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Abstract

Replacing the widespread use of petroleum-derived non-biodegradable materials with green and
sustainable materials is a pressing challenge that is gaining increasing attention by the scientific
community. One such system is bacterial cellulose and its derivative, bacterial cellulose
nanocrystals (BCNCs) basically obtained through acid hydrolysis. In this thesis, BC have been
fabricated from biomass, G. xylinus for their potential application as a commercially viable value-
added product with the “waste to wealth” strategy. The fabrication of BC and BCNCs is a
promising technology as it opens dimensions with multiple application possibilities. The
impregnation of biodegradable polymers, such as PCL into the BC network resulted in the presence
of polymer layers on the surface as well as inside the pores of the BC matrix indicating a good
fiber-matrix interaction. These fabricated BC and BCP composite membranes were biocompatible
and nontoxic to BHK-21 cells even after 72 h, allowing cell proliferation. Electrospun nanofibrous
dressings have emerged as an ideal candidate in the biomedical field because they possess multiple
criteria as a wound healing material, such as easy absorption of the wound exudates by maintaining
a moist environment to promote a faster healing process. The fabricated lidocaine hydrochloride
loaded bacterial cellulose/ polycaprolactone (BCP) scaffolds revealed their cytocompatible nature.
The utilization of BCNCs can aid in the reduction of carbon dioxide that is responsible for global
warming and climate change. BCNCs are excellent candidates for the design and development of
functional nanomaterials in many applications due to several attractive features, such as high
surface area, hydroxyl groups for functionalization, colloidal stability, low toxicity, chirality and
mechanical strength. The strategic functionalization of BCNCs through the sustainable approach
avoids the utilization of harmful chemicals. BCNC templated catalysts, are one of the versatile
nanomaterials developed in this work, with potential application as biocatalysts in value-added
chemical transformation. On the other hand, 5-Hydroxymethyl-2-furfural (HMF) is considered an
important platform chemical among other intermediates derived from biomass. In this study, we
have used mesoporous BCNC templated zirconium phosphate as a catalyst for the conversion of
furfural into HMF. The catalyst was synthesized using a wet-precipitation method and was
characterized using powder XRD, FT-IR spectroscopy, FETEM, BET and FESEM. The as-
prepared BCNC templated catalyst showed mesoporous structure with high surface area and

exhibited excellent catalytic activity as compared to pristine ZrP for the formation of HMF, from
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furfural. Also, the HrP-immobilized BCNC hydrogel exhibited good self-healing properties and
was reused efficiently for 6 cycles with greater than 50% of its original activity retained even after

60 days, which facilitated their application as promising biomaterials.

Therefore, this doctoral thesis focuses on the utilization of BC and its functionalization for
development of polymeric scaffolds, biocatalysts, as well as their advanced applications as
biosensors, in biotechnological applications.
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Chapter 1

Introduction and Literature Review

1.1. INTRODUCTION

Environmental concerns associated with the hazardous and toxic petroleum resources have created
an imperative need to fabricate new biodegradable materials having practically identical properties
as that of the present conventional materials at a comparable expense. The selection and utilization
of agricultural products, such as biomass is regarded as an intriguing and sustainable method to
lessen surplus farm wastes and further transformation to other value—added products making itself
the most attractive replacement of fossil resources.

Bacterial cellulose (BC), is an important class of ecological polysaccharide biomaterials of the 21%
century, predominantly explored in food, textile, and biomedical applications due to their nontoxic,
highly pure, biocompatible, and highly hydrophilic nature. BC is made up of ultrafine and porous
fiber network derived from well-arranged three-dimensional (3D) nanofibers, which results in the
formation of hydrogel sheets with higher surface area and porosity [1,2]. In comparison to plant-
based cellulose although quite similar in chemical structure, BC fibrils are very much smaller in
length and diameter (about 100 times) with tailorable properties based on the composition of
culture media, carbon source, and on the producing organism used. BC is generally produced from
Acetobacter xylinum, which is the most efficient cellulose producer as it can absorb several types
of sugars leading to higher yields of cellulose at pH ~3-7 and 25-30°C temperature in liquid
medium. BC also has certain promising properties such as high crystallinity (84-90%), high water
holding capacity (WHC) of ~106 g water/ g sample, ability to reform into 3D structure during
synthesis and higher water release rate (WRR), of which WRR and WHC are the most essential
attributes, directly connected to the biomedical applications of BC as a dressing material [1,3-5].
These captivating properties make BC a suitable contender in biomedical applications such as
artificial skin, scaffolds, wound dressing materials, dental implants, and in food packaging and
paper industry, alone as well as in combination with other polymers and bioactive materials [6].
The easy blending property of BC enables the fabrication of stiff and strong macro fibers with
higher tensile strength which could replace synthetic fibers derived from fossil fuel. The presence

of abundant hydroxy groups (-OH) on its surface as well the higher surface area to volume ratio

1
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enables the chemical modification of BC with other materials, resulting in better interaction
between all the components [7]. The results shown in this thesis are evident of vast
characterizations performed for the raw materials and products. Thus, this introductory chapter
describes the background research in detail for work presented in this thesis, that includes
production of BC, its functionalization, preparation of bacterial cellulose nanocrystals (BCNCs)

and various applications associated with BC and BCNCs.

1.1.1. Production of BC

Bacterial cellulose was first reported by Adrian Brown in 1886, and Louis Pasteur defined it as a
gel-like, slippery, wet skin formed by the fermentation of coconut water. Examples of bacteria
known to produce BC are Komagataeibacter medellinensis, Agrobacterium, Aerobacter,
Komagataeibacter oboediens, Achromobacter, Sarcina, Azotobacter, Acetobacter, Agrobacterium
etc. [7-9], however Komagataeibacter xylinus (previously known as Gluconacetobacter xylinus
or Acetobacter xylinum) is the strongest BC producer. The conventional Hestrin and Schramm
(H.S.) medium used to produce BC comprises of glucose, peptone, yeast extract, anhydrous
disodium phosphate and citric acid [7].

Production of BC can be carried out in static, agitated or stirred conditions in small-scale or in
bioreactors resulting in different forms of cellulose, such as, three-dimensional BC pellicle for
static fermentation and spherical particle in agitated conditions [10]. Bacterial cellulose produced
by the aerobic bacteria creates a BC film in static culture because of gas-liquid interface generated
between the medium and air. Thus, this interface ensures the overall yield of BC in static culture,
and it is directly related to the surface area [11]. The methodology for production and purification
of pure BC films by static culture is straightforward. As the gas-liquid interface produces the BC
films, they are purified by a stream of hot-water and sodium hydroxide. It is necessary to neutralize
the pH of the extracted BC films to obtain it in its purest form, and thus the films were washed
with large amount of water. Even though this methodology of production and purification of the
BC is simple, the low interaction of air in gas-liquid interface of static culture makes it expensive
and result in lower yields [12]. Thus, the agitation/stirred culture has been introduced for
improvement in the production of BC films. By fact, the agitation culture improves the interaction
by increasing the rate of oxygen transport in the medium [13]. Consequently, in comparison with
the static culture, agitation culture gives higher yields of BC in small scale. But, when the quality

of agitation culture produced BC films were compared with the static culture BC films, it was

2
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found that they have lower crystallinity, lower mechanical properties, and specifically lower
degree of polymerization [14]. Overall, the agitation culture method is not significant enough to
improve the BC films yield [15,16]. To improve these properties, production of BC was carried
out under bioreactor conditions which also takes less time for completion of the reaction than
agitation conditions [17]. To be specific, the production of BC films by above listed methods is
dependent on the composition of the culture media, as it affects the effectiveness of the process
[15]. To date, the static culture is the most commonly adapted method to produce pure BC films
on laboratory scale.

For cost effective production of BC, it is advisable to use low-cost carbon and nitrogen sources
that are present as industrial wastes or by-products [18]. Some examples of these sources are sugar
beet molasses & cheese whey [19], agricultural by-products [20], tobacco waste extracts [21], toxic
aromatic hydrocarbons [22], etc. Some studies focused on increased production of BC with
improved qualities in terms of crystallinity, particle size, mechanical strength etc. by the addition
of certain additives such as agar [23], sodium alginate [24], etc. Still, the production cost and the
yield of BC is totally variable and independent of various factors. Therefore, this thesis
demonstrates one of such technology to produce BC films by using static culture method to obtain
cost effective production along with the improved qualities. Later, it is described that this produced
BC can be utilized in various practical applications such as biomedical applications, biosensors,
hydrogel and as a green catalyst. The importance of BC has been justified, based on the practical
results obtained from the detailed research conducted. The multi-functional properties and

application of BC with its chemical and morphological structure is presented in Figure 1.1.
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Figure 1.1. The properties and application of bacterial cellulose (BC).

1.1.2. Functionalization of BC

Bacterial cellulose can be modified either during their synthesis or after they are extracted. The in-
situ and ex-situ modification typically depends on their future applications. During in-situ
fermentation, either the carbon source is changed, or additives/components are introduced into the
culture medium, resulting in the formation of functionalized BC based composite materials with
improved physical, mechanical and morphological characteristics. Figueiredo et al. [25]
demonstrated the in-situ synthesis of BC by incorporating polycaprolactone (PCL powder) into
the culture medium, followed by hot-pressing the obtained composites films after the incubation.
The compressed films showed a homogenous PCL distribution throughout the BC network, as well
as good thermal stability and improved mechanical properties, when compared to pristine PCL.
On the other hand, ex-situ modification is carried out either by absorption of active ingredients
onto the purified BC pellicle, or by chemical modification. Atta et al. [26] prepared antimicrobial
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silver decorated bacterial cellulose food packaging material by dipping BC films in silver nitrate
solution. The developed antimicrobial films exhibited better flexibility, biocompatibility towards
NIH-3T3 fibroblasts and showed improved thermal properties. Chemical modification is usually
carried out to avoid leaching of the active ingredients from the BC surface. Barbi et al. [27]
functionalized BC with titanium dioxide (TiO2) and inorganic clay with various ratios, by a wet
mechanical mixing process. The results obtained from the analysis showed that the functionalized
BC with clay has porous fragile structure, but TiO> functionalized BC showed neat and plastic-
like structure. This study discussed an alternative and sustainable pathway to fabricate modified
bacterial cellulose based lightweight, textile materials. Taokaew et al. [28] functionalized BCs
with organosilanes for medical applications. They modified the BCs chemically to increase
hydrophobic or electrostatic interactions of normal human dermal fibroblast (NHDF) by
implanting methyl terminated octadecyltrichlorosilane (OTS) or by amine terminated 3-
aminopropyltriethoxysilane (APTES). It was seen that the attachment and spreading of NHDF
cells improved on modified BCs with APTES conversely to that of OTS modified BCs. Lee et al.
[29] worked on esterification of BC nanofibers with organic acids and reported that the time-
dependent behaviour of the formed emulsions was showing reliability with unravelling and
scattering of freeze-dried modified BC nanofibers into separate nanofiber. Sai et al. [30] worked
on surface modification of the BC aerogels with trimethylchlorosilane in liquid phase which
improved the surface area, and porosity of the modified BC aerogels and kept the density low.
Shao et al. [31] functionalized BC and found that, after functionalization their biocompatibility is
improved along with the improvement in their antibacterial property. Enlisted in Table 1 are the

in-situ and ex-situ modifications of BC for various applications with modified properties.
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Table 1.1. In-situ and ex-situ modifications of BC for various applications.

Application Bacteria Additive material Modified properties Modification Reference
Scaffold for tissue Acetobacter  Collagen Porosity, thickness, In-situ Luo et al. [32]
engineering xylinum roughness, stiffness,

crystallinity, color

Acetobacter  Polystyrene and Porosity, crystallinity, In-situ Rambo et al. [33]
xylinum optical fiber swelling behavior,
mechanical property

Wound Gluconaceto- 2,3-dialdehyde or Porosity, chemical and Chemical ex-situ  Li et al. [34], Hu and
dressing/ bacter cellulase mechanical properties, Catchmark [35], Hu
antimicrobial hansenii degradation rate and Catchmark [36]
activity
Acetobacter RGDC and Porosity, thickness, Chemical ex-situ  Rouabhia et al. [37]
xylinum gentamicin chemical property,

antimicrobial activity

Gluconaceto- Anogeissus dhofarica Bactericidal  activity, Ex-situ Fatima et al. [38]
bacter and Withania swelling property
hansenii somnifera plant

extract

Bone regeneration Acetobacter ~ Bone morphogenetic  Localized drug delivery  Physical ex-situ  Shi et al. [39]
xylinum protein-2 (BMP-2) system
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1.1.3. Bacterial Cellulose Nanocrystals

The high purity and crystallinity of BC make it a promising starting material for extracting
bacterial cellulose nanocrystals (BCNCs). The unique physicochemical properties such as higher
specific surface area, nontoxicity, mechanical strength, availability of free hydroxy groups for
modification, make the cellulose nanocrystals an object of intense research [40]. Cellulose
nanocrystals also aid in the reduction of carbon dioxide responsible for the current climate change,
thus their utilization in the development of functional materials with improved properties has
become an interesting field in the research fraternity over the past two decades. The introduction
of the functional components into the nanocellulose system can lead to the expansion of these
materials in specific applications [41]. Some of the potential applications are as an emulsion
stabilizer, as templates for functional materials, and as functional organic hybrids [42,43]. So far,
various methodologies have been explored to extract cellulose nanocrystals from pure cellulose,
such as, chemical modification, enzymatic hydrolysis, or mechanical treatment. Although
enzymatic treatment is an eco-friendly process as it retains the thermal stability and structure of
cellulose, it is considered an economically challenging process [44]. Kang et al. [42] prepared
cellulose nanocrystals (CNCs) from microcrystalline cellulose in deionized water by mechanical
treatment of ball milling and obtained 20 % yield of CNCs having 3-10 nm diameter and 120-400
nm length. It was stated by Sofla et al. [45] that, CNCs produced by ball milling has bimodal size
distribution and more amorphous structure than that of CNCs obtained by acid hydrolysis which
has uniform distribution and increased crystalline structure.

Cellulose nanocrystals are obtained from bacterial cellulose by controlled acid hydrolysis, and the
properties of the extracted nanocrystals are dependent on the hydrolysis time, acid strength,
temperature, pre and post treatment etc. Generally, the microfibrillar structure of cellulose
comprises of alternate amorphous and crystalline regions; and upon acid hydrolysis the crystalline
part of the cellulose is isolated since it is acid resistant and the amorphous regions are hydrolysed
and removed [46,47]. So, it is very important to understand the process of acid hydrolysis in detail

with support of available background data for further processing the BC into BCNCs.

1.1.4. Acid hydrolysis
Various inorganic acids such as sulfuric, hydrochloric, hydrobromic, and phosphoric acids, have

been used to isolate cellulose nanocrystals from BC by the penetration of H* ions into the
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amorphous region of the cellulose molecule [48,49]. The hydrolysis of the amorphous region
promotes the hydrolytic cleavage of the glycosidic linkages of BC, thereby releasing the crystalline
part. Acid hydrolysis of BC performed with HCI, H.SO4 and the mixture of both acids influenced
the yields and physical properties of BCNCs. So, it is possible to produce optimized BCNCs by
acid hydrolysis according to the specific need of the application. Vasconcelos et al. [50] stated
that, high acid concentrations underacid hydrolysis can hydrolyze crystalline as well as amorphous
parts of BC. H>SOq intensifies sulfonation of the BC surface whilst HCI implies low-density
surface charge on BC. Thus, the researchers focused their study on varying concentrations of
H>SO4 and HCI together. Roman and Winter [51] researched on sulphuric acid hydrolysis where
they engaged their study on hydrolysis conditions, the involvement of sulfate groups, and thermal
degradation of cellulose crystals. They noted a substantial decrease in degradation temperature
even by involvement of a small amount of sulfate groups whereas a stepwise degradation was
noted during involvement of larger amounts of sulphate groups. Hence, the BCNCs obtained by
acid hydrolysis are purer and their properties are improved as compared to BCNCs produced by
other methods. The prepared BCNCs can be utilized in variety of applications, and they are listed

in below section with the overview of comprehensive literature.

1.2. DETAILED LITERATURE ON THE VARIOUS APPLICATIONS OF BC AND
BCNCs

1.2.1. Bacterial Cellulose based Polymer Composites

Although BC has unique properties, it has some limitation such as lack of antibacterial properties,
optical transparency, and stress bearing capability. To overcome these limitations, BC based
composite has been introduced which consist of a matrix and a reinforcement material. BC owns
a porous nature arrangement of fibers. The anchored reinforcement materials provide an additional
property to BC that impart its natural biological and physiochemical properties [10]. However, BC
possess potential as both matrix as well as a reinforcement material. VVarious BC composites have
been synthesized through either in situ or ex situ methods as elaborated in section 1.1.2 and Table
1.1. For the in situ method, reinforcement material is added in the synthesis process while in ex
situ, BC is impregnated with reinforcement materials [5].

Various BC composites are synthesized with different function and can be either organic or

inorganic material such as polymers [52], metal or metal oxides [53], solid materials and
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nanomaterials. However, the preparation of BC composites with other materials affects its
structure and physico-mechanical properties, including variations in the pore size, surface area,
WHC and WRR. For example, the average pore size of ‘BC—Aloe vera’ composites was reduced
five times while there was significant improvement in properties, such as, mechanical strength,
crystallinity, water absorption capacity and water vapor permeability in comparison to those of the
unmodified BC film [54].

1.2.2. Bacterial Cellulose based Poly(e-caprolactone) Composites

Altun et al. [55] studied the production of Bacterial cellulose /polycaprolactone scaffolds by using
electrohydrodynamic (EHD)-3D-bioprinting technique. The BC/PCL blend was prepared by
mixing BC powder in 10% PCL solution (prepared in DCM), followed by stirring at room
temperature for 1h. The prepared composite scaffolds exhibited enhanced biocompatibility and
facilitated cellular proliferation and were used in a further study for supporting the growth of target
tissues with the addition of appreciate drug for skin tissue engineering applications. Figueiredo et
al. [56] reported the in-situ synthesis of bacterial cellulose/polycaprolactone blends for hot
pressing nanocomposites films production. In this study, PCL powder was incorporated in the BC
culture medium, so the obtained films showed a homogenous distribution of PCL throughout the
BC network, as well as good thermal stability (up to 200 °C) and improved mechanical properties,
when compared to pristine PCL. Barud et al. [57] investigated the production of optically
transparent BC/PCL membrane to be used as fully biocompatible flexible display and
biodegradable food packaging, by the impregnation of PCL acetone solution into dried BC
membranes, followed by drying. UV-Vis studies revealed an increase in transparency in BC/PCL
membrane when compared with pristine BC. The good transparency of the BC/PCL can be related
to the presence of BC nanofibers associated with deposition of PCL nano-sized spherulites which
are smaller than the wavelength of visible light. Gea et al. [58] melt-compounded particulate BC
(PBC) and fibrous freeze-dried BC (FBC) with PCL in a mini twin-screw extruder to prepare
biodegradable composites. A significant improvement in mechanical properties, such as Young’s
modulus of
PCL was observed through the addition of both particulate BC and fibrous freeze-dried BC, with
the latter giving better mechanical properties compared with particulate BC. PBC was prepared by
blending pure BC in water, followed by vacuum drying; on the other haPCL/FBC composites,
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based on high-aspect ratio cellulose nanofibers, showed higher tensile strength and strain at break

than particulate PCL/PBC while modulus was similar for both types of composites.

The blends and copolymers of PCL have gained attention as they can develop novel polymers
suitable for remarkable biomedical applications. However, an increased consumption and global
market demand of this polymer, enforce our scientific understanding to replace its synthesis route
by a sustainable approach making it more environment-friendly and less expensive.

1.2.3. Biomedical Applications of Bacterial Cellulose and its Nanocrystals

Sharma and Bhardwaj [59] reported the utilization of BCNCs in tissue engineering, drug delivery,
wound healing and biosensing. Earlier, Fontana et al. [60] researched on BCNC for direct
application of skin tissue repair. Barud et al. [61] reviewed comprehensive applications of BC in
medical sector which includes wound dressing, biocompatibility, antimicrobial property, cell
adhesion and growth, drug delivery, scaffolds, cardiovascular implants, cartilage/meniscus
implants, bone and connective tissue repair, dental/oral implants, neural implants, artificial cornea,
urinary conduits, tympanic membranes etc. Xue et al. [62] explained the biomedical applications
in detail with various practical examples. They stated that the implementation of BCNC into rats
for 12 weeks showed a systematic in-vivo biocompatibility with regards to no foreign body
reaction and no histological inflammation. The evident chemical and mechanical properties of
BCNC, make it a viable material for wound dressing applications and was introduced in many
commercial wound dressing products such as Dermafill®, Xcell®, Biofill®, etc. In another review
by Wasim et al. [63], it is reported that the modification of BCNC with metal and metal oxide
nanoparticles resulted in strength improvement for bionic design of medical related properties,
which includes artificial skin with wound healing, dural prosthesis, arterial stent coating, bone
repair graft and biomedicines. Aditya et al. [64] surfaced there study around the properties of
BCNC, which shows resemblance with native human tissues and thus BCNCs are one of the best
suitable materials to replace the impaired tissues. In this thesis, electrospinning technique has been
used to fabricate BC based antimicrobial scaffolds.

1.2.4. Catalytic Applications of BC and BCNCs

Jeremic et al. [65] researched on BCNC as a support material for catalyst preparation from two

different transition metals viz., palladium and copper. Prepared catalysts were then utilized for

10
TH-3080_166107113



production of value-added chemicals, biphenyl-4-amine and 4'-fluorobiphenyl-4-amine which can
be used in various applications. Khamkeaw et al. [66] researched on BC derived activated carbon
(BC-AC) altered with H3POg4 to utilize it as a catalyst which performs selective dehydration of
ethanol to produce ethylene. The results of this study interpreted that the catalyst P/BC-AC has
high thermal stability, and it is very efficient and economical for ethanol conversion into ethylene.
Kamal et al. [67] used BC nanofibers as catalyst support due to their high surface area. They used
this catalyst support to make carboxymethyl cellulose cobalt (CMC-Co) catalyst. The results were
compared between CMC-Co catalyst with BC support and without support, and the results showed
the repeatability for multiple use by the CMC-Co catalyst with BC nanofibers support. Song et al.
[68] worked on BC aerogels for dispersing Cu and Ni nanoparticles to prepare the catalyst. Their
study showed that the synthesized catalyst has improved reusability and stability with excellent
performance in 4-nitrophenol reduction reaction. Pagliaro et al. [69] stated that BC composites are
used in polluted water treatment by organic contaminants catalytic activity. Their review also
showed hydrogenation reaction for conversion of phenol into cyclohexanone, by transition metal
palladium nanoparticles (NPs) catalyst doped with the nanocellulose, the conversion was not
reported for just palladium NPs. Thus, BCNCs can be utilized as catalyst for variety of applications

including conversion of raw materials into platform chemicals and value-added products.
1.2.5. Cellulose based Hydrogels

Wichterle and Lim [70] introduced hydrogels in the 1960s for the first time. The use of plastics,
such as glycolmonomethacrylate in the formation of transparent, soft gels was studied in the 1960s.
From then onwards, researchers and industries had started to work on them extensively [71]. In
present day world, hydrogels are used in a variety of applications such as food, biomedical, and
other relevant fields [72,73]. Hydrogels are nothing but a heterogenous mixture of two or more
phases basically having three dimensional solid network as solid phase and water as liquid or
dispersed phase [74]. Usually, these hydrogels are procured from the chemical reactions of the
heterogeneous mixture but the obtained hydrogels possess some drawbacks like low tensile
strength, low toughness, and low stiffness [75]. To overcome these drawbacks, hydrophilic CNC
based hydrogels can be prepared and lot of studies has already been done and reported elsewhere
for this research [76—78]. In this thesis, our study is focused on the preparation on hydrogels from

CNCs extracted from the BC. The research on BCNC based hydrogels is performed for the first
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time as a composite polymer with the addition of modified gum arabic (GA), and the fabricated
hydrogels have shown superior qualities in terms of improved self-healing properties, high
mechanical strength, and high porosity. Self-healing hydrogels are beneficial in biomedical
applications as they can facilitate proper healing of wounds by automatically repairing themselves

via hydrogen bond mechanism.

1.3. STRUCTURE AND OBJECTIVES OF THE THESIS

Bacterial cellulose (BC) due its highly pure, biocompatible, nontoxic and highly hydrophilic nature
have been considered the novel material of this thesis. Crystalline bacterial cellulose nanocrystals
(BCNC:s) are extracted from BC as the source material, through acid hydrolysis. Various studies
have been carried out using BC and BCNCs as the major component in each objective, and after
obtaining captivating results from these studies multi-domain application of the developed
materials have been discussed. The results obtained by this thesis work, fulfilled the aim and

objective decided prior to the selection of biomass and materials.
To be specific, the objectives of this thesis are structured are as follows:

1. Synthesis of Bacterial Cellulose and its derivative, Bacterial Cellulose Nanocrystals: A Lab
Scale approach

2. Studies on Fabrication of Bacterial Cellulose based Polycaprolactone Composite Scaffolds for
Wound Dressing Applications

3. Studies on Surface Functionalization of Bacterial Cellulose Nanocrystals and their Catalytic
Applications in Value-Added Chemical Processes

4. Studies on Fabrication of Bacterial Cellulose based Polycaprolactone Electrospun Bandages for
Wound Dressing Applications

5. Studies on Fabrication of Immobilized Bacterial Cellulose Nanocrystals/modified Gum Arabic

Hydrogel
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1.4. OUTLINE OF THE THESIS

Based on the above discussion, this thesis work is divided into eight chapters as summarized

below.

Chapter 1: This chapter belongs to the background information and different studies associated
with bacterial cellulose and cellulose nanocrystals, their surface functionalization for utilization in
various applications as “Introduction and Literature Review”. The research objectives formulated

to accomplish the research goal has also been listed in this chapter.

Chapter 2: The second chapter presents complete information about the “Materials and Method”
utilized in this thesis work along with the qualitative and quantitative analyses, using various

characterization techniques to investigate the desired properties of the fabricated materials.

Chapter 3: This chapter discusses the synthesis of Bacterial cellulose (BC) in standard HS
(Hestrin-Scharmm) medium using G. xylinum CCM 3611. Focus had been given on production of
bacterial cellulose on the basis of its yield, size and shape. Further, acid hydrolysis was used to
extract needle-like BCNCs from the obtained bacterial cellulose. Various characterization
techniques were used to determine the properties of the synthesized BC and BCNCs. These two
materials were then used in the subsequent chapters to develop new materials with enhanced

characteristics.

Chapter 4: This chapter deliberated the mechanism of poly(e-caprolactone) impregnation into the
bacterial cellulose membrane and discussed the performance of the fabricated composite. The use
of bacterial cellulose as the reinforcing agent enhanced the crystallinity and flexibility of the
prepared composites. Additionally, this chapter also investigated the biocompatibility of the

prepared composites to further use them as wound dressing materials.

Chapter 5: This chapter relates to the utilization of bacterial cellulose nanocrystals for producing
a novel and efficient BCNC templated heterogeneous catalyst which could be further utilized in a
hydroxymethylation reaction. The developed mesoporous catalyst with comparatively higher

surface area, helped in the conversion of furfural to HMF.
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Chapter 6: This chapter discussed the use of electrospinning technique for the fabrication of
bacterial cellulose/ polycaprolactone (BCP) scaffolds. A comprehensive study has been performed
to determine the physico-chemical, antimicrobial and biocompatible properties of the scaffolds.
The results obtained interpreted that the prepared drug-functionalized cellulosic scaffolds have a

great potential as a wound dressing material in biomedical applications.

Chapter 7: In this study, the preparation of immobilized BCNC based hydrogels and their possible
applications is summarized based on the results obtained from the analyses. The formulated
hydrogels exhibited good self-healing and improved mechanical properties, good porosity, which
facilitated their application as promising biomaterials. The cross-linking was confirmed through
characterization by FTIR spectroscopy, SEM morphology, thermal studies and water absorption

capacity.

Chapter 8: This chapter summarizes and concludes the thesis work based on previous chapters

and presents the “Future scope” of work in this area along with associated further processes.
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Chapter 2

Materials and Method

This chapter provides details of the materials and methodologies followed for performing the
experiments involved in this Thesis work. Fabrication of bacterial cellulose (BC) on different lab-
scale approaches from Glucanoacetobacter xylinus strain have been discussed. The fabrication of
needle-like bacterial cellulose nanocrystals (BCNCs) using acid hydrolysis have also been
discussed. Surface modification of BC with polymer, PCL and different drug particles to fabricate
BCP-GEN, BCP-SM as wound dressing materials has been described. Preparation of BCNC
templated ZrP nanosheets, and the utilization of their catalytic activity in value-added chemical
synthesis has been also reported. Fabrication of electrospun BC-based polymeric bandages
functionalized with different drug has been reported. Preparation of immobilized BCNC based
gum arabic hydrogel has been detailed. The experimental methodologies followed along with the
analytical instrumentation used for characterization of the aforementioned materials have also been

discussed in this chapter.

2.1. MATERIALS

Bacterial strain Gluconacetobacter xylinus CCM 3611 used for the synthesis of Bacterial
Cellulose, was purchased, and conserved in the Microbiology Laboratory of the Centre of Polymer
Systems, Zlin, Czech Republic. Glucose, peptone, agar, yeast extract, anhydrous disodium
phosphate and citric acid were purchased from Sigma-Aldrich and Himedia (Czech Republic and
India). To obtain bacterial cellulose powder, the extracted wet BC was first homogenized into a
uniform suspension in distilled water, followed by freeze-drying. Poly(e-caprolactone) of M,~78
KDa was laboratory synthesized by a solvent-free polymerization technique under inert
atmosphere in the Centre of Excellence for Sustainable Polymers, Dept. of Chemical Engineering,
IIT Guwahati, India. In the polymerization process, initially ethylene glycol (>99% purity,
initiator) and tin octoate (>99% purity, catalyst) was allowed to stir for some time followed by the
addition of monomer, €-caprolactone (98% purity) and the reaction time and temperature were

optimized to achieve the desired molecular weight. The initiator to monomer ratio was maintained
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at 1:1000. The as-synthesized PCL exhibited a density higher than its monomer (~1.130 g/cm?)
and a maximum intrinsic viscosity 74.0 cm®/g [79]. Commercial poly(e-caprolactone) Capa™
6800 (Mw=80 kDa) used in Chapter 6 was purchased from Ingevity, United Kingdom. Gentamicin
sulfate (GEN) salt, Furfural (99%), Gum arabic from acacia tree, Lidocaine hydrochloride, Silver
() sulfadiazine (98%), Poly(vinyl alcohol), was purchased from Sigma-Aldrich, India.
Streptomycin sulfate (SM), Zirconium chloride oxide octahydrate (ZrOCl,.8H20), sodium
dihydrogen phosphate (NaH2PO..2H>O), Nitric acid, Sulphuric acid (97%), Sodium
(meta)periodate, di-Sodium Tetraborate (Borax), Hydrogen peroxide 30% were purchased from
Himedia, India. Formalin (37% aqueous formaldehyde stabilized with 10% methanol),
Chloroform, dimethyl formamide (DMF), glutaraldehyde solution (25%), aniline blue
diammonium salt were purchased from Merck, India. Dulbecco's modified Eagle's Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) was purchased from Gibco™ and
Luria-Bertani (LB) broth, Agar, DAPI (4’,6-diamidino-2-phenylindole), used as a staining agent
for cell adhesion studies was also purchased from Himedia Laboratories, India. Peroxidase from
horseradish and ABTS {2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)} used for
immobilization study was purchased from Sigma-Aldrich and SRL, India, respectively. Deuterium
oxide (Sigma-Aldrich, India) was used as the reagent for NMR analysis. All the chemicals were

used as received.

2.2. METHODS
2.2.1. Synthesis of Bacterial Cellulose and Fabrication of Bacterial Cellulose Nanocrystals: A

Lab Scale approach

(i) Synthesis and Purification of Bacterial Cellulose

The standard Hestrin and Schramm (H.S.) medium comprising of glucose, peptone, yeast extract,
anhydrous disodium phosphate and citric acid was used as the medium for the BC production [80].
Bacterial strain, G. xylinum was cultured in agar plates for 3 days at 28°C. Briefly, 5 loopful of the
grown bacteria were collected and inoculated in a tube containing 5 mL H.S. medium to prepare
initial inoculum for BC production and was incubated for 2 days at 28°C under static condition.
This prepared inoculum was then transferred to sets of sterile 250 mL glass bottles filled with 100
mL H.S. medium each and the culture bottles were then covered with perforated parafilm for

aeration incubation at 28°C for 15 days under static state. Large scale synthesis of BC was also
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carried out in glass trays (295*230*210 mm) containing 4-6 L of medium to obtain BC membranes
of larger size (295*230 mm and 15 pum height) and wet weight ~125g. The H.S. medium used was
autoclaved at 121°C for 20 min. before use. The BC pellicles formed on the surface of the culture
vessels were then collected and soaked in distilled water overnight, and then treated twice with 0.5
N NaOH for 30 min. at 80°C followed by washing with distilled water until neutral pH was

achieved.

(i) Fabrication of Bacterial Cellulose Nanocrystals (BCNCs)

Oven-dried bacterial cellulose membranes were first cut into small pieces and then treated with 50
% (v/v) sulphuric acid solution in a cellulose/acid ratio of approximately 20 g/L, at 50 °C for 2 h.
The hydrolysis reaction was then stopped by diluting the reaction suspension around 8-fold with
cold deionized water. Later, the suspension was centrifuged and washed with deionized water at
5500 rpm for 15 min at 20°C to precipitate the BCNC and this step was repeated for 3 times.
Finally, the BCNC suspension was dialyzed in deionized water to obtain a neutral pH and final
concentration of ~1 % w/v, which was further freeze-dried at -80°C for 48h to obtain BCNC
powder [81].

2.2.2 Fabrication of Bacterial cellulose-based poly(e-caprolactone) composite scaffolds
(i) Preparation of BC/PCL composite films

The previously treated and purified BC pellicles were placed in a beaker, to which 1:1 (weight)
ratio of distilled water was added. A fine suspension of BC in water was achieved in 20 min. with
the use of a hand blender (Powermaxx, BOSCH, 750W). This suspension was then cast on a silicon
tray and allowed to air dry overnight to get a uniform BC membrane. To develop uniform bacterial
cellulose based polycaprolactone (BCP) composites, dried BC membranes were first cut (3x4 cm2)
and incubated in acetone for 24 h. Thereafter, all the acetone soaked samples were immersed in
glass vials containing PCL solution in acetone (2wt% and 3wt% PCL) [57]. The impregnation of
PCL into the BC membrane was facilitated with the use of a 2D-Benchrocker. After each
incubation (48h, 72h and 120h), the BC membranes immersed in the PCL solution were taken out,
washed with acetone to remove the excess polymer, placed in petriplates and allowed to dry at
room temperature. The average thickness of the BC and BCP films were calculated as 15um and
23um, respectively.
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(if) Functionalization of BC based composite films

Two different drug concentration (0.2 mg/mL and 0.5 mg/mL) of gentamicin and streptomycin
salts, each were prepared in 50 mL deionized water. The BC and BCP membranes were then
immersed in the prepared drug solutions for 24 h at 37°C in a shaking incubator. After 24 h, the
membranes were taken out and washed with deionized water and dried at room temperature
overnight. BC-GEN, BCP- GEN, BC-SM and BCP-SM are the abbreviations used for GEN loaded
BC, GEN loaded BCP, SM loaded BC, SM loaded BCP membranes, respectively.

2.2.3 Surface Modification of Bacterial Cellulose Nanocrystals with Metallic Nanoparticles

(i) Fabrication of Bacterial cellulose nanocrystals (BCNC) templated zirconium phosphate

catalyst

Zirconium phosphate (ZrP) catalyst with a molar ratio of 2:1(P/Zr) has been prepared according
to literature and used as a reference catalyst [82]. For the preparation of ZrP, dropwise addition of
0.2 M sodium dihydrogen phosphate (100 mL) aqueous solution to 0.1 M ZrOCl>.8H20 (100 mL)
was done with continuous stirring at 70°C for 1h. The pH of the reaction mixture was maintained
at 1-2. After 1h of stirring, a gelatinous precipitate was obtained, which was then filtered and
washed with water, followed by drying under vacuum at room temperature. Then, the acidification
of the obtained material was done with the treatment of 1 M HNO3 for 30 min, atleast for five
times with occasional stirring. The sample was then washed and centrifuged with distilled water
to separate the acidic part, for several times followed by drying at room temperature. To synthesize
the BCNC_ZrP catalyst, BCNC with two different loading of 2-3 wt% was first added to the 0.1M
aqueous ZrOCl2.8H20 solution and allowed to stir at 70°C. To this solution mixture, 0.2 M sodium
dihydrogen phosphate was added dropwise and stirred for 1h. Then, the above-mentioned same

procedure is followed to obtain the bacterial cellulose nanocrystal templated ZrP catalyst.

(it) Conversion of raw material furfural to 5-hydroxymethylfurfural using BCNC templated
ZrP

The reaction was performed in a two-necked round bottom flask attached to a condenser. At first,
formalin (5mL) and solid catalyst were allowed to mix well under continuous stirring (500rpm) at

~90°C for 30 min. To this reaction mixture, furfural (82uL) without purification treatment was
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injected to initiate the target reaction. Then, after 12-24 h of reaction, the reaction mixture was
centrifuged and the obtained filtrate was analysed. The reusability of the developed catalyst was
also tested. After each reaction, the catalyst was filtered and separated by centrifugation, washed

with ethanol, dried under vacuum overnight at 60°C, and again was used for the next reaction.

2.2.4 Fabrication of Bacterial Cellulose/Polycaprolactone electrospun bandages

(i) Preparation of bacterial cellulose powder

To obtain bacterial cellulose powder, the extracted wet BC was first homogenized into a uniform

suspension in distilled water, followed by freeze-drying.

(if) Fabrication of BC-PCL nanofiber scaffolds loaded with lidocaine hydrochloride by

electrospinning

An electrospinning unit (Nanotech, India) was used to produce the nanofibers. The prepared
polymeric solution was loaded into a 5 mL plastic syringe connected to a pump which controls the
flow-rate of the solution. A high voltage supply was applied (15 kV) between the spinneret and
the electrode and the thin jet fibers were collected on an aluminium grid placed on the collector
plate. The working distance between the aluminium grid and the needle was kept as 15 cm, with a
flow rate of 1 mL/h to produce the desired nanofibers. The electrospinning experiment was carried
out at room temperature (25-30 °C), at a relative humidity of 35%.

To prepare the polymer solution, PCL, 9% (w/v) was allowed to dissolve in a binary mixture of
CHCI3/DMF (9:1) with overnight stirring. Then, BC powder (1-2 wt%, with respect to polymer
volume taken for electrospinning) was added to the PCL solution and allowed to stir overnight.
Both the solutions were then separately subjected to the electrospinning unit to fabricate pure PCL
and bacterial cellulose based polycaprolactone (BCP) mats. To prepare LID loaded BCP mats,
1wt% LID was added into the BC-PCL solution and allowed to further stir for 12h. The obtained
nanofibrous mats (PCL, BCP and BCP-LD) were then allowed to vacuum dry overnight to remove

the trapped residual solvent.

(i) Surface treatment of BCP-LID scaffolds using glutaraldehyde
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A gum arabic (2% wi/v) solution was prepared in glutaraldehyde (2% v/v) solution, to which 0.5
wt% silver-sulfadiazine (Ag-SD) was added and the mixture was allowed to stir for 4h. The
fabricated nanofiber scaffolds (BCP-LD) were then dipped in the GA-glutaraldehyde solution
loaded with the drug for 30 min. to crosslink, taken out and rinsed with water to remove excess
glutaraldehyde, followed by drying in dark at room temperature. The samples (BCP-LSD) were

then stored in a vacuum desiccator for characterization.

2.2.5. Fabrication of Immobilized Bacterial Cellulose Nanocrystal based Gum Arabic
Hydrogel

(i) Preparation of modified Gum Arabic

The oxidation of gum arabic was carried out using sodium metaperiodate to synthesize a natural
aldehyde crosslinker, oxidized gum Arabic (OGA) as reported in literature [83,84]. At first, gum
arabic (5% w/v) solution was prepared in 20mL of distilled water, to which 10 mL aqueous sodium
metaperiodate (5% w/v) solution was added dropwise, and the reaction mixture was continuously
stirred for 24h at 20 °C in dark. After 24 h, the unreacted periodate present in the solution was
neutralized using 5 mL of ethylene glycol followed by the addition of ethanol (~200 mL) to
precipitate the reaction mixture. The obtained precipitate was then washed, centrifuged several

times with water-ethanol mixture, and then freeze-dried to obtain powdered OGA.

(i1) Preparation of BCNC loaded modified Gum Arabic hydrogel

OGA powder (300 mg) and BCNC (5,10,20 wt%) w.r.t OGA were taken in a beaker and to this
3mL of PVA (5% w/v) solution was added and allowed to stir. The addition of BCNC to the
mixture resulted in a slightly viscous solution. To this viscous solution, about 1.5mL of borax
solution (5% w/v) was poured and allowed to mix for about 20min, which resulted in the formation
of a hydrogel. The prepared gels were then stored at 4°C for further use. OGA hydrogels without
BCNC loading was also prepared for comparison. The hydrogels prepared with 5, 10, 20 wt%
BCNCs were named as HG-BCNC(5%), HG-BCNC(10%), and HG-BCNC(20%), while the
hydrogel without BCNC was named as HG.

(iti) Immobilization of BCNC-modified GA hydrogel
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For immobilization studies, 0.1 mg/mL HRP solution was prepared in Phosphate buffered saline,
PBS 7.0 and HG-BCNC(20%) was investigated. 20 mg of prepared hydrogel was first allowed to
crosslink in 10 mL of aqueous glutaraldehyde (4% v/v). After 2h, the gel was taken out washed
with water to remove the excess aldehydes and then added to 5mL of HRP solution for
immobilization. After the immobilization, the hydrogels are first separated from the HRP solution
by centrifugation, and the first supernatant is collected and stored at 4°C. The hydrogels are then

washed with PBS many times and all the supernatants are stored at 4°C for enzyme activity assay.

2.3. ANALYTICAL INSTRUMENTATION AND CHARACTERIZATION

Fourier transfer infrared (FT-IR) spectroscopy. The chemical characteristic of the fabricated
samples was done using Fourier transfer infrared (FTIR) spectroscopy in attenuated total
reflectance (ATR) mode at room temperature (PerkinElmer, U.S.A). The spectra were recorded in

the frequency range of 4000 to 400 cm™* wavelength, with 64 scans and 4 cm resolution.

Thermogravimetric Analysis (TGA/DTG). The thermal behavior of all the prepared samples
was studied in an inert atmosphere of nitrogen at 10 °C/min heating rate using thermogravimetric
and derivative thermogravimetric analysis (TGA-4000, PerkinElmer, U.S.A.) with flow rate

maintained at ~20 mL/min. The temperature profile of the analysis was set as 30—700 °C.

XRD analysis. The X-ray diffraction analysis was conducted to analyze the crystalline structure
of the samples. The experiment was performed using a Micromax-007HF (Rigaku, Japan). The
scans were performed in the range of 26 = 4°-80° at a speed of 5°/min utilizing a foil filtered CoKf
radiation (A of 0.179 nm) at 40000 V voltage and a current of 15 mA. The divergence slit was
maintained at 0.1° all throughout the experiment.

Differential Scanning Calorimetry (DSC). The change in physical properties of the fabricated
BC, BCP samples was studied using DSC (Phoenix DSC 204 F1 NETZSCH, GmbH) in 30-400°C

range.
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BET Surface Area Analysis. The surface area and pore size distribution based on N2 adsorption
of the synthesized catalysts was studied using BET Analyzer (Tristar I1; Make: M/s Micromeritics,

U.S.A)) at liquid nitrogen temperature.

Field Emission Transmission Electron microscopy (FETEM). FETEM of the prepared BCNC
and catalysts were carried out using JEOL, Model :2100F. BCNC was dispersed in deionized water
under ultrasonic radiation for 1h and drop casted on copper grid before analysis. Similarly, the
catalyst samples were prepared by dispersing the catalyst powder in ethanol under ultrasonic
radiation for 30 min, and then the resulted solution was drop-casted on a copper grid followed by
slow evaporation of solvent under vacuum at room temperature. Elemental mapping of the

catalysts was also done using FETEM.

Field Emission Scanning Electron microscopy (FESEM). For morphological analysis of the
BCNC and the catalyst samples, the sample suspensions were dropcasted on aluminium paper and
investigated at an accelerating voltage of 3 kV (ZEISS Sigma 300, FESEM, USA).

The surface morphology of the samples was analyzed at different magnification (10 000x
magnification 14 000x, 100 000x, 250 000 x etc.). Energy dispersive X-ray analysis (EDX) (Zeiss,
Gemini) was performed with an aim to identify the chemical compositions of prepared samples in
terms of weight percentages (wt.%) of elements Carbon (C), oxygen (O), nitrogen (N), and sulfur
(S). The surface and cross-sectional morphology of the prepared BC and BCP scaffolds studied in
Chapter 4 was characterized using a field emission scanning electron microscope (Nova
NanoSEM™ py FEI™, CZ s.r.0, Brno).

Atomic Force Microscopy (AFM). The surface topography of the membranes was assessed using
AFM (Oxford, Model: Cypher) equipped with a silicon cantilever with spring constant of 42 N/m

and resonance frequency 320 kHz.

Wettability. The contact angle of the dried samples was evaluated using Kruss GMBH DSA25
(Germany), where a sessile drop of water (~2 pl) was placed on the sample and the change in
behavior of the water droplet in contact with the sample was observed as a function of time (10s
to 60s) at 25°C.
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Swelling studies. Fabricated scaffold immersed in phosphate buffered saline (PBS), pH 7.4 was
used for swelling study for 24h. The initial and final weight was recorded before and after

immersion to determine the swelling percentage.

Water vapor permeability studies. The water vapor transmission rate (WVTR) through the
fabricated scaffolds was investigated using a PERMATRAN-W Model 1/50 (Mocon, U.S.A.). The
wet and dry chamber’s relative humidity (RH) was set as 100% and 10% respectively, and a mat

of 1cm? was characterized at 37.8°C in the atmospheric pressure.

Mechanical studies. The tensile and compression properties of the prepared materials were
studied using a universal testing machine (UTM) with a 5kN load cell (Zwick Roell : ZOO5TN).

In vitro cytotoxicity assay and cell staining

Baby Hamster Kidney fibroblast cells (BHK-21) were cultured in Dulbecco's modified Eagle's
Medium (DMEM) (Gibco™) supplemented with 10% fetal bovine serum (FBS) (Gibco™). The
cytotoxicity assay was determined by a colorimetric assay (MTT Assay), where MTT stock
solution of 5mg/mL was prepared in Phosphate-buffered saline (PBS), stored at 4°C. BHK-21
cells, at a density of 2 x 10° cells/well, were seeded and allowed to grow overnight in a 96-well
microplate, at 37°C in a humidified atmosphere with 5% CO,. After discarding the media, the
samples (6 cm? of area) were UV sterilized for 1h and the extract of the test materials was prepared
as per International Standard 1SO 10993- 12, and the material surface to extract fluid ratio was
kept as 6 cm?/mL. Then the sterilized samples were placed in BHK-21 cell’s growth medium for
24 h. After that the cultures were treated for 24 h, 48 h and 72 h with the prepared extracted media
and the standard culture medium containing only the cells was used as control. After the specific
incubation period, all the samples were removed and MTT solution was diluted to 0.5 mg/mL in
plain DMEM (without FBS) and the incubation was maintained for further 3 h. Dimethyl sulfoxide
(DMSO) was added to each cell well to dissolve the formazan pigment and the absorbance was
recorded at 570 nm wavelength using a microplate reader (ELISA). Wells containing only DMSO
was considered as blank, and the comparison of relative cell viability was calculated in four
replicates. The mean values and their standard deviations were calculated, and the graphs were

plotted using the closest absorbance values of three replicates out of the four samples.
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To study the biocompatibility of the fabricated scaffolds, the same procedure as above was
followed to seed BHK-21cells in a 96-well plate and circular sample films were cut and placed on
it. After specific time (24h, 48h and 72h), the incubated samples were treated with 4%
formaldehyde for 10 min to fix the cells followed by rinsing thrice with PBS. Then DAPI (4°,6-
diamidino-2-phenylindole) (100uL) was added to the wells containing the sample and allowed to
incubate in dark for 15 min. The cells were then again rinsed with PBS thrice and the images were

taken using blue/cyan filter under the fluorescence microscope (Nikon H600L).

Antimicrobial assay

Antimicrobial activity of the drug-loaded samples was determined against Staphylococcus aureus
and Escherichia coli. Luria-Bertani (LB) broth, Agar (HiMedia Laboratories) was used for this
study. At first, the cultures were inoculated in LB broth and allowed to grow at 37°C, overnight.
Further, the cultures were diluted to get a concentration of 2x10° CFU/mL for E. coli and 2x10%°
CFU/mL for S. aureus and used as an inoculum for the antimicrobial assay. Circular discs of each
sample were cut in triplicates and UV-sterilized for 1h before use. The discs were then placed on
agar plates containing both the model bacteria separately and allowed to incubate for 24 h at 37°C
and the zone of inhibition was measured in millimeter from the growth inhibited by the discs.
Gentamicin (10 mcg) control (Himedia Laboratories) was also placed separately on agar plates

containing E. coli and S. aureus to check the bacterial inhibition.

In vitro drug release study

In-vitro release profile of the drug-loaded scaffolds were carried out by placing each sample in
plastic vials containing 10 mL phosphate-buffer saline solution (PBS, pH 7.4). These vials were
then incubated at 37°C and at specific time interval, 3mL of sample medium was removed and
replaced with fresh buffer solution. The cumulative drug release into the PBS solution was
measured using an UV/Vis Spectrometer (Lambda 25, PerkinEImer USA) at wavelengths 232 nm,
240 nm, 241 nm and 263 nm for GEN, SM, LID and Ag-SD, respectively.

High Performance Liquid Chromatography (HPLC)
The obtained HMF filtrate was analysed using a Hypersil GOLD™ column (250 x 4.6 mm, Sum,

Thermo Fisher Scientific). The injection volume for each sample was 20 uL, the solvent system
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was water with 20% methanol(v/v). The flow rate was maintained at 0.8 mL/min and the detection

wavelength for HMF was 277 nm.

Enzyme Assay

For the enzyme activity of horseradish peroxidase, ABTS (2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) was used. The sample was prepared by placing 2.9 mL of 9.1 mM ABTS solution
in a cuvette, followed by the addition of 0.1 mL of 0.3% (w/w) hydrogen peroxide. To this solution
mixture, 2 mg of immobilized hydrogel was added and the cuvette is subjected to UV-Visible
spectroscopy for 20 min at absorbance, Amax = 405 nm. Blank solution for this assay was prepared
by using 0.05mL of PBS (pH 5.0) and 0.25% (w/v) bovine serum albumin (BSA) along with 2.9
mL ABTS solution [85]. The leakage test of the immobilized hydrogel was also done by mixing
the gel with PBS and incubation at 4 °C. Then the immobilized gel was collected and the
supernatant was tested for HRP activity using ABTS assay and this test was conducted for six
times. The specific enzyme activity was determined using the following equation;

_1 _ AAVy.Df10°

UL = TdVS Equation (1)

where,

Vt is the final volume of reaction in mL (3.05 mL),
AA is the difference in absorbance recorded after an interval of 20 min,

Df is the dilution factor of the enzyme, which is 1 in this case,

t is the time of analysis (20 min),

¢ is the millimolar extinction coefficient of oxidised ABTS, at Amax = 405 nm (36.8), and

I/, is the volume of enzyme used for the assay (0.05 mL).
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Chapter 3

Synthesis of Bacterial Cellulose and
Its derivative, Bacterial Cellulose Nanocrystals:

A Lab Scale approach

Motivation
The need to protect the environment and alertness to use renewable and biodegradable substitutes
for the synthesis of biocompatible and eco-friendly materials have open possibilities in the
scientific research community. Bacterial cellulose (BC) is a novel biomaterial derived from
microorganisms with excellent purity and crystallinity, high mechanical stability and low toxicity,
compared to plant-based cellulose. Due to their inherent higher water absorption and porosity,
BC can be easily functionalized or combined with other materials for application in food,
biomedical, tissue engineering, and textile industries. The extraction of bacterial cellulose
nanocrystals (BCNCs) from BC is more efficient than plant-based cellulose since separating
hemicellulose and lignin involves energy consumption and is environmentally challenging. Also,
CNCs produced by conventional methodologies require around 7-10 days, whereas BCNCs can
be easily obtained in 4-12h. Hence, we have developed methods to synthesize bacterial cellulose
and BCNCs in a cost-effective and environment-friendly approach, and this process can be

upscaled to produce larger quantities of BC and BCNCs for use in multiple applications in future.
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Abstract

This chapter focuses on the synthesis and characterization of bacterial cellulose; and the
subsequent extraction of BCNCs from BC through acid-hydrolysis. The biosynthesis of BC is
conducted using Bacterial strain, G. xylinum under static aeration incubation at 28°C for 15 days.
Pure BC membrane showed well-defined, closely intertwined and oriented fibrils with long and
smooth fibers of diameter in the range of 35-200 nm in a typical 3-dimensional web-like highly
porous network structure which also confirmed its high crystallinity. It is found that the BC
examined in the present study was highly pure and can be readily processed into nanocrystals.
BCNCs have been produced with a homogeneous morphology of well-defined, needle-like fibers
with an average width of 13+9 nm and lengths in the range of 159-356 nm.
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3.1. INTRODUCTION

Bacterial cellulose (BC) is a fascinating biomaterial possessing a range of noteworthy
characteristics, such as, high water holding capacity and crystallinity, tensile strength, an ultrafine
fiber network and the ability to be molded into three-dimensional (3D) structures during synthesis
[3]. The fibrillar structure of BC consists of repeated dimers of B-1—4 glucan chain connected by
inter- and intra-molecular hydrogen bonding with molecular formula (CsH10Os)n. The ultrafine
network and high degree of polymerization of BC elaborates its application in textile industries,
for making electronic paper, etc. [86,87].

Generally, bacterial strain Acetobacter xylinum is used in BC synthesis as it produces both ribbon-
like and thermodynamically stable polymer (cellulose | and cellulose I1) which are pure-forms of
cellulose. The production of bacterial cellulose is carried out either through static or agitating
oxidative fermentation, depending on the type of cellulose required, for example, static
fermentation of BC leads to the formation of an interconnected three-dimensional structure [10].
In the synthesis process, the glucose chains secrete intermediate fibrils through the bacterial cell
wall and these fibrils combine together to form nanofibrillar ribbons of pure cellulose at the air-
medium interface which controls the oxygen supply to the medium [88].

Nanocrystals are structures with at least one of their dimensions in nanometer scale (1-100 nm),
and they contribute as bio-crosslinking or reinforcing material for a wide range of applications.
Usually, micro-cellulose fibers are resized to nano-form using top-down approaches, such as
homogenization, acid hydrolysis, or combined chemical and mechanical approaches [40]. The
highly pure and crystalline nature of BC make it a convenient source for the efficient extraction of
bacterial cellulose nanocrystals (BCNCs). BCNCs extracted from bacterial cellulose leads to the
minimization of energy consumed as well as it is an eco-friendly and sustainable process. The
large specific surface area, higher strength and crystallinity, and abundance of hydroxy groups on
their surface enables the easy dispersion of BCNCs in aqueous solutions [89]. The most commonly
used technique to produce cellulose nanocrystals is acid hydrolysis, which involves the penetration
of H"ions into amorphous cellulose part which release the crystallites of BC as a result of splitting
of the glycosidic linkages [41].

Therefore, the possibility of tuning the inherent characteristics of BC and BCNCs to fabricate new

and improved materials have been studied and discussed in the subsequent chapters of this thesis.
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3.2. RESULTS AND DISCUSSIONS
3.2.1. Morphological analysis of the fabricated bacterial cellulose (BC) and bacterial cellulose
nanocrystals (BCNCs).

The cellulose examined in the present study was derived from bacteria as this type of cellulose is
highly pure and can be readily processed into nanocrystals. Figure 3.1(a) shows the FESEM image
of pure BC with a typical 3-dimensional web-like highly porous network structure of well-defined,
closely intertwined and oriented fibrils confirming their higher crystallinity [25,37]. The FESEM
micrograph of the synthesized BCNCs shown in Figure 3.1(b) indicates a homogeneous
morphology of well-defined, needle-like fibers with an average width ranging between 13.77 and
22.03 nm and lengths ranging between 159.8 and 356 nm. Small agglomerates or bundling of
BCNC fibers were occasionally observed, most possibly due to the nanoparticle overlapping
during drying. The distribution of the width and length of the nanocrystals could be assumed due

to the breaking up of coarse aggregates of microfibrils by sulfuric acid hydrolysis and sonication.

X100 000

Figure 3.1. (a)FESEM image of BC, (b)FESEM image of BCNCs, and (c,d,e)FETEM
micrographs of BCNC, confirming needle-like morphology.
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Figure 3.1(c,d,e) shows the FETEM photograph of BCNCs with well-dispersed needle-shaped
structures, which is an expected pattern for acid hydrolysis nanocrystals. The BC nanocrystals had
a length ranging from 156 to 560 nm and width ranging from 9.85 to 20 nm.

3.2.2. Physico-chemical properties of the synthesized BC and BCNCs.

The FTIR spectra of native BC and BCNCs (Figure 3.2a) showed typical cellulose vibration bands,
such as 3341 cm? (stretching of O-H bonds), 1427 cm™ (asymmetric angular deformation of C-
H bonds), 1363 cm™ (symmetric angular deformation of C-H bonds), 1159 cm™ (asymmetrical
stretching of C-O-C glycoside bonds), 1103 cm™ and 1046 cm™* (stretching of C-OH and C-C-
OH bonds in secondary and primary alcohols, respectively), and 892 cm™ (angular deformation
of C-H bonds)[41]. A sharp band corresponding to half-sulfate ester groups due to the reaction of
BC with sulfuric acid is observed around 1256 cm ™.

Crystallinity is a major factor that specifically influences the mechanical properties of materials.
Therefore, the XRD patterns were used to determine the Crystallinity index (Crl) of BC and the
BC nanocrystals. The results showed that BCNCs had a greater Crl than native BC [90]. The
percentage crystallinity of BCNCs was calculated and found to be ~91% as compared to that of
pure BC (~89% crystallinity) shown in Table 4.1. The increase in crystallinity after acid hydrolysis
reaction was due to a reduction of the amorphous content, as this region is more accessible to acid
attack. The XRD patterns of pure BC and BCNCs showed three 26 diffraction peaks at 16.3°,
18.8°, 25.74° 14.7°, 16.7°, and 22.78°, respectively which are usually attributed to the
crystallographic planes of 101 (amorphous region), 10(amorphous region), and 200 (crystalline
region), respectively (Figure 3.2b). The presence of these 3 diffraction peaks characterizes

cellulose type la (triclinic), which is prevalent in BC.
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Figure 3.2. (a)FTIR spectra and (b)XRD patterns, of pure BC and the synthesized BCNCs.
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The thermo-gravimetric analyses shown by TGA and the respective DTG curves of BC and BC
nanocrystals obtained by acid hydrolysis (Figure 3.3a,b) revealed that the mass-loss profiles were
similar. Three mass-loss events can be observed during thermal analysis of the sample. The first
event, occurring at approximately 50-150 °C, is attributable to the evaporation of residual water
present in the material. The second event, occurring in the temperature range of 250-500 °C, is
characterized by a series of reactions in the degradation of cellulose, including dehydration,
decomposition, and depolymerization of the glycoside units. This second mass-loss event is
associated with a high loss of mass of cellulosic material, which is characterized by the onset
temperature (Tonset), 316°C and 349°C for BCNCs and BC, respectively. The third thermal event,
which extends from 550 to 650 °C, is related to oxidation and breakdown of carbonaceous residues,
yielding gaseous products of low molecular weight. The degradation temperature of pure BC was
slightly higher than that of BCNCs. The high surface area of BCNCs may play an important role
in reducing the thermostability. Moreover, hydrolysis reactions with H.SO4 promote the formation
of nanostructures with low thermal stability due to the presence of sulfate groups (-OSO*") on the
BCNC surface.
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Figure 3.3. (a)TGA, and (b)DTG curve of pure BC, and BCNCs obtained after acid hydrolysis.

33
TH-3080_166107113



3.3. CONCLUSIONS

The synthesis of highly crystalline and ultrafine, pure bacterial cellulose was successful, as
established by FESEM, XRD and FT-IR spectroscopy results. This highly pure BC can be
effectively converted to BCNCs through acid hydrolysis. BCNCs fabricated from BC exhibited a
higher crystallinity with a needle-like morphology. The fabricated BC and BCNCs are hydrophilic
in nature and they can be easily blended with other bioactive molecules or polymer matrices
through hydrogen bonding, due to their interfacial interaction. Based on these captivating
properties, BC and BCNCs are considered as the base materials of this thesis and discussed

elaborately in the subsequent chapters with their targeted applications.
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Chapter 4

Studies on Fabrication of Bacterial Cellulose

based Polycaprolactone Composite Scaffolds

for Wound Dressing Applications

Motivation

Bacterial cellulose is an excellent biomaterial with exceptional properties to be used in biomedical
applications however they lack in antimicrobial properties. On the other hand, polycaprolactone
is a biodegradable polymer also used in biomedical applications, due to its flexibility,
biocompatibility and chemical stability. However, BC is highly hydrophilic in nature while PCL
is hydrophobic, thus the blending of these two materials is a challenging task. To overcome this
problem, we have developed a sustainable approach to modify the BC surface by a simple PCL
impregnation method which resulted in flexible BCP membranes. The surface-functionalization of
the developed membranes through dip-coating improved the structural, antimicrobial,
biocompatibility and cell adhesion properties of BCP, making it suitable for wound dressing

applications.

The work in this chapter is published as:

e M. Das, O. Zandraa, C. Mudenur, N. Saha, P. Saha, B. Mandal, V. Katiyar, (2022).
“Composite Scaffolds Based on Bacterial Cellulose for Wound Dressing Application”,
ACS Applied Bio Materials, 5, 8, 3722-3733, https://doi.org/10.1021/acsabm.2c00226.
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Abstract

This chapter deals with the fabrication of a wound dressing material using a biocompatible
polymer, bacterial cellulose (BC), which is quite relevant for medical applications with exceptional
properties in terms of biocompatibility, high purity, crystallinity (~88%), and high water holding
capacity. However, the lack of antibacterial activity slightly restricts its application as a wound
dressing material. So, in this study polycaprolactone (PCL) was first impregnated into the BC
matrix to fabricate flexible bacterial cellulose-based PCL membranes (BCP), which was further
functionalized with antibiotics gentamicin (GEN) and streptomycin (SM) separately, to form
wound dressing composite scaffolds to aid infectious wound healing. In-vitro studies of the BC
and BCP scaffolds against baby hamster kidney (BHK-21) cells revealed their cytocompatible
nature, also the wettability studies indicated the hydrophilicity of the developed scaffolds,
qualifying the main criterion in wound dressing applications. The prepared scaffolds also exhibited
excellent antimicrobial activity against Escherichia coli and Staphylococcus aureus and the release
profiles initially indicated a burst release (6 h) followed by controlled release of GEN (~42%0) and
SM (~58%) from the prepared scaffolds within 48 h. Hence, these results interpret that the
prepared drug-functionalized cellulosic scaffolds have a great potential as a wound dressing

material in biomedical applications.

Graphical Abstract
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4.1 INTRODUCTION

Skin, the human body’s largest organ plays a substantial role in protecting the body from
pathological organisms by acting as a natural barrier, maintaining the body temperature,
homeostatis and dehydration [91]. However, these characteristics are disturbed whenever there is
an injury or wound, leading to the invasion of bacteria through the site of injury. Thus, to repair
these tissues, dressing materials are prepared. A proper wound dressing material should impart a
moist environment, allow easy transport of gases, inhibit bacterial infections, should be nontoxic,
nonallergenic, and promote heat insulation [92]. In the recent studies, bacterial cellulose (BC) has
grabbed attention in the biomedical field due to its highly pure, biocompatible, nontoxic and highly
hydrophilic nature. These captivating properties make it a suitable contender in biomedical
applications such as artificial skin, scaffolds, wound dressing materials, dental implants, and also
in food packaging and paper industry [6]. BC is generally produced from Acetobacter xylinum,
which is the most efficient BC producer as it can absorb several types of sugars leading to higher
yields of cellulose at pH ~3-7 and 25-30°C temperature in liquid medium. BC is made up of
ultrafine fiber network derived from well-arranged three dimensional (3D) nanofibers, which
results in the formation of hydrogel sheets with higher surface area and porosity [1,2]. As
compared to plant-based cellulose, BC fibrils are very much smaller in diameter as well as length
(about 100 times) with tailorable properties based on the composition of culture media, carbon
source, and also on the producing organism used. BC also has certain promising properties such
as high crystallinity (84-90%), high water holding capacity (WHC) of ~106 g water/ g sample,
ability to reform into 3D structure during synthesis and high water release rate (WRR), of which
WRR and WHC are the most essential attributes, directly connected to the biomedical applications
of BC as a dressing material [1,3-5]. Although, BC has quite a few unique properties, it also has
some limitation such as lack in antibacterial activity, and optical transparency, which limits its use
as an effective wound dressing material for highly infectious wounds [93]. To meet such
application standards, BC is functionalized with various organic or inorganic material such as
polymers, metal or metal oxides, solid materials, and nanomaterials possessing antimicrobial
property via impregnation, either by in situ or ex situ and several other techniques. Recently,
nanofibrous polymer composites (NFPC) has acquired attention in biomedical applications due to

their superior properties, such as larger surface-to-volume ratio and flexibility. Examples of
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materials used along with BC in NFPC preparation for wound dressing applications are silver

nanoparticles, graphene oxide, chitosan, and aloe vera [5,92-96].

Due to its biocompatibility, controlled degradability and miscibility with other polymers,
polycaprolactone (PCL) has a wide range of application in controlled drug-delivery and tissue
engineering as a scaffold material and as a solid plasticizer in soft compostable packaging [97,98].
The production route of PCL is comparatively economical as compared to counterpart aliphatic
polyesters, hence its utilization in the biomedical devices development is highly demanding. PCL
is a linear, semi-crystalline polymer possessing rubbery character at room temperature and
comprises of hexanoate repeating units, obtained by ring-opening polymerization (ROP) of &-
caprolactone. It is permeable to low molecular compounds at body temperature, and hence it’s an
excellent entrant for controlled drug release and widely practiced as a wound dressing material
[25,99,100].

Gentamicin (GEN) is a highly hydrophilic aminoglycoside antibiotic and is often used against a
wide range of bacterial infections, such as P. aeruginosa, E. coli, and E. aerogenes, and is also
used in the treatment of bone infections caused by S. aureus and many others [101-103]. Several
studies have reported the use of GEN in controlled drug delivery, as for example Rouabhia et al.
[37] prepared gentamicin activated bacterial cellulose dressings containing 3-
aminopropyltriethoxysilane (APTES) as a coupling agent for drug delivery and wound healing
applications. Another widely researched aminoglycoside antibiotic is Streptomycin (SM), which
is also antibacterial and is mainly used in the treatment of serious infections caused by tuberculosis
(Mycobacterium tuberculosis), plague (Yersinia pestis), and avium (Mycobacterium avium), and is
considered as one of the most effective and safe medicines for human health system as documented
by World Health Organization (WHO) [104-106].

Till date, BC have been utilized as an antimicrobial material, however, the utilization of GEN and
SM functionalized BC is to be further explored. It is well known that BC has abundant hydroxy
groups on its surface, which enables its easy functionalization and interaction with other materials
ultimately resulting in beneficial applications. Thus, considering the unique properties of BC and
PCL together, in terms of biocompatibility and biodegradability, herein we propose the fabrication
of BC based composite scaffolds by the impregnation of PCL into the BC network structure. The
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developed scaffolds showed good biocompatibility towards baby hamster kidney fibroblast cells
(BHK-21). The composite scaffolds were then functionalized by the incorporation of antibiotics,
GEN and SM separately to form antimicrobial wound dressing material and the resultant scaffolds
showed a wide spectrum of antibacterial inhibition against E. coli and S. aureus.

4.2 RESULTS AND DISCUSSIONS

4.2.1. Fabrication of BCP membranes and their characterization.

This study discusses the property enhancement of bacterial cellulose membranes with the
impregnation of PCL into its matrix, by incubating the cellulose films in PCL solution. The
presence of ester bond in the structure of PCL is expected to react with the abundant hydroxy
groups present on the BC surface resulting in the formation of flexible BCP membranes. These
membranes were then functionalized with GEN and SM to produce antimicrobial scaffolds. As
both the antibiotics used are aminoglycosides, the amino groups present in their structure react
with the hydroxy groups present in the BCP structure (Scheme 4.1).

The surface morphology of BC and BCP membranes are shown in Figure 4.1 (a,b). The FESEM
and AFM images suggested well-defined fibrillar orientation of BC with long and smooth fibers
of diameter in the range of 35-200 nm. The high surface area of the BC matrix allowed the
successful impregnation of PCL into its interpenetrating porous structure in the BCP membranes,
as observed in the figures. A smooth and dense morphology is observed for both BCP (2%)_48h
and BCP (2%)_72h membranes, where the polymer layers are present on the surface as well as
inside the pores of the BC matrix indicating a good fiber-matrix interaction. The average thickness
of each BC bundle was calculated to be ~121 nm in Figure 4.1(b), whereas in case of BCP, the BC
bundles were almost covered and filled with PCL, so a few small bundles of average thickness
~54nm appeared on the surface. The root mean square surface roughness value of BC and BCP
membranes was estimated to be 3.46 nm and 5.61 nm, and the height profiles of BC and BCP
suggested a maximum height of £37 nm and £70 nm, respectively shown in Figure 4.2. Also, it is
noteworthy that even after 72h incubation of the BC mat in PCL solution, some pores are still
visible on the surface of BCP membrane which could further facilitate the cell colonization in the
membranes when used as a drug carrier. The surface morphology of the drug loaded BC

membranes, BC-GEN, and BC-SM shown in Figure 4.3, further indicated the intact microstructure
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of BC with the presence of agglomerated drug particles spread over the surface and inside the
pores [107].
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Scheme 4.1. Reaction mechanism showing impregnation of PCL into the BC membrane, followed
by surface functionalization with gentamicin (GEN) and streptomycin (SM).
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Figure 4.1. (a) FESEM micrographs of pure BC (cross-sectional and surface view), BCP
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Figure 4.3. FESEM micrographs of BC-GEN(0.5) and BC-SM(0.5).

The chemical and physical attributes of the synthesized BC and its composites (BCP) were studied
using FT-IR as shown in Figure 4.4 (a). Pure BC exhibited a strong O-H stretching around 3349
cm! conforming the intramolecular H-bond, C-H vibration stretching at 2895 cm™ and the C-O-C
stretching vibration is observed around an intense peak at 1054 cm™[31,108]. The ~75%
crystallinity of PCL could be justified by the presence of C=C and C=0 stretching vibration bands
at 1291 cm*. Similarly, a strong C=0 stretching band is located at 1720 cm™, which also refers to
the high crystallinity% of PCL. The characteristic symmetric and asymmetric CH> stretching was
found around 2858 cm, and 2945 cm, respectively [109]. The BCP membranes showed the
presence of the characteristic cellulose and PCL peaks around 3400 cm™ and 2895 cm™ related to
BC and 2945, 2858, 1720 cm™ from PCL [31]. Thus, the interaction between BC and PCL is
confirmed, which is also consistent with the change in surface morphology of the prepared
composite membranes as shown by SEM images (Figure 4.1.a). The crystallinity of the prepared
membranes was studied using XRD analysis as shown in Figure 4.4(b). Pure BC exhibited a highly
crystalline structure, with strong polymeric chain network and slightly lower flexibility [110].
Broad diffraction peaks were observed at 16-17° and 27°, which indicates the formation of
cellulose type I for the pure BC membrane. PCL also exhibited its crystallinity with two diffraction
peaks, at around 25 and 27.6 degrees [79,111].

42
TH-3080_166107113



Figure 4.4. (a)FTIR spectra and (b) XRD plot of BC, PCL and BCP membranes.
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The presence of cellulose type | peaks in the composite membrane suggests the BC structure was
not disturbed in the composite preparation. The sharp intensity of the peaks indicates highly
crystalline nature, however there is a slight difference in the relative intensity of the peaks, which
could be contributed as the change in orientation of the cellulose fibers in interaction with the
polymer. Pure BC and PCL revealed a highly crystalline nature (~88% and ~75% crystallinity,
respectively). The addition of PCL into the BC network resulted in composites with nearly 84-
86% crystallinity exhibiting the same crystalline phase as BC and PCL. The calculation of
percentage crystallinity for each membrane is shown in Table 4.1.

Table 4.1. Calculation of percentage crystallinity of the BC and BCP membranes.

Area of individual Area of crystalline  Area of %
Sample Code peaks peaks all peaks  Crystallinity
BCP(2%)_48h 3958.51 14485.13 16699.74 86.74
579.99
9946.64
PCL 548.97 830.59 1104.74 75.18
106.36
175.26
BC 8533.76 24281.24 27313.89 88.90
560.32
15187.17

From the thermal studies (TGA-DTG) as shown in Figures 4.5 (a,b), it was observed that the
thermal stability of the composites increased significantly with the incorporation of PCL into the
BC matrix. Clearly, it was evident that the inherent higher thermal stability of PCL enhanced the
thermal property of the final composite membranes.

An initial smaller weight loss was observed for BC (~3%) below 150 °C caused by the evaporation
of water from its polysaccharide structure which is not that prominent in the PCL and BCP
membranes [112]. The most significant degradation leading to weight and structural change
occurred in the 250-450 °C range for all the samples, which is attributable to the degradation of
crystalline part and depolymerization of the glyosidic units. The final stage above 500 "C could be
associated with the carbonaceous residue breakdown leading to char oxidation [113]. As observed
from Figure 5, PCL exhibited a maximum weight loss temperature (Tmax) at ~441°C while native
BC has a Tmax ~378 "C. An increase in onset degradation temperature (~ 43 to 54 'C) for the

composite samples as compared to BC could be projected as the presence of PCL in its structure.
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The lower thermal stability of pure BC compared to pure PCL is due to the chemical composition
of BC which comprises of hydroxy end groups, resulting in the restriction of the chain mobility.
All the samples showed one-step degradation and the initial and maximum degradation
temperature along with weight residue of all the samples are compiled in Table 4.2. The ash content
of BC and BCP samples were ~4% whereas PCL almost completely degraded at 600 "C.
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Figure 4.5. (a)TGA and (b)DTG thermographs of the fabricated BC, PCL and BCP membranes.
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Table 4.2. Thermal analysis of the BC, PCL and BCP samples.

Sample To (C) Tmax (C) Weight residue at
600°C (%)

BC 318.28 378.36 3.38

PCL 394.76 441.82 0.38

BCP(3%)_48h 368.98 438.84 4.29

BCP(3%) 72h 361.14 435.04 4.00

The thermal transition of BC and the prepared composites was studied using DSC as shown in
Figure 4.6, where from 27 to 124 °C, an endothermic event was observed indicating the
dehydration of surface water mostly around 70 °C for both BC and BCP membrane. The
endothermic events around 348 to 372 °C for both BC and BCP could be attributed to the melting
of crystalline regions of respective polymers. This decomposition is also confirmed by the single-
step degradation in TGA analysis (Figure 4.5), which overall concludes that the melting
phenomenon is followed by degradation for all the samples. The higher thermal stability could
also be connected with the highly crystalline and oriented structure of the cellulose matrix and its
composites [114,115].
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Figure 4.6. DSC scans of BC and BCP(2%)_72h.
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Contact angle measurement was carried out to understand the water absorption and hydrophilicity
of the developed BC and BCP membranes shown in Figures 4.7 (a,b). The high surface energy and
the presence of abundant —OH group within and in between the adjacent cellulose structure create an
extensive hydrogen bonding (-OH....O-), thereby making BC a highly hydrophilic material. So,
whenever a water droplet falls on its surface, BC absorb it immediately leading to a lower contact
angle (~36° in 60s) as shown in Figure 4.7(b). However, as most of the —OH groups present in the
surface becomes already occupied, the water contact angle tends to remain constant after a certain time
(60s). The absorption of water droplet onto the surface is also dependent on the porosity of the
sample [116]. It was observed that the contact angle of BCP samples increased from 74° to 99° (in
60s) with increase in incubation period of the BC membrane in PCL solution, i.e., from 48 hto 72
h. As a result, the BCP membranes became resistant to water because of the impregnation of
hydrophobic PCL in its surface and network. However, the motive behind the incorporation of
PCL into the BC membrane is to produce a stretchable wound dressing material, so BCP
membranes incubated for 48h were used for the antimicrobial and cytotoxicity tests as they have
contact angle of ~74° which is satisfactory for wound dressing applications [117]. The images of
the water droplets on the BC and BCP membranes recorded at 60s time period are shown in Figure
4.7(b).

47
TH-3080 166107113



(a)

120

SBC mBCP_48h =BCP_72h

100

Contact angle (°)
H (=2 =]
o o o

N
o

o

10 20 30 40 50 60
Time(sec)

(b)

BCP_48h-60s =, BCP_72h-60s

Measurement: Stepe 7 Uiquid:
SeuileDropl1368] Temperature: 270°C. wotee (s}

Figure 4.7. (a)Contact angle measurement of BC, BCP_48h and BCP_72h membranes over a time
period of 10 to 60sec. (b)Images of water contact angles of BC, BCP_48h and BCP_72h recorded
at 60 sec.

4.2.2. Antibacterial activity of drug-loaded films and their elemental composition

The bacterial growth of the pure and drug-loaded films was evaluated with the inoculation of the
sample discs in gram-negative and gram-positive bacteria, E. coli and S. aureus. The hydrophilicity
associated with BC is an added advantage to be used as a drug carrier system for wound healing
applications, as it provides a moist environment and promotes the healing process by enhancing
angiogenesis and collagen synthesis, and inhibits bacterial infections [118]. However, pure BC
lacks antibacterial characteristics which is an important aspect in wound dressing applications,
with this motive antibiotic-loaded BC and BCP films are being developed in this work. After 24 h
of incubation, wider bacterial growth inhibition was evident for the gentamicin and streptomycin
loaded discs (BC-GEN, BCP- GEN, BC-SM and BCP-SM) against S. aureus (Figure 4.9a),

48
TH-3080_166107113



however in E. coli only gentamicin loaded discs exhibited inhibition zone as the bacteria provides
resistance to streptomycin due to its genetic encoding [119]. Pure BC and BCP clearly does not
influence the bacterial growth, with no inhibition zone observed in Figure 4.9(a). The quantitative
evaluation of zone of inhibition exhibited by each sample is shown in Figure 4.9(b). Both the
tested drugs (GEN and SM) showed a concentration-dependent Killing activity, which is specific
to the drug carrier systems. BC showed a better performance as a drug carrier at a lower dose of
~0.2 mg/mL, whereas the BCP samples showed better inhibition at slightly higher doses of ~0.5
mg/mL, which is due to the easy penetration of drug into the voids of porous BC matrix as observed
from FESEM images (Figure 4.1a). The morphology of the drug loaded BC membranes shown in
Figure 4.3 indicates the presence of agglomerated drug particles on the BC surface. Gentamicin
control also exhibited an inhibition of ~28 mm and ~33 mm against S. aureus and E. coli,
respectively as shown in Figure 4.8. The impregnation of PCL into the BC matrix is expected to
impart flexibility in the prepared drug-loaded films, which when used as a wound dressing material
will possess the ability to adapt to any shape of the wound [92,94]. Also, the biocompatible nature
of PCL will help in controlling the drug release for treating the local infections caused due to
severe injuries. Generally, infection at the site of injuries is due to the presence of microorganisms
and the effectiveness of the gentamicin and streptomycin loaded membranes showed promising

results by inhibiting the cell multiplication with the release of the loaded drugs.

S. aureus

Figure 4.8. Photographs of gentamicin control showing antibacterial activity against E. coli and
S. aureus.
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The elemental composition of BC and drug-loaded BC membranes, BC-GEN and BC-SM was
studied using EDX and represented in Figure 4.10(a). Pure BC membrane comprises of carbon (C)
and oxygen (O) level of around 51% and 48%, respectively in terms of weight percentage.
However, the surface modification of BC with gentamicin sulphate and streptomycin sulphate
resulted in an increase in nitrogen (N) level thereby increasing the overall C+N along with the
presence of sulfur (S), confirming the functionalization of BC membrane with GEN and SM
(Figure 4.10a) [37]. The presence of N could be justified due to the presence of amine groups in
both the aminoglycosidic antibiotics [120]. As the drug solutions prepared were of very low
concentration (0.2 mg/mL and 0.5 mg/mL), the elemental composition did not reveal a higher
percentage of sulfur. However, even that amount of drug loading was sufficient to inhibit the
bacterial growth as shown in the antimicrobial assay (Figure 4.9a). The structural and chemical
composition of the fabricated drug-loaded scaffolds was studied by FT-IR spectroscopy and shown
in Figures 4.10(b,c). The characteristic O-H and C-O-C stretching vibration bands present in BC
are observed in the gentamicin and streptomycin loaded BC membranes (BG and BS, respectively)
as shown in Figure 4.10(b). Similarly, in Figure 4.10(c), characteristic carbonyl and symmetric-
asymmetric CH> stretching related to BCP are predominantly observed in both gentamicin and
streptomycin loaded BCP membranes (BCG and BCS, respectively). The typical absorption bands
corresponding to amide I, Il and 111 linkages are respectively observed at 1638, 1531 and 1261 cm’
Lin the BG sample and 1646, 1544 and 1235 cm™ in the BS sample, in Figure 4.10(b) [121,122].
A slight shift and overlapping of the peaks have appeared due to inter and intra-molecular
hydrogen bonding, confirming the efficient encapsulation of the BCP membranes with gentamicin

and streptomycin.
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Figure 4.10. EDX patterns and elemental composition of (a) BC, and drug loaded BC membranes,
(b) BC-GEN and (c) BC-SM. (d)Release behaviour from the GEN and SM-loaded BCP films at
pH 7.4, (e) FTIR spectra of BC, BS and BG, and (f) FTIR spectra of BCP, BPS and BPG.
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4.2.3. In vitro cytotoxicity of the fabricated scaffolds.

The prepared BC and BCP membranes were subjected to cytotoxicity test against baby hamster
kidney cells to understand their biocompatible behavior. Figure 4.11(a) illustrates the cell
attachment ability of the pure BC and developed BCP membranes. Pure BC has no cytotoxicity
against BHK-21 cells and exhibited an excellent cell viability (~103%). This could be due to the
presence of abundant hydroxy groups in the BC structure, which benefitted the cell growth and
adhesion [123]. Generally, BC is non-cytotoxic in nature, however the impregnation of usually
biocompatible PCL into the BC matrix was carried out in this work to understand the overall
biocompatibility of the prepared composite membrane (BCP) for biomedical application. As
shown in Figure 4.11(a), BCP membrane extract also showed no toxicity against the BHK-21 cells
and exhibited 94% viability after 72 h. To use these membranes for long-term application, the cells
were treated with the BC and BCP extracts for 24 h, 48 h and 72 h and it was observed that the
extracts were non-toxic to the cells even after the long incubation period. Also, from Figure
4.11(b), it was clearly observed that the DAPI stained nuclei of the cells showed cell adhesion and
proliferation on the BC and BCP surfaces, indicating their intact nature. Therefore, these results
indicate that the fabricated BCP membranes exhibited biocompatibility towards baby hamster

kidney cells and thus could be utilized as wound dressing material for infectious wounds.
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4.2.4. Invitro drug release.

As observed from Figure 4.10(d) , both streptomycin and gentamicin exhibited burst release effect
at around 6 h with the release of 23% of SM and 16% of GEN respectively into the phopshate
buffered saline system. Rest of the streptomycin and gentamicin were slowly diffused to the
system and ~58% and ~42% of the drugs were released into the system after 48h. The drug release
profiles indicate a uniformly distributed BCP scaffold which could be utilized as a wound dressing

material.
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4.3 CONCLUSIONS

The current research elucidates the BC and BCP based antimicrobial scaffolds produced by their
functionalization with GEN and SM antibiotics. PCL has been used as a biomaterial in wound
healing and other biomedical applications, due to its flexibility, biocompatibility and chemical
stability. So, the BC membranes were first impregnated with PCL and the FTIR, SEM, and TGA
analyses confirmed the interaction between BC and PCL resulting in the formation of flexible
cellulose membranes. These membranes were then functionalized with the antibiotics, GEN and
SM and the resultant membranes exhibited excellent antimicrobial properties against model
bacteria, E. coli and S. aureus. The fabricated BC and BCP composite membranes were
biocompatible and nontoxic to BHK-21 cells even after 72 h, allowing cell proliferation. Thus,
these results suggest that the GEN and SM functionalized BC and BCP membranes are ready to

be utilized as an effective dressing material in future.
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Chapter 5

Studies on Surface Functionalization of Bacterial
Cellulose Nanocrystals and their Catalytic

Applications in Value-Added Chemical Processes

Motivation

Cellulose based catalytic systems are advantageous to use because of their low toxic and
biocompatible nature, and thus have expanded application in food and pharmaceutical industry.
These cellulose nanocrystal-supported catalysts can be utilized for the upgradation of C5 to C6
furaldehydes in biorefineries, as BCNCs are inexpensive material with excellent surface area,
porosity and mechanical strength. Also, the easy modification of BCNCs make it a potential

candidate to develop new environment friendly and sustainable energy materials.
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Abstract

The present study relates to the utilization of bacterial cellulose nanocrystals for producing a novel,

efficient and mesoporous heterogeneous catalyst BCNC templated ZrP. It has been confirmed by

surface morphology that BCNCs are useful in the formation of porous support of intertwined

nanosheets within its structure. Direct hydroxymethylation of furfural to HMF proceeded smoothly

with the highest values of yield of ~28% in the presence of BCNC_ZrP in a two-necked round

bottom flask equipped with condenser system. Thus,

cellulose nanocrystal-catalyzed

hydroxymethylation reactions could be beneficial in the upgradation of C5 to C6 furaldehydes in

biorefinery.
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5.1 INTRODUCTION

The transformation of biorefinery waste into value-added products is regarded as an intriguing and
sustainable approach. The replacement of petroleum-derived non-biodegradable materials with
sustainable green materials, and the selection and utilization of bioresources is a pressing challenge
that has gained attention in the scientific community. Therefore, it is an urgent need to develop our

know-how in generating green platform chemicals to self-sustain our environment.

The unique physicochemical properties such as higher specific surface area, mechanical strength,
availability of free hydroxy groups for modification, nontoxicity, make the bacterial cellulose
nanocrystals (BCNCs) an object of intense research. BCNCs also aid in the reduction of carbon
dioxide responsible for the current climate change, thus their utilization in the development of
functional materials with improved properties has become an interesting field in the research
fraternity over the past two decades. The introduction of the functional components into the
nanocellulose system can lead to the expansion of these materials in specific applications [124].
Some of the potential application of BCNCs are as an emulsion stabilizer, as templates for

functional materials, as functional organic hybrids, etc.

Zirconium phosphate (ZrP) based materials possess high thermal stability and biocompatibility
alongwith the presence of abundant active sites and ion-exchange capability; also, the easy
intercalation of ZrP with other materials make them suitable for fabrication of novel materials and
useful in fundamental applications. ZrPs can be classified into two categories, based on their
crystallinity and structural components, as crystalline ZrP and amorphous ZrP [125,126].

Furfural is derived generally from C5 sugars, mainly from xylose and arabinose, present in the
hemicellulose of lignocellulosic materials. Amongst the wide-ranging chemicals derived from
lignocellulose, furfural is a key chemical with possible applications in oil refining, plastics,
pharmaceutical and agrochemical industries. The possibility of furfural conversion into low cost
monomer to biodegradable plastics, make it the most attractive replacement of conventional
plastics production [127,128]. On the other hand, 5- hydroxymethylfurfural (HMF) is a fine
chemical obtained from hexose after the acid-catalyzed dehydration reaction, and it has various
applications which deliberates it’s property of platform chemical during the synthesis of biofuels

and valuable intermediate chemicals, and also as a precursor to biobased-monomer [129,130].
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The hydroxymethylation of furfural to HMF is dependent on the catalyst and its purity, so proper
selection and quantification of catalyst is required. In this study, we have used mesoporous BCNC

templated zirconium phosphate as a catalyst for the conversion of furfural into HMF.
5.2 RESULTS AND DISCUSSIONS

5.2.1. Characterization of the synthesized catalysts.

The catalysts ZrP, BCNC-ZrP (2% and 3% BCNC loading) used in this chapter were synthesized
using a wet-precipitation method. The addition of BCNCs into the aqueous solution of zirconyl
chloride octahydrate, to enable binding of ZrP onto the nanocellulose structure resulted in increase
in surface area of the prepared support catalyst. The concentration of cellulose nanocrystals was
slightly varied with specific amounts to the pristine ZrP, which resulted in change of morphology

and surface area.

EHT= 5004V -
Signal A= InLens G
WD = 6.5mm Mag= 25000 K X

BCNC(3%)_ZrP

100 nm EHT= 500V Signal A = InLens

0T GUWAHATI R
WD= 6.5mm Mag = 25000 K X . &

Figure 5.1. (a)FESEM image of the synthesized catalysts, ZrP and BCNC(3%) ZrP, (b,c)
FETEM micrographs of BCNC(3%)-ZrP.
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The surface morphology of heterogeneous ZrP and BCNC(3%)_ZrP catalyst is illustrated in Figure
5.1 (a). ZrP exhibited the formation of spherical as well as agglomeration of the particles
containing rough surfaces, while the BCNC templated catalyst showed the attachment of ZrP onto
the BCNCs indicating a agglomeration loaded fibrillar morphology. The FETEM micrograph of
an edge of BCNC_ZrP, as observed in Figure 5.1(b,c) showed ordered arrangement of multi-
layered ZrP sheets rolled with the BCNC needles encapsulated in its core and surface. This type
of alignment confirms the presence of long-pore channels in the catalyst resulting in a mesoporous
structure [131]. The distinct hexagonal nanoplatelets of ZrP attached to the BCNC surface is shown
in Figure 5.1(b).

An elemental mapping via FETEM of BCNC(3%)_ZrP containing the relevant elements (C,0O,Zr
and P) is shown in Figure 5.2. A homogeneous and uniform distribution of Zirconium(Zr) and
Phosphorus(P) throughout the catalyst is observed. The presence of Carbon(C) and oxygen(O) all
over could be due to the use of carbon grid in the sample preparation as well as presence of

atmospheric air.

Zirconium

Phosphorus

(e |
200nm

20nm
Figure 5.2. FETEM image of a selected region and the corresponding elemental mapping,
confirming the arrangement of different elements.

The thermo-gravimetric profiles of the synthesized catalysts are shown in Figure 5.3(a), which
indicates two weight-loss regions when heated from 30-700°C. The first weight-loss region (=18%
up to 180°C) in case of ZrP, and ~15-17% up to 210°C in case of BCNC_ZrP is attributed to loss
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of moisture or the loss of hydrated water. The second weight loss in the range 250-550°C for all
the phosphates is attributed to the condensation of structural hydroxy groups. All the three samples
ZrP, BCNC(3%)_ZrP and BCNC(2%)_ZrP exhibited a maximum weight loss of 36%, 31% and
28%, respectively; and no weight loss was observed beyond 500°C which indicates complete
removal of the structural units without any transition of the catalyst structure. However, it was
found in literature that the material may get converted to pyrophosphate at temperatures greater
than 700°C and oxide at very high temperatures [132].
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Figure 5.3. (a) TGA spectra of the synthesized ZrP and BCNC_ZrP catalysts, (b) XRD patterns of
BCNC, ZrP and BCNC(2%)_ZrP.

The absence of any sharp peaks in the X-ray diffractograms for ZrP and BCNC_ZrP catalysts, and
the presence of two broad peaks in 20 ranges of 10-40° and 40-70° (Figure 5.3b), indicates the
amorphous nature of the synthesized materials which is unlike the crystalline characteristics of
BCNC [133]. The introduction of phosphorus into the mesoporous catalytic system resulted in
their amorphous nature.
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5.2.2. Chemical composition and structure of the synthesized catalysts.

The pore-size distribution of the synthesized catalysts depicting their Brunauer-Emmett-Teller
(BET) data is shown in Figure 5.4(a). The specific surface area of the synthesized zirconium
phosphate, BCNC(2%)_ZrP and BCNC(3%)_ZrP was found to be 153, 192 and 227 m?/g,
respectively. The gradual increase in surface area with increase in the BCNC loading during the
catalyst preparation could be due to the intercalation of ZrP nanosheets into the BCNC fibers.
Figure 5.4(a) shows the N adsorption and desorption isotherms of all the catalysts. The
adsorption—desorption pattern shows a type IV isotherm with a narrow hysteresis loop measured
at a relative pressure (p/p°) of 0.0—1.0 exhibiting mesoporous structures of the cellulose nano-
crystal templated ZrP. The higher specific surface area of BCNC(3%)_ZrP is expected to provide
abundant sites to the reactants, hence serving as a promising catalyst for the hydroxymethylation

reaction.
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Figure 5.4. (a)N, adsorption-desorption isotherm of the synthesized ZrP and BCNC_ZrP catalysts,
and (b)FTIR spectra of BCNC, BCNC(2%)_ZrP.

The chemical structure of the synthesized ZrP, BCNC_ZrP was characterized with an FTIR
spectrometer over the spectral region of 400-4000 cm™. As shown in Figure 5.4(b), the —OH
extending vibrations in water are clearly visible at 3341 cm™?; the peak at 997 cm™* can be assigned
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to pyrophosphate groups; and finally, the peak at 512 cm™* can be associated to Zr—O extending
vibrations [134]. Similar bands are observed in the BCNC_ZrP spectra with a slightly broader —
OH and phosphate bands. These bands indicate the presence of structural hydroxy groups or
protonic sites in the synthesized catalyst.

5.2.3. Catalytic performance of BCNC to produce 5-hydroxymethylfurfural.

Previous literatures have been reported about the use of ZrP as an efficient catalyst in the
conversion of xylose to HMF [133]; however, to date, no reports are available on the catalytic
utilization of ZrP in the transformation of furfural to HMF. In this chapter, catalytic performance
of the synthesized mesoporous BCNC(3%)_ZrP was investigated in the conversion of furfural to
HMF.

O HO O
0 / + HTH BCNC_ZrP R O |
\ 0 \
Furfural Formalin 5-(hydroxymethyl)furfural

Scheme 5.1. Reaction mechanism showing hydroxymethylation of furfural to obtain HMF.

The hydroxymethylation reaction (Scheme 5.1) was initiated by adding the catalyst in a two-
necked round bottom flask equipped with a condenser system and continued till 12h at 90°C. The
reaction carried out using BCNC gave a yield of 0.7% with furfural conversion of 18.5%. It was
observed that the pristine ZrP had no effect in the conversion of C5-C6 furaldehydes, however
BCNC(3%)_ZrP was able to convert 67% of the reactant, with a highest HMF yield of 28%. Table
5.1 shows the effect of reaction time and type of catalyst on the HMF yield, and it was observed
that HMF yield increased with increasing concentration of BCNC, while the yield decreased when

the reaction time exceeded from 12h to 24h.
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Table 5.1. HMF yield with respect to reaction time and catalyst used

Sl.no. Catalyst Reaction time (h) HMF yield (mol%o)
1 BCNC 12 0.7
2 ZrP 12 nil
3 BCNC(2%)_ZrP 12 ~22
4 BCNC(2%)_ZrP 24 ~16
5 BCNC(3%)_ZrP 12 ~28
6 BCNC(3%)_ZrP 24 ~17
26
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Figure 5.5. Re-usability of BCNC(3%)_ZrP for the conversion of furfural to HMF.

The efficiency and reusability of the synthesized catalyst was also studied for the furfural
conversion into HMF under the same reaction conditions. The catalyst after each reaction was
separated by centrifugation and washed with water-ethanol mixture several times, dried and reused

in the fresh reaction. The synthesized BCNC_ZrP catalyst was successfully reused for four times,
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and a slight decrease in HMF yield was observed as shown in Figure 5.5. The deposition of organic
by-products during the reaction gave a brownish tint to the spent catalyst as shown in Figure 5.6.
These results conclude that the synthesized cellulose nanocrystal templated catalyst is highly
efficient in transforming furfural to HMF with good reusability.

Figure 5.6. Photographic images of fresh and spent, BCNC(3%)_ZrP catalyst.

Figure 5.7(a) shows a typical HPLC chromatograph with the corresponding peaks of HMF and
furfural, when a mixture of methanol/water of 20:80 (v/v) was employed as the mobile phase, and

Figures 5.7(b,c) displays the standard calibration of furfural and HMF, respectively.
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Figure 5.7. (a) HPLC chromatogram showing HMF and furfural as per their retention times, (b,c)
Calibration curve of furfural and HMF standards obtained using HPLC.
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5.3 CONCLUSIONS

In this study, BC nanocrystals were used as a template to synthesize ZrP catalysts. The prepared
BCNC templated catalyst exhibited porous structure and showed a high surface area which
facilitated its excellent catalytic activity as compared to pristine ZrP in the conversion of furfural,
into HMF. The effect of reaction time on HMF yield was also investigated and it was found that
heating for longer time had negative impact on HMF yield due to the formation of side products.
Also, regeneration of the synthesized catalyst was done upto four times with minimal change in
HMF yield. Thus, cellulose nanocrystal-catalyzed hydroxymethylations, could be beneficial in the

upgradation of C5 to C6 furaldehydes in biorefinery.
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Chapter 6

Studies on Fabrication of Bacterial Cellulose

based Polycaprolactone Electrospun Bandages

for Wound Dressing Applications

Motivation
Bacterial cellulose is a fascinating biomaterial obtained from microorganisms, with high purity,
excellent biocompatibility and biodegradability. One of the most important characteristics of BC
is its moisture retention capacity making it a suitable material for biomedical applications. The
advancement of nanotechnology using the electrospinning technique to fabricate bacterial
cellulose nanofibers blended with biodegradable polymer, PCL along with the inclusion of drug
nanoparticles is highly beneficial. Thus, to utilize the overall benefits of nanotechnology, in this
chapter we have fabricated drug-loaded nanofibrous dressings based on bacterial cellulose for

wound-dressing applications.
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Abstract

In this study, nanofibrous lidocaine hydrochloride loaded bacterial cellulose/ polycaprolactone
(BCP-LD) scaffolds were fabricated using electrospinning technique. The developed scaffolds
were then surface modified using silver-sulfadiazine loaded gum arabic solution to prepare a
wound dressing material (BCP-LSD). The biocompatibility and improved cell proliferation of the
fabricated scaffolds was successfully established with baby hamster kidney (BHK-21) cells using
MTT assay and cell staining method. Water vapor permeability and wettability studies confirmed
the improvement in hydrophilicity of the scaffolds, convincing their use as wound dressing
materials. The BCP-LSD scaffold also showed excellent inhibition against model bacteria,
Escherichia coli and Staphylococcus aureus. In-vitro release behaviour was studied in PBS (7.4),
with an initial 28% burst release of SD in 30 min followed by controlled release of remaining drug
in 84h and LID was fully released into the PBS system in 108h with an initial burst release of 29%
in 30 min. Based on these results, BCP-LSD nanofiber scaffold is considered a good contender as

a wound dressing material, providing both antimicrobial as well as pain-relieving effect on the

wound.
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6.1. INTRODUCTION

Our skin plays an essential role by protecting the human body from pathological microorganisms
with its natural defense mechanism; and also maintain a balanced homeostatis in the body
[135,136]. Generally, wound dressing materials are prepared with an aim to protect the infected
site by providing an excellent moist environment, allowing better absorption of the exudate, inhibit
bacterial infections; also, they should be biocompatible and can be easily removed from the wound
site [137,138].

Electrospinning technique have enabled the fabrication of nanofibrous dressing materials which
are highly efficient as compared to the conventional dressings. The fibers obtained from
electrospinning resembles with the natural extracellular matrices (ECM), thus acts as good support
allowing cell adhesion and proliferation [139,140]. The highly porous structure as well as the
higher surface area to volume ratio enables the passage and absorption of exudates from the wound
maintaining a moist environment and protect the wound from dehydration [140,141]. These
nanofibrous dressings also reduces bacterial infections and are suitable for direct contact with the
skin [142]. Another advantage of using electrospinning is the ease of incorporating drugs and
bioactive substances into the fibers, and the porous structure enables good release behavior of the
drugs into the system [143,144].

Bacterial Cellulose (BC) is an essential class of ecological polysaccharide biomaterials of the 21%
century, predominantly explored in food, textile, and biomedical applications due to their
biocompatibility, nontoxicity, high purity, and hydrophilicity [5,92,145]. BC is generally extracted
in the form of wet hydrogel sheets, with a porous, three-dimensional (3D) nanofibrous network of
high surface area [1,2]. One of the most important characteristics of BC is its moisture retention
capacity making it a suitable material for biomedical applications [5,108]. The employment of BC
in biomedical applications largely attributed to its antigenicity, biocompatibility, and liquid
absorbing potential [146]. However, batch-to-batch variability and difficulty in controlling
morphology, diameter, porosity, and structure of pristine BC harvested from bacteria limits its
applicability [115,147]. Therefore, synthetic production of an ideal BC scaffold with tailored
properties to satisfy varying needs of wound-healing sites is highly imperative using
electrospinning [96,148]. Moreover, the poor solubility of BC in most organic solvents does not

allow the formation of monodispersed and continuous nanofibers. So, blending of BC with other
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biomaterials or biopolymers results in enhanced processability and physico-mechanical properties,
also the presence of polar OH group on BC act as binding site for interaction resulting in a stable
composite material [31,56,146].

On the other hand, polycaprolactone (PCL) is a biodegradable and biocompatible polymer
extensively investigated in tissue engineering applications owing to its miscibility in various
solvents, tunable viscoelasticity, bioresorbability, miscibility, and mechanical characteristics
[149-152]. Many approaches have been investigated to fabricate porous composite material to
attain biocompatible scaffold. For example, in a study bacterial cellulose nanocrystal (BCNC),
PCL, and gelatin were used for preparation of 3D scaffold composite. The fabricated electrospun
nanofiber composite showed well-mimicked extracellular matrix of glioblastoma tumor.
Biocompatibility was tested using U251 MG glioblastoma cells which suggested PCL/GEL/BCNC
are excellent candidate for biomimetic scaffold application [153]. Aydogdu et al. prepared BC-
PCL composite nanofibers using electrospinning. Cell viability test performed on Saos-2 cells
indicated good biocompatibility of scaffold for wound healing applications [147]. Furthermore,
other investigations such as keratin/ cellulose nanofiber mats produced by concurrent utilization
of electrospinning and electrospraying [154], oxygenated bacterial cellulose with controlled
oxygen release and antimicrobial properties for effective wound healing application [155],
bacterial cellulose and silver nanowire based wound dressing as stretchable, robust, antimicrobial,
and sustained controlled release of silver ions [156], supports the use of bacterial cellulose blended
with biomaterials as an efficient wound healing scaffold with great promise for cell proliferation,

attachment, and biocompatibility.

Silver sulfadiazine (Ag-SD) is an antimicrobial agent often used topically to treat wound caused
by burns. Ag-SD is released into the wound with a burst release in the initial 2-8 h inhibiting the
microbial growth on the wound [157]. On the other hand, lidocaine hydrochloride (LID) is mostly

used as an anesthetic agent to treat painful wounds [136].

Herein, we have investigated the advancement of nanotechnology using the electrospinning
technique to fabricate bacterial cellulose nanofibers blended with biodegradable polymer, PCL
along with the inclusion of drug nanoparticles (Fig. 1). Thus, the hypothesis of this study is based
on the successful fabrication of antimicrobial and biocompatible scaffolds with good wettability,

and swelling properties, directing their utilization in wound dressing applications. This study aims
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in the optimization of electrospinning conditions in producing uniform nanofibers to improve their
cellular interaction and compatibility. Also, the use of LID and Ag-SD are expected to improve
the antimicrobial and biocompatible nature of the fabricated scaffolds. The cell adhesion on the
scaffolds was assessed using a cell staining method and MTT assay. The chemical properties, and
surface morphology of the scaffolds were characterized by Fourier-transformed infrared
spectroscopy (FTIR) and Field emission scanning electron microscopy (FESEM). Thus, this
research article is expected to provide an essential understanding of the use of electrospun

nanofibrous dressings in wound dressing applications.

6.2. RESULTS AND DISCUSSIONS
6.2.1. Chemical and structural characteristics of the drug-loaded BCP nanofiber scaffolds

Ag-SD coated BCP-LD scaffolds were successfully fabricated, and the resultant material appeared
as a uniform nanofibrous mat replicating a bandage. The FT-IR spectra of the fabricated scaffolds
are shown in Figure 6.1(a and b). The pure BC and PCL spectra are included for comparison and
the formation of the composites was evaluated based on their structural characteristics. A broad
peak is observed at 3306 cm™ due to -O-H stretching in the cellulose structure, C-H stretching
appeared at 2846 cm™ and an intense band attributing the C-O-C stretching appeared at 1028 cm”
Las shown in Figure 6.1(a). The carbony! stretching band was observed around 1718 cm™; and the
asymmetric and symmetric -C-H vibrations at 2938 and 2865 cm™, respectively in the PCL
spectrum. From the BCP (1% and 2%) plots, the characteristic peaks of cellulose and PCL are
observed around 3400 cm™, 2875 cm™ and 2940, 1724 cm™, respectively which confirms uniform
blending of BC in the PCL nanofibers [158]; and is also evident from the uniform fibrous FESEM
micrographs shown in Figure 6.5. In Figure 6.1(b), the characteristic -O-H, N-H and C=0 acid
stretching bands of LID was observed at 3383 and 1656 cm™ [136,159]; while for Ag-SD, -NH;
stretching bands were observed around 3388 and 3340 cm, aromatic C=C bending around 1501
and 1549 cm, and SO, symmetric stretching was observed at 1123 cm™ [157]. The presence of
these characteristic bands in the BCP-LSD scaffolds at 1165, 1602 and 1032 cm™ indicated the

physical interaction of the drugs with BCP during the electrospinning process.
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Figure 6.1. FT-IR spectra of (a) BC, PCL, BCP, and (b)LID, SD, and the fabricated scaffolds
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The uniform blending of BC and PCL investigated using XRD, resulted in highly crystalline
nanofibers as shown in Figure 6.2. The diffraction peaks corresponding to cellulose-1 of BC, and
semi-crystalline peaks of PCL at 21° and 23° is observed in all the spectra, with a slight change in
peak intensities as a result of the re-orientation of the nanofibers in the BC-PCL interaction. Thus,

these results conclude that the addition of drug into the BCP nanofibers did not alter the diffraction
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Figure 6.2. XRD plot of PCL, BCP, BCP-LD and BCP-LSD.

6.2.2. Mechanical and thermal properties of the fabricated scaffolds

For wound dressing applications, a material should possess good mechanical properties to support
cell proliferation. Pure BC generally exhibits a lower elongation at break as compared to flexible
PCL [108], and with increase in BC concentration the overall stiffness of the composite scaffold
is expected to increase. Hence, we have optimized BC concentration of 2 wt% with respect to PCL
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used for the fabrication of nanofibers. The fabricated scaffolds (PCL, BCP and BCP-LD) showed
an average thickness of £8 um. The use of PCL in the fabrication of the nanofibrous scaffolds
resulted in their improved flexibility with percentage elongation of ~ 40% as shown in Figure 6.3.
This improvement in % elongation is a very important parameter in wound dressing materials as
they enhance the cell growth mechanism providing an adequate toughness. All the nanofiber
scaffolds showed a rupture upon ultimate stress due to the plastic behaviour of PCL, with a

maximum tensile strength of 0.4 MPa in the BCP-LD scaffolds.
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Figure 6.3. Stress-strain plot of the PCL, BCP and BCP-LD nanofibers.

An overall increase in thermostability of the BCP nanofibers with the incorporation of BC into the
PCL nanofibers has been observed, and depicted in Figure 6.4(a and b). Pure BC showed an initial
water evaporation of ~4% from its polysaccharide structure, while negligible moisture was present
in the PCL, BCP and BCP-LD scaffolds. Further, a total of 18% weight loss from 55-365 ‘C was
observed in the BCP-LSD nanofibers due to the moisture present on the GA surface. All of the
fabricated scaffolds showed a single-step degradation profile with the maximum degradation
happening in the 272-475 "C temperature range, due to the crystalline part degradation as well as
the glycosidic unit depolymerization [109]. Also, it was observed that all the samples completely
degraded around 700 "C leaving behind negligible ash content.
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6.2.3. Morphology of the electrospun nanofiber scaffolds

The BCP-LD and BCP-LSD nanofiber scaffolds offered multifunctional properties as a wound

dressing material along with a controlled drug release. An electrospinning process was used to
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fabricate the nanofibrous dressings. Figure 6.5 shows the surface morphology of the electrospun
neat PCL, BCP, BCP-LD and BCP-LSD nanofiber scaffolds. All the structures showed uniform,
homogenous distribution of nanofibers. It was observed that the incorporation of BC into the PCL
electrospinning solution resulted in uniform beadless nanofibrous mat. The lidocaine blended BCP
resulted in beadless and uniform fibers with a rough surface, and the BCP-LSD coated fibers were
also found to be rough and uniform with the appearance of AgSD-GA layer above the fibers. The
average fiber diameter of the BCP fibers (111.18 nm) was significantly lower than that of the neat
PCL fibers (223.35 nm) and the average diameter of the BCP-LD and BCP-SD fibers was
calculated as198.46 nm. A slight swelling of the BCP-SD fibrous mats was observed due to the
attachment of AgSD-GA on its surface which also resulted in the increase in wettability of the

fabricated mats as shown in Figure 6.6.

BCP-LSD

[E—
Figure 6.5. FESEM micrographs of neat PCL, BCP, BCP-LD and BCP-LSD nanofiber mats.

6.2.4. Wettability studies

The wettability of the scaffolds was recorded and shown in Figure 6.6 (a,b). The WCA of all the
prepared scaffolds gradually decreased with time (10s to 60s) whereas neat PCL fibers exhibited
a super-hydrophobic WCA of 139° even after 60s. With the incorporation of BC into the PCL
fibers, there was a slight decrease (110° to 94° over 60s) in the WCA.. Further, the addition of LID
into the BCP nanofibers resulted in slight improvement in the wettability (83°) however this WCA
value was not sufficient to utilize the fabricated material as a wound dressing material. The coating
of AgSD-GA on the BCP-LD fibers resulted in a preferably low WCA (61°), therefore making it
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a hydrophilic material suitable for wound dressing applications since wettability is a significant
characteristic of a wound dressing material and it is directly connected to cell proliferation and
adhesion. This decrease in WCA could be attributed to the hydrophilic nature of GA when attached
to water molecules, as well as the increase in pore size of the nanofibrous scaffolds.
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Figure 6.6. (a)Wettability plot of PCL, BCP, BCP-LD and BCP-LSD over 10-60sec.
(b)Microscopic images of WCA of PCL, BCP, BCP-LD and BCP-LSD captured at 60 sec.
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6.2.5. Water vapor permeability

The investigation of water vapor transmission through the nanofiber scaffolds was studied to
understand the utility of the fabricated materials for wound dressing applications. The WVTR of
the fiber samples including neat PCL, BCP, BCP-LD and BCP-LSD was monitored as 7306, 4212,
4899 and 3691 g/m? day, respectively as shown in Figure 8(a). Neat PCL exhibited a higher water
vapor transmission as compared to the BC incorporated fibers, which could be due to the thick
PCL fibers overall decreasing the porosity of the nanofiber mats. In general, all the fiber mats
except neat PCL showed a WVTR value in the range for treating a wounded skin, i.e., 279-5138
g/m? day [160]. The water vapor transmission through BCP-LSD fiber scaffolds is slightly closer
to the permissible WVTR value of 2500 g/m? day, which allows sufficient moisture and hydration
to a wound [161].
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Figure 6.7. (a)Water vapor transmission rate of BCP, BCP-LD and BCP-LSD scaffolds, and (b)
Swelling ratio of the nanofiber BCP, BCP-LD and BCP-LSD scaffolds.

Absorption is yet another important criterion to evaluate wound dressing materials [162]. Figure
6.7(b) shows the swelling behaviour of the BCP, BCP-LD and BCP-LSD scaffolds in PBS. It was
observed that BCP-LSD has the highest swelling ratio of 250% as compared to BCP and BCP-LD
with swelling ratio of 112-144%. The lower swelling percentage of neat BCP and BCP-LD
scaffolds could be attributed to the hydrophobicity of PCL as well as the intact nanofibrous
structure. The application of Ag-SD-GA coating on the BCP-LD scaffolds resulted in enhanced
hydrophilicity of the BCP-LSD scaffolds and this observation is in accordance with wettability
studies as indicated in Figure 6.6. Thus, the hydrophilic nature and good swelling behaviour of the
BCP-LSD fibers will allow it to absorb the exudates from the wound site thereby maintaining a

moist environment.

6.2.6. Antibacterial activity of the fabricated nanofiber scaffolds and their controlled release

profile.

In this study, gram-negative and gram-positive bacteria, E. coli and S. aureus, were chosen for
bacterial growth evaluation using colony-forming method, on agar plates containing small discs
of the fabricated nanofibrous scaffolds at 37 ‘C. From Figure 6.8(a), it was clearly evident that the

bacterial cells attached onto the BCP and BCP-LD samples without the appearance of inhibition
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zone. This is because BCP nanofiber does not have an inherited antimicrobial activity towards the
chosen bacteria. LID also did not inhibit any bacterial growth since it is resistant to E. coli and S.
aureus and is only used as a pain-relieving agent in this study [163]. Thus, to incorporate
antimicrobial effect on the fabricated BCP-LD nanofibrous scaffolds, a crosslinking solution of
glutaraldehyde containing Ag-SD-GA was used to coat the nanofibers. The use of this crosslinker
not only enhanced the antimicrobial properties of the scaffolds but also improved their wettability
as shown in Figure 6.6. Thus, for sample BCP-LSD both E. coli and S. aureus exhibited a wider
inhibition zone of 23 and 20 mm, respectively as shown in Figs. 6.7(a and b). The initial bacterial
count of E. coli and S. aureus was calculated as 2x10° CFU/mL and 2x10%° CFU/mL, respectively.
Thus, the use of electrospinning technique to fabricate nanofibers is highly beneficial due to the
availability of ultrafine porous nanostructures [141] which enables easy attachment of drug
particles and their controlled release.

6.2.7. In-vitro drug release study

The drug-release behaviour of the fabricated BCP-LSD scaffold in PBS (pH 7.4) was investigated
and shown in Figure 6.8(c). The release of the drugs from the scaffold was evaluated by recording
the absorbance values at Amax= 241 nm (for Ag-SD) and Amax =263 nm (for LID) using UV-Visible
spectroscopy. Both the drugs (LID and Ag-SD) encountered a rapid release of 29% and 28% into
the system in first 30 min, followed by the controlled release of the remaining drug. The burst
release effect in 30 min is expected to inhibit the bacterial infections and give some pain relief,
immediately on application. Ag-SD release from the BCP-LSD scaffold showed a linear and
gradual profile from 12 to 72 h with almost 100% release in 84 h, while LID was slowly and
gradually released into the system in 108 h. The comparatively slow release of LID is expected to
achieve a long-term pain relief action while Ag-SD works on inhibiting the microorganisms.
Hence, the effectiveness of the fabricated scaffolds showed exceptional performance by inhibiting

the cell generation with sustained and controlled release of the drugs.
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Figure 6.8. (a)Photographic images of BCP, BCP-LD and BCP-LSD discs showing antimicrobial
activity against the chosen bacteria, (b) Zone of inhibition calculated in millimetres, and (c)
Release behaviour from the BCP-LD and BCP-LSD scaffolds at pH 7.4.

6.2.8. Cytotoxicity and cell adhesion

The biocompatibility of the fabricated scaffolds was tested against baby hamster kidney cells using
MTT assay as shown in Figure 6.9(c). A microscopic image of the prepared nanofiber scaffold is
shown in Figure 6.9(a) to explain the cell adhesion properly. As reported in our earlier study [164],
BCP has no toxicity against the BHK-21 cells which explains their biocompatible nature.
Generally, an acceptable cell viability reduction of 15% is considered in wound dressing materials
as per literature [165]. From Figure 6.9(c), it has been observed that the fabricated scaffolds PCL,
BCP, BCP-LD and BCP-LSD exhibited a biocompatible behaviour allowing almost similar cell
viability of 86%, 91%, 90% and 89%, respectively even after 72 h. Thus, the nanofiber morphology
of the scaffolds has benefitted the enhancement of the cell proliferation on their surface.
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The cytocompatibility of the fabricated scaffolds, BCP-LD and BCP-LSD with respect to the
control for 24-72 h was investigated with a staining method using DAPI, where the living cells are
highlighted in blue fluorescence as presented in Figure 6.9(b). It was noticeably evident that the
stained cell nuclei adhered on to the nanofiber outline as well as inside the fiber layer of the
electrospun mats shown in Figure 6.9(a). These results conclude that the fabricated scaffolds had
no unfavourable impact on the cytocompatibility since cell attachment was clearly visible on their

surface.
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Figure 6.9. (a)Microscopic image of BCP-LSD scaffold, (b) BHK-21 cell attachment on the BCP-
LD and BCP-LSD, stained with DAPI, and (c) Cell viability (%) of BHK-21 cells in contact with
the fabricated scaffolds.
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6.3. CONCLUSIONS

Electrospinning technique was very tactfully utilized to fabricate nanofibrous BCP scaffolds
loaded with LID (1%) which was further coated with 0.5% Ag-SD solution. The developed
scaffolds exhibited a uniform morphology with excellent biocompatibility and hydrophilicity. The
cell adhesion studies showed that the nuclei of the stained cells spread evenly on the fiber surface
as well as inside the fiber pores. The scaffolds also showed enhancement in physico-chemical and
mechanical properties satisfying the wound dressing material criterion. The incorporation of LID
and Ag-SD in the scaffolds resulted in the prompt release of both the drugs in first 30min, further
following a sustained release trend with possible application as a pain-relieving, anti-microbial
dressing. These results conclude that the fabricated BC based nanofibrous dressings make a
potential candidate in wound dressing applications allowing adequate cell proliferation and

biocompatibility.
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Chapter 7
Studies on Fabrication of Immobilized
Bacterial Cellulose Nanocrystals / Modified

Gum Arabic Hydrogel

Motivation
Self-healing hydrogels are of particular interest in biomedical field due to their ability to repair
structural alteration, and also act as carrier for drug delivery applications. Bacterial cellulose
nanocrystals (BCNCs) are a class of biomaterial with high hydrophilicity due to the presence of
abundant hydroxy groups, thus allowing their chemical modification as well as immobilization.
Thus, considering the added advantage of BCNCs and HRP, the developed immobilized self-

healing hydrogel could be utilized as a biosensor in biomedical applications.
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Abstract

The production of cellulose nanomaterials from biomass opens an opportunity for the development
and application of new materials in nanotechnology. In this chapter, the preparation of
immobilized BCNC based hydrogels and their possible applications is summarized based on the
results obtained from the analyses. Herein, gum arabic is chemically oxidized and used as a
naturally derived nontoxic crosslinker to bind with the BCNCs. The formulated hydrogels
exhibited good self-healing and improved mechanical properties, good porosity, which facilitated
their application as promising biomaterials. The cross-linking was confirmed through
characterization by FTIR spectroscopy, SEM morphology, thermal studies and water absorption
capacity. Under optimal conditions, specific activity of HrP-immobilized BCNC hydrogel reached
106.6 Ug ! min™* (fresh) and 29.94 Ug ™ min* (after 60 days). The leakage from hydrogel was
recorded after 6™ washing which showed an enzyme activity of 63.2 Ug* min. These results
show that the immobilization of HRP on modified BCNC hydrogel enhanced its appropriateness

for a future use in various biotechnological and environmental applications.
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7.1. INTRODUCTION

Hydrogels are crosslinked three-dimensional network structures formed by the swelling of excess
water by a polymer. Focus has been shifted to biopolymers and hydrogels as they open doors for
many biotechnological applications, such as flexible sensors, drug delivery, etc. [166,167]. To
prepare immobilized hydrogels, one of the most suitable enzymatic reactions is by catalytic
activity of horseradish peroxide (HrP) [168,169]. Even though HrP has high selectivity, high
activity and consistency over different treatment parameters, it has a few drawbacks like lower
stability, low shelf life and it is also costlier [169,170]. Thus, to improve these drawbacks,
enzymatic immobilization process is implemented in the presence of an environment-friendly
carrier rather than harsh non-biodegradable carrier for HrP immobilization [169,171]. BC is a
linear polymer with properties similar to a natural fiber having high water holding capacity and
hence it can be considered the best suitable polymer for enzymatic immobilization [169,172,173].
But for enzymatic immobilization it is also necessary to break the amines of the proteins in the
reaction and because of the presence of only hydroxy groups in BC it shows less reactivity. Thus,
to overcome this issue, it is required to use a different polymer which can show high reactivity
with amines of enzymatic proteins. Such a polymer is gum arabic (GA) which is a natural
amphiphilic polysaccharide and literatures report the use of GA to prepare hydrogels but the

hydrogels made solely with GA are gentle and brittle [174-176].

Hence, for the first time, incorporation of BCNCs in GA is hence proposed as a combination in
this study to obtain a composite hydrogel. This research work reported that the produced hydrogels
have superior self-healing properties along with increased mechanical strength and high porosity.
With such improved characteristics, the fabricated modified HG-BCNC hydrogels can be utilized
as biosensors, in biomedical devices/applications, and for various environmental and

biotechnological purposes.
7.2. RESULTS AND DISCUSSIONS
7.2.1. Fabrication of modified Gum arabic based BCNC hydrogels.

In this chapter, the hydroxy groups present in the gum arabic structure are oxidised to its
dialdehyde form using sodium(meta) periodate, and this process (Scheme 7.1) is considered

advantageous as the excess periodate can be easily discarded through dialysis. The aldehyde group

89
TH-3080_166107113



of the modified GA then reacts with the hydroxy groups of BCNC forming acetal and hemiacetal
bonds [177]. BCNC hydrogels were prepared by first dispersing the cellulose nanocrystals in the
modified GA-PVA solution, followed by the addition of borax solution to form instantaneous
crosslinked-hydrogels. Borax was used as a cross-linking agent as it can speed up the hydrogel
formation in seconds by breaking down to boric acid and borate in an aqueous solution. Thus in
our experiment, the borate present in the medium has undergone complexation with -OH groups
of the BCNC-OGA mixture and resulted in instant gelation [178].

S kY
h .

O  Oxidation
5 xidation 5 o)
HO
oH| .+ / o|."
O O o
Gum Arabic (GA) Oxidized Gum Arabic (OGA)

B,O,>+ 7TH,0 S 2B(OH), + 2 B(OH),
Borate

Scheme 7.1. Periodate oxidation of gum arabic, and the reaction breakdown of borax into boric
acid and borate.

Figure 7.1 shows the surface morphology of the prepared hydrogels, and it was observed that OGA
powder has a flaky appearance, while the fabricated hydrogels showed a porous structure. The
average pore size of the HG, HG-BCNC(10%) and HG-BCNC(20%) hydrogels was found to be
in the range of £12.5 um, +3 um and 8.6um, respectively. From the FESEM micrograph and
porosity of HG-BCNC(10%), it is understood that with the addition of BCNC in the HG hydrogel
the pore size decreased. However, in HG-BCNC(20%) the pore size appears to again increase
which could be due to the decrease in overall OGA concentration of the hydrogel [83]. The HG-
BCNC(10%) hydrogel showed a uniform distribution of pores, forming a uniform and packed

structure.
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Figure 7.1. FESEM micrographs of OGA powder, HG, HG-BCNC(10%) and HG-BCNC(20%).
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Figure 7.2. Water absorption plot of the prepared crosslinked hydrogels HG, HG-BCNC(10% and
20%) as a function of time.

The swelling ratio of the developed cross-linked hydrogels, HG, HG-BCNC(10%) and HG-
BCNC(20%) was studied by soaking the hydrogels in distilled water. Figure 7.2 shows the
swelling plot of the prepared hydrogels in 24h and 48h, and a lower swelling behavior was
observed in the HG hydrogel as compared to the BCNC loaded hydrogels. The formation of a
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highly cross-linked structure in the absence of BCNC could be the reason of this, as it may limit
the polymer chain mobility and interaction with water molecules. In case of HG-BCNC (10% and
20%) hydrogels, the water-hydrogel interaction improved due to the availability of abundant -OH
groups on the BCNC surface because of which more water was soaked into the hydrogel even after

24h and the saturation value was recorded at 48h.
7.2.2. Physico-chemical characterization of the fabricated hydrogels.

The structural formation of the hydrogels was confirmed by FT-IR spectroscopy as shown in
Figure 7.3(a). The O-H, and asymmetric -C=0, -CH> stretching of GA was observed at 3298, 1599
and 2917 cm ! respectively, while new peaks were observed in the OGA spectra corresponding to
aldehyde -CO stretching and hemiacetal bond formation at 1731 and 890 cm™, respectively. The
peaks observed at 1414 and 1021 cm™! corresponds to the angular -CH bond deformation caused
due to the skeletal movement of the GA carbon rings [179]. In the -IR spectra of HG-BCNC(20%),
the peak at 1622 cm* corresponds to the C=0 stretching vibration of the acetyl groups present in
the PVA backbone. The addition of BCNC in the HG hydrogel can be attributed to the angular
deformation of the C-H bonds at 1404 cm™. A sharp peak at 1019-1045 ¢cm™* corresponding to the
O-C-O acetal group is observed in all the hydrogels [83].

The thermogravimetric profiles of GA, modified GA and hydrogels were studied by heating the
samples from 30-700 "C under inert atmosphere, and displayed in Figure 7.3 (b); where both GA
and OGA had a first degradation step from 55-185 “C of around 14% due to moisture attached to
GA. HG and HG-BCNC(20%) also indicated a comparable loss of ~20% water vapor bonded to
the GA in the first degradation from 57-222 “C. A dramatic weight loss of ~65% was observed
between 222-500 °C, from the hydrogels which attributed to the dehydration and decomposition
of the organic components. GA and OGA exhibited maximum degradation at 353-356 "C while
the hydrogels HG and HG-BCNC(20%) showed a maximum weight loss temperature till 500 'C
indicating the formation of highly cross-linked gels. The crosslinked structure of the hydrogel as
well as the addition of BCNC restricted the chain mobility, thereby increasing the thermostability
of the prepared hydrogels. Also, HG and HG-BCNC(20%) showed a very high ash content of 21
and 26% respectively, even after 700 ‘C which could be linked with the carbonaceous residue
breakdown leading to char oxidation whereas GA had only 4 % and OGA completely degraded at
700 "C [164,180].
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Figure 7.3. (a)FT-IR spectra of GA, OGA, HG, HG-BCNC(20%) and BCNC, (b) TGA
thermograph comparison of GA, OGA, HG and HG-BCNC(20%).
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Figure 7.4. (a) XRD-patterns of GA and the crosslinked hydrogels, HG and HG-BCNC(20%), (b)
Stress-strain graph of the fabricated crosslinked hydrogels.
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The XRD patterns of the prepared hydrogels is shown in Figure 7.4 (a), HG hydrogel displayed a
very small hump around 19.8° indicating amorphous nature of the crosslinked gel. However, the
addition of crystalline BCNC during the hydrogel formation changed the XRD pattern of the
hydrogels with the appearance of a distinct peak around 19.6° and a small hump at 42°. This change
in the peak intensity is due to the crystallographic planes of 101 and 111, respectively [181]
indicating the presence of BCNC in its structure as well as the presence of intermolecular H-

bonding, which resulted in their semi-crystalline nature.

The mechanical properties of the prepared hydrogels were investigated at room temperature using
compression test. From Figure 7.4(b), it has been observed that HG hydrogel displayed a tensile
strength of 1.45 MPa and 40% elongation, and with the increase in BCNC concentration which
indirectly decreased the OGA concentration; the percentage elongation increased. The increase in
tensile strength (1.68MPa) of HG-BCNC(20%) could be associated with the presence of higher
concentration of BCNC as well as better crosslinking of the hydrogel. However, the lower percent
elongation (57%) of HG-BCNC(20%) as compared to HG-BCNC(10%) with 78% elongation
could be linked with improved inter- and intra-molecular interactions between BCNC and OGA

gel.

7.2.3. Immobilization of horseradish peroxidase on the fabricated BCNC hydrogels and their

self-healing behaviour.

The immobilization of HRP on the fabricated hydrogel, HG-BCNC(20%) was done at a
concentration of 0.1 mg/mL in PBS at pH 7.0. To compare the surface morphology, enzyme
immobilization of BCNC was also carried out. In Figure 7.1, the porous morphology of HG-
BCNC(20%) before immobilization has been already demonstrated. Figure 7.5 shows FESEM
images of the hydrogel and BCNC surface after immobilization, and an increase in surface
roughness of BCNC as well as hydrogel was observed due to the attachment of HRP on its surface
and inside the porous structure. The use of glutaraldehyde to crosslink the HRP on the BCNC and
gel surface could be a vital reason for this surface roughness. Also, the highly porous nature of
hydrogel facilitated the enzyme loading density on its surface [182]. The appearance of bead-like
substances on the surface confirms the immobilization of HRP onto the hydrogel.
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Figure. 7.5. FESEM images of immobilized BCNC and immobilized HG-BCNC(20%) under
15000 X and 50000 X magnification.

The sample preparation for the self-healing study was made by adding a small amount (less than
1mg) of aniline blue dye in the OGA-BCNC mixture before preparing the hydrogel. Hydrogels
without dye were also made, and alternate coloured-uncoloured hydrogels were kept near each
other, as shown in Figure 7.6 (b). After some time (20 sec), the fresh hydrogels attached to each
other. Later they were again cut and placed together, as shown in Figure 7.6 (c), and in seconds,
the cut hydrogels reformed into the previous shape confirming their self-healing nature. The
prepared hydrogel was also pulled by hand, and it elongated up to 2 cm on each side from the

actual size (2 cm) without breaking, as shown in Figure 7.6 (a).
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7.2.4. Enzyme activity of immobilized horseradish peroxidase and their leakage test.

HRP decomposes hydrogen peroxide and generates an oxygen atom, which helps in the catalysis
of ABTS to its oxidised form, i.e. the formation of ABTS radical dot+, indicating a green colour
in the oxidised state. The activity of immobilized HRP was measured by monitoring the increase
in oxidised ABTS and the rate of reaction was determined by the rate of formation of the green
product in the cuvette at Amax = 403 nm. The blank used as a reference became light green indicating
the formation of some oxidised ABTS while the cuvette containing the immobilized enzyme
changed to dark green colour after 20 min confirming successful encapsulation of HRP onto the
hydrogel surface, shown in Figure 7.6(d). The dark green colour of the sample also indicates the
presence of higher concentration of HRP.

Glutaraldehyde is used as a cross-linking agent for efficient binding of the enzyme on the material
surface by covalent bonding, thus enhance the enzyme activity and reusability [169]. The
optimized concentration of enzyme used in this study was 0.1 mg/mL. In this optimum condition,
the immobilized hydrogel showed a specific activity of 106.6 Ug* min* for fresh sample and
29.94 Ug! min! for the same sample tested after 60 days. Also, the free HRP solution separated
after collecting the immobilized hydrogel showed a specific activity of 92.3 Ug™! min~1 on the 1st
day and 18.33 Ug* min! on the 60" day. From the leakage test it was observed that the
encapsulated HRP has strongly adhered onto the HG-BCNC(20%) surface, and even after 6" time
washing, the retained enzyme on the hydrogel surface showed a specific activity of 63.2 Ug™
min~t which is almost 60% of the fresh enzyme activity. Thus, from this study we can conclude
that the fabricated BCNC based hydrogels are compatible with the HRP encapsulation on their
surface. Hence, these hydrogels can act as support or template for effective enzyme

immobilization.
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Figure 7.6. (a)Optical image showing high stretchability of the fabricated hydrogel, (b)Optical
image showing the self-healing process, (c)Microscopic image of self-healing process,
(d)Colorimetric enzyme assay indicating the presence of peroxidase in the sample.
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7.3 CONCLUSIONS

In this study, we have reported the encapsulation of HRP on a BCNC loaded OGA hydrogel for
the first time. The fabricated hydrogels showed good physico-chemical properties and excellent
self-healing behaviour. The enzyme activity of the encapsulated HRP on the HG-BCNC(20%)
surface and free HRP was investigated, and it was observed that the encapsulated HRP had higher
specific activity than the free HRP. The leakage test of the immobilized HRP showed a strong
affinity of HRP towards the gel surface even after 6 wash. Thus the improved stability of the
immobilized hydrogel along with their self-healing behaviour can be utilized to develop novel

materials for application as biocatalyst or biosensors in biomedical field.
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Chapter 8

Conclusions and Future Scope

This chapter discusses the major conclusions drawn based on the investigations carried out in this
doctoral study. Also, this chapter provides useful recommendations for future work involving the

utilization of these biomaterials and their application in relevant field.

8.1. CONCLUSIONS

In today’s scenario, the environmental concerns related to the use of petroleum-based resources,
in terms of waste management and disposal pose a serious threat to human society and the
atmosphere. The use of biomass as a source not only will reduce the consumption of depleting
petroleum resources but will also provide a greener and economic approach to obtain valuable
biomaterials. Various strategies are formulated to produce efficient and sustainable bio-based
material from biomass nowadays which could be recycled, reused, and utilized in food, packaging,
textile and biomedical applications. Therefore, this dissertation work focuses on the utilization of
biomass, Gluconacetobacter xylinus for the production of pure bacterial cellulose, and also aim in
the exploration of their wide applications. Based on this, the major conclusions drawn are

summarised below:

%+ The successful synthesis of bacterial cellulose has been interpreted by the physico-
chemical characteristics. The ultrafine fibrous network of BC with excellent crystallinity
(88%) and water absorption property has been characterised using spectroscopic and
microscopic analyses. The highly pure, biocompatible and hydrophilic property of the
synthesized BC was used as an advantageous criterion for their use in biomedical
applications.

% Highly crystalline BCNCs with needle-like morphology were successfully extracted from
BC using acid hydrolysis. The acid hydrolysis time was reduced and optimised as 2 h.

s The obtained biocompatible BC was successfully blended with PCL to fabricate

antimicrobial wound dressing material by the impregnation of PCL into the BC matrix.

100
TH-3080_166107113



The resultant composites showed improved thermostability, wettability and excellent
crystallinity (86%). The release profiles initially indicated a burst release (6 h) followed by
controlled release of GEN (~42%) and SM (~58%) from the prepared scaffolds within 48
h. The in-vitro studies of the BC and BCP scaffolds against baby hamster kidney (BHK-
21) cells revealed their cytocompatibility. These results interpret that the prepared drug-
functionalized cellulosic scaffolds have a great potential as a wound dressing material in

biomedical applications.

X/
°e

BCNC templated heterogeneous ZrP catalyst was successfully synthesized and confirmed
by FT-IR, XRD spectroscopy and microscopic analysis. The catalytic activity of
synthesized BCNC_ZrP catalyst was examined in the conversion of furfural to HMF under
different reaction conditions. The reusability of the synthesized catalyst was investigated
for four runs, which resulted in comparable HMF yield. Thus, the BCNC-catalyzed
hydroxymethylation reaction was successful in converting furfural to HMF giving a
28(mol%) HMF vyield.

%+ Bacterial cellulose powder, and drug LID was successfully incorporated into PCL network
using electrospinning process for the fabrication nanofibrous bandages. The developed
scaffolds were then surface modified to prepare a wound dressing bandage. The prepared
scaffolds exhibited excellent antimicrobial activity against Escherichia coli and
Staphylococcus aureus. The drug release profiles initially indicated a 28% burst release
(30 min) followed by controlled release of remaining Ag-SD in 84h and LID was released
into the system in 108h with an initial burst release of 29% in 2h. Hence, these results
interpret that the prepared drug-functionalized cellulosic scaffolds have a great potential as
a wound dressing material in biomedical applications.

% Self-healing and stretchable hydrogels were successfully fabricated using modified Gum

Arabic and BCNC. Further, the immobilization of the developed hydrogels were carried

out using horseradish peroxidase enzyme. The cross-linking was confirmed through

characterization by FTIR spectroscopy, SEM morphology, thermal studies. The specific
enzyme activity reached 106.6 Umg* (fresh) and 29.94 Umg* (after 60 days). Thus, the

immobilization of HRP on modified BCNC hydrogel enhanced its appropriateness for a

future use in various biotechnological and environmental applications.
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8.2 SCOPE OF FUTURE WORK

The studies carried out in this thesis can be presumed to lead to an inexpensive and sustainable

approach that eliminates waste disposal and environmental concerns. This study presents a detailed

investigation of the various possible applications of bacterial cellulose and its surface modification.

However, there are several dimensions which may require further research exploration.

R/
L X4

In this study, conventional methodology was followed to synthesize BC which comprises
of commercial glucose. Production of BC using different natural glucose source, such as
fruit waste or components containing higher glucose content (sorghum juice, etc) can be
studied. Mostly, biomass waste as glucose source can be utilized for the BC synthesis.

A comparative analysis on the quality and quantity of bacterial cellulose can be studied
using different reaction conditions.

The statistical analysis of the bacterial growth curve can be studied.

Optimization of BCNC production with varying reaction time and acid concentration can
be studied based on their morphological and thermo-mechanical characteristics.

In-vivo study of the electrospun nanofibrous bandages can be done to use them in practical
wound healing applications.

BCNC_ZrP was used as a catalyst in value-added chemical transformation in this study.
Immobilization of this synthesized BCNC_ZrP catalyst can be done and further explored
in chemical or biomedical applications as a biocatalyst.

The mechanism of self-repair on molecular level as well as the mechanical property of the
immobilized hydrogels can be investigated; and their application in biosensors can be

explored.
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ABSTRACT: Wound dressing materials fabricated using biocom-
patible polymers have become quite relevant in medical
applications, and one such material is bacterial cellulose (BC)
with exceptional properties in terms of biocompatibility, high
purity, crystallinity (~88%), and high water holding capacity.
However, the lack of antibacterial activity slightly restricts its
application as a wound dressing material. In this work,
polycaprolactone (PCL) was first impregnated into the BC matrix
to fabricate flexible bacterial cellulose-based PCL membranes
(BCP), which was further functionalized with antibiotics
gentamicin (GEN) and streptomycin (SM) separately, to form
wound dressing composite scaffolds to aid infectious wound I = T I s, A

healing. Fourier transform infrared spectroscopy (FT-IR) results

confirmed the presence of characteristic PCL and cellulose peaks in the composite scaffolds at 1720 cm™, 3400 cm™, and 2895
cm™’, respectively, explaining the successful interaction of PCL with the BC matrix, which is further corroborated by scanning
electron microscopy (SEM) images. X-ray diffraction (XRD) studies revealed the formation of highly crystalline BCP films (~86%).
In vitro studies of the BC and BCP scaffolds against baby hamster kidney (BHK-21) cells revealed their cytocompatible nature; also
the wettability studies indicated the hydrophilicity of the developed scaffolds, qualifying the main criterion in wound dressing
applications. Energy dispersive X-ray analysis (EDX) of the drug loaded scaffolds showed the presence of sulfur in the composites.
The prepared scaffolds also exhibited excellent antimicrobial activity against Escherichia coli and Staphylococcus aureus. The release
profiles initially indicated a burst release (6 h) followed by controlled release of GEN (~42%) and SM (~58%) from the prepared
scaffolds within 48 h. Hence, these results interpret that the prepared drug-functionalized cellulosic scaffolds have great potential as a
wound dressing material in biomedical applications.

2 at 03:45:32 (UTC).

25, 2022

KEYWORDS: bacterial cellulose, polycaprolactone, gentamicin, streptomycin, antimicrobial properties, biocompatibility, wound dressing

1. INTRODUCTION xylinum, which is the most efficient BC producer as it can
absorb several types of sugars leading to higher yields of
cellulose at pH = 3—7 and 25-30 °C temperature in liquid
medium. BC is made up of ultrafine fiber network derived from
well-arranged three-dimensional (3D) nanofibers, which
results in the formation of hydrogel sheets with higher surface
area and porosity.”* As compared to plant-based cellulose, BC
fibrils are very much smaller in diameter as well as length
(about 100 times) with tailorable properties based on the
composition of culture media, carbon source, and also on the
producing organism used. BC also has certain promising

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Downloaded via INDIAN INST OF TECH GUWAHATI on November

Skin, the human body’s largest organ, plays a substantial role in
protecting the body from pathological organisms by acting as a
natural barrier, maintaining the body temperature, homeo-
statis, and dehydralion.l However, these characteristics are
disturbed whenever there is an injury or wound, leading to the
invasion of bacteria through the site of injury. Thus, to repair
these tissues, dressing materials are prepared. A proper wound
dressing material should impart a moist environment, allow
easy transport of gases, inhibit bacterial infections, should be
nontoxic, nonallergenic, and promote heat insulation.” In the
recent studies, bacterial cellulose (BC) has grabbed attention
in the biomedical field due to its highly pure, biocompatible, Received:  March 14, 2022
nontoxic, and highly hydrophilic nature. These captivating Accepted: July 9, 2022
properties make it a suitable contender in biomedical Published: July 19, 2022
applications such as artificial skin, scaffolds, wound dressing

materials, dental implants, and also in food packaging and

paper industry.” BC is generally produced from Acetobacter
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1 | INTRODUCTION

Abstract

Sustainable, biobased nonisocyanate polyurethane (NIPU) films having excellent
water absorption characteristics were synthesized by a green-chemistry approach,
eliminating the use of any toxic component. An environment-friendly bulk
polyaddition reaction was carried out between a natural amine-containing polysac-
charide, chitosan, and carbonated seybean oil (CSBO) to prepare the NIPUs. Epox-
idized soybean oil was reacted with carbon dioxide to obtain CSBO and the
conversion was confirmed by Fourier transform infra-red and "H nuclear magnetic
resonance spectroscopies. NIPUs synthesized via this method did not involve the
use of any curing agent and the crosslinking density of the polymer could be varied
by altering the amine content. NIPUs with higher chitesan content showed better
thermal and chemical properties, and superior water absorption characteristics.
FTIR studies confirmed the typical linkages of polyurethane and the swelling
behavicr justified its enhanced resistance to organic solvents. Karl Fischer titration
study proved the excellent water-absorption capacity by absorbing ~90% moisture
from toluene. These properties enable NIPUs to have diverse probable applications
in the fields of chemical-resistant coating, sealant, and also as an inorganic plant
growth substrate because of its high water holding capacity.

KEYWORDS

coatings, polycondensation, polyurethane

to its environmental benefits, various alterations can be done
with the vegetable oils to produce a diverse range of materials

In the present day scenario, the perception of human society
has been enlightened with the sparsity and fast depletion
of petroleum-based resources, and an alertness has been gen-
erated to use renewable and biodegradable substitutes consid-
ering the environmental issues associated with the
consumptien of hazardous and toxic petroleum resources.
Vegetable oils, a class of renewable triglycerides comprising
of various fatty acids and unsaturation, has grabbed massive
attention over the past decade because of its regenerative
nature, abundance, low toxicity, and lower cost.™ In addition

which could be further utilized to obtain various polymeric
materials.' Soybean cil (SBO) is one of the most abundant
and cheapest vegetable oils available in the olecchemical
market. Over the past two decades, researchers have devel-
oped different ways to functionalize the C=C double bonds
and ester groups present in the vegetable oils to produce sus-
tainable materials.””) Saremi et al. " have reported the produc-
tion of epoxidized SBO (ESBO) from SBO using hydrogen
peroxide as an oxidant, in the presence of formic acid at 50°C
temperature and atmospheric pressure in 10 hr.

J Appl Polym Sci. 2020;049050.
https://doi.org/10.1002/app. 49050
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