
using a rotary vacuum evaporator at 40 °C under reduced pressure to remove the solvent
(ethanol), followed by lyophilisation, leaving behind only the dried leaf extract powder. The

resulting powder was then collected and stored at —20 °C for later use.
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Figure 2.4 Preparation process of turkey berry leaf extract (TBLE).

2.4.3 Antibacterial activity of TBLE

The antibacterial activity of TBLE was determined against S. aureus (Gram-positive bacteria)
and E. coli (Gram-negative bacteria). The bacterial cultures were grown in sterilized LB broth
at 37 °C for 24 hrs in shaking incubator, and the suspensions were adjusted to 2 x 10'® CFU/mL
for S. aureus and 2 x 10° CFU/mL for E. coli. Circular filter paper discs were cut and sterilized
under Ultra-Violet (UV) light for 1 hr, then immersed in 0.5 % w/w TBLE solution prepared
in deionised (Millipore) water. The discs were placed on LB agar plates inoculated with the
respective bacteria and incubated at 37 °C for 24 hrs, as reported by Mondal et al [311]. After
incubation, the zones of inhibition around the discs were measured to assess antibacterial
activity.

2.4.4 In vitro cytotoxicity analysis (MTT assay) of the TBLE

The TBLE was put into the wells of a 96-well plate, in different concentrations of 0.005, 0.01,
0.015, 0.02, 0.025, 0.03, 0.04 and 0.05 mg/mL. Each concentration was tested in triplicates.
Human Dermal Fibroblast (HDF) cells were introduced into the wells, grouped as control (0
mg/mL) and the corresponding extract concentrations, and each well was left to incubate for
24, 48 and 72 hrs. After the exposure period with the extract samples, the cell culture media
was aspirated entirely, followed by addition of MTT (0.4 mg/mL) in plain DMEM to each of
the wells. After a 4-hr incubation, followed by dissolution of the formazan crystals in dimethyl

sulfoxide (DMSO), the absorbance was calculated by a microplate reader (Make: Molecular
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Probes, Model: SpectraMax iD3) at 570 nm [306]. Based on the cytotoxicity results of TBLE,

its concentration to be incorporated into the cream formulation was determined.

2.4.5 Preparation of pullulan-infused antibacterial cream

Pullulan (1.00 % w/w) was dissolved in 5 mL of deionized water (Millipore) to prepare a thick
solution. Simultaneously, in a separate beaker, the aqueous phase was prepared by mixing
deionized water (70.00 % w/w), EDTA (0.10 % w/w), glycerol (1.50 % w/w), propylene glycol
(0.10 % w/w), and KOH (0.40 % w/w). On the other hand, the oil phase was prepared by
mixing stearic acid (14.40 % w/w), cetyl alcohol (0.60 % w/w), IPP (1.00 % w/w),
phenoxyethanol (0.30 % w/w), OMC (0.40 % w/w), DC 350 (0.74 % w/w), and BHT (0.05 %
w/w), followed by heating and melting the ingredients at a temperature of 65—75 °C. Once both
phases were ready, the aqueous phase was gradually combined with TiO2 (0.30 % w/w) and
ZnO (0.01 % w/w) under stirring to ensure proper dispersion. Subsequently, the oil phase was
added to the resulting mixture, stirred using an anchor (25 rpm) and cowl (1000 rpm) for 5
mins, and allowed to cool to room temperature. Once cooled, it was subjected to further
processing under a vacuum pressure of 500-600 mm Hg, with continued stirring using the
anchor (25 rpm), cowl (1000 rpm), and homogenizer (1200 rpm). The previously prepared
pullulan solution was then added into the resultant mixture and mixed for 5 mins using only
the anchor. Finally, a blend containing deionized water (2.00 % w/w), niacinamide (1.00 %
w/w), perfume J 145 (0.60 % w/w), and Solanum torvum leaf extract (0.50 % w/w) was
prepared separately and added to the formulation at a temperature below 40 °C. The detailed

formulation of the prepared cream is depicted in Table 2.3.

Table 2.3 Detailed formulation of the cream.

Formulation (for 1000 g batch size) Quantity Actual Texture and
(% wiw) Quantity Appearance
Pullulan Deionised water 5.00 50.00
solution Pullulan 1.00 10.00
Deionised water 70.00 700.00
EDTA salt 0.10 1.00
Glycerine/Glycerol 1.50 15.00
Aqueous phase Propylene glycol (PG) 0.10 1.00
Potassium hydroxide (KOH) 0.40 4.00
Titanium dioxide (TiOz) 0.30 3.00
Zinc oxide (ZnO) 0.01 0.10
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Stearic acid 14.40 144.00
Cetyl alcohol 0.60 6.00
Isopropyl palmitate (IPP) 1.00 10.00
Oil phase Phenoxyethanol 0.30 3.00
Ocetyl methoxy cinnamate (OMC) 0.40 4.00
Dimethicone (DC 350) 0.74 7.40
Butylated hydroxytoluene (BHT) 0.05 0.50 Smooth texture,
— - — have a
Niacinamide Deionised water 2.00 20.00
isturisi ffect
and Solanum Niacinamide 1.00 10.00 TOOISTITISIg etiee
on the skin.
torvum leaf Perfume J145 0.60 6.00
extract Solanum torvum leaf extract 0.50 5.00
TOTAL 100.00 1000.00

2.4.6 Characterization of the formulated cream

2.4.6.1 Determination of the type of emulsion, pH and stability of cream

The emulsion type, pH and stability was determined in accordance with the Indian Standard
for Skin Creams (IS 6608: 2004). To determine the type of emulsion (Oil in Water (O/W) or
Water in Oil (W/0O)), few drops of water-soluble dye, such as methylene blue was added to the
cream. In case of O/W emulsion (where water is the continuous phase), dye would get
uniformly dissolved throughout the system, and in case of W/O emulsion (where oil is the
continuous phase), dye would appear as clusters on the surface of the cream. For further
confirmation, the cream was tested for its electrical conductivity. In case of O/W emulsion, it
would conduct electricity. To measure the pH, precisely 5 + 0.01 g of the cream was weighed
in a 100 mL beaker, followed by its dispersion in 45 mL of deionized water. The pH of the
suspension was assessed using a pH meter at a temperature of 27 °C. The cream sample was

kept at 4 °C, 37 °C and 45 °C for around 24 hrs to test for thermal stability.

2.4.6.2 Determination of heavy metals

The determination of heavy metals was performed in accordance with the Indian Standard for
Skin Creams (IS 6608: 2004). Firstly, a standard lead solution was prepared by dissolving 1.6
g of (Pb(NO3)2) in water and the volume was adjusted to 1000 mL. Then 10 mL of the resulting
solution was pipetted out and further diluted to 1000 mL with water. It was estimated that 1
mL of this solution contain 0.01 mg of lead (as Pb). For the estimation of heavy metals, about
2000 g of the cream was weighed in a crucible and heated on a hot plate, followed by its ignition

in a muffle furnace until it reached 600 °C and a constant mass was maintained. Then 3 mL of
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dilute HCl was added and warmed till no further dissolution occurred and the volume was
adjusted to 100 mL. The resulting solution was then filtered and 25 mL of the filtrate was
transferred into a measuring cylinder. In a separate measuring cylinder, 2 mL of dilute
CH3COOH was mixed with 1 mL of standard lead solution and the volume was adjusted with
water to 25 mL. Then 10 mL of H>S solution was added to each of the measuring cylinders and
the volume was adjusted with water to 50 mL. Finally, both the solutions were allowed to stand
for 10 mins to compare the colouration in both the measuring cylinders. A blank determination

without samples was also performed to prevent errors that may arise from the reagents.

2.4.6.3 Determination of arsenic

The determination of arsenic was performed in accordance with the Indian Standard for Skin
Creams (IS 6608: 2004). Firstly, a mixed acid solution was prepared, for which 1 volume of
concentrated H2SO4 was diluted with 4 volumes of deionized water, followed by addition of
10 g of NaCl for each 100 mL of the solution. Then, 64 g of NHsFe(S04)2.12H-0 was dissolved
in water containing 10 mL of the mixed acid solution and volume was adjusted to 1 L. Then, a
SnCl,.2H>O solution was prepared by dissolving 80 g of SnCl,.2H>O in 100 mL water
containing 5 mL of concentrated HCI. The test was then performed in a Gutzeit bottle, by
adding 2 mL of NH4Fe(S0Oa)2.12H-0 solution, 0.5 mL of SnCl>.2H>O solution and 25 mL of
the sample cream solution as prepared in (2.4.6.2) discussed above. For comparison of the stain

colour, a standard stain using 0.001 mg of As>O3 was prepared.

2.4.6.4 Determination of total fatty matter (TFM)

The TFM determination was performed in accordance with the Indian Standard for Skin
Creams (IS 6608: 2004). For determination of TFM content, about 2 g of the cream was
weighed and put into a conical flask, followed by addition of 25 mL of dilute HCI. Then a
reflux condenser was fitted into the flask, and the contents were boiled until a clear solution
was obtained. Then the contents of the flask were poured into a 300 mL separating funnel and
allowed to cool down to room temperature. The conical flask was then rinsed with 50 mL of
petroleum ether in portions of 10 mL. Following this, the petroleum ether rinsings were poured
into the separating funnel, and the funnel was shaked well and left until the layers got separated.
Then the aqueous phase was carefully separated out and shaked out twice with 50 mL portions
of petroleum ether. Finally, all the ether extracts were combined and washed with deionized
water until complete removal of acid (when tested with methyl orange indicator solution). Then

the petroleum ether extracts were filtered out through a filter paper containing Na;SOj4 into a
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conical flask previously dried at 90 °C. The Na>;SO4 on the filter was then washed with
petroleum ether and the washings were combined with the filtrate. The petroleum ether was
then distilled off and the residual material in the flask was dried to constant mass at a
temperature of 90 °C. The total fatty substance was measured using the following equation
(16):

o _M
Total fatty substance (% by mass) = v x 100 (16)
2

where M| = mass in g of the residue, and M, = mass in g of the material taken for the test.

2.4.6.5 Determination of moisture content

Moisture content is a critical parameter in cosmetic formulations, particularly in creams, as it
influences product texture, stability, shelf life, and skin hydration capability. A well-balanced
moisture content ensures the cream maintains a smooth and spreadable consistency, facilitates
active ingredient delivery, and supports skin hydration without causing greasiness or dryness.
In the present study, the moisture content in the formulated cream was determined using Dean-
Stark Apparatus, which comprises of a flask, a condenser, and a graduated moisture trap, as
shown in Figure 2.5. It involves azeotropic distillation for separation of water from samples
using an organic solvent (such as toluene). In the present study, 1 g of the cream sample was
weighed and mixed with 20 mL toluene, followed by placing it on an oil bath to ensure uniform
heating and gentle boiling at around 110 °C. The reaction was run for a period of 7 hrs, during
which the water present in the cream was evaporated along with toluene vapour. The vapours
travelled up the condenser, where they got cooled and condensed back into a liquid. The

moisture content was calculated using the following equation (17):

(17)

Moisture content (%) =
Amount of cream sample taken

Volume of water extracted ]x 100
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Figure 2.5 Dean-Stark apparatus used for determination of moisture content.

2.4.6.6 Determination of microbial content

The microbial content of the formulated cream was evaluated in accordance with the Indian
Standard IS 14648:2011. Approximately 500 mg of the cream formulation was dissolved in
autoclaved PBS to ensure sterility. The mixture was vortexed for 10 mins to achieve uniform
dispersion, followed by centrifugation at 200 rpm for 5 mins at room temperature. The
supernatant obtained after centrifugation was subjected to serial dilution up to 10°¢. Aliquots
from each dilution were then aseptically spread onto selective agar media to detect and quantify
specific microbial populations. Soybean Casein Digest Agar (SCDA) was used for total aerobic
bacterial count, Potato Dextrose Agar (PDA) for fungal (yeast and mold) colonies, MacConkey
Agar for Escherichia coli and Salmonella spp., Mannitol Salt Agar (MSA) for Staphylococcus
aureus, and Brain Heart Infusion Agar (BHIA) for Pseudomonas aeruginosa. To ensure
reliability and validity of the results, three types of control plates were included in the study:
negative control plates inoculated with only sterile PBS, positive control plates exposed to open
air to represent environmental contamination, and test plates inoculated with the cream
formulation diluted with PBS. All bacterial culture plates were incubated at 37 °C for 24 hrs,
while fungal culture plates were incubated at 30 °C for 120 hrs. After the incubation period,
the number of colony-forming units (CFU) on each plate was counted manually, and the

microbial load in the cream formulation was determined based on these counts.
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2.4.6.7 Antibacterial activity of the cream formulation
The antibacterial activity of the prepared cream was determined against S. aureus (Gram-
positive bacteria) and E. coli (Gram-negative bacteria), using the same method as described

under Section 2.4.3.

2.4.6.8 In vitro cytotoxicity analysis (MTT assay) of the cream formulation

The formulated cream was put into the wells of a 96-well plate, in different concentrations of
0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5 and 3.0 mg/mL. Each concentration was tested in
triplicates, and the MTT assay was performed on human dermal fibroblast (HDF) cells using

the same method as that of the TBLE as described under Section 2.4.4.

2.4.7 Statistical analysis

All the measurements were taken in triplicates (N = 3) and the results were represented as mean
+ SD. The SPSS 25.0 software was used for the statistical analysis with a significance level of
p < 0.05. The data were analyzed using ANOVA and the statistically significant differences
among the mean values were determined by Tukey’s post-hoc test. Different letters in
superscript represent statistically significant (p < 0.05) differences and the same letters

represent statistically non-significant (p > 0.05) differences for each data.

Analytical instrumentation and characterization techniques used: Rheological analyses

(viscosity, amplitude sweep and frequency sweep measurements).

2.5 Preparation and characterization of chitosan nanoparticles and neem essential oil-

functionalized pullulan/gum arabic biocomposites for edible food packaging

2.5.1 Materials

Pullulan (PUL, polymaltotriose, extrapure) was purchased from Sisco Research Laboratories
(SRL) Pvt. Ltd., India. Chitosan (CS, from shrimp shells, practical grade, deacetylated chitin,
poly (D-glucosamine)) and gum arabic (GA, from acacia tree, branched polysaccharide) were
procured from Sigma-Aldrich, USA. Neem essential oil (NEO, specific gravity: 0.91 g/mL,
refractive index: 1.476) was purchased from Veda Oils, India. Glacial acetic acid (extrapure)
and glycerol were procured from FINAR chemicals, India. Sodium tripolyphosphate (STPP)
was supplied by Otto Chemie Pvt. Ltd., India. Luria-Bertani (LB) agar and broth, Potato
Dextrose Agar (PDA), plate count agar, Dichloran Rose Bengal Chloramphenicol (DRBC)
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agar, peptone water, potassium persulfate (K2S20s), sodium chloride (NaCl), sodium
hydroxide (NaOH), calcium chloride (CaClz), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), dimethyl sulfoxide (DMSO),
Dulbecco's Modified Eagle's Medium (DMEM) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) were obtained from HiMedia laboratories, India. The guava

fruits in fresh condition were purchased from a fruit store at I[IT Guwahati, Assam, India.

2.5.2 Preparation of chitosan nanoparticles (NCS)

The NCS was prepared using the ionic gelation method as reported by Ghosh et al. [312], with
few modifications. In this study, STPP was used as the cross-linking agent and NaOH was used
as the stabilizer, facilitating interaction between the polycation CS and the polyanion STPP.
The CS solution was first prepared by dissolution of CS in acetic acid (1% v/v), followed by
stirring for 4 hrs at 600 rpm. Subsequently, STPP (0.09 wt.%) solution was gradually added to
the CS solution under stirring condition, followed by addition of 1% w/v aqueous NaOH
solution and then subjected to ultrasonication for 5 mins. The resulting solution was then
washed with ethanol and distilled (Millipore) water to purify the NCS. Finally, the prepared

NCS was characterized for its particle size, crystallinity and thermal stability.

2.5.3 Preparation of PUL-based edible biocomposites

For preparation of neat PUL film, an aqueous solution of PUL (4 % w/v) containing glycerol
(30 % w/w relative to the total PUL content) was stirred for 2 hrs at 750 rpm, 25 °C. The
PUL/GA edible biocomposite was prepared using 2 % w/v each of PUL and GA in distilled
(Millipore) water, with glycerol added at 30 % w/w relative to the combined PUL and GA
content. The resulting solution was stirred under conditions as mentioned above. Additionally,
for preparation of the PUL/GA/NCS1, PUL/GA/NCS2, and PUL/GA/NCS3 biocomposites,
NCS solution was prepared in 0.2 % acetic acid with concentration of 1, 2 and 3 % w/v
respectively, and subjected to vigorous stirring for 2 hrs at 800 rpm, 25 °C. The resulting NCS
solution was then mixed with solution containing PUL, GA and glycerol. Similarly, the NEO-
containing biocomposites were prepared with the incorporation of 1 % v/v NEO to each of the
solutions. The NEO-containing solutions were further subjected to homogenization using a
homogenizer (Make: IKA, Model: T25 digital ULTRA TURRAX) at 6500 rpm for 30 mins.
After homogenization, the prepared solutions were allowed to stand for 1-2 hrs for removal of
entrapped bubbles and then casted on teflon petri plates, followed by drying at 40 °C in hot-air
oven. The dried films were then characterized for their morphological, optical, mechanical and
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thermal properties. A tabular representation of the film formulations have been mentioned in

Table 2.4.

Table 2.4 Formulations of different PUL-based biocomposites.

Films/Biocomposites PUL GA NCS NEO Glycerol

(Y% wiv) (% wiv) (% w/v) (% vIv) (% w/w)
PUL 4 - - - 30
PUL/GA 2 2 - - 30
PUL/GA/NEO 2 2 - 1 30
PUL/GA/NCS1 2 2 1 - 30
PUL/GA/NCS1/NEO 2 2 1 1 30
PUL/GA/NCS2 2 2 2 - 30
PUL/GA/NCS2/NEO 2 2 2 1 30
PUL/GA/NCS3 2 2 3 - 30
PUL/GA/NCS3/NEO 2 2 3 1 30

2.5.3.1 Water vapour permeability (WVP)

The WVP of the prepared edible films were analysed using the cup method, following ASTM
E398-03 standard, as reported in previous studies [312,313]. For this, cups were filled with
anhydrous CaCl, (0 % relative humidity) and sealed using the film samples. Prior to the
analysis, area of opening of the cup and the film thickness were measured. Following this, the
permeation cells along with the film composites were kept inside a desiccator containing
saturated solution of NaCl (75 % relative humidity). The increase in weight of permeation cell
was measured over specific time intervals. The water vapour transmission rate (WVTR) and

the WVP were determined using equations (18) and (19), respectively:

WVTR :[Am/mj (18)
WVP — (M] (19)
AP

where WVTR denotes water vapour transmission rate (g/m?/day), Am/At denotes the slope

(change in weight of permeation cell per unit time, g/day), A denotes film area through which
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water vapour permeation occurs (m?), WVP denotes water vapour permeability (g/m/day/Pa),

L denotes thickness of film (m), and AP denotes partial water vapour pressure difference

across the film (Pa).

2.5.3.2 Antioxidant activity

The antioxidant activity of the film samples, the uncoated and coated guava samples was
determined using the DPPH and ABTS radical scavenging assays. For preparation of the film
extracts, 50 mg of each of the prepared films was added to 2 mL of distilled (Millipore) water,
and stirred overnight. For preparation of the guava extracts, 10 g of guava were taken in 40 mL
of distilled water and homogenized using a homogenizer (Make: IKA, Model: T25 digital
ULTRA TURRAX). Following this, the extracts were subjected to filtration and centrifugation
to obtain clear extract. Subsequently, 0.5 mL of the test sample extract (film or guava) was
mixed with DPPH or ABTS solution to obtain a final volume of 2.5 mL, and vortexed for
proper mixing, as reported by Adame et al. [314]. For the DPPH assay, the sample to be tested
was mixed with DPPH solution (4 mg/100 mL ethanol) and incubated for 30 mins in darkness
at room temperature. Absorbance was measured using an UV-Vis spectrophotometer at 517
nm. For the ABTS assay, ABTS (7 mM) solution with K>S>0z (2.45 mM) was incubated
overnight in darkness, diluted to an absorbance of 0.99 at 734 nm, and mixed with the test
sample. After 30 mins, absorbance was measured at 734 nm. A control test (DPPH or ABTS
without the sample) was conducted simultaneously using the same method [315]. The radical

scavenging activity was calculated using equation (20):

Absorbance — Absorbanceg,_ ..
DPPH or ABTS radical scavenging activity (%) = [ DEPHorARTS pomghig DrPHor ABTS ] x100

Absorbance ;0 asrs

(20)

2.5.3.3 Antimicrobial property

The antimicrobial properties of the filmogenic solutions were tested against both bacterial and
fungal food pathogens. For antibacterial testing, Staphylococcus aureus or S. aureus (Gram-
positive bacteria) and Escherichia coli or E. coli (Gram-negative bacteria) were used. Bacterial
cultures were grown in sterilized LB broth at 37 °C for 24 hrs in a shaking incubator, and the
bacterial suspensions were diluted to 2 x 10 CFU/mL for S. aureus and 2 x 10° CFU/mL
for E. coli. Filter papers were cut into circular pieces and subjected to UV sterilization for 1 hr.

The circular filter paper discs were then dipped into filmogenic test solutions, placed on LB
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agar plates, and incubated at 37 °C for 24 hrs, as reported by Mondal et al. [311].
Chloramphenicol was used as the positive control. The zones of inhibition formed around the
test samples were measured.

For antifungal testing, Aspergillus niger or A. niger, a common mold causing food
spoilage, was used. Fungal spore suspensions were prepared in sterilized 0.85 % NaCl solution
and diluted to 10° spores/mL, as reported by Ma et al. [316]. The prepared suspensions were
then inoculated onto sterilized PDA plates. UV-sterilized filter paper discs were dipped into
the filmogenic test solutions, placed on the inoculated PDA plates, and incubated at 30 °C for
3 weeks. Voriconazole was used as the positive control in this case, and the zones of inhibition

were similarly measured.

2.5.3.4 In vitro biocompatibility analysis (MTT assay)

The viability of human embryonic kidney (HEK-293) cells in filmogenic/ coating solutions
was determined using the MTT assay at 24, 48, and 72 hrs, as reported by Eze et al. [317] with
some modifications. The standard DMEM (without test solution) served as the control. The
test solutions were prepared at a 10 % v/v concentration in standard DMEM. Around 100 puL
of each test solution and control were added in triplicate to the wells of a 96-well plate, and
incubated at 37 °C with 5 % CO- for the specified intervals. After each incubation period, the
culture media was aspirated and 100 pL of MTT solution (0.5 mg/mL in standard DMEM) was
added to each of the wells and incubated for 4 hrs. The MTT solution was then removed, 100
uL of DMSO was added, and incubated for 10 mins to dissolve formazan crystals. The cell
viability was estimated by measuring absorbance with a microplate reader at 570 nm (Make:

Molecular Probes, Model: SpectraMax iD3).

2.5.4 Edible coating on fresh-cut guava

The efficacy of the optimized filmogenic solution or edible coating formulation
(PUL/GA/NCS3/NEO) was applied on fresh-cut guava and the quality parameters were
determined during its storage time. The guava fruits were first washed thoroughly with water
and subjected to air-drying at room temperature. The guava fruits were then cut, dipped for 5
mins into the edible coating solution and again air-dried at room temperature. Finally, the
coated and uncoated guava pieces were stored for a period of 6 days under ambient condition,
and 14 days under refrigerated condition. The cut guava fruits were then tested for various
parameters such as visual appearance, colour factors (L, a*, b*, Chroma and hue), firmness

and weight loss with respect to time.
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2.5.5 Microbiological shelf-life analysis

The microbiological shelf-life of the uncoated and coated guava fruits was assessed following
the protocol outlined in [318,319], with few modifications. Guava samples (10 g) were mixed
with 90 mL of 0.1 % peptone water and subjected to homogenization for 5 mins. Serial
dilutions were made by transferring 1 mL of the mixture into 9 mL of 0.1 % peptone water.
Subsequently, 0.1 mL of each of the diluted homogenate was used as the inoculum for
determining the total viable count (TVC) and the yeast and mold count (YMC). The TVC was
determined using pour plate technique and plate count agar as the medium and the plates were
incubated at 37 °C for 2 days. The YMC was determined using spread plate technique and
DRBC agar as the medium and the plates were incubated at 30 °C for 5 days. Colony numbers
were then counted and reported as logio colony-forming units per mL (logio CFU/mL), as per

the ASTM-E2149 standard, as reported by Shiekh et al. [320].

2.5.6 Statistical analysis

All the measurements were taken in triplicates (N = 3) and the results were represented as mean
+ SD. The SPSS 25.0 software was used for the statistical analysis with a significance level of
p < 0.05. The data were analyzed using ANOVA and the statistically significant differences
among the mean values were determined by Tukey’s post-hoc test. Different letters in
superscript represent statistically significant (p < 0.05) differences and the same letters

represent statistically non-significant (p > 0.05) differences for each data.

Analytical instrumentation and characterization techniques used: Field Emission Scanning
Electron Microscope (FESEM), Energy-Dispersive X-ray (EDX), Field Emission
Transmission Electron Microscope (FETEM), Fourier Transform Infrared (FTIR)
spectroscopy, X-ray diffraction (XRD) analysis, Thermogravimetric analysis (TGA),
Universal Testing Machine (UTM), surface wettability, colour factors, weight loss, and

firmness.

2.6 Analytical instrumentation and characterization techniques

2.6.1 Nuclear Magnetic Resonance (NMR) analysis

Samples analysed: 1.ab-made polysaccharide and commercial pullulan.

The '"H NMR and *C NMR analyses were performed using 600MHz NMR spectrometer
(Make: Bruker, Model: AVANCE III HD). For the study, ~ 20 mg each of the purified lab-
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made polysaccharide sample and commercial pullulan were separately dissolved in 0.5 mL of

D0, as reported by Liu et al. [321] and Chen et al. [77].

2.6.2 Matrix-Assisted Laser Desorption lonization-Time of Flight Mass Spectrometry
(MALDI-TOF MS) analysis

Samples analysed: 1.ab-made polysaccharide and commercial pullulan.

For matrix preparation, 20 mg of 2, 5-dihydroxybenzoic acid was dissolved in a mixture
containing 500 uL of acetonitrile, 500 puL of deionized water, as reported by Miti¢ et al. [322],
followed by addition of 10 puL of 0.5 % aqueous NaCl solution. The resulting solution was
vortexed and then centrifuged for 10 mins at 10,000 rpm. For sample preparation, both the lab-
made polysaccharide and commercial pullulan samples were individually dissolved in
deionized water at a concentration of 10 mg/mL. The solution was then subjected to
ultrasonication to ensure complete dissolution. The analysis was performed using a MALDI-
TOF mass spectrometer (Make: Bruker, Model: Autoflex Speed) operated at an accelerating
voltage of 19 kV, with each spectrum averaged over ~2000 laser shots, as reported by Miti¢ et
al. [322]. For the study, 1:1 (v/v) mixture of the sample and matrix solutions were drop-casted
onto a stainless-steel target plate, and air-dried prior to analysis. The spectral reproducibility

was confirmed by collecting data from four distinct spots on each sample.

2.6.3 Fourier Transform Infrared (FTIR) spectroscopy

Samples analysed: Lab-made polysaccharide, commercial pullulan, pullulan/PVA/gum arabic
electrospun nanofibrous layer of the bilayered wound healing scaffold (both before and after
glutaraldehyde crosslinking), chitosan (CS), chitosan nanoparticles (NCS), edible films (PUL,
PUL/GA, PUL/GA/NEO, PUL/GA/NCSI, PUL/GA/NCS2, PUL/GA/NCS3,
PUL/GA/NCS1/NEO, PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO), monolithic pullulan
nanofibers, CIP-loaded pullulan nanofibers, pure CIP powder, monolithic PLGA nanofibers,
PTX-loaded PLGA nanofibers and pure PTX powder.

The FTIR analysis of the lab-made polysaccharide, commercial pullulan, pullulan/PVA/gum
arabic electrospun nanofibrous layer (both before and after crosslinking), CS, NCS and edible
films was performed using a FTIR spectrometer (Make: PerkinElmer, Model: Spectrum Two),
in ATR mode. However, the monolithic pullulan nanofibers, CIP-loaded pullulan (represented
as pullulan + CIP) nanofibers, pure CIP powder, monolithic PLGA nanofibers, PTX-loaded
PLGA (represented as PLGA + PTX) nanofibers and pure PTX powder were assessed using

the KBr pellet mode. For the lab-made and commercial pullulan samples, the purpose was to
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identify and compare the functional groups present in the lab-made polysaccharide with those
of the commercial pullulan. For the nanofibrous layer of wound healing scaffold, the purpose
was to confirm the successful crosslinking by glutaraldehyde. For CS, NCS, and the edible
films, the purpose was to identify chemical bonding or possible interactions among the
components. For the pullulan + CIP and PLGA + PTX nanofibers, the purpose was to
determine whether drug-polymer interactions were present in the drug-loaded nanofibers by
comparing them with non-drug-loaded nanofibers and the corresponding pure drug powders.
For the analysis, the dried samples were scanned for wavenumber ranging from 4000 to

500 cm™!, as reported by Wani et al. [323] and Mondal et al. [324].

2.6.4 Morphological analysis

Samples analysed: Bilayered wound healing scaffold, edible films (PUL, PUL/GA,
PUL/GA/NEO, PUL/GA/NCS3, and PUL/GA/NCS3/NEO), NCS, pullulan/PLGA core/sheath
23G/1mm and 21G/Imm nanofibers.

The morphology of the samples was analysed using various microscopy techniques. Field
Emission Scanning Electron Microscopy (FESEM, Make: Zeiss, Model: Gemini) analysis was
done to examine the surface morphology and fractured cross-sections of the bilayered scaffold
and the edible films, including PUL, PUL/GA, PUL/GA/NEO, PUL/GA/NCS3, and
PUL/GA/NCS3/NEO. Prior to imaging, samples were dried at 60 °C for 24 hrs and mounted
on stubs using double-sided carbon tape. For the electrospun layer, nanofiber morphology was
observed via FESEM, and the average fiber diameter was estimated by analysing at least 100
individual fibers using Imagel] v1.48, based on FESEM image magnification and scale.
Additionally, the pullulan/PLGA core/sheath nanofiber morphology was studied using a
Scanning Electron Microscope (SEM) operated at 10 kV after gold coating with a sputtering
device (Model: IB-2, Make: Eiko Engineering) using 7 mA current for 5 mins. The core/sheath
structure of the nanofibers was further confirmed using an optical microscope (Model: VHX-
200 with VH-Z500 lens, Make: Keyence). Energy Dispersive X-ray (EDX) analysis was
performed to evaluate the elemental composition of the wound healing scaffold and the edible
films, as reported by Ghosh et al. [27]. To assess the nanoscale morphology of the prepared
NCS, Field Emission Transmission Electron Microscopy (FETEM, Make: JEOL, Model:
2100F) was used.
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2.6.5 Thermogravimetric analysis (TGA)

Samples analysed: CS, NCS and edible films (PUL, PUL/GA, PUL/GA/NEO,
PUL/GA/NCSI, PUL/GA/NCS2, PUL/GA/NCS3, PUL/GA/NCS1/NEO,
PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO).

The thermal stability of the samples was determined using Thermogravimetric Analyzer
(TGA) (Make: PerkinElmer, Model: TGA-4000) for a temperature range of 28 to 700 °C at
10 °C/min heating rate, as reported by Sun et al. [325]. Each sample weighing ~ 10 mg was
taken for the study.

2.6.6 Surface wettability

Samples analysed: The electrospun hydrophilic and solvent-casted hydrophobic layers of the
bilayered wound healing scaffold, pullulan/PLGA core/sheath nanofibers and edible films
(PUL, PUL/GA, PUL/GA/NEO, PUL/GA/NCS1, PUL/GA/NCS2, PUL/GA/NCS3,
PUL/GA/NCS1/NEO, PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO).

The surface wettability was estimated using water contact angle measurement. A drop-shape
analyzer (Make: Kruss GmbH, Model: DSA25) was used to measure the contact angle of the
samples cut into pieces (10 mm x 10 mm) and placed onto a glass slide using double-sided
tape. For the study, ~ 2 uL of distilled (Millipore) water was carefully poured on the sample
surface, with 0.16 mL/min flow rate, as reported by Mondal et al. [326]. This allowed for the
observation of how the behaviour of the water droplet changed over time from 0 to 60 secs (for
the bilayered scaffold layers and the edible films), and from 0 to 300 secs for the core/sheath

nanofibers, when in contact with the sample at a temperature of 25 °C.

2.6.7 Mechanical properties

Samples analysed: Bilayered wound healing scaffold, edible films (PUL, PUL/GA,
PUL/GA/NEO, PUL/GA/NCSI1, PUL/GA/NCS2, PUL/GA/NCS3, PUL/GA/NCS1/NEO,
PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO), dual drug-loaded and non-drug-loaded
pullulan/PLGA core/sheath nanofibers.

The mechanical characteristics of the bilayered wound healing scaffold and prepared edible
films (cut into 30 mm x 100 mm) were assessed using the ASTM D882 standard in a 5 kN
Electromechanical Universal Testing Machine (UTM, Make: ZwickRoell, Model:
Z005TNProLine), as reported by Mondal et al. [32]. The mechanical properties of the dual
drug-loaded and non-drug-loaded nanofibers having pullulan/PLGA core-to-sheath ratios of
21G/1mm and 23G/1mm were determined using a tensile testing machine (Model: STA-1150,
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Make: Orientec). The stretching rate was maintained at 5 mm/min for the wound healing
scaffold and core/sheath nanofibers, and at 15 mm/min for the edible films. All tests were
conducted under room conditions of 22 °C temperature and 40 % relative humidity.

2.6.8 Rheological analyses

Sample analysed: Cream formulation.

The rheological properties of the cream formulation were determined using a rheometer (Make:
Thermo Scientific, Model: HAAKE MARS iQ Air) equipped with a cone-and-plate geometry
(2° cone angle, 35 mm diameter, 0.1 mm gap), and all measurements were performed at 25 °C.
To determine the flow behaviour, steady shear testing was conducted by measuring viscosity
across a shear rate range of 0.1-1000 s™'. The resulting data were analyzed using the Ostwald—

de Waele (power-law) model with the equation (21) as follows:

N1
n=K() (1)
where 7 is the viscosity, J is the shear rate, K is the consistency index and , is the flow

behaviour index, helping to categorize the cream as a Newtonian or pseudoplastic fluid. For
identifying the linear viscoelastic region (LVR), an amplitude sweep test was carried out at a
constant angular frequency of 10 rad/s with shear strain ranging from 0.01-1000 %, and the

key parameters such as storage modulus (G’), loss modulus (G"), tan d (ratio of G” to G'), and

the critical strain (7, ) defining the LVR boundary were measured. Additionally, a dynamic

frequency sweep test was performed at a constant strain of 0.1 % (within the LVR, as
determined from the amplitude sweep) while varying the angular frequency from 0.1-100 rad/s
to observe the changes in G’ and G" with increasing frequency.

2.6.9 X-ray diffraction (XRD) analysis

Samples analysed: CS, NCS, STPP and the edible films (PUL, PUL/GA, PUL/GA/NEO,
PUL/GA/NCSI, PUL/GA/NCS2, PUL/GA/NCS3, PUL/GA/NCS1/NEO,
PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO).

XRD analysis of the samples were performed using X-ray diffractometer (Make: Rigaku,
Model: Smartlab) with 26 ranging from 5 to 70°, at scanning rate of 0.5°/min to analyse the
type of material and the efficacy of NCS and NEO on the biocomposites. The crystallinity
index (Icr) was determined using equation (22), as reported by Guo et al. [327] :

% Crystallinity index (I, )= [ Area of crystalline peaks ]XIOO (22)

Area of crystalline peaks + Area of amorphous peaks
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2.6.10 Optical properties

Samples analysed for transparency: Edible films (PUL, PUL/GA, PUL/GA/NEO,
PUL/GA/NCSI, PUL/GA/NCS2, PUL/GA/NCS3, PUL/GA/NCS1/NEO,
PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO).

Samples analysed for colour factors: Edible films (PUL, PUL/GA, PUL/GA/NEO,
PUL/GA/NCSI, PUL/GA/NCS2, PUL/GA/NCS3, PUL/GA/NCS1/NEO,
PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO) and the uncoated and coated cut guava fruits.

The optical properties of the prepared samples were determined to interpret the efficacy of the
incorporated NCS and NEO. The transparency and colour factors (L, a*, b*, Chroma and hue)
were determined using an UV-Vis spectrophotometer (Make: PerkinElmer, Model: Lambda
45) and a colorimeter (Make: Datacolor Technology Suzhou Co., Ltd., Model: Datacolor 550),
respectively [311,328]. For the transparency assessment, each film was cut into a 10 mm x 40
mm rectangular piece and placed in a cuvette perpendicular to the Ultra-Violet (UV) light beam
to ensure proper light passage through the film surface. The films were sized to fully cover the
light path of the spectrophotometer, avoiding any bubbles or wrinkles. The transparency was

assessed in transmittance mode, with a scanning wavelength range from 200 to 800 nm.

2.6.11 Weight loss

Samples analysed: Uncoated and coated fresh-cut guava fruits.

The weight loss from the uncoated and coated guava fruits was determined by measuring the
initial weight and the change in weight after specific time interval, as reported by Mondal et

al. [311]. The results were reported as weight loss percentage using equation (23):

(23)

Weight loss (%) = (Inltlal weight — Final weight j 100

Initial weight

2.6.12 Firmness

Samples analysed: Uncoated and coated fresh-cut guava fruits.

The firmness of the uncoated and coated guava fruits was determined using a texture analyser
(Make: Stable Microsystems, Model: TA.XT.plusC) as reported by Ghosh et al. [329], with
some modifications. A cylindrical probe (P/5) with 5 mm diameter was used for the study. The

test speed was maintained at 10 mm/min and the firmness was measured in newton (N).
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CHAPTER 3

SHAKE-FLASK OPTIMIZATION OF PULLULAN PRODUCTION BY FUNGAL
FERMENTATION OF Aureobasidium pullulans NCIM 1049 USING SUGARCANE
JAGGERY AS SUBSTRATE

Motivation

Pullulan is a versatile biopolymer with significant industrial value due to its non-toxic,
biodegradable, and film-forming properties. However, its large-scale application is limited by
the high cost of production, particularly from the use of purified sugars as carbon sources.
While liquid sugarcane jaggery has been previously reported as a potential alternative, many
studies lack detailed optimization or do not evaluate its performance with different microbial
strains. In this context, the present study focuses on using A. pullulans NCIM 1049 to
investigate pullulan production from liquid sugarcane jaggery under shake-flask conditions.
By systematically optimizing the fermentation media components, this work aims to evaluate
the feasibility and efficiency of sugarcane jaggery as a practical cost-effective substrate.
Although no cost estimation was performed, the study identifies the key parameters influencing

pullulan production.

The work in this chapter is under preparation of a research article titled as: “Shake-flask
Optimization of Pullulan Production by Aureobasidium pullulans NCIM 1049

Fermentation Using Sugarcane Jaggery as Substrate”.

TH-3900_206106011 [82]



Header Page of 283.

Abstract

Pullulan is a natural, biodegradable polysaccharide produced by the fungus Aureobasidium
pullulans (A. pullulans) valued for its excellent film-forming and water-soluble properties. Its
wide application in food, pharmaceutical, and biomedical fields is limited by high production
costs, largely due to the use of expensive refined sugars. Liquid sugarcane jaggery
(concentrated sugarcane juice), a low-cost, nutrient-rich sugar syrup, has been explored in
previous studies as an alternative carbon source. However, many of those studies lacked
systematic optimization or used different fungal strains. In this study, shake-flask fermentation
of A. pullulans NCIM 1049 was performed to maximize pullulan production using liquid
sugarcane jaggery as substrate. The fermentation media components such as carbon source
(jaggery), nitrogen sources (yeast extract, (NH4)2SO4), and essential salts (KoHPOs, NaCl,
MgS04.7H20, ZnS0O4.5H>0) were varied to maximize pullulan production. The Plackett—
Burman Design (PBD) of experiments identified jaggery, yeast extract, and NaCl as the
significant factors influencing pullulan production. These factors were further optimized using
a Box-Behnken Design (BBD). The predicted pullulan production (5.106 g/L) under the
optimized BBD conditions (jaggery = 49.09 g/L, yeast extract = 2.15 g/L, NaCl = 1.28 g/L)
closely matched the observed production (4.923 + 0.14 g/L), thereby demonstrating the
reliability and accuracy of the BBD model. The prepared pullulan was extracted and purified
using standard techniques, including ethanol precipitation, dialysis, and lyophilization. Its
structural properties were characterized using Fourier Transform Infrared (FTIR)
spectroscopy, Proton Nuclear Magnetic Resonance ('H NMR), Carbon Nuclear Magnetic
Resonance ('*C NMR), and Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass
Spectrometry (MALDI-TOF MS), confirming its close similarity to commercial pullulan in

terms of structure and composition.
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Figure 3.1 Scheme of chapter 3.

3.1 Introduction

Pullulan is a wunique extracellular polysaccharide produced primarily by the
fungus Aureobasidium pullulans (A. pullulans), possessing desirable properties such as high
water solubility, film-forming ability, non-toxicity, biodegradability, and oxygen
impermeability [11,12]. Due to these functional attributes, pullulan has found wide applications
in the food, pharmaceutical, and biomedical industries [148,330]. However, despite its
promising industrial potential, the high production cost of pullulan remains a major limitation
to its large-scale commercial exploitation. Among the major contributors to production cost,
the carbon source alone can account for up to 30-50 % of the total fermentation expenses.
Traditionally, pure and refined sugars such as glucose, sucrose, and maltose are used, offering
high yields but at a premium cost. Consequently, there has been a growing research focus on
exploring alternative, low-cost carbon sources such as agro-industrial residues, fruit processing
wastes, and other non-conventional substrates to make pullulan production more economically
viable. Agro-industrial by-products are intensively used as fermentation substrates due to their
low cost and abundance; however, many such residues require extensive pre-treatment or

enzymatic hydrolysis, which introduce additional complexities and costs into the process.
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Therefore, the search continues for substrates that are not only inexpensive and readily
available but also directly fermentable without significant pre-processing. In this
context, liquid sugarcane jaggery, which is a concentrated form of sugarcane juice, serves to
be a promising alternative. It contains high concentration of fermentable sugars, primarily
sucrose, along with glucose, fructose, and naturally occurring minerals and micronutrients.
Importantly, it is widely available, especially in sugarcane-producing regions, and remains
significantly cheaper than refined sugars. Several studies have explored the use of sugarcane
juice and jaggery for pullulan production, demonstrating the potential of these sugar-rich
substrates in microbial fermentation. However, some studies have not focused deeply
on process optimization and production enhancement strategies associated with jaggery-based
fermentations [37,331]. The use of liquid sugarcane jaggery offers distinct advantages due to
its stable, concentrated, and uniform composition, which makes it more suitable for industrial-
scale applications compared to fresh sugarcane juice. Liquid jaggery contains high levels of
readily fermentable sugars, which eliminates the need for pre-hydrolysis. Therefore, liquid
sugarcane jaggery represents a promising cost-effective substrate for pullulan production, with
the potential to enhance process efficiency and make production more economical. To the best
of our knowledge, no prior studies reported the production of pullulan by Aureobasidium

pullulans NCIM 1049 using sugarcane jaggery as the carbon source.

3.2 Results and discussion

3.2.1 Preliminary screening of significant factors using Plackett—Burman Design (PBD)
The pullulan production under various experimental conditions was determined, and the data
are summarized in Table3.1. It is usually assumed that all the fermentation medium
components influence pullulan production; however, some of the components are particularly
crucial. The Plackett-Burman Design (PBD) is useful for identification of these crucial
components, as shown in the ANOVA results in Table 3.2. Additionally, among the tested
components, jaggery, yeast extract, and (NH4)>SO4 demonstrated positive effects on pullulan
production, while the remaining factors negatively influenced production. These findings are
in line with previously reported literature [47]. Statistical analysis was performed at a 95 %
confidence level using Minitab software (trial version). The Pareto chart (shown in Figure 3.2)
highlights the key factors and their standardized effects on pullulan production. The analysis
demonstrated that jaggery, yeast extract, and NaCl had a significant influence (p < 0.05) on
pullulan production. According to the chart, jaggery emerged as the most influential factor,

with the highest confidence level (99.20 %), followed by yeast extract (95.70 %) and NaCl
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(95.40 %), as shown in Table 3.2. The highest significance of jaggery may be attributed to its

dual role as both a carbon and energy source for the microorganism.

Table 3.1 Predicted and experimental pullulan production under media conditions as

determined by Plackett-Burman Design (PBD).

Run | Jaggery K:HPO4 Yeast (NH4)2SO4 | NaCl | MgSOs. | ZnSOs4 Observed Predicted
(g/L) (g/L) extract (g/L) (g/L) TH20 SH:0 pullulan pullulan

(g/L) (g/L) (g/L) production production
(g/L) (g/L)
1 60 1 4 0.5 0.5 0.1 0.05 4.080 3.977
2 60 4 1 1.5 0.5 0.1 0.01 3.396 3.239
3 30 4 4 0.5 2.5 0.1 0.01 2.077 2.355
4 60 1 4 IS 0.5 0.5 0.01 3.800 4.014
5 60 4 1 1.5 2.5 0.1 0.05 2.560 2.715
6 60 4 4 0.5 2.5 0.5 0.01 3.480 3.201
7 30 4 4 1.5 0.5 0.5 0.05 2.742 2.848
8 30 1 4 1.5 2.5 0.1 0.05 2.863 2.643
9 30 1 1 1.5 2.5 0.5 0.01 2.240 2.136
10 60 1 1 0.5 2.5 0.5 0.05 2.780 2.945
11 30 4 1 0.5 0.5 0.5 0.05 2.410 2.303
12 30 1 1 0.5 0.5 0.1 0.01 2.580 2.623

Additionally, high yeast extract and low KoHPOj4 levels demonstrated increase in

production efficiency. This may further be attributed to the requirement of the microorganism

for sufficient nitrogen and essential minerals for optimal growth and metabolism [47]. The

factors KoHPOs, (NH4)2SO4, MgS04.7H>0 and ZnSO4.5H>0 demonstrated p-value exceeding

0.05, indicating that variations in these components did not significantly affect pullulan

production under the tested conditions [69,332-337]. The analysis of variance (ANOVA)
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showed that the overall model was significant (p-value = 0.049), suggesting that some media
components had a measurable impact on the response. Among the tested variables, three
components (jaggery, yeast extract, and NaCl) were found to be statistically significant factors.
Jaggery had a positive effect on pullulan production, with a coefficient of 0.4320 and a p-value
of 0.008, indicating that an increase in jaggery concentration significantly enhances pullulan
production. Yeast extract also showed a positive influence (coefficient = 0.2563 and p-value =
0.043), contributing favourably to pullulan production, likely due to its content of nitrogen,
vitamins, and growth factors. In contrast, NaCl had a statistically significant negative effect
(coefficient = —0.2507 and p-value = 0.046), indicating that elevated salt concentrations may
exert osmotic stress or inhibitory effects on microbial growth. A negative coefficient, when
statistically significant, implies that the factor inversely affects the response, as in this case,
increasing NaCl led to a decrease in pullulan production. Thus, only the three factors affecting
pullulan production (jaggery, yeast extract, and NaCl) were selected for further detailed
optimization using Response Surface Methodology (RSM).

Table 3.2 Analysis of Variance (ANOVA), estimated regression coefficients and significance

of factors for the PBD for pullulan production.

Source Coefficient Adj SS Adj MS F-value | DF p-value Confidence
level (%)
Model - 4.02224 0.57461 6.20 7 0.049 (s) 95.10
Constant 3.205 - - - - - -

Jaggery 0.4320 2.23949 2.23949 24.16 1 0.008 (s) 99.20
K>HPOs —0.1398 0.23464 0.23464 2.53 1 0.187 (ns) 81.30
Yeast extract 0.2563 0.78848 0.78848 8.51 1 0.043 (s) 95.70
(NH4)2SO4 0.0162 0.00314 0.00314 0.03 1 0.863 (ns) 13.70
NaCl —-0.2507 0.75401 0.75401 8.14 1 0.046 (s) 95.40
MgS04.7H:0 —0.0087 0.00090 0.00090 0.01 1 0.926 (ns) 7.40
ZnS04.5H:0 —-0.0115 0.00159 0.00159 0.02 1 0.902 (ns) 9.80

TH-3900_206106011 [87]



Header Page of 283.

Error - 0.37073 0.09268 - 4 - -

Total - 4.39297 - - 11 - -

*Note: s = significant, ns = non-significant.

Figure 3.2 Pareto chart showing the standardized effects of medium components on pullulan

production based on PBD analysis.

3.2.2 RSM-based media optimization using Box-Behnken Design (BBD)

Following the identification of key parameters, jaggery, yeast extract and NaCl (designated as
A, B and C, respectively), affecting pullulan production, optimization was carried out using
the Box-Behnken statistical approach. The experimental design for optimizing pullulan
production is presented in Table 3.3, and the corresponding regression coefficients and p-
values are provided in Table 3.4 (a-b). Coefficients with p-values below 0.05 were considered
statistically significant at the 95 % confidence level. According to the p-values presented in
Table 3.4 (a), the interactions between jaggery (A) and NaCl (C), as well as between yeast
extract (B) and NaCl (C), were not statistically significant, as their p-values exceeded 0.05 at
the 95 % confidence level. Specifically, the p-values for these interactions were 0.170 and

0.643, respectively. Consequently, these interaction terms were excluded from the regression

TH-3900_206106011 [88]



Header Page of 283.

model. The regression analysis and ANOVA were then performed again using the reduced
model and the results are as shown in Table 3.4 (b). The results demonstrate that all variables
in the reduced model had a statistically significant influence on the response variable (pullulan
production), as indicated by their corresponding p-values. The reduced BBD model
demonstrated R? value of 0.9708, indicating that the model closely matched the experimental
data. All linear, quadratic, and interaction terms included in the reduced model had p-values
below 0.05, signifying statistical significance. The lack-of-fit p-value was 0.161, suggesting
that the lack of fit was not significant and that the model was appropriate. The regression

coefficients were then applied to the polynomial model using coded variables, expressed as:

Pullulan production (g/L) = 5.00 + 0.5337 A — 0.1557 B - 0.1603 C—0.2548 A*B — 1.05 A?
—0.4733 B> -0.3843 C?

The carbon source plays a crucial role in the fermentation medium, acting as the primary energy
supply necessary for the metabolic functions of 4. pullulans. It supports cellular growth and
significantly influences pullulan production. High concentrations of readily metabolizable
sugars like sucrose have been reported to enhance pullulan biosynthesis by increasing the
activity of enzymes such as glucosyltransferase and phosphofructo-2-kinase, which play key
roles in exopolysaccharide formation [65]. In the present study, liquid sugarcane jaggery (a
complex sugar source comprising sucrose, glucose and fructose) was used as the sole carbon
source. The initial sugar concentration from jaggery was found to have a statistically significant
impact (p <0.05) on pullulan production, as shown in Table 3.4. However, deviations from
optimal sugar concentration, either higher or lower, led to relatively lower pullulan production.
This reduction in production may be attributed to osmotic stress and decreased water activity
at non-optimal sugar concentrations, as noted by Shin et al. [338]. Similar findings have been
reported by Goksungur et al. [69], who observed that increasing the initial sugar concentration
improved pullulan production only up to a certain threshold, beyond which production
decreased. These results are consistent with earlier studies on 4. pullulans [62,89,339].
Furthermore, an excess supply of carbon has been reported to potentially inhibit both cell
growth and the synthesis of pullulan [340]. Additionally, it has been reported that the nitrogen
sources contribute to the metabolite production in the fermentation medium and have
significant effect on the polysaccharide production by A. pullulans. Y east extract, which serves
as a nitrogen source for production of pullulan, comprises of amino acids, peptides, minerals,

vitamins, etc. [62]. Furthermore, nitrogen availability has been reported to enhance biomass
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production by stimulating glycolysis through activation of phosphofructokinase, a key enzyme
in the pathway [341]. It also serves as a substrate for the synthesis of pullulan-degrading
enzymes, thereby contributing to a reduction in pullulan accumulation. In the present study,
the addition of yeast extract (nitrogen source) resulted in an initial increase in pullulan
production followed by decrease in pullulan production as its concentration was increased
further. This is consistent with previously reported studies [342,343]. Notably, the negative
linear coefficient of NaCl indicates that increasing NaCl concentrations adversely affected
pullulan production. This observation is consistent with previous findings, where the negative
influence of NaCl was attributed to its inhibitory effects on microbial growth and enzyme

activity essential for polysaccharide biosynthesis [344,345].

3.2.3 Predicted optimal conditions and experimental validation of the model

To identify the optimal conditions more efficiently for maximising pullulan production, the
response optimizer tool in Minitab was used, which gave the following optimal concentrations:
jaggery (A) =49.09 g/L, yeast extract (B) =2.15 g/L, and NaCl (C) = 1.28 g/L. To validate the
accuracy of the proposed model, experiments were conducted in triplicate using these optimal
conditions. The desirability of the optimized solution was found to be 0.982. The observed
pullulan production was 4.923 + 0.14 g/L, which was slightly lower than the predicted value
(5.106 g/L), thereby confirming the reliability, stability and accuracy of the model. The
experimental results were further visualized using contour plots and three-dimensional (3D)
surface plots, as shown in Figure 3.3 and 3.4, respectively. These plots not only enabled
identification of the optimal combination of the medium components but also revealed their
pairwise interactive effects on pullulan production. In each of the plots, the effect of two
components on pullulan production was illustrated while keeping the other component at its

middle optimum level.

Table 3.3 Predicted and experimental pullulan production under media conditions as

determined by Box-Behnken Design (BBD).

Run Jaggery Yeast extract | NaCl (g/L) Observed pullulan Predicted pullulan
(g/L) (g/L) production (g/L) production (g/L)
1 30 1.0 1.5 2.751 2.840
2 60 1.0 1.5 4.276 4.418
3 30 4.0 1.5 3.180 3.040
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4 60 4.0 1.5 3.686 3.599
5 30 2.5 0.5 3.365 3.189
6 60 2.5 0.5 4.218 4.257
7 30 2.5 25 2.640 2.869
8 60 2.5 25 4.026 3.938
9 45 1.0 0.5 4.458 4.454
10 45 4.0 0.5 4.000 4.143
11 45 1.0 ) 4.360 4.134
12 45 4.0 25 3.733 3.824
13 45 2.5 1.5 5.022 4.996
14 45 PrS 1.5 4.900 4.996
15 45 2.5 1.5 4.840 4.996
16 45 25 1.5 5.150 4.996
17 45 2.5 1.5 5.065 4.996

Table 3.4 (a) Analysis of Variance (ANOVA), estimated regression coefficients and

significance of factors for the full BBD for pullulan production.

Source Coefficient Adj SS Adj MS F-value DF p-value
Model - 9.75869 1.08430 35.65 9 0.000 (s)
Constant 4.9954 - - - - 0.000 (s)
A 0.5337 227911 2.27911 74.93 1 0.000 (s)

B —0.1558 0.19406 0.19406 6.38 1 0.039 (s)

C —0.1602 0.20544 0.20544 6.75 1 0.035 (s)
A? —1.0488 4.63172 4.63172 152.27 1 0.000 (s)
B? —-0.4733 0.94331 0.94331 31.01 1 0.001 (s)
C? —0.3843 0.62192 0.62192 20.45 1 0.003 (s)
AB —0.2548 0.25959 0.25959 8.53 1 0.022 (s)
AC 0.1332 0.07102 0.07102 2.33 1 0.170 (ns)
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BC —0.0423 0.00714 0.00714 0.23 1 0.643 (ns)
Error - 0.21292 0.03042 - 7 -

Lack-of-Fit - 0.15022 0.05007 3.19 3 0.146 (ns)
Pure Error - 0.06270 0.01568 - 4 -
Total - 9.97161 - - 16 -

R =0.9786, R’ (adj) = 0.9512, R (pred) = 0.7491.

*Note: s = significant, ns = non-significant.

Table 3.4 (b) Analysis of Variance (ANOVA), estimated regression coefficients and

significance of factors for the reduced BBD for pullulan production.

Source Coefficient Adj SS Adj MS F-value DF p-value

Model - 9.68052 1.38293 42.76 7 0.000 (s)

Constant 4.9954 - - - - 0.000 (s)

A 0.5337 227911 2.27911 70.47 1 0.000 (s)

B —0.1558 0.19406 0.19406 6.00 1 0.037 (s)

C —0.1602 0.20544 0.20544 6.35 1 0.033 (s)

A? —1.0488 4.63172 4.63172 143.21 1 0.000 (s)

B? —-0.4733 0.94331 0.94331 29.17 1 0.000 (s)

C? —0.3843 0.62192 0.62192 19.23 1 0.002 (s)

AB —0.2548 0.25959 0.25959 8.03 1 0.020 (s)
Error - 0.29108 0.03234 - 9 -

Lack-of-Fit - 0.22838 0.04568 291 5 0.161 (ns)
Pure Error - 0.06270 0.01568 - 4 -
Total - 9.97161 - - 16 -

R =0.9708, R’ (adj) = 0.9481, R (pred) = 0.8311.

*Note: s = significant, ns = non-significant.
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Figure 3.3 Contour plot showing interaction between (a) jaggery and yeast extract, (b) jaggery
and NaCl, and (c¢) yeast extract and NaCl.

Figure 3.4 3D surface plot showing interaction between (a) jaggery and yeast extract, (b)
jaggery and NaCl, and (c) yeast extract and NaCl. Additionally, (d) scatter plot showing

correlation between predicted and actual values of pullulan production.
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3.2.4 FTIR analysis

The FTIR spectral analysis was performed to compare the structural features of commercial
pullulan with the lab-made polysaccharide. Both spectra exhibit characteristic absorption bands
of polysaccharides, affirming the presence of similar functional groups and molecular
frameworks. As depicted in Figure 3.5, a broad absorption band corresponding to O—H
stretching vibrations was observed near 3299 cm™ for commercial pullulan and appeared at
3316 cm™! for the lab-made polysaccharide. The C—H stretching vibrations, attributed to
aliphatic —CH and —CH> groups in the glucose ring, appeared at 2929 cm™ in the commercial
sample and at 2927 cm™ in the lab-made sample, indicating overall structural similarity in the
carbohydrate backbone. Peaks corresponding to the O—C—O stretching vibrations were present
at 1640 cm™' in the commercial pullulan and at 1647 cm™ in the lab-made polysaccharide. The
peaks at 1350 cm™ in the commercial pullulan and at 1339 cm™ in the lab-made polysaccharide
may be attributed to the C—O-H bending vibrations. The C—-O-C and C-O stretching
vibrations were evident at 1145 and 1002 cm™ in the commercial pullulan, and at 1140 and
1026 cm™ in the lab-made polysaccharide, respectively. These peaks are fundamental
characteristics of glucose-based polysaccharides and confirm the integrity of the glucopyranose
units in the synthesized material. Despite slight positional differences, the consistent pattern
across this region suggests that the fundamental ring structure is preserved. The peaks at around
849, 758 and 929 cm™! in the commercial pullulan, and those at around 845, 754 and 928 cm™!
in the lab-made polysaccharide are characteristic of a-D-glucopyranose units, o(1—4)
glycosidic bonds and a(1—6) glycosidic bonds, respectively. These findings are in line with
previously reported literature [62,346-348]. Thus, the FTIR spectral profile of the lab-
synthesized polysaccharide closely aligns with that of commercial pullulan, representing all
the vibrational bands corresponding to hydroxyl groups, aliphatic chains, glycosidic linkages,
and pyranose rings. The minor differences in band positions and intensities do not imply
compositional deviation but are more likely reflective of differences in molecular interactions,
chain conformation, or processing conditions. The alignment of these characteristic peaks in
the lab-made polysaccharide with those of the commercial pullulan confirms the identification

of the polysaccharide as pullulan.

TH-3900_206106011 [94]



Header Page of 283.

Figure 3.5 FTIR analysis of lab-made polysaccharide and commercial pullulan.

3.2.5 NMR analysis

The structural identity of the produced pullulan was further confirmed through both 'H NMR
and *C NMR analyses, as shown in Figure 3.6 (a—d). Both spectra were recorded in deuterium
oxide (D:0), the preferred solvent for polysaccharide characterization due to its excellent
solubility and minimal background signal in the relevant spectral regions. The comparative
analysis of the '"H and '*C NMR spectra of commercial pullulan and lab-made polysaccharide
indicates strong structural similarity, with only minor chemical shift variations. In the 'H NMR
spectra, the anomeric proton associated with the a(1—6) glycosidic linkage appears at 4.83
ppm for commercial pullulan (Figure 3.6 (c)) and slightly downfield at 4.88 or 4.87 ppm for
the lab-made variant (Figure 3.6 (a)). Similarly, the a(1—4) anomeric proton is observed at
5.28-5.24 ppm in commercial pullulan and 5.32-5.28 ppm in the lab-made sample. The H4
proton shifts marginally from 3.35-3.32 ppm in the commercial pullulan to 3.40-3.37 ppm in
the lab-made sample, while the ring protons (H2—HS5) and methylene protons at C6 appear in
comparable ranges (3.90-3.47 ppm in commercial pullulan and 3.95-3.52 ppm in lab-made
polysaccharide). The D>O solvent peak remains consistent at 4.7 ppm in both spectra. These
results are in agreement with previously reported studies [61,84,342]. In the '*C NMR spectra,
the a(1—6) linkage carbon shifts from 97.90 ppm in the commercial sample (Figure 3.6 (d))

TH-3900_206106011 [95]



Header Page of 283.

to 97.94 ppm in the lab-made sample (Figure 3.6 (b)) and the a(1—4) linkage carbons show
slight downfield shifts as well (~ 100.19 or 100.14 & 99.74 ppm in commercial to ~ 100.24 or
100.15 & 99.78 ppm in lab-made). The C4 and C6 carbon signals also shift slightly, with C4
moving from 77.72-77.33 ppm (commercial) to 77.76—77.38 ppm (lab-made), and the C6
(CH20H) group shifting from 60.67—60.36 ppm (commercial) to 60.72—60.41 ppm (lab-made).
All other ring carbons (C2—C5) appear within similar ranges for both samples, (73.41-66.44
ppm for commercial, and 73.46—66.49 ppm for lab-made). Such minor chemical shift variations
may be attributed to the slight differences in polymer chain conformations, hydration states, or
degree of polymerization, which are inherently influenced by biological fermentation
conditions, as also reported by Chen et al. [77]. Additionally, the minor variations in signal
resolution and broadness suggest subtle differences in sample homogeneity. The results
confirm that the pullulan synthesized using liquid sugarcane jaggery as substrate by the strain

NCIM 1049 shares the same structural characteristics as that of the commercial pullulan.
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3.2.6 MALDI-TOF MS analysis

The MALDI-TOF mass spectra of lab-made polysaccharide and commercial pullulan have

been depicted in (Figure 3.7 (a, b)), respectively. Each peak in the spectra can be described
using the equation (24):

% =162x+M .. (24)
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where n/ is the mass-to-charge ratio of ion, x is the number of glucose units and M ]
z

adduct 1

the mass of adduct ion such as 23 Da (Na*), 39 Da (K*), or even unknown adducts (as in the

case of lab-made polysaccharide).

Figure 3.7 MALDI-TOF spectra of (a) lab-made polysaccharide and (b) commercial

pullulan.

In the lab-made polysaccharide spectrum (Figure 3.7 (a)), the peak at m/z 1173.824
corresponded to a potassium adduct [M+K]*, followed by a series of peaks each corresponding
to a mass adduct of ~ 61 Da. This consistent ~ 61 Da shift may be attributed to some unknown
ion adducts possibly originating from ethanolamine-related adduct [M+C>H7NO]* formation,
resulting from the presence of yeast extract in the fermentation medium. As depicted in Figure
3.7 (a), the series of peaks occurred at regular spacing of ~ 162 Da. This repeating mass
difference of ~ 162 Da between peaks confirms the presence of glucose-based repeating units
in the polymer. On the other hand, the MALDI-TOF mass spectrum of commercial pullulan
(Figure 3.7 (b)), demonstrated a relatively clear pattern, with a series of peaks spaced ~ 162 Da
apart. This spacing is consistent with the stepwise addition of glucose monomer units. The first
prominent peak appeared at m/z 689.670, corresponding to a degree of polymerization (DP) of
4 and was attributed to a potassium adduct [M+K]". Interestingly, all the subsequent peaks
observed at m/z 833.959-3266.999 followed the sodium adduct [M+Na]" pattern
corresponding to DP 5-20, respectively (Figure 3.7 (b)). The presence of a single potassium
adduct at the lower mass range may be due to minor variations in ionization or trace levels of

potassium remaining in the matrix. Thus, these findings demonstrate that the MALDI-TOF MS
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analysis of both the lab-made polysaccharide and commercial pullulan showed a series of
peaks, with each successive peak separated by ~ 162 Da, corresponding to one glucose unit
(C6H100s). This pattern confirms the polymeric structure of pullulan and further verifies that

the lab-made polysaccharide is pullulan.

3.3 Summary

In this chapter, pullulan was successfully synthesized using shake-flask fermentation of A.
pullulans NCIM 1049 under statistically optimized medium conditions, utilizing liquid
sugarcane jaggery as a cost-effective carbon source. Jaggery, which is a concentrated sugar-
rich form of sugarcane juice, serves as an economical and sustainable option compared to
commercially refined sugars. Although jaggery has been used before for pullulan production,
this study is the first to report its use with the specific strain NCIM 1049. To improve pullulan
production, a two-step statistical approach was used to optimize the fermentation medium.
First, the PBD was used to screen and identify the most significant factors influencing pullulan
production. Based on these results, the RSM-based media optimization was carried out using
BBD to determine the optimal levels and combinations of these key nutrients. This approach
enabled a more efficient formulation of the medium, thereby enhancing the pullulan
production. The prepared pullulan was extracted and purified using standard techniques,
including ethanol precipitation, dialysis, and lyophilization. Its structural properties were
characterized using FTIR, '"H NMR, '3*C NMR, and MALDI-TOF MS, confirming its close

similarity to commercial pullulan in terms of structure and composition.
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CHAPTER 4

PREPARATION OF BILAYERED WOUND HEALING SCAFFOLD WITH
ELECTROSPUN GENTAMICIN-LOADED PULLULAN/PVA/GUM ARABIC
NANOFIBERS AND SOLVENT-CASTED PLA

Motivation
Effective wound healing is often difficult to achieve, especially in severe or chronic cases where
infection, excess fluid, and tissue damage complicate recovery. Conventional single-layered
dressings often fail to meet these complex requirements, leading to prolonged healing and
patient discomfort. This highlights the urgent need for advanced, multifunctional wound
dressings that can address these limitations. The development of a bilayered scaffold,
integrating a bioactive, hydrophilic sublayer and a protective, hydrophobic top layer, offers a
strategic approach to overcoming these challenges. By utilizing the biocompatibility of
pullulan and its blends, along with the structural integrity of polylactic acid, this research aims
to fabricate and characterize a bilayered scaffold that effectively supports wound healing

through sustained drug release, superior exudate absorption, and barrier protection.

The work in the chapter has received the scientific recognition as follows:

Das, K., Tiwari, V., Prasannavenkadesan, V., Banerjee, S.K. and Katiyar, V., 2025. In Vitro
Biocompatibility and Wound Healing Potential of Bilayered Scaffold With Electrospun
Gentamicin-Loaded Pullulan/PVA/Gum Arabic Nanofibers and Solvent-Casted PLA. Journal
of Applied Polymer Science, p.e56731.
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Abstract
Severe wound healing requires specialized dressings that can effectively absorb exudate,
prevent infections, and facilitate tissue regeneration while minimizing trauma during removal.
Traditional single-layered wound dressings often fail to maintain the optimal balance between
moisture retention and protection, leading to delayed healing. To overcome these limitations,
a bilayered scaffold was developed, integrating both hydrophilic and hydrophobic components
to enhance wound healing properties. The fabricated scaffold consisted of an electrospun
hydrophilic sublayer composed of a pullulan/polyvinyl alcohol (PVA)/gum arabic blend,
loaded with the antibiotic gentamicin sulfate, and a solvent-casted hydrophobic top layer
composed of polylactic acid (PLA). The hydrophilic layer was designed for direct contact with
the wound to facilitate easy removal of the dressing. On the other hand, the hydrophobic PLA
layer was designed to enhance the mechanical stability of the scaffold, thereby reducing
excessive moisture loss, and provide a protective barrier against external environmental
contaminants. The antibacterial efficacy of the scaffold was demonstrated against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). The drug release studies
showed that 93.09 £+ 2.63 % of gentamicin sulfate was released in a controlled manner over 48
hrs. The release profile followed Zero-Order kinetics (R? = 0.9850), indicating a consistent and
sustained release of the antibiotic. Additionally, the scaffold exhibited a high swelling index of
611.85 + 15.05 %, confirming its superior exudate absorption capability; an essential property
for wound dressing materials. The water vapour transmission rate (WVTR) was 94.20 + 14.50
g/m?/day, while the porosity measured 70.56 £ 0.58 %, both of which fall within the acceptable
range for effective wound healing. /n vitro biocompatibility and wound healing assays using
human dermal fibroblast (HDF) cells further validated the non-cytotoxic nature of the scaffold,

confirming its safety and suitability for wound dressing applications.
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Figure 4.1 Scheme of chapter 4.

4.1 Introduction

Skin is the largest organ of the human body that acts as a protective shield, safeguarding
internal organs from outside environment [349,350]. It regulates body temperature, prevents
moisture loss, and protects against harmful pathogenic agents. The skin comprises of the
outermost layer, the epidermis, which is responsible for generating melanin for pigmentation,
shedding dead skin cells, and protecting the skin against Ultra-Violet (UV) rays. The middle
layer, the dermis, which comprises of sebaceous glands, sweat glands, blood vessels and
nerves, is responsible for thermoregulation and sensation. The deepest layer, the hypodermis,
comprises of adipose and connective tissues that insulate and cushion vital organs. Even though
the skin can withstand various environmental challenges, it is still vulnerable to injuries. This
is where the importance of wound healing comes into place. The wound healing process

includes haemostasis, which stops bleeding by clotting; followed by inflammation, during

TH-3900_206106011 [105]



Header Page of 283.

which immune cells remove waste products and release growth factors. Then proliferation
occurs, when new blood vessels are formed, and collagen builds up within the injury. Finally,
remodelling occurs during which the injured tissue matures and strengthens over weeks or
months, depending on the wound severity [351]. A schematic representation of the wound

healing process have been depicted in Figure 4.2.

A

Epidermis

A

Dermis

Hypodermis {

Collagen fiber

A

Epidermis

Dermis 1

Hypodermis

Figure 4.2 Schematic representation showing the different stages in wound healing process.

It is essential for wound dressing scaffolds to be non-cytotoxic, non-antigenic, elastic,
flexible, resistant to shear forces, permeable to gaseous exchange, and have antibacterial
properties [352,353]. Traditional foams and hydrogels are known for their high absorption
capacity, often resulting in a dry wound environment and adhering firmly to the dry surface,
making their removal uncomfortable [354]. Scaffolds fabricated using electrospinning are

better alternatives when compared with the traditional wound dressing approach in terms of
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surface area, gaseous exchange and exudate absorption [355-358]. Also, the nanofiber
scaffolds with active components can be fabricated using electrospinning [349,359,360].
Researchers reported that the structure of skin could be mimicked with the electrospun fibers
as they have an excellent extracellular matrix (ECM) analogue [353,361-363] promoting cell
growth and skin regeneration [354,364]. In addition, the porosity of the scaffold helps the
oxygen permeability, which in turn improves drug transportation, tissue regeneration and
shields against bacterial infections [360,364].

Pullulan, a biodegradable polymer synthesized through fungal fermentation of
Aureobasidium pullulans (A. pullulans), has been reported to exhibit high water absorption
capacity, excellent drug delivery and moisture retention potential [15,365]. It also possess
excellent film and fiber-forming properties, non-toxicity and biocompatibility, making it a
suitable material for various biomedical applications including wound dressing, tissue
engineering, drug and gene delivery [96,129]. Furthermore, it is known to enhance the
spinnability of electrospinning solutions by increasing viscosity, reducing surface tension and
conductivity [366]. It has been used along with other polymers to create blends or composites
for several biomedical applications [367,368]. Polyvinyl alcohol (PVA), another
biodegradable polymer, has been reported to enhance the mechanical strength and stability of
the electrospun fibers, while demonstrating excellent capacity for absorbing excess wound
exudates. Furthermore, its non-toxicity, biocompatibility, chemical resistance, and water
solubility, make it an effective carrier for hydrophilic bioactive agents. These properties also
contribute to its superior fiber-forming capacity, further supporting its role in wound care by
providing structural integrity and stability [301,369—373]. However, the poor stretchability
and high hydrophilic nature of PVA limit its applicability. This issue could be addressed by
using composite polymers in biomedical applications. Additionally, researchers have reported
improved mechanical properties of pullulan/PVA composite nanofiber [374]. Gum arabic is
another biodegradable polymer recognized for its beneficial properties in wound healing. It is
non-toxic and biocompatible, and it exhibits haemostatic, antioxidant, and hydrophilic
characteristics that support tissue repair and regeneration. It has been shown to facilitate
effective absorption of wound exudates while preserving a moist environment, which is crucial
for promoting optimal wound healing and skin regeneration [375-378]. Similarly, polylactic
acid (PLA) is recommended for various biomedical applications due to its ability to enhance
wound healing [379-382]. Furthermore, researchers reported that wounds treated using
gentamicin (an antibacterial drug) accelerated wound recovery [383]. Thus, the incorporation

of gentamicin into wound dressing scaffolds would enhance their healing efficiency and
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protect against secondary infections. Although, the efficiency of the individual materials has
been extensively documented in the literature; to the best of author’s knowledge, there is no
study reported on combining all these materials for a practical wound healing application.

Single-layered scaffolds often compromise one or more key properties, such as
moisture regulation, exudate absorption, breathability, mechanical strength, or controlled drug
release. For instance, a purely hydrophilic scaffold could absorb exudates but might be prone
to mechanical failure and adhere to the wound causing pain during dressing changes. In
contrast, a purely hydrophobic scaffold might enhance the mechanical properties but could
lead to inadequate exudate absorption and wound maceration, thereby hindering the healing
process. However, researchers have reported that bilayered wound dressing scaffolds are
highly promising for addressing the limitations associated with traditional hydrogels and
single-layered scaffolds [302,384-386]. The bilayered scaffold structure is designed after the
natural organization of healthy skin, which includes two distinct layers with specialized
functions: the epidermis (dense outer layer) and the dermis (inner layer) [387]. In contrast to
the densely structured epidermis, the dermis primarily consists of loosely organized acellular
connective tissue, incorporating collagen fibers, elastic fibers, and extracellular matrix
components [388]. The bilayered wound healing scaffolds usually comprise a hydrophilic
sublayer that simulates the properties of natural skin, facilitating cell adhesion and
proliferation. In addition to this, there is a dense hydrophobic top layer that provides structural
support and helps regulate moisture in the wound area. Additionally, this hydrophobic layer
protects the tissue from external factors, serves as an effective barrier, prevents external liquids
and microbial contaminants from penetrating the dressing, and maintains an optimal healing
environment [384,389-395].

Hence, this study addressed an electrospun gentamicin-loaded hydrophilic
pullulan/PVA/gum arabic sublayer and a solvent-casted hydrophobic top layer (or film) of
PLA fabricated to be utilized as an antibacterial bilayered wound dressing scaffold. The
hypothesis of the bilayered structure was to utilize the hydrophilic electrospun sublayer to
easily treat critical wounds and the hydrophobic solvent-casted top layer to enhance
mechanical properties of the scaffold, prevent rapid moisture loss and protect against external
environment. Moreover, impregnation of the hydrophilic layer with gentamicin would

contribute antibacterial properties to the resultant scaffold.
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4.2 Results and discussion

4.2.1 Morphological and compositional analyses

The combined effect from both the electrospun and solvent-casted layers of the fabricated
bilayered scaffold is illustrated in the cross-sectional FESEM image, as shown in Figure 4.3
(a). Additionally, the morphology of both the layers were separately observed by FESEM, as
shown in Figure 4.3 (b, ¢).

Figure 4.3 FESEM images of the fabricated scaffold showing (a) the cross-sectional view of
the bilayered structure, (b) electrospun hydrophilic layer, (¢) solvent-casted hydrophobic layer,
and (d) EDX spectra.

The electrospun layer demonstrated an average nanofiber diameter of 349 + 52 nm, as shown
in Figure 4.3 (b). The overall morphology of the nanofibers appeared smooth, continuous, and
free from bead formation, indicating a successful electrospinning process. The uniformity and
smooth morphology of nanofibrous surface would facilitate cell growth, adhesion and
proliferation, thereby enhancing the cytocompatibility and healing efficacy of the material
[396]. Additionally, the FESEM image of the solvent-casted layer (Figure 4.3 (c)) reveals a
smooth and continuous film with a homogeneous appearance. The solvent-casting process thus

appears to have resulted in an even distribution of the PLA polymer across the film surface.
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The EDX study provide information about the weight percentages of different elements present
in the scaffold, including Carbon (C), Oxygen (O), Nitrogen (N), and Sulfur (S). The weight
percentages of the elements were found to be as follows: C - 53.8 %, O - 39.6 %, N - 6.5 %,
and S - 0.1 % (Figure 4.3 (d)). The presence of N in the scaffold can be attributed to the
aminoglycosidic antibiotic (gentamicin sulfate) used. Aminoglycosides contain an amine
group, which justifies the existence of N in the scaffold. The detection of S further validates
the successful incorporation of gentamicin sulfate into the scaffold, supporting its potential

application as an antibacterial wound dressing material.

4.2.2 Analysis of thickness, swelling index and moisture content
Moisture in wounds is crucial as it enables quicker wound healing, prevents invasion by
microorganisms, and reduces the pain associated with removing wound dressings [397].
Improved absorption or retention qualities of wound dressing help efficiently absorb wound
exudates and retain moderately moist conditions over time [398]. The thickness, swelling index
and moisture content of the scaffold were determined to evaluate its exudate absorbing capacity
when used for wound dressing purpose. The thickness of the bilayered scaffold, electrospun
sublayer, solvent-casted top layer and control low density polyethylene or LDPE film (for
WVTR characterization) was measured to be 0.36 + 0.05, 0.29 £ 0.02, 0.07 £ 0.01 and 0.10 +
0.02 mm, respectively.

The scaffold was immersed in distilled water (pH 7) for a 24-hr duration to determine
the swelling index and moisture content using the formulae in equations (4) and (5),
respectively (discussed in chapter 2). The swelling index was found to initially increase with
time up to 12 hrs (from 109.11 £+ 9.07 % to 611.09 = 21.06 %), after which no significant
increase in the swelling index was observed (611.85 = 15.05 % up to 24 hrs), as shown in
Figure 4.4 (a). Notably, it has been reported in the literature that a minimum swelling index of
300 % is recommended for a super-absorbent wound dressing material [399—402]. Thus, the
scaffold presented in this study may be regarded to exhibit an excellent swelling index.
Similarly, an initial increase in the moisture content was noted with time up to 12 hrs (from
52.61 £2.96 % to 85.92 £ 1.76 %) and became nearly constant after that (85.94 = 1.86 % up
to 24 hrs), as shown in Figure 4.4 (b). Moreover, statistically significant changes were
observed in the swelling index (p < 0.01) and moisture content (p < 0.05) with respect to time.
The increase in swelling ratio and moisture content may be attributed to the hydrophilicity of

the electrospun layer comprising pullulan, PVA and gum arabic.
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Figure 4.4 Rate of change of (a) swelling index and (b) moisture content of the bilayered

scaffold with respect to time. Results are shown as mean + SD.

4.2.3 Mechanical testing

The fabricated scaffold was subjected to tensile tests to determine its mechanical strength and
integrity against external forces. Additionally, both the individual layers (electrospun layer and
solvent-casted layer) were separately tested for their mechanical properties to better understand
the significance of the bilayered structure in maintaining the strength of the resultant scaffold,
as shown in the stress-strain curves (Figure 4.5 (a)). The electrospun layer ruptured easily at
an elongation of 29.92 + 0.76 %. On the other hand, the bilayered scaffold, which included
both the electrospun and the solvent-casted layers, demonstrated excellent durability and
sustained elongation up to 91.74 &+ 1.16 % before rupturing. The bilayered scaffold had a higher
tensile strength (25.12 £ 0.27 MPa) than the electrospun layer (21.55 £ 0.42 MPa), as listed in
Table 4.1. The solvent-casted PLA layer demonstrated tensile strength of 35.82 + 0.12 MPa,
Young’s modulus of 12.83 + 0.15 MPa and elongation at break of 63.52 + 2.31 %, which are
similar to previously reported studies [403]. It was observed that without the solvent-casted
layer, the tensile strength of the electrospun layer alone was comparatively lower. Thus, the
solvent-casted PLA layer enhanced the mechanical strength of the fabricated scaffold.
Mechanical properties of wound dressing materials are considered satisfactory within the
ranges desirable for normal skin in terms of the tensile strength (5 to 30 MPa), Young's
modulus (4.6 to 20 MPa), and percentage of elongation (35 to 115 %) [404—406]. Therefore,

the fabricated bilayered scaffold meets the requirement for substantial mobility of a wound
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dressing material. Furthermore, the incorporation of PLA has been reported to enhance
mechanical properties of scaffold by several researchers [379,380]. Notably, it was observed
that the bilayered scaffold demonstrated higher elongation at break than that of electrospun
layer and solvent-casted layer. This may be attributed to the fact that the bilayered scaffold
benefitted from the combined mechanical properties of both the electrospun layer and solvent-
casted layer. The porous electrospun layer typically showed high flexibility and an ability to
deform before breaking due to the nature of its fibrous network. The solvent-casted layer, on
the other hand, being more dense, provided rigidity. Both the layers together formed a
complementary structure where the electrospun layer provided flexibility, and the solvent-
casted layer enhanced strength, resulting in a scaffold with improved overall elongation at

break.

Table 4.1 Mechanical properties of the electrospun layer, bilayered scaffold and the solvent-

casted layer.

Layer/Scaffold Tensile strength Young's modulus | Elongation at break
(MPa) (MPa) (%)
Electrospun layer 21.55+0.42 1.68 + 0.85 29.92 +£0.76
Bilayered scaffold 25.12+0.27 6.79 + 1.24 91.74+ 1.16
Solvent-casted layer 35.82+£0.12 12.83 £0.15 63.52 £2.31
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Figure 4.5 (a) Stress-strain curve of bilayered scaffold, electrospun layer and solvent-casted
layer. Bar graphs showing statistical differences of bilayered scaffold, electrospun layer and

solvent-casted layer in: (b) tensile strength, (¢) Young’s modulus, and (d) elongation at break.

Results are shown as mean + SD.

As the bilayered scaffold underwent stretching, the fibrous network of the electrospun

layer extended and redistributed the applied stress, while the solvent-casted layer provided
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structural support. This interaction allowed the scaffold to withstand more strain before
breaking, leading to a higher elongation at break compared to either layer alone. In the present
study, the differences in mechanical properties were statistically significant in case of bilayered
scaffold, electrospun layer and solvent-casted layer. Additionally, the differences in tensile
strength and elongation at break were statistically highly significant (p < 0.0001), as shown in
Figure 4.5 (b, d) respectively. However, in case of Young’s modulus, as shown in Figure 4.5
(c), the difference was statistically highly significant (p < 0.0001) when comparing the
electrospun layer to the solvent-casted layer, and relatively less significant (p < 0.001) when
comparing the electrospun layer to the bilayered scaffold, and the bilayered scaffold to the

solvent-casted layer.

4.2.4 Surface wettability and WVTR

The surface wettability or hydrophilicity of wound dressings enable better absorption of
exudates and maintain an optimum moist environment at the wound site, thereby accelerating
the wound healing process [407,408]. Moreover, the surface hydrophilicity enhances the
cytocompatibility of the material by facilitating the cell growth, attachment and proliferation
[409]. For effective wound healing, an adequate hydrophilicity is very essential for the surface
of wound dressing, that is to be in direct contact with the wound site [410]. Researchers have
reported that surfaces with contact angle less than 65° are considered hydrophilic and those
above 65° are considered hydrophobic [411,412]. The water contact angles of both the
electrospun and solvent-casted layers of the fabricated scaffold were separately measured until
they became constant after 60 secs (Figure 4.6 (a, b)).

The electrospun layer of the scaffold, that is to be in direct contact with the wound site,
was made of a pullulan/PVA/gum arabic blend, each containing abundant -OH groups within
their structures. These —OH groups facilitate the formation of extensive hydrogen bonding (—
OH:--O-) within the layer, resulting in a highly hydrophilic surface. When a water droplet is
placed on the hydrophilic surface, it is rapidly absorbed due to the strong affinity between the
water molecules and the —OH groups. As a result, the contact angle is relatively low, measuring
approximately 63.53° = 2.01° to 45.82° + 1.99° within a duration of 0 to 60 secs (Figure 4.6
(a)). The decrease in contact angle indicates that the water droplet spreads out and is readily
absorbed by the hydrophilic electrospun layer. The change in contact angle after 60 secs when
compared to that at 0 sec was highly significant (p < 0.0001). Additionally, when the contact
angle after 60 secs was compared to that after 30 secs, and after 30 secs to that at 0 sec, a

statistically significant difference (p < 0.01) was observed in each case (as shown in Figure 4.6
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(a)). This is because the contact angle changes significantly over time due to the high affinity
of the hydrophilic layer towards water. Notably, it has been reported that a water contact angle
within the range of 40° to 70° is considered suitable for wound dressing applications [307].
Thus, the observed hydrophilicity of the electrospun layer (45.82° £ 1.99° contact angle) can

significantly enhance cytocompatibility and wound healing efficacy of the scaffold.

Figure 4.6 Bar graphs showing the statistical analysis of (a) contact angle for the hydrophilic
layer, (b) contact angle for the hydrophobic layer of the scaffold, and (¢) WVTR comparing
the bilayered scaffold and its individual layers with the control (LDPE film). Results are shown

as mean + SD.
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In contrast, the solvent-casted layer made of PLA does not contain the same abundance
of —OH groups and hydrogen bonding capabilities as the hydrophilic layer. Consequently,
when a water droplet is placed on the solvent-casted layer, it is less readily absorbed, leading
to a higher contact angle of approximately 79.62° + 1.37° to 74.59° &+ 2.27° within a duration
of 0 to 60 secs (Figure 4.6 (b)). Additionally, the contact angle results obtained for the PLA
film is similar to the literature [413,414]. The higher contact angle indicates that the water
droplet remains more localised and does not quickly spread or absorb into the solvent-casted
layer. In this case, the change in contact angle after 60 secs when compared to that at 0 sec was
statistically significant (p < 0.05). However, when the contact angle after 60 secs was compared
to that after 30 secs, and after 30 secs to that at O sec, the difference was statistically non-
significant (ns) in each case (Figure 4.6 (b)). This is because the contact angle changes slightly
over time due to the surface hydrophobicity of this layer.

WVTR is another important parameter to determine the efficacy of wound dressing
scaffolds. It helps in moisture regulation at the wound surface by enabling water vapour
passage through the scaffold [415]. Moreover, wound dressings with a high value of WVTR
cause dryness at the wound surface due to rapid moisture loss; whereas, those with low WVTR
values cause accumulation of exudates, thereby slowing down the healing process [416,417].
Thus, maintaining an optimum WVTR is essential for accelerated wound healing. In the
present study, the WVTR of the pure LDPE film control group was 19.70 + 1.10 g/m?/day,
which is similar to previously reported study [418]. Notably, the solvent-casted PLA top layer
despite being dense and non-porous, still allowed small amounts of water molecules to diffuse
through it, with a WVTR of 78.24 + 1.02 g/m?/day (Figure 4.6 (¢)), which aligns with values
reported in prior studies [419]. This is especially due to its low thickness (0.07 £ 0.01 mm) and
semi-crystalline structure, which helped to minimize water loss by maintaining the WVTR and
moisture levels suitable for wound healing. This may be attributed to the fact that when PLA
is cast as a thin film, the diffusion pathway for moisture is relatively short, thereby increasing
the rate of moisture permeability through the material. Wound healing scaffolds with WVTR
ranging from 76 to 9360 g/m?/day have been reported to possess faster healing characteristics
[420,421]. In the present study, the WVTR of the bilayered scaffold, electrospun layer and
solvent-casted layer was found to be 94.20 + 14.50, 128.53 + 9.76 and 78.24 + 1.02 g/m?/day,
all of which lie within the permissible range for materials used in wound dressing. As shown
in Figure 4.6 (c), the fabricated bilayered scaffold and the electrospun layer exhibited
statistically highly significant differences in WVTR (p < 0.0001) compared to the control
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LDPE film. In contrast, the solvent-casted layer showed a relatively less significant difference

(p <0.001) compared to the control LDPE film.

4.2.5 Porosity

Efficient exchange of nutrients, gases and waste products through the pores of dressing
materials is essential for effective wound healing. A porous biomaterial enhances fibroblast
adhesion, proliferation, and mobility, while also facilitating the exchange of micronutrients,
the delivery of therapeutic agents, and the absorption of exudate at the wound site [422]. As
depicted in Figure 4.7, the electrospun nanofibrous layer demonstrated significant porosity
(86.98 £ 1.22 %), which contributed to a high surface area-to-volume ratio that supported

fibroblast interaction and migration.

Figure 4.7 Bar graphs representing statistical difference in porosity between the electrospun

layer and the bilayered scaffold. Results are shown as mean + SD.

This high porosity may be attributed to the porous architecture of the layer generated by
electrospinning that led to random alignment of nanofibers, creating interconnected voids that
enhanced cellular mobility, nutrient diffusion, and exudate management. However, the
bilayered scaffold, which included an additional non-porous solvent-casted PLA top layer,
exhibited a reduced overall porosity (70.56 £ 0.58 %). This lower porosity may be attributed
to the dense and hydrophobic nature of the PLA layer. Notably, it has been reported that wound

dressing scaffolds with a porosity range of 60-90 % enhances cellular interactions and
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facilitates the effective exchange of biomolecules, proteins, and growth factors, which
promotes fibroblast proliferation and migration essential for wound healing [355,423,424].
Although the difference in porosity between the electrospun layer and the bilayered scaffold
was statistically highly significant (p < 0.0001), as shown in Figure 4.7, both structures
demonstrated adequate porosity for use in wound healing applications. Additionally, the non-
porous solvent-casted PLA top layer also allowed diffusion of water molecules through it, as
evident from its WVTR (shown in Figure 4.6 (c)). This further indicates that the fabricated
bilayered scaffold effectively maintained a balance between porosity and barrier properties,

without comprising the overall wound healing process.

4.2.6 Analysis of antibacterial activity
The antibacterial activity of the scaffold was determined using disc diffusion method, as
reported by Bonadies et al. [425]. For each sample disc (fabricated scaffold cut into circular

shapes), the diameters of the inhibition zone were measured.

Figure 4.8 Images showing zones of inhibition around the bilayered scaffold and gentamicin
control, against (a) S. aureus and (b) E. coli. Additionally, (¢) bar graphs representing
statistical differences between the zones of inhibition around the bilayered scaffold and

gentamicin control, against S. aureus and E. coli. Results are shown as mean = SD.
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These zones appear as clear areas around the sample discs, indicating the effectiveness of the
drug-loaded bilayered scaffold in inhibiting bacterial growth. The antibacterial activity was
attributed to gentamicin sulfate incorporated into the scaffold. The mean diameters of the zone
of inhibition around the scaffold were 15.38 + 0.12 mm against S. aureus and 19.18 £ 0.28 mm
against E. coli. In addition, those around the gentamicin control were 24.01 + 0.02 mm against
S. aureus and 29.44 + 0.20 mm against E. coli (Figure 4.8 (a, b)). The inhibition zone around
the scaffold when compared to that around the gentamicin control was statistically highly
significant (p < 0.0001) against both S. aureus and E. coli (as depicted in Figure 4.8 (c)). The
results demonstrate that the fabricated bilayered scaffold showed significant antibacterial
activity against S. aureus and E. coli, as evidenced by the measured zone of inhibition

diameters.

4.2.7 In vitro degradation study

The in vitro hydrolytic degradation study of the bilayered scaffold was conducted to assess its
stability when in contact with the wound surface. The scaffold was found to undergo
degradation after immersion in PBS, as shown in the FESEM images and weight loss (rate of
degradation) data in Figure 4.9. For calculating the degradation rate, the weight loss was
monitored at specific time intervals (Figure 4.9 (c)). In the case of electrospun layer, the
diameter of the nanofibers increased during degradation compared to their initial size. This
indicates that the bilayered scaffold underwent degradation in PBS. Despite the increase in
diameter from 349 + 52 nm (Figure 4.3 (b)) to 583 + 78 nm (Figure 4.9 (a)), the nanofibers
retained their fibrous structure even after 7 days of degradation. This suggests that the
nanofibers possessed favourable biodegradability and dimensional stability, making them
applicable to tissue engineering applications [426]. However, no significant changes were
noted in the FESEM image of the PLA layer after 7 days of PBS immersion (Figure 4.9 (b)) as
compared to that before immersion (Figure 4.3 (c)). Notably, no layer separation was observed
in the case of the bilayered scaffold upon its immersion in PBS. In order to better understand
the degradation of the two layers, the degradation analysis was conducted for the bilayered
scaffold and the two individual layers separately. Additionally, the weight loss assessment was
conducted to quantitatively determine the extent of degradation. This data was obtained by
assessing the weight of the material before and after degradation; thus, the difference indicated
the material lost due to degradation in PBS. As shown in Figure 4.9 (c), the electrospun layer
experienced weight losses of 11.85 = 0.77 %, 26.95 £ 1.74 %, 37.54 + 1.20 %, and 63.76 +
2.35 % on the 1%, 37, 5% and 7" day post-PBS immersion. In contrast, the solvent-casted PLA
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layer showed much slower degradation, with weight losses of 0.07 = 0.01 %, 0.28 £ 0.03 %,
0.56 = 0.53 %, and 0.87 £+ 0.43 % over the same period.

Figure 4.9 FESEM images of (a) electrospun layer and (b) solvent-casted layer, after 1%, 3™,
5t and 7" days of degradation in PBS, respectively. Additionally, (c¢) the graphical
representation illustrates the rate of weight loss of electrospun layer, solvent-casted layer and

bilayered scaffold, after immersion in PBS. Results are shown as mean + SD.

Additionally, the weight loss of the PLA layer is similar to previously reported study
[427]. On the other hand, the bilayered scaffold exhibited weight losses of 10.07 = 1.17 %,
24.53 £2.01 %, 32.65 + 0.74 %, and 54.88 £ 2.00 % over the same duration. The weight loss
of the bilayered scaffold with respect to the electrospun layer was statistically non-significant
(ns) on the 1% and 3" day, and statistically significant (p < 0.05) on the 5" and 7" day of

degradation. However, with respect to the solvent-casted layer, the weight loss rate of the
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scaffold was statistically significant throughout the tested period of degradation, p < 0.01 on
the 1%t and 3" day, and p < 0.0001 on the 5" and 7" day, as shown in Figure 4.9 (c). The rapid
weight loss in the case of the electrospun layer could be related to the hydrophilicity of pullulan,
PVA and gum arabic [428]. Furthermore, the hydrophilicity of polymers accelerate the weight
loss by building up osmotic pressure in the scaffold [429,430]. However, the weight loss of the
bilayered scaffold was comparatively lower than that of the electrospun layer. This may be
attributed to the incorporation of the hydrophobic PLA layer in the bilayered scaffold.
Similarly, the least weight loss observed in the case of the solvent-casted PLA layer may be
due to the hydrophobic nature of PLA. In the present study, the cell adhesion test performed
on the fabricated bilayered scaffold demonstrated adequate cell growth and proliferation within
3 days (72 hrs), as depicted in Figure 4.10 (c). Notably, the corresponding weight loss of the
scaffold was 24.53 +£2.01 % up to the 3™ day of degradation. Thus, the outcomes indicate that
the rate of degradation exhibited by the scaffold could be considered as optimum and

acceptable, with respect to the observed cell proliferation and cytocompatibility.

4.2.8 In vitro biocompatibility analysis of the bilayered scaffold

4.2.8.1 Haemolytic index

Determination of haemocompatibility is essential for assessing the safety of the fabricated
scaffold on red blood cells (RBCs) [303]. The fabricated bilayered scaffold was tested for its
haemolytic activity on healthy human peripheral blood, as shown in Figure 4.10 (a). In
comparison to the positive control, which exhibited 100 % haemolysis, the bilayered scaffold
exhibited 0.52 £+ 0.30 % haemolysis. The difference in haemolytic index of the scaffold with
respect to the positive control was statistically highly significant (p <0.0001). These outcomes
indicate that the observed haemoglobin concentration was low, suggesting that a very less
number of erythrocytes (RBCs) were disrupted. Additionally, Pandey et al. [303] reported that
materials showing less than 2 % haemolysis are non-haemolytic, whereas those exceeding this
threshold are considered haemolytic. Thus, these results indicate the haemocompatibility of the

fabricated bilayered scaffold, an essential criterion for use in wound healing applications [431].

4.2.8.2 Cell viability

The fabricated bilayered scaffold was made of pullulan, PVA, gum arabic, and PLA, which are
non-cytotoxic. Still, the in vitro cytotoxicity study of the bilayered scaffold was conducted to
ensure its biocompatibility after its fabrication. The viability of HDF cells on the fabricated

bilayered scaffold was analysed using an MTT assay. The relative percentage of cell viability
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on the bilayered scaffold after 24, 48, and 72 hrs was 85.56 = 4.63 %, 89.35 + 3.15 %, and
93.95 +2.67 %, respectively.

Figure 4.10 (a) Human blood treated with the bilayered scaffold, PC and NC for haemolysis
assay and its statistical analysis, (b) relative viability percentage of the HDF cells on the
bilayered scaffold after 24, 48, and 72 hrs of cell seeding and, (¢) effect of the fabricated

bilayered scaffold on HDF cell adhesion. Results are shown as mean & SD.

The relative cell viability percentage on the bilayered scaffold when compared to control
showed statistically significant difference (p < 0.01) after 24 hrs. However, it was found to be
statistically non-significant (ns) after 48 and 72 hrs, as the viability percentage of cells on the
bilayered scaffold increased over time. On the other hand, the relative viability percentage of
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cells in the case of control and poly-D-lysine coated wells being almost equal, the differences
among them were found to be statistically non-significant (ns) in all the cases, as represented
in Figure 4.10 (b). All the relative cell viability exceeded 75 %, indicating that none of them
displayed significant cytotoxicity based on the cytotoxicity grading criteria [432]. Notably, the
criteria for grading cytotoxicity states that cell viability above 75 % is non-cytotoxic, and
values between 50% and 74% are regarded as slightly toxic. Viability between 25% and 49%
suggests moderate toxicity, while viability less than 24% denotes high toxicity [433].
Furthermore, substances are regarded as non-cytotoxic if their cell viability is atleast 75% of

the control group, as per ISO10993-5:2009 criteria [434—437].

4.2.8.3 Cell adhesion study

To assess the adhesion property of the HDF cells on the fabricated bilayered scaffold, the cells
were incubated into the wells containing the scaffold, the control wells, and those coated with
poly-D-lysine. The images were collected after three different time intervals of seeding (24,
48, and 72 hrs). The cells have shown similar adhesion on the bilayered scaffold as that in the
poly-D-lysine coated wells and the control wells, as shown in Figure 4.10 (c). Thus, the results
indicate that the fabricated bilayered scaffold allows adequate cell adhesion and proliferation,

and hence is non-cytotoxic to the HDF cells.

4.2.9 In vitro biocompatibility analysis of the individual layers of the scaffold

It was observed that both the layers individually demonstrated cell viability of more than 75 %
(Figure 4.11 (a)) and supported HDF cell adhesion and proliferation (Figure 4.11 (b)), thereby
indicating their non-cytotoxic nature. The relative cell viability percentage on the electrospun
and solvent-casted layers of the scaffold when compared to control showed statistically
significant difference (p < 0.001) after 24 and 48 hrs. However, after 72 hrs, it was found to be
statistically non-significant (ns) for electrospun layer and relatively less significant (p < 0.05)
for the solvent-casted layer, as the cell viability percentage on both the layers increased over
time. On the other hand, the relative viability percentage of cells in the case of control and
poly-D-lysine coated wells being almost equal, the differences among them were found to be

statistically non-significant (ns) in all the cases, as represented in Figure 4.11 (a).
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Figure 4.11 (a) Relative viability percentage of the HDF cells on the electrospun layer and
solvent-casted layer of the bilayered scaffold after 24, 48, and 72 hrs of cell seeding and, (b)
effect of the electrospun layer and solvent-casted layer on HDF cell adhesion. Results are

shown as mean = SD.

4.2.10 In vitro wound healing analysis of the bilayered scaffold

Fibroblasts play a crucial role in wound healing by constricting the wound and forming new
collagen and ECM structures, which support other cells involved in wound healing or closure
[438]. To determine the cell migration or wound healing potential of the fabricated bilayered
scaffold, an in vitro scratch assay was conducted to mimic cell migration during the wound

healing process. Briefly, a gap was created in a cell monolayer, and the migration of cells into
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this gap was observed. The rate of cell migration was then quantified from the captured images,

expressed as the percentage of wound closure, as reported in prior studies [439].

Figure 4.12 (a) Bilayered scaffold showing better wound healing activity compared to control,

and (b) Statistical analysis of wound closure rate. Results are shown as mean = SD.

The images of in vitro scratch assay performed on HDF cells at specific time intervals (0, 12,
24 and 48 hrs) post-injury, demonstrated the wound healing capabilities of the cells treated
with the fabricated bilayered scaffold as compared to those of the untreated (control) cells, as
shown in Figure 4.12 (a). All the images illustrate the gradual progression of wound closure in
scratch-injured HDF cells. It was observed that cells treated with the bilayered scaffold
exhibited improved wound closure compared to the untreated cells, where the wound healing
process was relatively slow. As observed in Figure 4.12 (b), at initial time points (12 and 24

hrs) post-injury, the relative wound closure percentages in treated cells were comparable to
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those in the control group, with no statistically significant difference (ns). However, by the 48-
hr time point, a statistically significant difference (p < 0.001) was observed, where the relative
wound closure in the treated cells (71.15 £ 1.62 %) was significantly higher than that of the
control (52.55 = 1.79 %). The results demonstrate the effectiveness of the bilayered scaffold in
accelerating wound healing, confirming its potential as a suitable material for promoting cell

migration and wound closure, which are essential for wound healing applications.

4.2.11 In vitro wound healing analysis of the individual layers of the scaffold

The scratch assay was separately performed on each of the individual layers of the bilayered
scaffold to investigate their healing potential. As depicted in Figure 4.13, the electrospun layer
exhibited a better wound healing potential (or wound closure rate) compared to the solvent-
casted layer. Moreover, the wound closure rate of the electrospun layer was similar to that of
the bilayered scaffold, while that of the solvent-casted layer was close to that of the control (as
shown in Figure 4.12). The observed wound closure rates may be attributed to the inherent
properties and design purposes of each layer in the bilayered scaffold. The electrospun
hydrophilic layer, composed of pullulan/PVA/gum arabic, is designed to contact the wound
directly, creating a moist environment that facilitates cell proliferation and migration. Its
porosity and hydrophilicity enhance cellular attachment and proliferation, critical for wound
healing, while the embedded gentamicin provides antibacterial action, preventing infection and
supporting tissue regeneration. This layer alone achieves a wound closure rate comparable to
that of the full bilayered scaffold, as it independently creates an optimal healing environment.
In contrast, the PLA layer functions as a protective, hydrophobic barrier that strengthens the
scaffold and reduces moisture loss, rather than directly encouraging cell proliferation. Its dense,
non-porous structure limits cellular interactions and nutrient transfer, resulting in a closure rate
similar to that of the control, as it lacks the regenerative properties of the electrospun layer.
Additionally, the differences in wound closure rate of both the layers was found to be
statistically significant (p < 0.01) at initial time points (12 and 24 hrs) post-injury, and
statistically highly significant (p < 0.0001) by the 48-hr time point, as represented in Figure
4.13 (b).
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Figure 4.13 (a) Electrospun layer showing better wound healing activity compared to solvent-
casted layer, and (b) Statistical analysis of wound closure rate of the layers. Results are shown

as mean + SD.

4.2.12 Confirmation of glutaraldehyde crosslinking of electrospun layer by FTIR

Figure 4.14 depicts the FTIR spectra of the pullulan/PV A/gum arabic nanofibrous layer before
and after glutaraldehyde crosslinking. The peaks at around 3200-3500 cm™! corresponds to the
O-H stretching vibrations, from pullulan, PVA and gum arabic. This broad peak indicates
hydrogen bonding, which is typically present in hydrophilic polymers. As depicted in Figure
4.14, after glutaraldehyde crosslinking, the intensity of this peak decreased due to the reduction
of free hydroxyl (—OH) groups, as some —OH groups from pullulan, PVA and gum arabic
participate in crosslinking with aldehyde (~CHO) groups of glutaraldehyde, forming acetal
linkages [440—442].
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Figure 4.14 FTIR spectra of the pullulan/PVA/gum arabic electrospun nanofibrous layer

before and after glutaraldehyde crosslinking.

Peaks in the 2800-3000 cm™ range corresponds to the C—H stretching vibrations of aliphatic
chains present in the polymers. Peaks at around 1649 and 1637 cm™ may be attributed to O-H
bending vibrations associated with bound or absorbed water within the hydrophilic polymers
(pullulan, PVA and gum arabic). The peaks at 1416 cm™, 1352 cm™, and 1327 cm™* are likely
due to the vibrational CH3 or CH> groups, while peaks at 1084 cm™ and 1008 cm™ correspond
to the C—O stretching within C—O—C groups in pullulan and gum arabic. These finding are
consistent with those reported in prior studies [434,442]. Additionally, the peak at 1719 cm™
in the crosslinked sample spectrum may be attributed to the C=O stretching vibration. The
introduction of carbonyl (C=0) groups by glutaraldehyde in this region confirms successful
crosslinking, as reported in prior studies [440—442]. Therefore, the reduction in O—H stretching
intensity alongside the introduction of carbonyl (C=0) group in the crosslinked sample

indicates successful glutaraldehyde crosslinking. After crosslinking, slight shifts and changes

TH-3900_206106011 [128]



Header Page of 283.

in peak intensities were observed which may be attributed to the alterations in molecular

structure due to the formation of new bonds.

4.2.13 Impact of glutaraldehyde crosslinking on HDF cell viability

The cell viability on the electrospun layer before and after crosslinking was determined, and
the results have been depicted in Figure 4.15. Prior to glutaraldehyde crosslinking, the viability
percentage was found to be slightly higher than that observed after crosslinking. The slight
decrease in cell viability after crosslinking may be attributed to the cell apoptosis caused by
residual glutaraldehyde [443]. However, in both the cases, the viability was found to be more
than 75 %, indicating the non-cytotoxic nature of the electrospun layer irrespective of
crosslinking. Additionally, the differences in relative cell viability percentage before and after
crosslinking were found to be statistically non-significant (ns). This indicates that although the
presence of glutaraldehyde demonstrated slightly reduced viability, it maintained around 90.82
+ 2.77 % cell viability even after 72 hrs and hence could be regarded as non-cytotoxic
according to the cytotoxicity grading criteria [433—437]. In this study, 25 % aqueous
glutaraldehyde was used at a concentration of 2 % v/v in the 5 mL electrospinning solution.
Prior studies have reported that this concentration is non-cytotoxic [444], thus confirming that
the crosslinking process did not significantly affect cell viability or the overall non-cytotoxic

nature of the electrospun layer.

Figure 4.15 Relative viability percentage of the HDF cells on the electrospun layer before and
after glutaraldehyde crosslinking.

TH-3900_206106011 [129]



Header Page of 283.

4.2.14 In vitro release profile and kinetic analysis of gentamicin sulfate

As depicted in Figure 4.16 (a), the CDR percentage over time graph shows a steady and
controlled release of gentamicin sulfate over 48 hrs, with approximately 93.09 + 2.63 % of the
drug released cumulatively by the end of this period. This observation is highly noteworthy as
it corresponds to the established medical guideline of changing wound dressings every 1-2 days
for optimal wound healing. The differences in CDR percentages were statistically significant
(p <0.001) throughout 48 hrs. Notably, there was no initial burst release, which indicates the
uniform distribution of the polymeric matrix throughout the scaffold. This further reflects the
controlled release behaviour attributed to the bilayered scaffold design. The hydrophilic
pullulan/PVA/gum arabic nanofibrous sublayer likely provides a gradual and consistent drug
diffusion rate, while the hydrophobic PLA top layer serves as a protective barrier against the
external environment, reducing moisture loss and preventing external contamination. The
controlled drug release pattern is particularly recommended when dealing with critical wounds,
where continuous delivery of medication and prolonged antibacterial activity are essential for
effective treatment. This release pattern would also help maintain therapeutic drug levels at the
wound surface, thereby helping in better tissue regeneration and reducing the risk of infection.
Additionally, this would also help in efficiently minimizing the side effects caused by the drug
[445]. Notably, gentamicin sulfate has been reported as one of the most widely used antibiotic
in controlled drug release systems, due to its solubility and stability at high temperature
conditions [305].

Different release models were used to represent the in vitro release kinetics of
gentamicin sulfate in PBS solution, as shown in Figure 4.16 (b—f). The regression coefficients
obtained from each drug release kinetic model help to describe their release behaviour. Higher
coefficient values (close to 1) indicate better fitting accuracy for a particular model. These
coefficient values help to understand the release kinetics and to select the most appropriate
model for further analysis and formulation optimisation. A tabular representation of the CDR
kinetics mathematical modelling data is depicted in Table 4.2.

The Zero-Order model, which exhibited the highest R? value (0.9850), demonstrated
that the release rate of gentamicin sulfate is independent of its concentration. This further
indicates a steady release of the drug over time, which is suitable for maintaining consistent
therapeutic levels. This observation aligns with the controlled release mechanism where the
rate of drug release is constant and not influenced by the remaining drug concentration in the
medium. The First-Order model plot (log (% remaining drug) vs. time) depicted a lower R?

value of 0.8938, indicating a poorer fit compared to the Zero-Order model. This suggests that

TH-3900_206106011 [130]



Header Page of 283.

the drug release is less influenced by the remaining drug concentration in the scaffold, further
supporting the Zero-Order model conclusion of a controlled release mechanism. This is crucial
for wound dressings to maintain a consistent drug level without rapid depletion. The Hixson-
Crowell model, which accounts for changes in surface area and particle diameter during drug
release, yielded a moderate fit (R? = 0.8666). This indicates that some level of surface erosion
might have contributed to the drug release, likely due to gradual structural changes in the
hydrophilic nanofiber layer as it absorbs PBS and releases gentamicin sulfate. However, the fit
is not as strong as the Zero-Order or Higuchi models, suggesting that erosion is not the primary
release mechanism. The Korsmeyer-Peppas model, with an R? of 0.9825, describes drug
release behaviour and can indicate the release mechanism via the diffusion exponent (n value).
In the present study, n = 1, which implies non-Fickian or anomalous transport, which typically
indicates that the release mechanism is governed by polymer swelling and/or relaxation
mechanisms [446,447]. This further supports the hypothesis that polymer swelling and/or
relaxation could be influencing the release profile, as the drug release is not purely diffusion-
controlled (Fickian) but instead aligns with a more complex, controlled release behaviour. The
Higuchi model, with an R? 0 0.959, is commonly associated with release from a porous matrix,
where the drug release is proportional to the square root of time, indicating diffusion control.
While the model provides a reasonably good fit, the slightly lower R? value compared to the
Zero-Order and Korsmeyer-Peppas models suggest that the release is not influenced by simple
diffusion alone.

Among all models, the Zero-Order model had the highest R? value, suggesting that the
gentamicin sulfate release demonstrated a Zero-Order kinetic profile, which is indicative of
concentration-independent release. This finding is further supported by the Korsmeyer-Peppas
model results (n = 1), which indicate non-Fickian behaviour. This means the release
mechanism involves both diffusion and polymer chain relaxation or swelling, aligning with a
controlled-release system that can maintain steady drug levels over time. This release pattern
is beneficial for wound healing applications, as it maintains a consistent antibacterial effect
over time, avoids initial burst release, and minimizes the need for frequent dressing changes,

thereby improving the healing outcomes.
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Table 4.2 Cumulative gentamicin sulfate release kinetics mathematical modelling.

Time | Cumulative % Square log (% log log ( Q[) ( Qo _ Q,)
(hrs) gentamicin Remaining root of Remaining (Time) (Cumulative
sulfate gentamicin time gentamicin gentamicin
release % sulfate sulfate) sulfate
release %)
2 1.98 98.02 1.414 1.991315 0.30103 0.297396 0.05 2.45
4 3.18 96.82 2 1.985965 0.60206 0.503564 0.08 2.42
6 4.72 95.28 2.449 1.979002 0.778151 0.673942 0.118 2.382
8 9.96 90.04 2.828 1.954435 0.90309 0.998477 0.249 2.251
10 14.85 85.15 3.162 1.930185 1 1.171873 0.371 2.129
12 19.75 80.25 3.464 1.904445 1.079181 1.295677 0.494 2.006
14 25.55 74.45 3.741 1.871865 1.146128 1.407504 0.639 1.861
16 31.82 68.18 4 1.833657 1.20412 1.502791 0.796 1.704
18 39.32 60.68 4.242 1.783046 1.255273 1.594706 0.983 1.517
24 47.29 52.71 4.898 1.721893 1.380211 1.674846 1.182 1.318
28 56.53 43.47 5.291 1.63819 1.447158 1.752343 1.413 1.087
32 66.25 33.75 5.656 1.528274 1.50515 1.821208 1.656 0.844
36 76.22 23.78 6 1.376212 1.556303 1.882116 1.906 0.594
38 86.01 13.99 6.164 1.145818 1.579784 1.934583 2.15 0.35
40 92.18 7.82 6.324 0.893207 1.60206 1.964676 2.305 0.195
48 93.09 6.91 6.928 0.839478 1.681241 1.968903 2.327 0.173
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Figure 4.16 (a) Release pattern of gentamicin sulfate from the scaffold. Additionally, the
release data are fitted into: (b) Zero-Order, (c¢) First-Order, (d) Hixson-Crowell, (e)

Korsmeyer-Peppas, and (f) Higuchi models. Results are shown as mean + SD.
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4.3 Summary

The significance of wound dressings lies in their ability to provide multiple advantages, for
example promoting tissue regeneration, lowering the risk of infection, and reducing the
frequency of dressing replacements. The bilayered scaffold prepared in this study is designed
to address the issues with conventional wound dressings that cause potential scarring and
patient discomfort during removal from the wound surface. It would help in tissue repair by
preventing scarring of wound surface. It showed significant antibacterial activity against S.
aureus and E. coli, which confirms the successful incorporation of gentamicin sulfate. Ensuring
homogeneous and controlled drug distribution within the electrospun layer is essential to
maintain consistent antibacterial performance. The drug release profile followed a Zero-Order
controlled mechanism, ensuring that the drug remains within therapeutic concentrations for a
prolonged period, thereby improving efficacy and minimizing adverse effects. The scaffold
exhibited a haemolytic index of 0.52 + 0.30 %, which lies within the permissible limit of 2 %,
thus confirming its haemocompatible nature towards human RBCs. Additionally, it was
biocompatible and non-cytotoxic to HDF cells with 93.95 £+ 2.67 % cell viability even after 72
hrs, facilitating cell adhesion and proliferation. Furthermore, the in vitro wound healing assay
conducted on HDF cells demonstrated its enhanced wound healing properties. The scaffold
exhibited a moisture content of 85.94 + 1.86 % and swelling index of 611.85 £+ 15.05 % up to
24 hrs immersion in distilled water, which indicates its excellent moisture retention and exudate
absorbing capacity. The WVTR and porosity were measured as 94.20 + 14.50 g/m?/day and
70.56 + 0.58 %, respectively, both falling within the permissible range for wound healing. This
balance between porosity and barrier function ensured adequate permeability for air exchange
and moisture regulation while maintaining effective wound protection. Additionally, the in
vitro degradation study conducted in PBS solution showed favourable biodegradability, with
54.88 + 2.00 % degradation over 7 days, indicating that the scaffold is a viable material for

wound dressing applications.
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CHAPTER 5

PREPARATION OF PULLULAN/PLGA DUAL DRUG-LOADED CORE/SHEATH
NANOFIBERS BY COAXIAL ELECTRO-CENTRIFUGAL SPINNING AND THEIR
IN VITRO CYTOTOXIC EFFICACY TOWARDS MELANOMA CELLS

Motivation
Melanoma is a highly aggressive skin cancer that often requires combination therapy to
improve treatment outcomes. Delivering two drugs simultaneously in a controlled manner can
enhance therapeutic effects and reduce drug resistance. However, producing nanofibers
capable of efficiently encapsulating and releasing both hydrophilic and hydrophobic drugs
remains challenging, especially using conventional coaxial electrospinning methods, which
often face issues like nozzle clogging. This study was motivated by the need for a simple yet
effective drug delivery system. By using an in-house developed coaxial electro-centrifugal
spinning (ECS) technique, dual drug-loaded pullulan/PLGA core/sheath nanofibers were
fabricated and tested for their basic cytotoxic effect against melanoma cells through an in vitro
cytotoxicity assay. The results provide a foundation for further exploration of these nanofibers

in cancer treatment applications.

The work in the chapter has received the scientific recognition as follows:

Das, K., Xu, H., Gu, J., Sakurai, S., Tiwari, V., Banerjee, S.K. and Katiyar, V., 2025. Coaxially
Electrocentrifugally Spun Ciprofloxacin/Paclitaxel-Loaded Pullulan/PLGA Core/Sheath
Nanofibers and Their In Vitro Cytotoxic Efficacy Toward Melanoma Cells. Journal of Applied
Polymer Science, p.e56759.
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Abstract
The study focuses on the fabrication and characterization of ciprofloxacin (CIP)/paclitaxel
(PTX)-loaded pullulan/poly(lactic-co-glycolic acid) (PLGA) core/sheath nanofibers using the
highly efficient coaxial electro-centrifugal spinning (ECS) technique. In contrast to
conventional coaxial electrospinning, the in-house developed coaxial ECS setup used in this
study effectively tackled the nozzle cleaning issue. In this study, core/sheath nanofibers with
varying core-to-sheath ratio were fabricated, demonstrating suitable mechanical properties for
use in biomedical applications. The primary objective was to determine the effect of core-to-
sheath ratio on mechanical properties and dual drug release kinetics of the nanofibers.
Additionally, the in vitro drug release study demonstrated simultaneous release profiles of CIP
from the core and PTX from the sheath. The nanofibers exhibited initial burst release of 6 hrs,
followed by controlled release, making them suitable for targeted therapeutic applications.
Moreover, the in vitro cytotoxicity analysis demonstrated enhanced cytotoxic efficacy of the
combination of CIP and PTX towards human melanoma A375 cells. The dual drug-loaded
nanofibers with core-to-sheath ratios of 23G/Imm and 21G/1mm demonstrated melanoma cell
viabilities of 65.37 £ 1.96 % and 67.82 £ 1.31 %, respectively, after 72 hrs, indicating
significant cytotoxicity. This further highlights the possible potentiality of the nanofibers
towards melanoma treatment and their application as dual drug delivery systems with tunable

drug release properties.
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Figure 5.1 Scheme of chapter 5.

5.1 Introduction

Nanofiber fabrication techniques have gained much attention due to their applications across
several domains, such as tissue engineering, drug delivery, wound healing and advanced
filtration. Nanofiber-based drug delivery systems possess certain advantages, such as sustained
drug release, improved bioavailability, and targeted therapy. Electro-centrifugal spinning
(ECS) is an innovative hybrid technique, that effectively combines the principles of both
electrospinning and centrifugal spinning, presenting numerous benefits that distinguish it from
its precursor techniques [448—450]. It results in enhanced adaptability and efficiency in
nanofiber production. The centrifugal spinning is known to achieve a production efficiency of
at least ten times greater than that of electrospinning [451]. Nevertheless, the quality of fibers
produced through centrifugal spinning is inferior to that of electrospinning, as factors like
machine vibration and intense airflow around the spinneret can lead to the formation of beaded
fibers [452—455]. Unlike traditional electrospinning, ECS naturally aligns nanofibers along the
spinning axis, which is beneficial for fabrication of materials used in tissue engineering.
Additionally, ECS accelerates the rate of fiber production due to high voltage along with added
centrifugal force expelling polymer solutions [448,456—459]. This makes it suitable for

industries requiring large quantities of nanofibers, like filtration, textiles and biomedical
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applications. Moreover, the ECS technique reduces the likelihood of bead formation seen in
electrospinning by combination of centrifugal force and electric fields [308,460]. This
technique enables efficient regulation of the fiber structure, resulting in tunable mechanical and
drug release properties for specific applications [461,462]. The coaxial ECS technique is a
more advanced approach which combines ECS and coaxial spinning techniques for fabrication
of core/sheath nanofibers with improved functionality [463,464].

Pullulan is a biodegradable and biocompatible exopolysaccharide obtained from the
fungus Aureobasidium pullulans (A. pullulans). 1t is widely used in blends or composites along
with other polymers for several biomedical applications, owing to its excellent potential for
moisture retention and drug delivery [15,465,466]. It has also been reported to improve the
spinnability of electrospinning solutions, by improving viscosity, reducing conductivity and
surface tension [366]. Additionally, pullulan has been blended with hydroxypropyl-p-
cyclodextrin (HP-B-CD) to create multi-functional fibers for drug delivery and encapsulation
applications [467]. These studies demonstrate the versatility of pullulan in electrospinning for
various biomedical applications.

Poly(lactic-co-glycolic acid) (PLGA) is another biodegradable polymer, extensively
used for nanofiber fabrication by electrospinning. The PLGA-based nanofibers have been
reported to possess suitable characteristics for use in biomedical applications, such as
biodegradability, biocompatibility, good mechanical and thermal properties [468—470].
Electrospun PLGA nanofibers have large surface area, high porosity with small pore sizes, and
can be tuned to possess suitable mechanical properties for use as drug delivery systems, wound
dressing and tissue engineering scaffolds [469,470]. Additionally, PLGA has been used in
blends along with other materials such as collagen to enhance its properties and promote cell
adhesion and growth [471].

Ciprofloxacin (CIP) is an antibiotic that has been reported to show anticancer property
in various studies, mainly due to its ability to induce DNA damage and apoptosis in cancer
cells [472—-478]. Paclitaxel (PTX), on the other hand, is a chemotherapeutic agent that inhibits
cell division by stabilizing microtubules, leading to cell cycle arrest and apoptosis [479,480].
It has been reported in the literature [481,482] that the enhanced expression of ABC
transporters within cancer cells has been found to accelerate the removal of chemotherapeutic
drugs, leading to development of drug resistance, recurrence of cancer, and ultimately, the
demise of cancer patients [481,482]. Notably, CIP has been reported by Gupta et al. [483] to
enhance the responsiveness of ABCB1-overexpressing cells to PTX by preventing or delaying

its removal from the cells. Thus, we hypothesized that a combination therapy of CIP and PTX
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might contribute to the effectiveness of cancer treatment as a whole. However, to the best of
our knowledge, there is no report thus far on Pullulan/PLGA core/sheath nanofibers
demonstrating simultaneous release of CIP and PTX, coupled with enhanced cytotoxicity
towards melanoma cells.

Hence, in the present work, we have demonstrated the fabrication of core/sheath
nanofibers comprising CIP-loaded pullulan as the core material and PTX-loaded PLGA as the
sheath material. The primary objective of this research was to determine the effect of varying
core-to-sheath ratio of the nanofibers on the mechanical properties and the combined release
profiles of CIP and PTX. Furthermore, the in vitro cytotoxicity analysis was conducted on
human melanoma A375 cells, to determine the efficacy of the dual drug combination for

possible melanoma treatment.

5.2 Results and discussion

5.2.1 Morphological analysis

The SEM images of the fabricated pullulan/PLGA core/sheath nanofibers with 21G/1mm and
23G/1mm needle sizes have been depicted in Figure 5.2 (a—d). The average diameter of
nanofibers fabricated with 21G/Imm needle size was found to change from 775 + 134 nm
(Figure 5.2 (a)) to 539 + 87 nm (Figure 5.2 (b)) after one week of dissolution in chloroform.
Subsequently, that of the nanofibers fabricated with 23G/1mm needle size, changed from 765
+ 85 nm (Figure 5.2 (c)) to 404 + 110 nm (Figure 5.2 (d)), under the same conditions of
dissolution. This change in diameter upon dissolution in chloroform could be attributed to the
core/sheath structure of nanofibers, since the sheath material (PLGA) is soluble in chloroform
but the core material (pullulan) is not. After dipping into chloroform, the PLGA sheath gets
dissolved, leaving behind only the core made of pullulan, and thus the reduction in nanofiber
diameter. The main intention of dissolving the PLGA sheath component in chloroform was to
validate the core/sheath structure and observe the core size of the nanofiber. Additionally, the
spinnability of the monolithic pullulan and PLGA polymers were also examined prior to the
fabrication of core/sheath pullulan/PLGA nanofibers.

The core/sheath structure of the nanofiber was further validated using an optical
microscope. As depicted in Figure 5.2 (e), the core component was centrally positioned and
surrounded by the sheath component, thereby confirming the fabrication of pullulan/PLGA
core/sheath nanofibers using the coaxial ECS set-up discussed in this study. Unlike coaxial
electrospinning, where the core needle must be slightly protruded from the outer needle to

enhance spinnability; the tips of the core and sheath needles remain aligned on the same plane
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in ECS, thereby facilitating the fabrication of uniform core/sheath nanofibers. Here, the core
and the sheath diameters were found to be 581 £ 156 nm and 769 + 114 nm, respectively (as
measured by Image J 1.48), which was close to that depicted by the corresponding SEM

images.

Figure 5.2 SEM images of pullulan/PLGA core/sheath nanofibers with (a, b) 21G/1mm and
(¢, d) 23G/1mm core-to-sheath ratio before and after dissolving in chloroform, respectively.

Additionally, (e) optical microscopic image of nanofibers showing the core/sheath structure.

5.2.2 Mechanical testing

The interaction between the pullulan core and the PLGA sheath significantly influences the
overall mechanical properties of the nanofiber. As depicted in Figure 5.3 (a—¢), both the dual
drug-loaded and non-drug-loaded core/sheath pullulan/PLGA nanofibers were tested for their
mechanical properties. In both the cases, while dealing with a smaller core diameter, as in the
case of 23G/1mm, the relative proportion of pullulan within the cross-sectional area is much
less. Due to greater flexibility and higher elongation characteristics of pullulan as compared to
PLGA, a reduced core diameter results in a lesser impact from the pullulan on the overall
mechanical properties of the nanofiber. Consequently, the strength and rigidity of the
comparatively less flexible PLGA sheath become more significant, leading to improved tensile
strength (0.11 + 0.01 cN/dtex and 0.18 + 0.01 cN/dtex) and tensile modulus (1.13 + 0.11
cN/dtex and 3.12 + 0.15 cN/dtex) in the drug-loaded and non-drug-loaded 23G/1mm

nanofibers, respectively. Moreover, the stress gets concentrated over a smaller area, thereby
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resulting in higher stress and lower elongation at break of the nanofiber. Additionally, in the
23G/1mm nanofiber, the relatively stiffer and less deformable nature of PLGA becomes more
significant due to the larger proportion of PLGA in the cross-sectional area, thereby resulting
in higher tensile modulus (1.13 £ 0.11 ¢N/dtex and 3.12 + 0.15 c¢N/dtex) and lower elongation
at break (142.38 + 1.37 % and 173.94 + 4.78 %) in the drug-loaded and non-drug-loaded
23G/1mm nanofibers, respectively. On the other hand, in case of the 21G/1mm nanofiber with
an increased core diameter, the proportion of pullulan within the cross-sectional area is much
higher. The flexible nature of pullulan results in more effective distribution of load, thereby
reducing the stress. This results in a relatively lower tensile strength (0.04 £ 0.005 cN/dtex and
0.09 + 0.01 cN/dtex), lower tensile modulus (0.98 + 0.14 cN/dtex and 1.21 + 0.03 cN/dtex) and
higher elongation at break (192.06 £+ 5.02 % and 225.74 £ 4.67 %) of the drug-loaded and non-
drug-loaded 21G/1mm nanofibers, respectively. Notably, the results demonstrated that the
incorporation of CIP and PTX drugs led to a reduction in tensile strength by ~ 38.89 % and ~
55.56 %, tensile modulus by ~ 63.78 % and ~ 19.01 %, and elongation at break by ~ 18.14 %
and ~ 14.90 % in the 23G/Imm and 21G/I1mm nanofibers, respectively. This is in line with
reported literature where the incorporation of drug decreased the overall mechanical properties
of the nanofibers [484-486]. Additionally, the mechanical properties of the as-spun nanofibers
were consistent with those of other nonwoven nanofibers reported in the literature
[308,487,488]. The stress-strain curves of the drug-loaded and non-drug-loaded nanofibers
with 23G/Imm and 21G/1mm core/sheath needle size or core-to-sheath ratio are shown in
Figure 5.3 (a, b), respectively. As shown in Figure 5.3 (c—¢), the dual drug-loaded nanofibers
exhibited statistically significant differences in tensile strength (p < 0.01, Figure 5.3 (c)) and
elongation at break (p < 0.0001, Figure 5.3 (d)), but no significant difference in tensile modulus
(ns, Figure 5.3 (e)) was observed when comparing the 21G/Imm nanofiber to the 23G/1mm
nanofiber. In contrast, the non-drug-loaded nanofibers showed significant differences in all
three properties: tensile strength (p < 0.001, Figure 5.3 (¢)), elongation at break (p < 0.0001,
Figure 5.3 (d)), and tensile modulus (p < 0.0001, Figure 5.3 (¢)) between the 21G/Imm and
23G/1mm nanofibers. The incorporation of the drugs led to a significant decrease in tensile
strength (p < 0.01 and p <0.001, Figure 5.3 (¢)), elongation at break (p < 0.05 and p < 0.0001,
Figure 5.3 (d)), and tensile modulus (p < 0.001 for both, Figure 5.3 (e)) in the 21G/1mm and

23G/1mm nanofibers, respectively.
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Figure 5.3 Stress-strain curves of the non-drug-loaded and dual drug-loaded core/sheath
nanofibers with (a) 23G/Imm and (b) 21G/Imm core/sheath needle size. Additionally,
statistical differences in (c) tensile strength, (d) elongation at break and (e) tensile modulus of

the nanofibers with varying core/sheath needle size. Results are reported as mean + SD.
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5.2.3 FTIR analysis

The FTIR analysis revealed that there was no additional peak in the CIP-loaded pullulan
(represented as pullulan + CIP) nanofiber spectrum when compared to that of pure pullulan
nanofiber (Figure 5.4 (a)). Moreover, the characteristic peaks of pullulan remain unchanged
even after CIP incorporation. This indicates that the incorporation of CIP did not induce any
chemical interactions or alterations with the pullulan structure, and the CIP drug particles were
dispersed within the pullulan matrix. Similarly, no additional peak was observed in the PTX-
loaded PLGA (represented as PLGA + PTX) nanofiber spectrum when compared to that of
pure PLGA nanofiber (Figure 5.4 (b)). This further indicates that the PTX drug particles were
trapped inside the PLGA polymer matrix without undergoing any chemical alterations,
interactions or bond formations. The absence of additional peaks in the drug-loaded nanofibers
thus indicates the lack of significant chemical interactions or bond formation between the drugs

and their respective polymers [308,489].

Figure 5.4 FTIR spectra of (a) pure pullulan nanofibers, CIP-loaded pullulan (represented as
Pullulan + CIP) nanofibers and pure CIP powder, and (b) pure PLGA nanofibers, PTX-loaded
PLGA (represented as PLGA + PTX) nanofibers and pure PTX powder.
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5.2.4 Surface wettability

Hydrophilic materials like pullulan have a low contact angle with water, meaning they tend to
readily wet and spread on the surface. On the other hand, hydrophobic materials like PLGA
have a high contact angle with water, indicating their resistance to wetting. The observed
behaviour of the water contact angle is due to the interactions between the hydrophilic pullulan

core and the hydrophobic PLGA sheath.

Figure 5.5 (a) Changes in water contact angle of core/sheath nanofibers of 23G/1mm and
21G/1mm core-to-sheath ratios and (b) Statistical analysis of the change in contact angle of

the nanofibers, recorded over a period of 300 secs. Results are reported as mean £ SD.

As depicted in Figure 5.5 (a), the water contact angle of the dual drug-loaded
core/sheath nanofiber changed from 114.07° + 1.77° to 92.11° &+ 1.82° when the core diameter
is smaller (23G/1mm) and 114.17° + 1.89° to 90.21° + 1.41° when the core diameter is larger
(21G/1mm), over a duration of 300 secs. Additionally, the contact angle of the nanofibers
presented in this study was similar to other core/sheath nanofibers with PLGA sheath, as

reported by Lee et al. [490]. The contact angle stabilized after 240 secs, as evidenced by the
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nearly constant values recorded between 240 and 300 secs (Figure 5.5 (a)). The contact angle
difference in both the 23G/Imm and 21G/1mm nanofibers was statistically non-significant (ns)
when compared after 30 secs to that at 0 sec. However, it was statistically significant (p < 0.01)
when compared after 60 secs to that at 0 sec, and statistically highly significant (p < 0.0001)
when compared after 120, 240 and 300 secs to that at 0 sec (Figure 5.5 (b)). This indicates that
the variations in core-to-sheath ratio have no significant effect on the overall surface wettability

of the nanofibers.

5.2.5 In vitro drug release

The in vitro drug release of the nanofibers was studied over a period of 168 hrs. As depicted in
Figure 5.6 (a, b), the drug release rate could be tuned by changing the core-to-sheath ratio of
the core/sheath nanofiber. A similar study reported by Liu et al. [491] demonstrated tunable
drug release by variations in core-to-sheath ratio of nanofibers. In the present study, the release
rate of CIP is higher (up to 65.76 = 1.66 %) in case of larger core diameter (21G/1mm) and
comparatively lower (up to 52.10 = 1.10 %) in case of smaller core diameter (23G/1mm) over
a period of 168 hrs (Figure 5.6 (a)). Similarly, the release rate of PTX is lower (up to 14.38 +
0.15 %) in 21G/Imm and comparatively higher (up to 24.62 £ 0.23 %) in 23G/1mm, over the
same release period of 168 hrs (Figure 5.6 (b)). The reason behind such changes in the release
rates may be attributed to the fact that larger core diameter (21G/1mm) accelerates the release
rate of the core drug (CIP). Moreover, when the core diameter is smaller (23G/1mm), the sheath
diameter being highly pronounced accelerates the release rate of the sheath drug (PTX).

As observed in Figure 5.6 (a, b), both the 23G/Imm and 21G/Imm nanofibers
demonstrated a burst release during the initial 6 hrs, followed by controlled release up to 168
hrs. However, in both the 21G/Imm and 23G/1mm nanofibers, the overall in vitro dual drug
release pattern demonstrated faster release rate of CIP as compared to PTX. The faster release
of CIP and comparatively slower release of PTX can be attributed to their physicochemical
properties. CIP is a smaller, hydrophilic molecule, while PTX is larger and hydrophobic. These
differences affect their release rates. Smaller, hydrophilic molecules tend to diffuse more
readily through the nanofiber matrix, leading to faster release. Similar results have been
reported in prior studies where the hydrophilic CIP demonstrated faster release than the
hydrophobic PTX [492]. CIP is an antibiotic that is prescribed to prevent or treat bacterial
infections, especially if the immune system of the patient is compromised during cancer
treatment [472,473]. Prior studies have reported that CIP possesses growth-inhibitory and

apoptotic activities, demonstrates immunomodulatory effects, and can induce cell cycle arrest
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in various cancer cell lines [474-477,493]. The fast release of CIP in the present study is
expected to help reduce the risk of infection. On the other hand, for treatment of some
cancerous condition, such as in malignant melanoma, slow-release formulations of
chemotherapeutic drugs (such as PTX) might be preferred. PTX has been reported to stabilize
microtubules which results in selective disruption of microtubule dynamics, that eventually
cause mitotic arrest and cell death. It can also inhibit tumour angiogenesis and tumour cell
proliferation, while promoting the expression of cytokines and genes that suppress cell growth

and induce apoptosis [479,480,494—496].

Figure 5.6 In vitro release profiles of (a) CIP and, (b) PTX from nanofibers with 21G/1mm

and 23G/1mm core-to-sheath ratio. Results are reported as mean + SD.

The relatively slower release of PTX in the present study would thus provide a more
sustained and prolonged exposure of cancer cells to PTX, thereby destroying the cancer cells
over time and enhance their sensitivity towards radiotherapy [497-500]. The slow release

would potentially help in reducing certain side effects associated with PTX, such as
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hypersensitivity reactions, by allowing for a more gradual and controlled delivery. Moreover,
slow-release formulations require less frequent dosing, thereby offering convenience for
patients who need fewer administration sessions [501,502]. Additionally, the slow-release can
help maintain relatively steady levels of PTX in blood, which may be important for maintaining

therapeutic effectiveness [503].

5.2.6 In vitro hydrolytic degradation

Analysis of the degradation behaviour of nanofibers is crucial for their applications in tissue
engineering and drug delivery. As depicted in Figure 5.7 (a), the as-spun nanofibers showed a
significant reduction in weight after immersion in PBS, which indicates the hydrolytic

degradation of the nanofibers.

Figure 5.7 (a) Weight losses of the as-spun core/sheath nanofibers and, (b) GPC data showing
molecular weight (My) reduction of PLGA, after immersion in PBS. Results are reported as

mean = SD.

Notably, the rate of weight loss of the 23G/Imm nanofiber was much slower as

compared to the 21G/1mm nanofiber. The relatively higher rate of weight loss in the 21G/1mm

TH-3900_206106011 [147]



Header Page of 283.

nanofiber may be attributed to its thicker core diameter, which comprises of a greater
proportion of the hydrophilic core material (pullulan). The difference between rate of weight
loss of the 23G/1mm and 21G/1mm nanofibers was statistically highly significant (p <0.0001).
Further confirmation of the nanofiber degradation was provided by the GPC analysis of the
PLGA sheath. The GPC data (Figure 5.7 (b)) revealed a significant reduction in the molecular
weight (My) of the PLGA from 136000 to 101000 Da, following a one-week immersion in
PBS. The degradation results in the hydrolytic cleavage of ester bonds present within the PLGA
polymer when exposed to PBS solution, thereby reducing the M,y. Additionally, the
degradation products of PLGA, lactic acid and glycolic acid, are biocompatible and thus can

be metabolized by the body, minimizing any potential adverse effects on human health [504].

5.2.7 Analysis of cytotoxicity

The in vitro cytotoxicity of the fabricated core/sheath nanofibers was determined using the
MTT assay. Both the dual drug-loaded and non-drug-loaded core/sheath nanofibers were tested
for cytotoxicity in order to determine the efficacy of the drugs (CIP and PTX) in inhibiting the
human melanoma A375 cell proliferation. Additionally, the viability of melanoma cells in
presence of the CIP-loaded pullulan and the PTX-loaded PLGA nanofibers were also examined
in order to determine the cytotoxic efficacy of the individual drugs. As depicted in Figure 5.8
(a), the relative cell viability percentages in presence of the dual drug-loaded 23G/1mm
core/sheath nanofibers after 24, 48 and 72 hrs were 70.56 £+ 2.86 %, 67.77 = 0.80 %, and 65.37
+ 1.96 %, respectively, and that in presence of the dual drug-loaded 21G/Imm core/sheath
nanofibers were 70.85 £1.12 %, 70.23 £+ 2.52 %, and 67.82 + 1.31 %, respectively. Similarly,
the relative cell viability percentages in presence of the CIP-loaded pullulan nanofibers were
71.53 £2.60 %, 71.25 £ 1.90 %, and 70.87 = 1.76 %, respectively, and those in presence of the
PTX-loaded PLGA nanofibers were 71.03 +2.73 %, 70.93 + 0.84 % and 68.72 + 1.81 % after
24, 48 and 72 hrs, respectively. The results indicate significant reduction in melanoma cell
viability in presence of all the drug-loaded nanofibers. Additionally, it was observed that the
dual drug-loaded 23G/Imm and 21G/1mm nanofibers exhibited comparable cytotoxic effects
on melanoma cells, with slightly lower cell viability observed for the 23G/1mm nanofiber, as
shown in Figure 5.8 (a, b). This may be attributed to the relatively higher release rate of PTX
from the 23G/1mm nanofiber (Figure 5.6 (a, b)), resulting in a more potent cytotoxic effect, as
PTX is a highly effective chemotherapeutic agent that inhibits cancer cell proliferation [505].
All the drug-loaded nanofibers demonstrated less than 75 % cell viability, thus indicating their

cytotoxic behaviour towards melanoma A375 cells, according to the percentage criteria for
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cytotoxicity [432,506,507]. When compared to the control, the difference in relative cell
viability percentage was statistically non-significant (ns) in presence of the non-drug-loaded
nanofibers. This indicates that the non-drug-loaded nanofibers facilitated the cell growth and
proliferation similar to that in the control, and hence has no cytotoxic effect on the A375 cells.
However, in presence of the CIP-loaded pullulan, the PTX-loaded PLGA and the dual drug-
loaded 23G/Imm and 21G/Imm core/sheath nanofibers, the reduction in cell viability
percentage was statistically highly significant (p < 0.0001) with respect to that in the control
(Figure 5.8 (a)).

Furthermore, as observed by the cell adhesion study (Figure 5.8 (b)), the A375 cells
exhibited normal proliferation and adhesion in the control (or untreated A375 cells) as well as
in presence of the non-drug-loaded core/sheath nanofibers. However, the A375 cells exposed
to the drug-loaded nanofibers showed a marked reduction in cell adhesion and proliferation.
Notably, the dual drug-loaded 23G/1mm core/sheath nanofibers demonstrated the lowest cell
adhesion and hence the highest cytotoxicity towards the melanoma cells. Researchers have
reported similar results on the cytotoxic effect of CIP [508] and PTX [505] on A375 cells. This
significant reduction in cell viability indicates the efficacy of CIP and PTX in inducing
cytotoxicity towards the melanoma cells. The enhanced cytotoxicity in presence of the dual
drug-loaded nanofibers may be due to the ability of CIP to induce DNA damage, coupled with
the inhibition of cell division by PTX, thereby resulting in a synergistic cytotoxic effect on the
melanoma cells. This further indicates that the dual drug-loaded nanofibers presented in this
study has the potential to inhibit the growth and proliferation of melanoma cells in vitro. The
results of the cell adhesion study were found to be in line with that of the MTT assay (Figure
5.8 (a)), where the drug-loaded nanofibers effectively reduced the viability of the A375 cells.
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Figure 5.8 (a) Relative viability percentage of A375 cells in control, core/sheath nanofibers
without drug, CIP-loaded pullulan nanofibers, PTX-loaded PLGA nanofibers and CIP/PTX or
dual drug-loaded 23G/1mm and 21G/Imm core/sheath nanofibers, and (b) effect of fabricated
nanofibers on A375 cell adhesion at 0 hr, and after 24, 48 and 72 hrs of cell seeding. Results

are reported as mean = SD.
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5.3 Summary

The results of this study demonstrate the successful fabrication and characterization of
CIP/PTX-loaded pullulan/PLGA core/sheath nanofibers using the coaxial ECS technique. The
uniform morphology, suitable mechanical properties, and controlled drug release kinetics of
the nanofibers highlight their potential for various biomedical applications, particularly in dual
drug delivery systems. The ability to vary the core-to-sheath ratio allows for the tuning of
mechanical properties and drug release profiles as per specific application needs. On varying
the core-to-sheath ratio of the dual drug-loaded nanofibers from 21G/1mm to 23G/1mm, the
tensile strength increased from 0.04 + 0.005 cN/dtex to 0.11 + 0.01 cN/dtex, the tensile
modulus increased 0.98 + 0.14 cN/dtex from to 1.13 + 0.11 cN/dtex, but the elongation at break
reduced from 192.06 + 5.02 % to 142.38 + 1.37 %. Additionally, the nanofiber with a larger
core diameter (21G/1mm) facilitates a higher release rate of core drug (CIP), with up to 65.76
+ 1.66 % release over a period of 168 hrs. Conversely, the nanofiber with a smaller core
diameter (23G/1mm) result in a higher release rate of sheath drug (PTX), with up to 24.62 +
0.23 % release within the same time period. Both the nanofiber configurations exhibited a burst
release during the initial 6 hrs, followed by a controlled release up to 168 hrs. However, the
overall in vitro dual drug release pattern demonstrated that CIP is released more rapidly than
PTX in both nanofiber configurations, owing to the smaller size and hydrophilic nature of CIP.
This tunability enhances the versatility of the nanofibers for use in targeted drug delivery.
Additionally, the in vitro cytotoxicity analysis of the 23G/Ilmm and 21G/1mm dual drug-
loaded nanofibers conducted on A375 human melanoma cells demonstrated viabilities of only
65.37 + 1.96 % and 67.82 £+ 1.31 % respectively, after 72 hrs, indicating their potentiality for
possible treatment of malignant melanoma. However, further research using in vivo animal
models is necessary to confirm the efficacy of the fabricated nanofiber in delivering CIP and
PTX for treatment of malignant melanoma. The effect of altering the core-to-sheath ratio on
drug release profiles, mechanical properties, and therapeutic outcomes should also be
investigated. Additionally, strategies should be explored to investigate the potential of
combining CIP and PTX along with other therapeutic agents for more effective cancer
treatment. Combination drug therapies should be widely explored to target multiple signalling
pathways related to tumour progression and resistance. Furthermore, clinical trials should be
conducted to determine the safety and efficacy of using the core/sheath nanofibers for localized

treatment of cancer in human patients.
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CHAPTER 6

FORMULATION AND CHARACTERIZATION OF ANTIBACTERIAL COSMETIC
SKIN-CREAM INFUSED WITH PULLULAN AND TURKEY BERRY (Solanum
torvum) LEAF EXTRACT

Motivation
The growing consumer demand for skin-friendly and sustainable cosmetic products has driven
research toward biocompatible materials with multifunctional benefits. Conventional topical
formulations often contain strong chemical preservatives including parabens, triclosan, and
formaldehyde-releasing compounds that may cause irritation or raise environmental concerns.
Pullulan, a natural polysaccharide with film-forming, moisturizing, and regenerative
properties, presents a promising alternative for topical applications. Similarly, turkey berry
(Solanum torvum) leaf extract is a rich source of bioactive compounds known for their
antimicrobial, antioxidant, and anti-inflammatory effects. This study is motivated by the
potential synergy between pullulan and turkey berry leaf extract to develop a safe and effective
antibacterial skin-cream, incorporating natural bioactives while maintaining a partially

synthetic formulation, in line with current trends in cosmeceuticals.

The work in the chapter has been filed as a patent (Patent application no.: 202531097797)

under the title “Biopolymer based Cosmetic Skin Cream Formulation”.
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Abstract

The cosmetic industry is increasingly adopting biocompatible and sustainable materials to
meet consumer demands for skin-friendly products. Pullulan, a water-soluble polysaccharide
produced by Aureobasidium pullulans (A. pullulans), is known for its moisture retention, skin-
regenerative, and oxygen-barrier properties, making it ideal for topical formulations. Its ability
to form flexible, transparent films has led to its incorporation in several cosmetic skincare
products. Additionally, turkey berry (Solanum torvum, S. torvum) has gained attention for
its antimicrobial, anti-inflammatory, and wound-healing properties. This study investigated
the formulation of an antibacterial skin-cream using pullulan and turkey berry leaf extract
(TBLE). The leaf extract, rich in phenolics and flavonoids, exhibited significant antibacterial
activity, determined by the disc diffusion method, with zones of inhibition of 11.51 +0.92 mm
against Staphylococcus aureus (S. aureus) and 10.45 + 0.50 mm against Escherichia coli (E.
coli). The antibacterial activity of the cream formulation was also tested using the same
method, which showed zones of inhibition of 16.67+0.40 mm againstS. aureus and
14.83 £ 0.12 mm against E. coli. The cream also exhibited good physical and thermal stability
with a pH of 6.10 + 0.20. Additionally, the cream was found to be free from harmful heavy
metals, arsenic, and microbial contamination. It demonstrated a total fatty matter (TFM) of 8.5
% with 65 % moisture content, and shear-thinning behaviour, all within acceptable ranges for
topical use. The results suggest that the combination of pullulan and TBLE produces a safe and
effective antibacterial skin-cream, incorporating natural bioactives alongside some synthetic

components.
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Figure 6.1 Scheme of chapter 6.

6.1 Introduction

The cosmetic industry is now aiming at utilization of biobased materials that are skin-
compatible and can be used to generate more sustainable skincare products with enhanced
properties. In case of skincare products, emulsions are the predominant form of product
formulation, that are inherently thermodynamically unstable and tend to undergo rapid phase
separation after formation. This occurs as the system tends to minimize the high-energy states
caused by interfacial tension [509]. To counteract this, stabilizers such as surfactants,
emulsifiers, or polymers are incorporated to improve the kinetic stability of the emulsion and
prevent phase separation. Different cosmetic emulsions serve different functions such as oil
control, whitening, and providing protection against Ultra-Violet (UV) rays. Cosmetic
emulsions are mainly classified as oil-in-water (O/W) or water-in-oil (W/O) emulsions. In
cosmetic formulations, both O/W and W/O emulsions must fulfil several essential criteria.
These include possessing suitable rheological characteristics for skincare application, offering

a pleasant sensory feel, while ensuring good spreadability, and maintaining long-term physical
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stability under varying conditions. Additionally, the formulation components are required to
be biocompatible, non-irritating, and free from harmful effects. Among the two types, O/W
emulsions are most commonly used in the cosmetic industry [510].

Traditionally, polymers with good water solubility such as alginate, starch,
hydroxyethyl cellulose, carboxymethyl cellulose, and methylcellulose have been used as
carriers in cosmeceutical products. Pullulan, which is also a natural water-soluble
polysaccharide, present a promising alternative as it is biodegradable, non-irritant, non-toxic,
non-immunogenic, non-carcinogenic, and non-mutagenic [511,512]. It exhibits certain
desirable properties like high moisture absorption and excellent water solubility, making it an
effective binder, stabilizer, and carrier for active compounds, enabling site-specific skin
delivery and enhancing product performance in cosmeceutical products [217,218]. Due to its
Generally Recognized as Safe (GRAS) status, pullulan can be used without limitations in a
wide range of cosmetic formulations, making it a versatile ingredient for skincare and personal
care products [216].

The present study focuses on formulation of an antibacterial skin-cream using the
biocompatible polymer pullulan, valued in cosmetics for its gas barrier, moisture retention, and
skin-regenerative properties. In the formulation, pullulan was incorporated into the aqueous
phase to serve as a texture enhancer and stabilizer, while the leaf extract of turkey berry (S.
torvum, S. torvum) contributed to antibacterial activity. S. forvum is a medicinal plant widely
used across Asia and Africa, traditionally applied for the treatment of infections and
inflammation. Its leaves are known to be rich in bioactive phytochemicals such as flavonoids,
saponins, tannins, and phenolic compounds, which contribute to antibacterial, anti-
inflammatory, and antioxidant effects [513]. These properties make it a potential candidate for
use in skincare applications, especially in formulations intended to prevent or treat minor skin
infections and promote skin health. Recent studies have demonstrated its inhibitory activity
against pathogenic microbes such as Pseudomonas aeruginosa, Staphylococcus aureus,
and Escherichia coli, supporting its suitability for topical applications aimed at protecting the
skin from microbial threats [513—-516]. The findings of the present work aim to develop an
antibacterial skin-cream that improves skin health and appearance while protecting against
bacterial infections. The integration of traditional herbal extracts like S. forvum with
biopolymers like pullulan supports the development of sustainable cosmetic formulations with

both cosmetic and therapeutic benefits.
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6.2 Results and discussion

6.2.1 Determination of the type of emulsion, pH and stability of cream

The formulated cream under consideration in this study was found to be of O/W emulsion type.
The pH of the formulated cream was estimated to be 6.10 = 0.20. The formulated cream was
found to be thermally stable since there were no phase changes observed when kept at 4 °C, 37

°C and 45 °C for 24 hrs.

6.2.2 Rheological analyses

6.2.2.1 Viscosity

The rheological properties of the cream formulation were assessed to evaluate its stability and
applicability as a topical product. The flow curve of the developed cream formulation (shown
in Figure 6.2 (a)) revealed a typical non-Newtonian shear-thinning behaviour, characteristic of
complex fluids such as ketchup, paint, blood, polymeric solutions, etc. and semi-solid
formulations like toothpastes, cosmetic creams, ointments and others. At low shear rates, the
cream exhibited high viscosity values (> 6000 cP), indicative of a strong internal structure
likely supported by emulsifiers, thickeners, or polymeric agents such as pullulan and could be
due to long polymeric chain entanglements or intermolecular interactions. This high viscosity
at rest is advantageous for physical stability, reducing the risk of phase separation or settling

during storage.

Figure 6.2 (a) Flow curve and (b) logarithmic flow curve of the formulated cream.

As the shear rate increased, viscosity decreased sharply, falling below 1000 cP at
approximately 100 s™', and continued to decline before reaching a plateau at higher shear rates

(> 600-800 s7"). The sharp decrease in viscosity could be because of alignment of polymeric
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chain when stress was applied. The power-law model equation for the prepared non-Newtonian

shear-thinning cream formulation is given as:

n=K (7)""", which in logarithmic form is, logn=(n-1)log(y)+logK,

where 7 is the viscosity, V is the shear rate, K is the consistency index and » is the flow

behaviour index, (equation (21) as discussed in chapter 2).

When fitted to a straight-line equation (y=mx+c), it was represented as:

y==0.5773x+4.1997, and has R2=0.984, (shown in Figure 6.2 (b)). Here, the flow behaviour
index () was calculated as: » =(— 0.5773 + 1) = 0.4227.

Since 0 < , < 1, the cream formulation was said to exhibit shear-thinning behaviour. This
behaviour suggested efficient structural breakdown under stress, facilitating ease of spreading
during application. The final plateau indicated a transition to a stable, fluid-like state, ensuring
the cream remained consistent without becoming excessively runny during use. These findings
confirmed that the formulation exhibited desirable features, such as high viscosity at rest for
stability, and pronounced shear-thinning for user-friendly application, both essential for

effective topical delivery.

6.2.2.2 Amplitude sweep measurements

Amplitude sweep measurements were conducted at 25 °C to identify the Linear Viscoelastic
Region (LVR) of the prepared cream formulation. During this analysis, both the storage
modulus (G') and the loss modulus (G”) remained almost constant in LVR which means that

below critical strain (y,) of 0.25 %, G" and G” were 781.06 and 308.46 Pa, respectively. These

measurements also provide insights into the material's structural strength; typically, a stable
formulation remains within the LVR. A representative curve illustrating the G" and G” moduli
of the formulation plotted against the applied shear strain (%), has been depicted in Figure 6.3.
The curve clearly shows that G’ is greater than G”, suggesting that the formulation exhibited
solid-like behaviour or an elastic nature of cream within the LVR and before crossover point
(shear strain = 4.67 %). Additionally, both G’ and G” values decreased with the increase in
shear strain %. After application of high shear strain or beyond the cross-over point, G” was
found to be greater than G’ which indicated that the elasticity of the formulation decreased as
the shear strain increased and it showed a liquid-like characteristic or improved flowability for
easy usage as a topical product. In oscillatory rheology experiments, the loss factor, tan 9, the

ratio of loss modulus (G”) to storage modulus (G'), is a key parameter to characterize the

TH-3900_206106011 [157]



Header Page of 283.

behaviour of the material. When tan & exceeds 1, it indicates a predominantly viscous
behaviour, with the loss modulus (G") surpassing the storage modulus (G’). On the other hand,
a tan o less than 1 signifies an elastic material, where the storage modulus (G') takes
precedence. Furthermore, when tan d > 0.1, the material is not considered to be a true gel and
is said to have a structure between that of a highly concentrated polymer solution and a true
gel. In the present study, the tan 6 value of the cream was found to be 0.39, which ranges
between 0.1 and 1, illustrating its characteristics as a weak gel like an emulsion. This means
the cream had temporary chain entanglements and macromolecules interactions which could
be disrupted due to application of high shear strain, therefore, the cream did not exhibit the

structure of real gel.

Figure 6.3 Amplitude sweep measurements of the formulated cream.

6.2.2.3 Frequency sweep measurements

Frequency sweep measurements provide valuable insights into the structural characteristics of
materials when they are subjected to a range of angular frequency while measuring storage and
loss modulus values as a function of angular frequency. This test, as illustrated in Figure 6.4,
categorize materials as either gel, concentrated, or dilute solutions, based on the behaviour of
G’ and G" across the frequency range at 25 °C. If G’ > G” holds true across the entire frequency
range, the materials are classified as gels where elastic behaviour dominates viscous nature.

For materials where G” > G’ at higher frequencies, the storage and loss moduli are nearer to
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one another, then these materials are classified as dilute solutions. Additionally, in case of G”
> (G’ along with the intersection of moduli within the frequency range, the material is classified
as concentrated. In the present study, it is clear from Figure 6.4, that the formulated cream can
be considered as a gel since G’ > G” across the entire frequency range which is in line with the
observation made in amplitude sweep measurement (discussed in Section 6.2.2.2) where tan 6
<1, in particular tan 6 = 0.39, indicated a weak gel. Also, there was no crossover point noticed

in the observed angular frequency range.

Figure 6.4 Frequency sweep measurements of the formulated cream.

6.2.3 Determination of heavy metals, arsenic and TFM
The cream sample was found to have passed the tests for heavy metals and arsenic, as the

colour developed in the sample cream solution was less than that in the standard solutions in

both the cases. For the determination of TFM, the mass of residue ( A/, ) was found to be 0.17

g, with respect to the mass of cream taken for the test (M, ) which was 2 g. Therefore, the total

fatty substance (% by mass) was calculated using the following equation (16), discussed in

chapter 2:
0.17

Total fatty substance (% by mass) = Vl x 100 = x 100 =8.5 %
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Note: Minimum 5 % TFM is required to pass the test as per Indian Standard for Skin Creams
(IS 6608: 2004).

6.2.4 Determination of moisture content
The moisture content in the formulated cream was determined to be around 65 %, as calculated

using the following equation (17), discussed in chapter 2:

Volume of water extracted

_ 0.65
Moisture content (%) = x100 = TXIOO =65%

Amount of cream sample taken

This result demonstrated that approximately 65 % of the cream's weight was attributable to
water content. Such a moisture level is typical and desirable for oil-in-water (O/W) emulsion-
type creams, as it enhances the hydrating properties of the cream and facilitates better
absorption into the skin. Additionally, the water phase acts as a carrier for hydrophilic active
compounds, including pullulan and bioactive phytoconstituents from S. torvum leaf extract. In
the present study, the observed moisture content also suggested that the cream is unlikely to be
excessively greasy and hence would support user comfort upon application. However, moisture
content must be balanced with appropriate preservative systems and formulation stability
considerations, as higher water content can increase susceptibility to microbial contamination
and phase separation if not properly stabilized. Thus, the 65 % moisture content in the

formulated cream was found to align with standard cosmetic emulsion requirements.

6.2.5 Determination of microbial content

The formulated cream demonstrated the absence of microbial load, thereby indicating its
suitability for use as a cosmetic skin-cream. Ensuring that a topical cream is free from microbial
contamination is essential for its safety and effectiveness. In this study, a simple microbial load
test was conducted to check whether the cream formulation contained any unwanted microbial
growth. As expected, the negative control plates, which were prepared under sterile conditions,
showed no signs of microbial growth. This confirmed that the experimental setup was clean
and contamination-free. The test plates containing the cream also showed no visible growth,
indicating that the formulation did not carry any microbial contamination. This suggests that
the preparation process was carried out under hygienic conditions and that the final product is
microbiologically safe for use. On the other hand, the positive control plates showed clear

microbial growth, as these were intentionally exposed to air, allowing naturally present
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airborne microbes to settle and grow. The presence of colonies in the positive control
confirmed that the test environment was suitable for microbial growth, and that if the cream
had been contaminated, similar growth would have appeared in the test plates as well. The
absence of growth in both the cream sample and the negative control, along with the expected
growth in the positive control, as depicted in Figure 6.5 (a—e), provides strong evidence that
the cream formulation was free from microbial load. These results reflect good manufacturing
practices and reinforce the safety and quality of the product, making it suitable for topical

application.

Figure 6.5 (a) Soyabean casein agar for determination of different bacterial colonies.

Figure 6.5 (b) Potato dextrose agar for determination of fungal colonies.
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Figure 6.5 (¢) MacConkey agar for determination of Escherichia coli (pink coloured colonies)

and Salmonella spp. (colourless or pale colonies).

Figure 6.5 (d) Mannitol salt agar for determination of Staphylococcus aureus (yellow coloured

colonies).
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Figure 6.5 (e) Brain heart infusion agar for determination of Pseudomonas aeruginosa (green

or yellowish-green coloured colonies).

The microbial parameters along with their corresponding results have been represented in

Table 6.1.

Table 6.1 Summary of microbial load in the cream.

Sr. No. Parameters Result
1 Total Viable Count 0 CFU/g
2 Total Fungal Count 0 CFU/g
3 Escherichia coli Absent
4 Staphylococcus aureus Absent
5 Pseudomonas aeruginosa Absent
6 Salmonella sp. Absent

6.2.6 Antibacterial property of TBLE and the formulated cream

The antibacterial activity of TBLE and the prepared TBLE-infused cream formulation was
determined using the disc diffusion method, with the zones of inhibition shown by dotted
circles in Figure 6.6 (a, b). The TBLE alone exhibited activity against both S. aureus and F.
coli, producing inhibition zones of 11.51 + 0.92 mm and 10.45 + 0.50 mm, respectively (Figure
6.6 (a)). Incorporation into a cream formulation relatively enhanced the antibacterial effect
against both S. aureus (16.67 £ 0.40 mm), and E. coli (14.83 £ 0.12 mm), as depicted in Figure
6.6 (b).
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Figure 6.6 Antibacterial activity of (a) TBLE and (b) the cream formulation, against S. aureus

and E. coli.

Moreover, the differences in the zones of inhibition between TBLE and the cream were
statistically significant (p < 0.05) against both S. aureus and E. coli, as shown in Table 6.2.
This enhancement may be attributed to the cream matrix improving solubility, stability, and
diffusion of bioactive constituents present in the TBLE, thereby increasing the overall
antibacterial efficacy of the cream. Importantly, the antibacterial activity of the cream
formulation was solely due to the incorporation of TBLE, as the base cream alone did not
exhibit any inhibition zones. However, the excipients in the formulation supported the action
of TBLE by facilitating better delivery and potency, resulting in a relatively stronger
antibacterial effect compared to TBLE alone. Excipients such as propylene glycol and glycerol

likely facilitated greater diffusion or solubilisation [517], while EDTA, despite lacking intrinsic
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antibacterial activity at the tested concentration in the cream formulation, may have indirectly
enhanced bacterial susceptibility through chelation [518]. Furthermore, ZnO and
phenoxyethanol, though inactive in the base cream alone, are known antimicrobials and may
have synergistically contributed to enhanced antibacterial activity of the TBLE-infused cream
[519-521]. However, the relatively lower antibacterial property observed against E. coli can
be explained by the structural barrier of its outer membrane, which restricts the penetration of

antimicrobial agents [522].

Table 6.2 Zones of inhibition showing antibacterial activity of TBLE and the cream

formulation.
Samples Zone of Inhibition (mm)
S. aureus E. coli
TBLE 11.51+£0.92? 10.4540.50?
Cream formulation 16.67+0.40° 14.83+0.12°

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.

6.2.7 In vitro cytotoxicity analysis (MTT assay) of TBLE and the formulated cream

The viability of human dermal fibroblast (HDF) cells in the presence of TBLE was tested at
concentrations ranging from 0.005-0.05 mg/mL over incubation periods of 24, 48, and 72 hrs
(Figure 6.7 (a)). According to ISO 10993-5:2009 standards, cell viability above 75 % indicates
a non-cytotoxic material [434-437]. As depicted in Figure 6.7 (a), a mild decrease in cell
viability with increasing TBLE concentration and exposure time was observed. Notably, the
reduction in relative cell viability was statistically non-significant (p > 0.05) in the control (0
mg/mL), whereas it was statistically significant (p < 0.05) at all tested extract concentrations
over the incubation periods of 24, 48, and 72 hours. This slight reduction may be attributed to
the dose- and time-dependent cellular response to phytochemicals (flavonoids, phenolics, and
saponins) present in the extract. While these compounds contribute to antioxidant and
antibacterial properties at lower concentrations, their higher concentrations or prolonged
exposure may lead to mild cellular stress. Consequently, such effects may slightly reduce

mitochondrial activity (measured by MTT), even without inducing actual cytotoxicity or
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apoptosis. This is in line with reported literature where cell viability reduced with increasing
concentrations of bioactive extracts [523,524]. In the present study, the extract maintained
77.20 £ 0.89 % cell viability at 0.03 mg/mL concentration, even after 72 hrs of incubation.
Additionally, as depicted in Figure 6.7 (b), the MTT assay of the formulated cream
containing 0.5 % w/w of the TBLE demonstrated a dose- and time-dependent reduction in HDF
cell viability over 24, 48, and 72 hrs. Although the cream is composed entirely of non-toxic
ingredients and the extract itself has been previously reported as non-cytotoxic, a gradual
decrease in cell viability was observed with increasing cream concentrations (from 0.1-3
mg/mL) and longer exposure durations. In the control (0 mg/mL), the reduction in cell viability
was statistically non-significant (p > 0.05), whereas, all the tested cream concentrations
exhibited statistically significant (p <0.05) reduction in cell viability over the incubation period
of 24, 48 and 72 hrs. This reduction in viability may be attributed to the cumulative cellular
stress at higher doses and prolonged exposure, which can interfere with metabolic activity
without necessarily indicating true cytotoxicity. This may also be attributed to the fact that
cream formulations, especially those containing oils, emulsifiers, and thickeners, can introduce
turbidity or physical interference in cell culture systems. This turbidity may hinder the proper
uptake or metabolism of the MTT reagent, leading to an underestimation of viable cells. This
is in line with reported literature where topical formulations demonstrated reduced cell viability
at higher concentrations [523,525]. However, in the present study, the cell viability remained
above 75 % even after 72 hrs of incubation, for concentrations up to 1 mg/mL, confirming the
overall safety of the formulation at and above expected real-use concentrations. Since the
cream formulation is prepared as a ready-to-use emulsion with standardized ingredient levels,
end users are not required to dilute or measure concentrations. The amount of cream typically
applied during routine usage is significantly lower than the test concentrations used for the in
vitro MTT assay, ensuring that consumer exposure remains within the safe, non-cytotoxic

range.
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Figure 6.7 Relative viability percentage of HDF cells in presence of different concentrations
of (a) TBLE and (b) the formulated cream, over a period of 24, 48 and 72 hrs. Results are
represented as mean = SD, N = 3. Different letters in the superscript represent statistically
significant (p < 0.05) differences and the same letters represent statistically non-significant (p

> (.05) differences for each column.

6.3 Summary

This study demonstrated the formulation of a skin-friendly antibacterial cream using pullulan
and S. forvum leaf extract, highlighting how the combination of a bioactive plant leaf extract
with a biopolymer can be formulated into a cosmetic skincare product. The formulated cream
exhibited a stable texture, maintained a skin-friendly pH of 6.10 + 0.20, and was confirmed to
be free from harmful heavy metals, arsenic, or microbial contamination, ensuring its safety for
topical use. It also demonstrated a total fatty matter (TFM) of 8.5 %, moisture content of 65 %,
and shear-thinning behaviour, which are within acceptable ranges for topical skincare
formulations. The incorporation of S. torvum leaf extract (TBLE) contributed to its antibacterial
property, effectively protecting against common pathogens such as S. aureus and E. coli.
Pullulan further enhanced the formulation by providing moisturizing and film-forming
properties, which would support skin hydration and prolonged activity of the extract.
Additionally, in vitro cytotoxicity analysis conducted on HDF cells confirmed the non-
cytotoxic nature of the cream formulation. Thus, the prepared cream formulation provides a
safer alternative by avoiding commonly used preservatives such as parabens, triclosan, and
formaldehyde-releasing compounds, which are often incorporated in many conventional

topical formulations.
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CHAPTER 7

PREPARATION OF CHITOSAN NANOPARTICLES AND NEEM ESSENTIAL OIL-
FUNCTIONALIZED PULLULAN/GUM ARABIC BIOCOMPOSITES FOR EDIBLE
FOOD PACKAGING

Motivation
The growing demand for sustainable and safe food packaging has intensified the search for
biodegradable, edible materials that can effectively extend shelf life while minimizing
environmental impact. However, many natural biopolymers suffer from poor mechanical
strength, high water sensitivity, and limited barrier properties, restricting their real-world
applicability. This research was motivated by the need to overcome these limitations through
the strategic integration of chitosan nanoparticles (NCS) and neem essential oil (NEO) into a
pullulan/gum arabic matrix. By enhancing its packaging-related characteristics, this work
aims to develop an eco-friendly biocomposite film with improved hydrophobicity, mechanical

strength, and antimicrobial activity to enhance the shelf-life of fresh-cut fruits.

The work in the chapter has received the scientific recognition as follows:

Das, K., Sharma, S., Kumar, S., Mahajan, S., Banerjee, S.K. and Katiyar, V., 2024. Chitosan
nanoparticles and neem essential oil functionalized pullulan/gum arabic active edible
biocomposites for fresh-cut guava preservation. International Journal of Biological

Macromolecules, 283, p.136936.
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Abstract
This study presents the development of active edible biocomposite films based on pullulan
(PUL) and gum arabic (GA), incorporating chitosan nanoparticles (NCS) and neem essential
oil (NEO). The formulation aimed to address the limitations of conventional biopolymer-based
packaging, particularly high hydrophilicity and poor barrier properties. To achieve this, the
effects of different NCS concentrations (1 %, 2 %, and 3 %) were systematically investigated,
while PUL, GA, and NEO concentrations maintaining constant. Among the formulations
studied, the biocomposite containing 3 % NCS and 1 % NEO (PUL/GA/NCS3/NEO) exhibited
the most significant enhancements in physicochemical and functional properties. The
incorporation of NCS and NEO effectively modified the surface characteristics of the film,
transitioning it from hydrophilic (water contact angle: 55.49 + 2.31°) to hydrophobic (115.01
+ 1.86°). Additionally, tensile strength increased by ~ 12.77 MPa, elongation at break by ~
6.26 %, thermal stability (Tosrset) by ~ 22.49 °C, and water vapour barrier by ~ 45.95 %,
alongside enhanced UV-shielding, antimicrobial and antioxidant properties. Energy-dispersive
X-ray (EDX) spectroscopy confirmed the elemental composition of the biocomposite, with
55.7 % carbon (C), 3.6 % nitrogen (N), and 40.8 % oxygen (O), ensuring the safety of the
material. To assess biocompatibility, in vitro cytotoxicity studies were conducted on human
embryonic kidney (HEK-293) cells. The results indicated excellent biocompatibility, with a
cell viability of 86.82 + 2.28 % after 72 hrs of exposure, affirming the non-cytotoxic nature of
the biocomposite. The practical utility of the PUL/GA/NCS3/NEO biocomposite was further
evaluated by applying it as an edible coating for extending shelf-life of fresh-cut guava. The
coated guava samples exhibited prolonged shelf-life and superior storage quality compared to
uncoated samples. The edible coating effectively preserved essential parameters such as colour,
firmness, and weight retention, while significantly reducing microbial spoilage. Moreover, the
antioxidant activity of the coated guava remained higher throughout storage, under both
ambient and refrigerated conditions, demonstrating the potential of PUL/GA/NCS3/NEO as a

sustainable edible coating material.
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Figure 7.1 Scheme of Chapter 7.

7.1 Introduction

The need for sustainable food packaging to extend the shelf-life of fruits and vegetables has
increased in recent years, driven by the demand for fresh products and reduced food waste.
Active biodegradable edible packaging offers a solution by enhancing food safety and quality
while addressing environmental concerns from conventional non-biodegradable materials
[526,527]. Generally, such active packaging systems include antioxidants, antimicrobial
agents, and possess other beneficial characteristics such as UV-shielding capability, which are
absent in conventional packaging. Researchers are now developing active edible packaging
from biodegradable biopolymers and natural resources, preparing active edible films and
coating solutions that extend shelf-life of fresh produce, owing to their biodegradability, safety,

and bioactive properties.
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Pullulan (PUL) is a water-soluble exopolysaccharide derived from the fungus
Aureobasidium pullulans (A. pullulans), widely used in food packaging due to its
biodegradability and film-forming property. PUL-based films are transparent, tasteless,
colourless, odourless, heat-sealable and possess excellent impermeability to oil and oxygen,
making them suitable for food packaging [528]. Despite these advantages, there are certain
limitations associated with pure PUL-based films such as hydrophilicity and high production
costs [529]. To overcome these limitations and enhance its packaging-related property,
different crosslinking agents or plasticizers such as propylene glycol, sorbitol, glycerol, etc
could be used. Another effective strategy involves blending PUL with other polymers or
proteins to prepare composite films with enhanced properties. PUL has been blended with
several other polymers such as alginate [530], gellan gum [238], cassava starch [314],
polyvinyl alcohol [531,532], pectin [246], chitosan [533,534], carboxymethylcellulose [535],
etc. for use in various food-grade applications.

Gum Arabic (GA) is another biodegradable polymer that is obtained from Acacia
senegal and Acacia seyal. It is composed of glucuronic acid, galactose, arabinose, rhamnose,
and proteins [536]. It finds widespread applications in the food sector owing to its binding,
thickening, stabilizing, and film-forming properties. It is also frequently utilized as an
emulsifier in the food industry, as GA forms an interfacial membrane around emulsion droplets
when absorbed, contributing to the stabilization of the emulsion [537]. These attributes make
it an useful ingredient in various food products like ice creams, beverages, jellies, candies,
chewing gums, syrups and soft drinks. Additionally, it is used as edible coating material to
enhance the shelf-life of food items [538,539].

Chitosan (CS), a cationic biopolymer derived from deacetylated chitin, consists of 3
(1-4)-2-amino-2-deoxy d-glucopyranose units. It is biodegradable, non-toxic, biocompatible,
and has antioxidant, antimicrobial, and film-forming properties, along with low oxygen
permeability and strong mechanical properties, making it suitable for food packaging
[540,541]. When processed into chitosan nanoparticles (NCS), it has increased surface area
and enhanced properties, exhibiting higher antioxidant and antimicrobial properties compared
to CS, thus protecting packaged foods from microbial spoilage [542]. It has been used in edible
coatings for various foods like apple [543], mandarin [544], etc. Additionally, its combination
with essential oils in edible coatings further enhances the firmness of food products [545,546].

Food spoilage caused by microorganisms is one of the major reasons of food
deterioration and wastage. Essential oils, known for their antibacterial, antifungal, and

insecticidal properties, are extracted via solvent extraction or steam distillation and are
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considered environmentally safe [545]. Neem essential oil (NEO), extracted from Azadirachta
indica, contains phytochemicals like nimbidin, nimbin, nimbolide, azadirachtin, gedunin,
salannin, margolone, margolonone and isomargolonone; providing antimicrobial, antioxidant,
plasticizing, and insecticidal properties [547]. Inclusion of NEO to the composite films
enhances their antimicrobial activity, preventing food spoilage, extending shelf life, and
delaying oxidative deterioration, preserving the nutritional value of packaged foods.

Previous studies have reported improved mechanical properties of PUL films with
incorporation of active substances [531,533]. On the other hand, GA has been shown to
improve essential oil retention and facilitate the stabilization of emulsions in edible coating
formulations [537]. Additionally, inclusion of NCS in edible films can effectively promote the
retention and controlled release of essential oils, thereby resulting in enhanced antimicrobial
efficacy [548]. Furthermore, NEO, well-known for its antimicrobial and antioxidant properties,
has been widely explored for preparation of edible films and coatings, but not extensively
combined with PUL in the studies reported. While the effectiveness of the individual
components have been well-documented in the literature for different food packaging
applications, the novelty of this work lies in the unique combination of these components. To
the best of the authors’ knowledge, no prior studies have explored the synergistic use of PUL,
GA, NCS and NEO, particularly for the preservation of fresh-cut guava.

Based on these findings, we prepared NCS from CS using the ionotropic gelation
method, and developed a novel active edible PUL/GA biocomposite functionalized with NCS
and NEO. The prepared biocomposites were characterized for their mechanical, optical,
thermal, antimicrobial and antioxidant properties, and in vitro biocompatibility. The study
aimed to address the issues of high hydrophilicity and poor water vapour barrier properties
related with PUL-based biocomposites. Additionally, it emphasized on the efficacy of the

prepared filmogenic or coating solution in shelf-life enhancement of fresh-cut guava.

7.2 Results and discussion

7.2.1 Characterization of NCS

The preparation of NCS by the ionic gelation technique using STPP as the cross-linking agent
is shown in Figure 7.2 (a). The chemical structure of CS and STPP contain the cationic amino
and the anionic phosphate groups, respectively, which interact to form intermolecular and
intramolecular bonds, thereby reducing the overall size of CS. The average particle size of the

prepared NCS, as depicted by FETEM image (Figure 7.2 (b)), was found to be 46 + 6 nm.
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Figure 7.2 (a) Overview of preparation process of NCS, (b) TEM image and particle size
distribution of prepared NCS, (¢) XRD pattern of CS, NCS and STPP, (d) FTIR spectra of CS
and NCS, and (e) TGA curves of CS and NCS.

As shown in Figure 7.2 (c), the XRD pattern of CS depicts three characteristic peaks at
20 values of 9.28°, 14.22° and 20°. Interestingly, a reduced crystallinity was observed in case
of NCS (Icr = 27.58 %) as compared to CS (Icr = 30.11 %), which may be attributed to the
cross-linking formed between CS and STPP upon formation of NCS. This further confirms the
presence of a dense structural network formed within the oppositely charged CS and STPP.
The decreased crystallinity of the prepared NCS has certain advantages such as increased
surface area, which facilitates faster rate of dissolution, enhanced physical, chemical and
dimensional stability, and increased exposure to bioactive components.

The FTIR analysis of CS and NCS was conducted to determine their functional groups
(Figure 7.2 (d)). As observed in the FTIR spectrum of CS, peaks at 1569 and 1648 cm™!
correspond to —NH bending in the secondary amides, and —C=O stretching in the primary
amides, respectively. Furthermore, the peak observed at 3353 cm ™! correspond to -NH; and —

OH stretching in CS [312]. Peaks at 2925 and 2874 ¢cm™! are attributed to ~CH symmetric
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stretching and ~CH asymmetric stretching, respectively [549]. Peaks at 1419 and 1378 ¢cm™!
correspond to the —NH stretching in amide bonds and the —NH stretching of the amide IIT band
[254]. Additionally, the peak at 1025 cm™! is attributed to the —CO based IR-band [550]. In the
case of NCS, there is a shift in peaks to 1647 and 1560 cm™! from 1648 and 1569 cm™! (in CS),
which is attributed to the interaction between the cationic group in CS and the phosphate group
in STPP. The FTIR peak at 3353 cm™! in CS shifts to 3358 cm™! in NCS and become more
sharpened due to increased hydrogen bonding.

The TGA curves of NCS and CS depict the weight loss due to thermal treatment
between 28 to 700 °C, as shown in Figure 7.2 (e). Two steps of degradation were observed for
the prepared NCS. The first step of degradation could be attributed to the loss of moisture
content. The second step of degradation corresponds to the actual thermal degradation of the
prepared NCS. The first and the second steps of degradation were observed within the
temperature ranges of 45 to 150 °C and 240 to 385 °C, respectively. It was observed that the
NCS retained significantly higher percentage of its initial weight (~ 27.35 %) at 700 °C, as
compared to CS (~ 10.46 %) , which is in line with reported literature [312,551,552].

7.2.2 Characterization of the biocomposites

7.2.2.1 Optical properties

The optical properties of PUL-based biocomposites were analyzed based on their transparency
and colour factors, as many foods are light-sensitive, especially to Ultraviolet-Visible (UV-
Vis) light. As depicted in the visual images (Figure 7.3 (a)), all the biocomposite films possess
a uniform transparent or translucent appearance. The film transparency depends on molecular
weight, dispersion, homogeneity and use of plasticizers. The neat PUL film had the highest
transparency and a white transparent appearance, while the inclusion of GA added a yellowish
colour and reduced transparency. Interestingly, the inclusion of NCS enhanced the
transparency (Figure 7.3 (b)), which increased with increase in NCS concentrations
(PUL/GA/NCS3>  PUL/GA/NCS2>  PUL/GA/NCS1 and PUL/GA/NCS3/NEO>
PUL/GA/NCS2/NEO> PUL/GA/NCSI/NEO). The enhancement of transparency due to
inclusion of NCS may be attributed to its enhanced compatibility and distribution within the
biocomposite matrix. This is in line with reported literature where NCS enhanced film

transparency [312].
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Figure 7.3 (a) Visual images and (b) UV-Vis light transparency of the prepared films.

Additionally, the NEO-containing biocomposites were found to exhibit significant
reduction in the transmittance values and hence reduced transparency in comparison to those
without NEO. This is comparable to reported literature where inclusion of essential oils
reduced film transparency [553—555]. The reduction in transparency of the biocomposites in
turn corresponds to their enhanced UV-shielding property, and vice-versa. Thus, the NEO-
containing biocomposites PUL/GA/NCS1/NEO, PUL/GA/NCS2/NEO and
PUL/GA/NCS3/NEO with reduced transparency were found to exhibit effective light
transmission blocking property in the UV (< 400) and the visible light (400-800) region. The
neat PUL film, being the most transparent, showed no blocking property (Figure 7.3 (b)).

The optical properties of the biocomposites were further determined using the colour
factors (L*, a*, b*, Chroma and hue), as shown in Table 7.1. The L* value, which is an

indicative of brightness, varied from 78.80 + 0.80 to 59.94 + 0.77. The a* value varied from
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2.33+£0.66 to 11.78 + 0.31 (indicating redness), b* value ranges from 10.21 + 0.44 to 39.31 £+
0.40 (indicating yellowness), the Chroma value varied from 10.46 £+ 0.58 to 40.55 + 0.75, and
the hue angle varied from 78.78 + 0.96 to 71.29 + 0.54, indicating yellow colouration effect.
As depicted in Table 7.1, the L* and the h values were found to be highest for the neat PUL
film, which slightly reduce upon inclusion of GA and NCS (as in PUL/GA, PUL/GA/NCSI,
PUL/GA/NCS2 and PUL/GA/NCS3) and further reduce in case of the NEO-containing films
(as in PUL/GA/NEO, PUL/GA/NCS1/NEO, PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO).

Table 7.1 Colour factors of the prepared film samples.

Film samples L* a* b* Chroma hue
PUL 78.80+0.80? 2.33+0.66* 10.21+0.442 10.46+0.58* 78.78+0.96*
PUL/GA 73.38+0.43° 4.66+0.59° 23.48+0.52° 23.94+0.49° 77.64+0.49*
PUL/GA/NEO 68.81+0.63¢ 7.62+0.68¢ 34.78+0.49¢ 35.52+0.76° 77.19+0.53%
PUL/GA/NCS1 68.12+0.42¢ 8.25+0.41°% 37.58+0.394 38.23+0.35¢ 78.26+0.492
PUL/GA/NCS1/NEO | 65.95+£0.53¢ | 9.2640.53% 38.63+0.41% 40.11+0.39° 75.46+0.82°
PUL/GA/NCS2 69.75+0.59° | 8.76+0.40° | 38.80+0.47% 39.77+0.54" 77.29+0.36%
PUL/GA/NCS2/NEO | 59.944+0.77° | 11.72+0.46f 34.57+0.50° 36.56+0.41% 71.29+0.54°
PUL/GA/NCS3 64.49+0.57% | 11.78+0.31F 35.33+£0.43¢ 37.25+0.35% 75.70+0.80°
PUL/GA/NCS3/NEO | 63.97+0.98° | 10.02+0.36° | 39.31+0.40° | 40.55+0.75 71.57+0.79*

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.

7.2.2.2 Morphological and compositional analysis

The surface morphology, fractured and overview cross-sections of the PUL, PUL/GA,
PUL/GA/NEO, PUL/GA/NCS3 and PUL/GA/NCS3/NEO biocomposites were studied using

FESEM, as shown in Figure 7.4 (a—¢”).
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Figure 7.4 FESEM images representing surface, fractured cross-section, and cross-sectional
overview of (a—a'") PUL, (b-b'") PUL/GA, (c—¢'") PUL/GA/NEO, (d-d'") PUL/GA/NCS3,
and (e—e'') PUL/GA/NCS3/NEO. Additionally, EDX analysis of PUL/GA/NCS3/NEO
showing elemental mapping of (f) C, (g) N, (h) O, and (i) the corresponding spectrum with

elemental weight percentages.

The characteristics of the biocomposites were mainly influenced by the interactions between
the film components. The neat PUL film was found to have a smooth texture and uniform
morphology, as observed in its surface (Figure 7.4 (a)) and cross-sectional FESEM image
(Figure 7.4 (a’)). However, the inclusion of GA resulted in appearance of small granular or
spherical structures on the surface (Figure 7.4 (b)) and the fractured cross-section (Figure 7.4
(b”)) of the PUL/GA biocomposite. These spherical structures (shown by dotted circles) may
be attributed to the inclusion of GA, that is uniformly distributed all over the biocomposite
surface. Moreover, the inclusion of NCS resulted in alteration of the morphology of GA,
thereby resulting in its more uniform dispersion in the resultant biocomposite. This is evident
from the surface (Figure 7.4 (d)) and the fractured cross-section (Figure 7.4 (d”)) morphology
of'the PUL/GA/NCS3 biocomposite. Additionally, in the NEO containing biocomposites, there
were appearance of wrinkled structures both in surface (Figure 7.4 (c, €)) and fractured cross-
section (Figure 7.4 (¢’, €’)) of PUL/GA/NEO and PUL/GA/NCS3/NEO, respectively. These
wrinkled structures (shown by dotted circles) may be attributed to the internal phase separation
caused upon inclusion of the hydrophobic NEO in the biocomposite matrix. This is in line with
reported literature, where inclusion of essential oils results in wrinkled and rougher

morphology of the film surface [556,557]. Furthermore, Figure 7.4 (a”,b”, ¢”, d”, €”) represent
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the cross-sectional overviews of PUL, PUL/GA, PUL/GA/NEO, PUL/GA/NCS3 and
PUL/GA/NCS3/NEOQ, respectively.

For the compositional analysis and to determine the elemental mapping of C, N and O,
the biocomposite containing the highest concentration of NCS (PUL/GA/NCS3/NEQO) was
selected. The EDX mapping and spectra are as shown in Figure 7.4 (f—i). Additionally, the
results depict the weight percentages of C, N and O to be ~ 55.7%, ~ 3.6% and ~ 40.8%,
respectively. The compositional analysis of the biocomposite revealed that there were no
metallic components or other minerals present, thereby confirming the safety of materials
[312,328,329]. Moreover, the uniform distribution of N further validates the presence of NCS
within the biocomposite, as CS comprises of N in its amine ((1 — 4)-linked 2-amino-2-deoxy-

B-D-glucan) structure.

7.2.2.3 FTIR and XRD
The chemical interactions between PUL, GA, NCS, and NEO were analyzed using FTIR
(Figure 7.5 (a)), where the peaks represent the functional groups in the film samples. Peaks at
3293 cm™! and 2929 ecm™! correspond to —OH and —CH stretching, respectively. The 1647 cm™!
peak indicates hydrogen bonds along with bound water, while 1416 cm™' and 850 cm™! are
attributed to the vibrational CHz groups. Peaks at 1150 cm™! and 1000 cm ™! correspond to -CO
stretching in C-O-C groups of the anhydroglucose ring. These results are in line with reported
literature [312,558]. Distinct FTIR peaks were observed in the PUL-based biocomposites with
varying intensities, indicating some shifts in the FTIR peaks. Two additional peaks at 2855
cm!' and 1744 cm™ in NEO-containing biocomposites indicate aliphatic C-H and C=0
stretching present in neem oil, confirming interactions between NEO and the biocomposite
matrix components, as reported by Das et al. [559].

The XRD patterns of the prepared PUL-based biocomposites or films are shown in
Figure 7.5 (b). Within the biocomposites, the peak at 19.74° indicates the amorphous nature of
PUL, which may be due to the presence of tightly packed PUL molecules connected by
hydrogen bonds [535,560]. Furthermore, in the diffraction patterns of the biocomposites, the
characteristic peaks were observed with varying intensities. As observed in Figure 7.5 (b), the
crystallinity index (Icr) of neat PUL film was found to be 46.24 %. It is important to note that
the inclusion of GA increased the crystallinity to 51.14 %. Additionally, the inclusion of NCS
demonstrated effectiveness across different levels due to varying proportions of NCS in the
composite materials. The Icr of PUL/GA/NCS3 and PUL/GA/NCS3/NEO was found to be
55.11 % and 58.83 %, respectively; indicating significantly increased crystallinity upon
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inclusion of NCS at 3 % w/v along with NEO. This enhanced crystallinity of the biocomposites
is possibly due to interfacial interactions within the functional groups of the biocomposite

components.

Figure 7.5 (a) FTIR spectra and (b) XRD patterns of the PUL film and PUL-based

biocomposites.

7.2.2.4 Analysis of thermal stability

The thermal stability of the prepared films was determined using TGA, (as shown in Figure
7.6 and Table 7.2). The TGA curves of the different PUL-based biocomposites provide
information about the efficacy of the GA, NCS and NEO against different temperature
conditions. Different parameters such as the temperature at which 10% and 50% of the
biocomposite sample had thermally degraded, indicated as Tip and Tso, respectively were
determined. Additionally, the offset temperature (Toret) for thermal degradation of the
biocomposite was determined. The initial step of degradation ranging between 40 to 195 °C
corresponds to the loss of moisture present in the edible biocomposite samples. The final step
of degradation may be attributed to the actual degradation (depolymerization and breakdown)
of the components of the biocomposite matrix. As observed in Table 7.2, the neat PUL film
has the highest Tio value (201.81 °C), but the lowest Tso (291.48 °C) and Tostset (318.78 °C)

values as compared to the other film samples. This may be attributed to the rapid mass loss or
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highest degradation rate (least difference between Tio and Tso) of the neat PUL film, thus

corresponding to its least thermal stability.

Table 7.2 Thermal degradation of the prepared film samples.

Film samples T (°C) Tso (°C) Toftset (°C) Wiees (%)
PUL 201.81 291.48 318.78 16.96
PUL/GA 141.56 300.73 347.87 13.68
PUL/GA/NEO 145.41 302.16 336.18 17.32
PUL/GA/NCSI1 148.34 303.77 339.78 17.57
PUL/GA/NCS1/NEO 131.83 298.73 331.23 15.55
PUL/GA/NCS2 134.91 301.30 333.93 18.78
PUL/GA/NCS2/NEO 176.65 299.34 341.42 12.16
PUL/GA/NCS3 168.12 303.53 329.73 21.43
PUL/GA/NCS3/NEO 132.47 301.76 341.27 17.78

Moreover, the observed Tso values of the biocomposites PUL/GA, PUL/GA/NEO,
PUL/GA/NCSI, PUL/GA/NCS1/NEO, PUL/GA/NCS2, PUL/GA/NCS2/NEO,
PUL/GA/NCS3 and PUL/GA/NCS3/NEO, were found to be ~ 300.73, ~ 302.16, ~ 303.77, ~
298.73, ~ 301.30, ~ 299.34, ~ 303.53 and ~ 301.76 °C, respectively (Table 7.2). Thus, the
incorporation of GA in the PUL-based biocomposite enhanced its thermal stability by ~ 9.25
°C, considering the Tso values of the biocomposites. Similarly, the incorporation of NCS in
proportions of 1% (NCS1), 2% (NCS2), 3% (NCS3) in the biocomposites significantly
enhanced the thermal stability by ~ 12.29, ~ 9.82 and ~ 12.05 °C, respectively. Moreover, the
Totrset value of the PUL/GA/NCS3/NEO biocomposite increased by ~ 22.49 °C compared to
the neat PUL film, indicating enhanced thermal stability. This is in line with reported literature
where incorporation of NCS enhanced the thermal stability of biocomposites [312].
Additionally, the NEO containing films also exhibited higher Tso and Tofsset values than neat
PUL film, hence suggesting improvement in thermal stability. The Tofset values of the prepared
films indicate the enhanced thermal stability of the PUL-based biocomposites upon

incorporation of GA, NCS and NEO. The enhanced thermal stability may be attributed to the
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effective interactions between the PUL, GA, NCS and NEO. The Tio, Tso, Tofrset values and the
weight residue (Wres) % of the prepared film samples are shown in Table 7.2.

Figure 7.6 TGA curves of the PUL film and PUL-based biocomposites.

7.2.2.5 Mechanical properties

The tensile strength and the elongation at break of the composite films have been depicted in
Figure 7.7 (a, b). The neat PUL film demonstrated the lowest tensile strength (54.73 + 1.63
MPa) and elongation at break (12.48 £ 0.96 %), which is comparable to that reported in
literature [561,562]. However, incorporation of GA in the PUL/GA biocomposite, increased
the tensile strength and the elongation at break to 56.14 + 3.21 MPa and 14.14 + 2.49 %,
respectively. It is noteworthy, that the films containing NEO showed higher tensile strength
and elongation at break compared to those without NEO. Interestingly, in the
PUL/GA/NCS2/NEO biocomposite, the incorporation of NEO did not have significant effect
on the elongation at break. The increased tensile strength and elongation at break with NEO
incorporation could be related to its plasticizing effect, improving flexibility and reducing
brittleness [563]. The increased tensile strength upon NEO incorporation may be attributed to

the chemical interaction between bioactive groups in NEO and the polymer functional groups
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in the PUL-based biocomposite matrix, as described earlier in the FTIR spectrum (Figure 7.5
(a)). Moreover, many other studies have reported that the inclusion of essential oils enhanced
the overall mechanical properties of the film, which is a very important criteria for its use as
packaging material [564]. According to Romani et al. [565], polyphenols present in essential
oil have a tendency to make hydrogen bonds with hydroxyls present in the carbohydrate
polymer, thereby increasing the interfacial interaction between essential oil and the

carbohydrate polymer, which in turn increases the resistance of the material.

Figure 7.7 (a) Tensile strength and (b) elongation at break of the PUL film and PUL-based
biocomposites. Results are represented as mean = SD, N = 3. Different letters in the superscript
represent statistically significant (p < 0.05) differences and the same letters represent

statistically non-significant (p > 0.05) differences.

Additionally, as reported by Romani et al. [565], strong interactions between essential
oil and carbohydrate polymer create a crosslinking effect that enhances tensile strength by
reducing chain mobility. Moreover, the incorporation of lipids or essential oils in
polysaccharide-based or protein-based films can influence the chain-to-chain interactions
within the polymer, increasing cohesiveness and flexibility of the resultant films [566].
Additionally, increasing the proportion of NCS increased both tensile strength and elongation
at break due to increased ductility. This is in line with reported literature where NCS enhanced
the elongation at break and ductile nature of the films [312]. In this study, the
PUL/GA/NCS3/NEO biocomposite demonstrated the highest tensile strength (67.50 = 1.18
MPa) and elongation at break (18.74 + 3.66 %), with ~ 12.77 MPa increase in tensile strength
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and ~ 6.26 % increase in elongation at break as compared to neat PUL film. Thus, the results
indicate that the incorporation of GA, NCS and NEO increased the tensile strength and the
elongation at break of the PUL-based biocomposites. The differences in tensile strength (Figure
7.7 (a)) and the elongation at break (Figure 7.7 (b)) of the prepared films were statistically
significant (p < 0.05).

7.2.2.6 Surface wettability and WVP

The surface wettability of the prepared films was determined by water contact angle
measurement as represented in Figure 7.8 (a, b). The wettability of the biocomposites was
significantly influenced by the inclusion of NCS and NEO. The water contact angle of neat
PUL film was found to be 55.49 + 2.31°, which is close to that reported by Priyadarshi et al.
[567]. On the other hand, the inclusion of GA was found to increase the hydrophilicity of the
biocomposite, resulting in a decreased contact angle of 48.49 + 1.25°, which is not suitable for
food packaging materials. However, the incorporation of NCS and NEO significantly increased
the water contact angle to 115.01 + 1.86° (as in case of PUL/GA/NCS3/NEQO), directing
towards improved hydrophobicity of the film biocomposites. As depicted in Figure 7.8 (b), the
differences in contact angle of the biocomposites with respect to that of neat PUL, were
statistically significant (p < 0.05). Additionally, the water contact angle data were found to be
in line with the WVP data (Figure 7.8 (c)), in which the inclusion of GA was found to
significantly increase the WVP (due to increased hydrophilicity). On the other hand, and the
inclusion of NCS and NEO decreased the WVP (due to increased hydrophobicity).

Water vapour barrier property of food packaging material is a very crucial factor to
prevent spoilage and degradation of food products. The WVP of film is highly influenced by
its microstructure. The WVP of neat PUL film was estimated to be 1.98 £ 0.21 g/m/day/Pa (%
10%), which is close to that reported in literature [568]. Additionally, the incorporation of GA
significantly increased the WVP value to 2.94 + 0.95 g/m/day/Pa (x 107%), thereby reducing the
barrier property (Figure 7.8 (¢)). This is in line with reported literature where GA significantly
increased the WVP of the films [569]. However, the incorporation of NCS and NEO in the
biocomposite film (PUL/GA/NCS3/NEO) was found to reduce its WVP to 1.07 £ 0.14
g/m/day/Pa (x 107°), thereby enhancing the barrier property by ~ 45.95 %. Additionally, it has
been reported that NCS efficiently helps in reduction of WVTR (and hence the WVP) value of
film, as nanoparticles can more efficiently occupy the void spaces present in the film [312].
The incorporation of essential oils also enhances the surface hydrophobicity of edible films,

thereby reducing their water vapour permeability, as reported by Roshandel-Hesari et al. [570].
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Figure 7.8 (a, b) Static water contact angles and (¢) WVP of the PUL film and PUL-based
biocomposites. Results are represented as mean = SD, N = 3. Different letters in the superscript
represent statistically significant (p < 0.05) differences and the same letters represent

statistically non-significant (p > 0.05) differences.

7.2.2.7 Antimicrobial property of filmogenic/ coating solutions

The biocomposites PUL/GA/NEO, PUL/GA/NCS1, PUL/GA/NCS2, PUL/GA/NCS3,
PUL/GA/NCS1/NEO, PUL/GA/NCS2/NEO and PUL/GA/NCS3/NEO showed antimicrobial
property due to the presence of NCS and NEO. The zones of inhibition (shown by dotted
circles) surrounding the biocomposite samples indicate their antibacterial property against S.
aureus (Figure 7.9 (a)) and E. coli (Figure 7.9 (b)), and antifungal property against 4. niger
(Figure 7.9 (c)). On the other hand, the composites PUL and PUL/GA do not show any
antimicrobial property and hence no zone of inhibition, due to lack of antimicrobial property

in PUL and GA. The lack of antimicrobial activity in neat PUL film is in line with reported
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literature [571]. As depicted in Table 7.3, amongst all the filmogenic solutions, the

antimicrobial efficacy was highest in case of PUL/GA/NCS3/NEO, (12.57 + 0.13 mm against
S. aureus, 11.88 + 0.23 mm against E. coli and 19.64 + 0.71 mm against 4. niger).

Table 7.3 Zones of inhibition showing antimicrobial activity of the prepared films.

Films Zone of Inhibition (mm)
S. aureus E. coli A. niger
PUL 0.00+0.00° 0.00+0.00° 0.00+0.00°
PUL/GA 0.00+0.00° 0.00+0.00° 0.00+0.00°
PUL/GA/NEO 9.12+0.44° 8.88+0.35° 11.89+1.02°
PUL/GA/NCSI1 10.01+0.33% 9.27+0.28° 15.35+0.33¢
PUL/GA/NCS1/NEO 10.36+0.72% 9.58+1.03° 16.14+0.20%
PUL/GA/NCS2 10.90+1.03¢4 9.86+1.45% 16.97+0.664
PUL/GA/NCS2/NEO 11.26+0.874 10.59+0.44% 17.65+1.014
PUL/GA/NCS3 11.92+0.56% 11.05+0.580 19.21+0.58¢°
PUL/GA/NCS3/NEO 12.57+0.13¢ 11.88+0.23¢ 19.64+0.71¢°
Chloramphenicol 28.5140.23" 28.32+0.74° -
Voriconazole - - 41.56+0.51"

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.

This indicates that the antimicrobial efficacy not only increases with the increase in
concentration of NCS, but also with the incorporation of NEO in the composites. The
antimicrobial properties of NCS have been extensively documented in prior studies [572,573],
with its mechanism of action primarily attributed to the interaction between polycationic CS
molecules and the anionic membranes of microbial cells, leading to cell membrane disruption
and subsequent molecular leakage. The presence of amino (NH2) groups in NCS cause
microbial cell death by disruption of cell membrane, leading to the leakage of intracellular
contents and negatively charging the cytoplasmic membrane [574]. Furthermore, the CS
molecules are capable of penetrating the microbial cell nucleus, thereby inhibiting the synthesis
of mRNA and proteins. They also function as metal chelators, contributing to the inhibition of

microbial growth [318]. Neem essential oil (NEO), on the other hand, is also well-known for
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its antimicrobial properties due to the presence of various bioactive compounds, as documented
in prior studies [547,575,576]. Additionally, the hydrophobic nature of essential oils allow
them to interact with the lipids in the bacterial cell membrane and mitochondria, disrupting
their structure and increasing membrane permeability. This disruption affects the proton motive
force, leading to changes in the pH gradient and electron flow across the membrane, eventually
resulting in cell death [577,578]. It is also evident from the results that show higher
antimicrobial property in the composites containing NEO, than that in the ones without NEO.
This is in line with reported literature where incorporation of NEO enhanced antimicrobial

efficacy of the films [579].

Figure 7.9 Antimicrobial activity of the filmogenic solutions against (a) S. aureus, (b) E. coli

and (c) 4. niger.

7.2.2.8 Antioxidant property of the prepared biocomposites

The presence of antioxidant activity in the biocomposites could be attributed to the presence
of GA, NCS and NEO (Table 7.4). The neat PUL film did not exhibit any antioxidant or radical
scavenging activity, which is in line with reported literature [571]. However, the PUL/GA
biocomposite exhibited antioxidant activity of 2.89 + 0.35 % by DPPH and 6.05 + 0.88 % by
ABTS assay (Table 7.4). The antioxidant activity of PUL/GA may be attributed to the fact that
GA comprises of various amino acid residues, such as tyrosine, lysine and histidine, that are

usually regarded as antioxidants [580]. Additionally, the DPPH and ABTS radical-scavenging
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activity of the biocomposites increased with the increasing concentration of NCS from 1 to 3
wt. % and incorporation of NEO. The antioxidant activity of the PUL/GA/NCS3/NEO
biocomposite was found to be 52.69 + 0.46 % by DPPH and 73.98 + 0.91 % by ABTS assay,

which was highest in comparison to the other PUL-based biocomposites.

Table 7.4 Percentage of DPPH and ABTS radical scavenging activity of the prepared films.

Films DPPH scavenging activity (%) ABTS scavenging activity (%)
PUL 0.00+0.00° 0.00+0.00°
PUL/GA 2.89+0.35° 6.05+0.88°
PUL/GA/NEO 7.66+0.40° 13.21+0.77°
PUL/GA/NCSI1 7.98+0.35¢ 16.11+1.15¢
PUL/GA/NCS2 9.25+0.45¢ 17.89+0.53¢
PUL/GA/NCS3 12.41+0.47¢ 20.55+0.79°
PUL/GA/NCS1/NEO 29.07+0.66" 37.13+0.53f
PUL/GA/NCS2/NEO 34.02+0.37¢ 45.78+0.53¢8
PUL/GA/NCS3/NEO 52.69+0.46" 73.98+0.91h

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.

The increase in antioxidant activity with increase in NCS concentration may be attributed to
the fact that the CS structure contains free amino (NH») groups that can scavenge free radicals.
These groups interact with the reactive oxygen species, neutralizing them and reducing
oxidative stress. Additionally, the increase in antioxidant activity upon incorporation of NEO
may be attributed to the presence of several bioactive phytochemicals in NEO, such as
azadirachtin, nimbolide, and nimbin, as reported by [581]. These phytochemicals help to
neutralize free radicals and inhibit or delay the oxidative deterioration responsible for food
spoilage and nutrient loss, thereby contributing to the preservation of freshness and the
extension of food shelf-life. This is in line with reported literature where incorporation of NCS

and essential oils improved the antioxidant property of films [545,548]. Thus, in the present
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study, the combination of NCS and NEO significantly enhanced the overall antioxidant activity
of the film. Furthermore, the antioxidant activity was found to significantly increase for each
of the samples, when tested using the ABTS assay compared to that using the DPPH assay.
This may be attributed to the better solubility of the PUL-based films in ABTS solution, as
reported in prior studies [582—584].

7.2.2.9 Biocompatibility analysis

The biocompatibility of the filmogenic solutions was assessed by MTT assay conducted on
HEK-293 cells. As shown in Figure 7.10 (a—c), the results demonstrated that the filmogenic
solutions supported the proliferation of HEK-293 cells, with cell viability progressively
increasing over a 72-hr incubation period. Interestingly, the NEO-containing films exhibited
slightly lower percentage of cell viability in comparison to the other films. As depicted in
Figure 7.10 (a—c), the difference in cell viability percentages in case of the neat PUL and all
the PUL-based biocomposites or filmogenic solutions were statistically significant (p < 0.05),
when compared to that of the control. According to the cytotoxicity grading criteria, cell
viability above 75 % indicates non-cytotoxicity, while values between 50 % and 74 % are
considered slightly toxic. Moderately toxic effects are observed with viability ranging from 25
% to 49 %, and viability below 24 % indicates extreme toxicity [433]. Moreover, according to
ISO10993-5:2009 standards, the substances with cell viability of atleast 75 % of that of the
control group, are considered non-cytotoxic [435-437]. In the present study, the cell viability
percentages of all the filmogenic solutions (the neat PUL and the PUL-based biocomposites)
were found to be more than 80 % even after 72 hrs. Thus, the PUL/GA/NCS3/NEO solution
with cell viability of 86.82 + 2.28 %, could be regarded as non-cytotoxic or biocompatible for

use as edible coating material.
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Figure 7.10 Relative viability percentage of HEK-293 cells in presence of the prepared films
after (a) 24, (b) 48 and (c¢) 72 hrs of cell seeding. Results are represented as mean + SD, N =
3. Different letters in the superscript represent statistically significant (p < 0.05) differences

and the same letters represent statistically non-significant (p > 0.05) differences.

7.3 Application of edible coating and analysis of shelf-life

The application of edible coating have been reported to significantly enhance the shelf-life of
various perishable food products [573]. The filmogenic solution of the PUL/GA/NCS3/NEO
biocomposite was selected for application of edible coating on fresh-cut guava. The efficacy
of the coating solution was determined in terms of retention of colour attributes, initial weight,
firmness, visual appearance, microbiological shelf-life and antioxidant activity of the coated

cut guava fruits.
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7.3.1 Colour factors

Determination of optical properties is essential for edible coating applications as they
significantly influence the visual appearance of coated food products. The optical properties of
uncoated and coated cut guava were determined using colour factors such as L*, a*, b*,
Chroma, and hue values, as shown in Table 7.5 (a—d). The L* values, representing brightness,
decreased very slowly in the coated fruit (Table 7.5 (a, c)), but rapidly in the uncoated fruit
(Table 7.5 (b, d)), both under ambient and refrigerated conditions. The rapid decline in L* for
uncoated fruit may be attributed to its quicker browning along with initiation of fungal growth.
Moreover, the browning effect of cut fruits could be attributed to the enzymatic activity of
polyphenol oxidase upon coming in direct contact with the atmospheric oxygen [585].
Furthermore, the positive a* (redness) and b* (yellowness) values increased rapidly in the
uncoated fruits due to faster oxidative deterioration compared to the coated ones. The observed
hue angle further validates the yellowness of the cut fruits. The Chroma values indicate the
efficacy of the hue colour during storage. With respect to storage duration, the coated guava
fruit showed significantly (p < 0.05) lower variation in colour features than the uncoated one,
both under ambient and refrigerated conditions (Table 7.5 (a—d)). Thus, the obtained results
suggest that the edible coating formulation helped to retain the natural appearance and colour
attributes of the cut guava fruits, both under ambient and refrigerated conditions. Similar
findings were reported by Nur Hanani et al. [318], who observed better retention of natural
colour parameters on cut guava by application of chitosan and cinnamon essential oil based

edible coating formulation.

Table 7.5 (a) Colour factors of coated guava under ambient condition.

Day L* a* b* Chroma hue
0 71.35+£2.552 5.35+1.46° 14.10+3.012 15.08+3.32* 69.39+1.48*
2 69.99+0.19* 6.93+1.39% 21.91+2.26° 22.724+4.01%® 68.01+3.11°
4 66.4243.40° 8.73+1.82% 21.81+3.46° 23.51+3.72% 68.18+3.012
6 61.35+6.42* 10.60+2.47° 22.36+2.67° 25.44 £3.39° 66.03£3.56*
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Table 7.5 (b) Colour factors of uncoated guava under ambient condition.

Day L* a* b* Chroma hue
0 69.35+5.62% 4.35+1.08* 11.72+3.20* 12.89+3.13¢ 74.03+0.70*
2 50.05+2.71° 7.33+1.29° 12.91+3.34* 14.85+3.52¢% 63.81+1.32°
4 38.66+£2.41° 6.30+0.76 14.10+1.81% 15.77£3.77% 60.10+2.20%¢
6 33.69+1.33°¢ 10.84+0.87°¢ 21.37+£1.92° 25.2442.38° 57.03+£3.68°¢
Table 7.5 (¢) Colour factors of coated guava under refrigerated condition.
Day L* a* b* Chroma hue
0 76.34+0.21*2 1.47+0.332 10.86+1.13% 10.29+1.06* 80.21+0.392
2 75.144+0.60% 6.34+1.47° 15.29+2.63% 16.65+2.92% 67.14+1.88*
4 73.67+0.55% 6.71£1.19%¢ 18.67+2.45% 20.2546.87° 66.72+3.422
6 72.60+0.50° 6.78+1.57% 19.03+6.89° 20.76+£3.07° 66.40+3.90°
8 69.81+0.334 9.05£1.99b<d 21.64+3.27% 22.62+2.61° 65.72+0.94°
10 67.14£1.17° 10.06£0.17 21.19+0.40% 23.29+0.52b¢ 65.76+0.85%
12 61.67+1.16 11.23+0.81% 22.01+1.76% 25.124+2.24b¢ 64.23+2.78*
14 57.79+£0.508 13.92+1.36° 30.50+5.04°¢ 33.10+4.26° 63.29+0.602
Table 7.5 (d) Colour factors of uncoated guava under refrigerated condition.
Day L* a* b* Chroma hue
0 73.79+1.55% 1.74+0.29* 10.30+1.39% 9.11+1.282 80.64+1.59*
2 60.25+0.29° 11.11£0.29° 24.39+1.60° 27.86+0.61° 72.46+5.81°
4 57.65+0.38 12.64+1.22° 28.73+2.91° 31.63+2.33° 69.70+4.39b¢
6 55.59+0.50° 12.32+1.77° 28.96+4.05° 31.65+4.09° 66.82+0.54%
8 53.36+0.84% 12.68+3.87° 29.12+1.83Y 32.28+4.69° 66.02+2.00%
10 49.21+3.22¢ 13.76+£3.17° 29.73+1.12° 33.03+1.63% 64.33+£2.04°
12 38.36+2.14° 14.65+£1.17° 30.52+4.48° 34.11+5.50° 64.28+0.36°
14 34.97+1.13¢ 15.30+3.22° 32.87+2.03° 34.66+4.68" 62.97+0.19°¢

Results are represented as mean + SD, N = 3. Different letters in the superscript represent

statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.
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7.3.2 Weight loss and firmness

The degree of weight loss is an indicative of decline in freshness of food products, mainly due
to moisture evaporation causing shrinkage on their surface [586]. However, the weight loss
could be significantly delayed by using biopolymer based edible films and coating materials,
such as pullulan, chitosan, gum arabic, starch, alginate, etc [587,588]. In the present study, the
coated cut guava fruit showed significantly lesser amount of weight loss as compared to that
in the uncoated fruit (Figure 7.11 (a, b)), demonstrating the efficient moisture barrier properties
of the edible coating material. Additionally, a statistically significant (p < 0.05) difference in
weight loss between the coated and uncoated guava fruits was observed both under ambient
and refrigerated conditions, as shown in Table 7.6 (a, b). This significantly lower reduction in
weight in the coated fruit may be attributed to the excellent water vapour barrier property of
the PUL/GA/NCS3/NEO active edible biocomposite. The rapid weight loss in the uncoated
fruit during storage may be attributed to the natural process of respiration and trans-
evaporation, whereas the coating material effectively minimized the rate of weight loss in the
coated fruit. Importantly, the weight of a fruit or vegetable gets reduced due to loss of a carbon

molecule during the respiration process [311].

Table 7.6 (a) Weight loss of coated and uncoated guava under ambient condition.

Storage Time Weight Loss (%)
(Days) Coated Uncoated
0 0.00£0.00° 0.00£0.00°
1 5.22+0.43° 14.64+0.42°
2 8.11+2.22¢ 19.23+1.27°
3 10.84+1.07¢ 23.4342.184
4 15.35+0.55° 27.35+1.43¢
5 16.83+2.14°¢ 30.3540.83"
6 19.76+0.69" 32.93+0.74¢
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Table 7.6 (b) Weight loss of coated and uncoated guava under refrigerated condition.

Storage Time Weight Loss (%)

(Day9) Coated Uncoated
0 0.00+0.00° 0.00+0.00°
1 2.6240.53% 3.77+0.99°
2 6.74+1.34% 10.12+0.44°
3 8.04+1.02% 14.60+1.02%
4 10.53+2.55% 17.1842.42¢
5 12.90+2.884 19.59+0.44%4
6 15.5540.96°" 24.78+0.67%
7 19.35+2.69' 29.28+2 .45
8 22.39+1.56¢ 33.49+1.21f
9 25.17+2.4¢%h 36.62+0.88¢8
10 28.59+2.75M 43.88 £2.02"
11 30.3240.291 46.40+3.40M
12 33.79+0.36% 49.31+1.83M
13 35.89+1.23% 51.85+2.781
14 38.67+0.4% 53.84+2.58

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.

Reduction in firmness of fresh produce is an indicative of its quality deterioration,
mainly caused by respiration. In the present study, both coated and uncoated fruits showed
firmness reduction over time, attributed to various factors like microbial contamination,
moisture loss and mechanical damage [311]. However, the rate of reduction in firmness was
found to be much slower in the coated fruit as compared to the uncoated one, where a rapid
reduction was observed in Figure 7.11 (c, d). The difference in firmness reduction of coated
and uncoated guava fruits, was statistically significant (p < 0.05) under both ambient and

refrigerated conditions, as shown in Table 7.7 (a, b).
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Table 7.7 (a) Firmness of coated and uncoated guava under ambient condition.

Storage Time Firmness (N)
(Days) Coated Uncoated
0 41.89+1.62° 41.42+1.342
2 38.60+1.08* 34.86+1.93°
4 30.58+0.73° 24.15+1.44°¢
6 22.50+1.70° 10.87+2.28¢

Table 7.7 (b) Firmness of coated and uncoated guava under refrigerated condition.

Storage Time Firmness (N)
(Days) Coated Uncoated
0 42.50+1.27% 41.50+1.30?
2 41.73+0.75% 31.50+1.65°
4 39.76+1.02* 29.22+0.89°
6 35.78+0.84° 23.20+0.75¢
8 29.65+1.17¢ 21.00+1.09¢
10 27.63+1.50° 17.34+1.66¢
12 24.12+1.20¢ 12.26+1.39¢
14 20.20+1.24¢ 9.85£1.57¢

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and same letters represent statistically non-

significant (p > 0.05) differences for each column.

Thus, the coating material demonstrated effective retention of firmness by creating a
modified atmosphere around the exterior surface of the coated fruit. Moreover, during storage
of fresh fruits and vegetables they undergo the process of aerobic respiration, which leads to
the formation of superoxide radicals. These radicals in turn can result in disruption of cell wall
and enable the pectinase enzyme to degrade pectin (a polysaccharide present in cell wall) and

cause quality deterioration by reduction in firmness and post-harvest life [589].

TH-3900_206106011 [195]



Header Page of 283.

Figure 7.11 Weight loss of coated and uncoated cut guava under (a) ambient and (b)
refrigerated conditions, and firmness of coated and uncoated cut guava under (¢) ambient and

(d) refrigerated conditions. Results are represented as mean + SD, N = 3.

7.3.3 Visual appearance

Figure 7.12 (a, b) depicts the effect of the formulated edible coating solution
(PUL/GA/NCS3/NEO) on the visual quality and appearance of cut guava fruits over storage
durations of 6 and 14 days under ambient and refrigerated conditions, respectively. The
uncoated cut guava stored under ambient condition exhibited signs of degradation, such as
browning and shrinkage, starting from the 2" day, with fungal growth appearing on the surface
by the 4" day. However, the coated cut guava under ambient condition showed only slight
browning starting from the 4" day, with almost no shrinkage or fungal growth observed up to

the 6! day (Figure 7.12 (a)). Similarly, under refrigerated conditions, the uncoated cut guava
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began to show browning and shrinkage from the 4" day, and appearance of fungal growth by
the 8" day. In contrast, the coated cut guava stored under refrigeration demonstrated
significantly reduced browning and shrinkage, with no fungal growth observed up to the 14"
day (Figure 7.12 (b)). These effects in the coated guava may be attributed to the excellent
weight and firmness retention and antimicrobial properties of the edible coating solution, due
to the presence of NCS and NEO. The results indicate that the PUL/GA/NCS3/NEO coating
solution help in maintaining the visual appearance and quality of the coated cut guava fruit,

thereby significantly extending its shelf-life.

Figure 7.12 Visual appearance of uncoated and coated cut guava under (a) ambient and (b)

refrigerated conditions, over storage period of 6 and 14 days respectively.
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7.3.4 Microbiological shelf-life analysis

As depicted in Table 7.8, the TVC of all guava samples on the 0" day ranged from 4.02 £ 0.03
to 3.96 + 0.01 logio CFU/mL under ambient condition, and from 3.93 + 0.06 to 3.87 + 0.04
logio CFU/mL under refrigeration. Similarly, the YMC ranged from 4.45 + 0.06 to 4.28 + 0.05
logio CFU/mL under ambient condition, and from 4.33 + 0.04 to 4.17 £+ 0.01 logio CFU/mL
under refrigeration. Over time, microbial counts (TVC and YMC) increased significantly (p <
0.05), with the uncoated guava having a relatively higher count than the coated one. It was
observed that on the 4th day under ambient condition, the YMC in the uncoated guava
exceeded the acceptable limit of 6 logio CFU/mL [590], while the coated one remained below
this limit. Additionally, under refrigeration, the TVC and YMC in the uncoated guava exceeded
the acceptable limit on the 14" and 12™ days, respectively (Table 7.8). However, both the TVC
and YMC in the coated guava did not exceed this limit even up to 14" days of storage under
refrigeration. In general, the microbial resistance of the coated guava was found to be higher
than that of the uncoated one. This may be attributed to the presence of antimicrobial
components such as NCS and NEO in the coating material, as discussed earlier in Section
7.2.2.7. Thus, the edible coating material comprising both NCS and NEO was found to be very

effective in significantly reducing the microbial count in the coated cut guava fruits.
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Table 7.8 Microbial count of uncoated and coated guava samples under ambient and

refrigerated conditions.

Storage conditions Cut guava Storage time TVC YMC

samples (days) (logyo CFU/ml) | (log;o CFU/ml)

Uncoated 0 4.02+0.03* 4.45+0.06*

2 4.57+0.01° 5.74+0.02°

4 5.14+0.05°¢ 6.12+0.04¢

6 5.72+0.034 6.44+0.014

Ambient

Coated 0 3.96+0.01° 4.2840.05*

2 4.11+0.02° 4.88+0.01°

4 4.28+0.01¢ 5.43£0.05°¢

6 4.80+0.04¢ 5.87+0.014

Uncoated 0 3.93+0.06 4.33+0.04*

4 4.41+0.02° 5.02+0.01°

8 5.05+0.01¢ 5.65£0.05¢

12 5.77+0.01¢ 6.23+0.124

14 6.11+0.04° 6.72+0.02¢

Refrigeration

Coated 0 3.87+0.04° 4.17£0.012

4 4.18+0.03° 4.48+0.03°

8 4.35+0.06° 4.76£0.01°

12 4.88+0.02¢ 5.24+0.014

14 5.14+0.02¢ 5.65+0.03¢

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.
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7.3.5 Antioxidant property of the uncoated and coated cut guava fruits

As depicted in Table 7.9, the initial antioxidant activity (on the 0" day) was found to be ~ 74—
79 % under both ambient and refrigerated conditions. This high antioxidant value may be
attributed to the presence of natural antioxidant compounds, such as vitamin C, phenols and
flavonoids, found in freshly harvested guava [591]. The antioxidant activity demonstrated an
overall decreasing trend with respect to storage time in both uncoated and coated guava fruits.
Interestingly, there was an increase in antioxidant activity up to the 2" day, irrespective of
application of edible coating material and storage conditions (Table 7.9). This may be because
the guava underwent physiological or wound stress during the initial days after cutting,
resulting in an increase in antioxidant compounds such as phenolics, flavonoids and ascorbic
acid. This stress response induced the biosynthesis of these compounds, which explains the
significant rise in antioxidant activity up to the 2" day. However, as the fruit underwent
chemical and enzymatic degradation, the oxidative processes took over, causing breakdown of
antioxidant compounds and resulting in decreased antioxidant activity from the 4% day
onwards. This is in line with reported literature which demonstrate that cut fruits initially
exhibit an increase in antioxidant capacity due to wounding stress. However, as degradation
progresses, the breakdown of cellular structures leads to the loss of antioxidants, resulting in
decreased antioxidant activity over time [592,593].

The antioxidant activity was found to significantly decrease (p < 0.05) with respect to
time from the 4" day onwards. However, it remained relatively higher and better maintained
in the coated guava fruit compared to the uncoated one. The coated guava maintained ~ 67—69
% of its antioxidant activity up to the 6th day under ambient conditions and ~ 54—57 % up to
the 14™ day under refrigeration. In contrast, the uncoated guava exhibited a retention of only ~
55-58 % of its antioxidant activity up to the 6th day at ambient conditions, which further
decreased to ~ 40—42 % up to the 14" day under refrigeration (Table 7.9). The increased
antioxidant activity in the coated guava may be attributed to their delayed ripening process due
to the reduced production of ethylene, as reported by [594]. This may also be related to the
modification of the internal atmosphere by application of edible coating, thereby lowering the
risk of oxidative damage in the coated guava. On the other hand, in the uncoated guava, the
phenolic compounds undergo rapid degradation due to senescence and higher respiration rates,

thereby resulting in relatively faster decrease in antioxidant activity.
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Table 7.9 Antioxidant activity of the uncoated and coated guava fruit samples.

Storage conditions Cut guava Storage time DPPH scavenging ABTS scavenging
samples (days) activity (%) activity (%)
0 75.03+£1.22° 78.68+0.65°
2 82.72+0.35* 84.04+1.46°
Uncoated 4 69.59:0.28° 73.11£1.33¢
6 55.84+1.114 58.25+0.244
Ambient

0 74.68+0.75° 79.25+1.032
2 78.29+1.552 81.21+0.842
Red 4 70.03+0.22° 72.68+1.36"
6 67.73+1.45° 69.68+0.85¢
0 75.54+0.68° 78.16+1.25°
2 80.31+0.56* 82.59+1.432
4 68.46+0.11¢ 71.24+0.87°¢
6 61.87+1.64¢ 65.05+0.424

Uncoated
. . 8 55.23+0.44¢ 58.56+1.29¢

Refrigeration
10 47.35+1.38f 49.64+0.78¢
12 42.73+0.72¢ 45.42+1.138
14 40.28+0.57" 42.34+0.88h
0 74.88+1.63° 78.65+1.472
2 77.55+1.412 80.53+0.88
4 72.14+0.22¢ 74.78+1.62°
6 68.58+0.364 70.59+0.77¢
Coated

8 63.73+£0.68¢ 65.11+1.244
10 59.65+0.31f 62.16+£1.06°
12 56.68+1.07¢8 59.31+0.23f
14 54.26+0.44" 57.43+0.18f

Results are represented as mean + SD, N = 3. Different letters in the superscript represent
statistically significant (p < 0.05) differences and the same letters represent statistically non-

significant (p > 0.05) differences for each column.
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Additionally, the observed antioxidant activity assessed by ABTS assay was slightly
higher than that of DPPH assay. This variation in antioxidant activity percentages assessed by
the DPPH and ABTS assays may be attributed to the relative differences in the ability of the
antioxidant constituents in the extracts to reduce the DPPH and ABTS free radicals. Moreover,
the ABTS assay generates a blue/green ABTS-+ radical, making it suitable for both hydrophilic
and lipophilic antioxidant systems. In contrast, the DPPH assay involves a radical dissolved in
organic solvents, limiting its application primarily to hydrophobic systems [595]. As guava
contains both hydrophilic (vitamin C, phenolics) and lipophilic (carotenoids) antioxidants, so

the antioxidant activity assessed by ABTS is relatively higher than that assessed by DPPH.

7.4 Summary

The study demonstrated the preparation of NCS by the ionic gelation technique. The prepared
NCS was further used along with NEO to enhance the packaging-related property of PUL/GA
based biocomposites for use in edible food packaging. The inclusion of NCS and NEO
significantly transformed the biocomposite surface from hydrophilic to hydrophobic, which is
an essential characteristic for packaging materials. Moreover, the barrier performance (WVP),
and other properties such as mechanical, thermal, UV-shielding and antioxidant properties
were also improved. Additionally, the filmogenic solutions showed antimicrobial properties
against S. aureus, E. coli and A. niger, and hence could be used as edible coating material for
enhancing the shelf-life of food products. Furthermore, the in vitro biocompatibility analysis
of the filmogenic solutions conducted on HEK-293 cells demonstrated their non-cytotoxic
nature. In the present study, the filmogenic solution with the most optimum attributes
(PUL/GA/NCS3/NEO) was selected for edible coating application on fresh-cut guava. The
edible coating solution was found to prolong the shelf-life of fresh-cut guava by significantly
delaying its oxidative deterioration and microbial attack, preventing rapid moisture loss and
maintaining firmness, during storage period (up to 6 days under ambient condition and 14 days
under refrigerated condition). The prepared biocomposite/ filmogenic solution could also be
explored for shelf-life extension of other food products, especially those that are sensitive to

UV light.
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CHAPTER 8

CONCLUSION

This doctoral research was motivated by the growing need for sustainable, biocompatible, and
multifunctional biomaterials that can serve as alternatives to conventional synthetic polymers
across various areas, including healthcare, cosmetics, and food preservation. Pullulan, a natural
polysaccharide produced by Aureobasidium pullulans (A. pullulans), was selected as the
central material of study due to its remarkable properties, such as water solubility, film-forming
ability, non-toxicity, and compatibility with biological systems. The aim was to optimize its
production and explore its versatility across diverse real-world applications. The first part of
this work focused on shake-flask fermentation of A. pullulans NCIM 1049, where pullulan
production was optimized using statistical experimental design. Plackett—-Burman Design
(PBD) identified jaggery, yeast extract, and NaCl as significant factors, which were further
optimized using Box—Behnken Design (BBD). The BBD was used to optimize the
concentrations of the significant media components to maximize pullulan production. The
optimized conditions (jaggery 49.09 g/L, yeast extract 2.15 g/L, NaCl 1.28 g/L) resulted in a
predicted pullulan yield of 5.106 g/L, closely matching the experimentally obtained yield of
4.923 £+ 0.14 g/L, confirming the reliability of the model. To explore the biomedical potential
of pullulan, a bilayered wound dressing scaffold was developed. The hydrophilic sublayer
composed of pullulan/polyvinyl alcohol (PVA)/gum arabic nanofibers was prepared via
electrospinning and loaded with the antibiotic gentamicin sulfate to promote wound healing
and prevent infection. On the other hand, the hydrophobic top layer made of solvent-casted
polylactic acid (PLA) provided structural integrity and protection against environmental
contaminants. The scaffold demonstrated controlled antibiotic release (93.09 £ 2.63 % over 48
hrs), excellent swelling index of 611.85 £ 15.05 %, porosity of 70.56 = 0.58 %, appropriate
water vapour transmission rate (WVTR) of 94.20 £ 14.50 g/m?*/day, and significant
antibacterial activity against S. aureus and E. coli. Importantly, in vitro biocompatibility tests
conducted on human dermal fibroblast (HDF) cells confirmed its safety and efficacy, making
it a potential candidate for advanced wound healing applications. Additionally, recognizing the
growing demand for targeted cancer therapies, the study also focussed on fabrication of

coaxially electro-centrifugally spun pullulan/poly(lactic-co-glycolic acid) (PLGA) core/sheath

TH-3900_206106011 [203]



Header Page of 283.

nanofibers containing ciprofloxacin (CIP) and paclitaxel (PTX). The dual drug-loaded
nanofibers fabricated using 23G/1mm and 21G/1mm core-sheath configurations demonstrated
a drug release pattern characterized by an initial burst release followed by sustained delivery.
Furthermore, these nanofibers significantly reduced the viability of melanoma A375 cells in
vitro to 65.37 £ 1.96 % and 67.82 = 1.31 %, respectively, after 72 hrs of incubation. This
highlights the utility of pullulan in developing drug delivery systems for localized cancer
treatment. In another application-based study, pullulan was incorporated into an antibacterial
skin-cream infused with turkey berry leaf extract (TBLE), known for its antibacterial
properties. The cream formulation containing the extract demonstrated zone of inhibition of
16.67 + 0.40 mm (against S. aureus) and 14.83 + 0.12 mm (against E. coli). It also successfully
passed all safety and quality evaluations, showing a stable texture, skin-compatible pH (6.10 £
0.20), and compliance with heavy metal, arsenic, and microbial safety standards. Its
physicochemical parameters, including total fatty matter (TFM, 8.5 %), moisture content (65
%), and shear-thinning behaviour, were found to be within acceptable ranges for skincare
formulations, confirming the feasibility of using pullulan in cosmetic applications. Further
exploring the applications of pullulan, edible biocomposite films were developed for food
preservation using pullulan combined with gum arabic, chitosan nanoparticles (NCS), and
neem essential oil (NEO). The incorporation of 3 % NCS and 1 % NEO significantly enhanced
the packaging-related properties of pullulan/gum arabic films, with enhanced antimicrobial
activity against S. aureus, E. coli and A. niger. Surface hydrophobicity improved from 55.49 +
2.31° to 115.01 £+ 1.86°, tensile strength increased by ~ 12.77 MPa, elongation at break
improved by ~ 6.26 %, and barrier performance improved by ~ 45.95 %. The active
biocomposite coating effectively reduced weight loss, delayed microbial growth, and preserved
firmness and antioxidant activity of fresh-cut guava under both ambient and refrigerated
storage conditions, thereby extending shelf life. To place these findings in the broader context
of natural polymer research, Table 8.1 presents a comparative overview of widely studied
biopolymers alongside the pullulan-based materials developed in this thesis. Several
biopolymers such as chitosan, alginate, collagen, starch, and cellulose derivatives are widely
recognized for their biomedical or implantable applications, film-forming properties, edibility,

barrier properties, biocompatibility, and antimicrobial properties.
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Table 8.1 Comparative analysis of pullulan-based materials developed in this thesis with
chitosan, alginate, collagen, starch, and cellulose derivatives based on their functional

NEO, and plant
extracts

cationic nature

properties.
Property Pullulan-based Chitosan Alginate Collagen Starch Cellulose
composites Derivatives
(This Thesis)
Biomedical/ Demonstrated in | Widely used in Used in Extensively Limited direct Used in
Implantable wound scaffold wound hydrogels and used due to implantable selected
Applicability and dual drug- dressings and | wound systems; | ECM similarity; use, due to biomedical
loaded nanofibers tissue requires ionic limited poor films and
with confirmed engineering; crosslinking standalone mechanical scaffolds
cytocompatibility charge- stability stability
influenced
behaviour
Film-Forming Excellent Moderate; Weak Good but Good film
Ability transparency, Good film brittle without | standalone film brittle and formation;
smooth and formation; crosslinking formation opaque moderate
uniform films relatively transparency
without chemical opaque
crosslinking
Edibility GRAS status; GRAS; edible .
; ’ . Edible but S
demonstrated films reported GRAS; edible - : .e b .om.e
: . . ) primarily used | | derivatives
edible coating coatings widely oy : Widely edible
with shelf.life studied in biomedical approved for
! field edible use
extension
Barrier Excellent oxygen
Performance barrier; enhanced .
. Moderate Poor moisture : [ Moderate
moisture . . : Poor barrier Poor moisture .
[ barrier barrier; high . . barrier
resistance . properties resistance
performance permeability performance
through
functionalization
Biocompatibility Confirmed
cytocompatibility Generally
(HDF, HEK- biocompatible;
n . . . Excellent : . . .
293); neutral cationic nature | Biocompatible . A Biocompatible | Biocompatible
: biocompatibility
polymer reduces may influence
charge-related cell response
interactions
Antimicrobial | Achieved through Intrinsic Requires Requires Requires Requires
Activity incorporation of antimicrobial antimicrobial antimicrobial antimicrobial antimicrobial
gentamicin, NCS, | activity due to additives additives additives additives

In this context, the pullulan-based materials presented in this work demonstrated exceptionally

good properties in terms of forming highly transparent and uniform films, maintaining stable

cytocompatibility, and performing well as edible coatings with proven shelf-life extension.

Moreover, this work validates that pullulan can be functionalized to have antimicrobial
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properties while retaining its biocompatibility. Thus, this work demonstrates that through
fermentation media optimization pullulan can be efficiently produced and further highlights its

potential in biomedical, cosmetic and food preservation applications.
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