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ABSTRACT
NUTHANA KALVA SUMAMA, Masters:
June : 2021, Masters of Science in Mechanical Engineering

Title: Development of air-jet spun PHBV/PCL composite scaffolds for wound healing

applications

Supervisor of Thesis: Dr Anwarul Hasan.

Delay in the healing of chronic wounds is one of the major problems causing
individuals to lose their lives and which also becomes a severe burden on the nation's
healthcare. Nanotechnology has allowed the development of low-priced wound-
covering materials, like nanofibrous materials, that have high surface-to-to-volume
ratios to be made in wide varieties of shapes and sizes.

The first aim of this research is to find the best PHBV/PCL blend ratio for
fabricating fibrous mats through air-jet spinning for wound healing applications.
Different ratios of PHBV and PCL (100 % PCL, 30/70, 50/50, 70/30, 100 % PHBV)
were investigated for this reason. SEM data shows that the fiber diameters varied in
the sub-nanometer scale. The crystallinity of the fibers increased as the PCL content
increased, according to the XRD data. In comparison to pure PHBV and PCL,
PHBV/PCL 50/50 demonstrated better combination of cell proliferation and
mechanical strength than pure PHBV.

The second aim is to study the effect of incorporating curcumin as an active
agent into the optimized blend on wound healing. The optimized PHBV/PCL
composition was mixed with different curcumin concentrations (0.5, 1, 2, 3 & 5 %).
On the loaded fibers, physio-mechanical characterizations were performed to assess

the impact of nanoparticle incorporation. Also, the cytotoxicity and cell migration
i



studies were carried out to find out the cell proliferation activity. Our findings indicate
that 0.5 % curcumin-loaded PHBV/PCL fibers have promising wound healing

potential.
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CHAPTER 1: Introduction

1.1 Background

Currently, delays in the cure of chronic injuries are a key concern, resulting in
higher budgets on one side and an impaired quality of life on the other. 60—80% of all
human infectious illnesses include chronic infections, including chronic wounds [1], [2].
Diabetic ulcers are a major cause of chronic wounds. Wound healing is often hampered
by several factors including microbial infections, deceased growth factors secretion, and
poor supply of oxygen and nutrients to the cells replacing damaged tissue. Healing of
wound include migration and proliferation of the cells as well as secretion of growth
factors and hormones which are accomplished during hemostasis, inflammation,
proliferation and maturation phases of damaged tissue recovery[3], [4]. The time of
recovery depends upon the complexity of the wound such as acute or chronic wound.

Acute wounds are treated with standard treatment procedures, such as swabbing
to remove infections, cleaning, dressing, and in some cases debridement of the wound.
However, using these treatment options especially during old age cause accumulation of
bacteria film1 which results in delay in healing of wounds. In this way, an acute wound
may turn into a chronic wound. Moreover, the size of wound damage is an important
factor in regeneration and the development of new tissues. A wound in epidermis (upper
skin layer) or dermis (middle layer of skin) less than 1 cm area can heal faster as the skin
possess enough potential to replace this damaged tissue. However, a deep injury in
dermis and hypodermis area of skin results in delayed recovery of skin and require a
patch of skin to be substituted in order to speed up the regeneration process[5], [6].

Therefore, scientists have focused their attention in the development of new and

novel types of wound healing patches for the quicker and faster healing of wound[7]. In



this direction, biodegradables polymers could be favorable materials to be used as tissue
engineered scaffolds, heart values and cardiovascular tissues, and orthopedic and
intestinal anastomosis devices. However, selection of these materials is very important as
sometime these biomaterials may lead to cell deaths and revoke the cell regeneration
process. In addition, these agents may provoke foreign body response and may lead to
platelet activation. These immunogenic reactions mostly restrict the use of these materials
as they initiate various bio responses that posed various complications and may be
hazardous to the patient life. Therefore, using advanced bio interactive and biocompatible
materials that will help in the cell proliferation, migration and healing of the wound are
recommended for biomedical applications especially for wound healing[8]-[11].

Various synthetic and natural skin patches are available in the market that has
been used in the healing of wounds. However, their use has been hampered by several
factors including high cost, minimal effect on healing time and limited recovery of
wound area due to their functionalities. Biomaterials that possess high swelling capability
for absorbing extra exudates, highly porous structure and are permeable to oxygen can be
one of amazing candidates for faster recovery and regeneration of damaged tissues. These
traits may enable the faster healing and steadily delivery of insulin to remove bacteria and
infections without posing any side effects. Membranes have already shown its promising
application in wound healing that provides suitable environment. In terms of physical
characteristics, it provides continuous and flexible micro and nano structure, good
swelling capability, and can easy be mold in different shapes. While in terms of
biological responses, it is highly biocompatible with the human tissue, biodegradable,
nontoxic, provides controlled release of drugs and proteins and highly favorable in tissue

engineering applications[12]-[14].



1.2 Aims and objectives of the study

The first aim of this study is to develop stronger and biologically more viable
fiber mats through air-jet spinning. To achieve this, we propose to fabricate composite
fiber mats of PHBV and PCL. Different blends of PHBV/PCL fiber mats were fabricated
and characterized to assess the effects of blending on the physio-mechanical as well as
biological properties of the samples. The blend showing the best combination of
biological and mechanical properties was selected for further studies.

The second aim is to study the effect of incorporating curcumin as an active agent
into the best blend from the first study. The PHBV/PCL blend was mixed with different
curcumin concentrations. On the loaded fibers, physio-mechanical and cell culture studies

were performed to assess the influence of nanoparticle incorporation.

1.3 Overview of thesis

This thesis is divided into five chapters. The sequence of the chapters are as below:

Chapter 1 introduces the background and significance of the problem. The aims and
objectives of the study are discussed in detail. The chapter then lays out the overview of the
thesis.

Chapter 2 presents the detailed literature review of various fabrication techniques
being used for fabrication of biomaterials for wound healing applications. It opens the avenue
of recent use of air-jet spinning for fibrous biomaterials for wound healing applications.
Following this, PCL, PHBV and the blend of PCL\PHBV membranes for wound healing
applications were explored. Furthermore, the role of Curcumin was thoroughly described in
terms of wound healing. Moreover, it includes benefits and behavior of Curcumin on wound
healing.

Chapter 3 explains the materials and methods to fabricate the PCL\PHBV



membranes incorporated Curcumin membranes. After then, it describes the physical
characterization approaches, then the biological characterizations using the cell culture
investigation in an In vitro model.

Chapter 4 is divided into two parts. The first part presents the thorough analysis of
different compositions of PCL\PHBYV to find the best ratio of composition of PCL and
PHBV to achieve optimum mechanical and biological properties. The second part
presents the detailed and thoroughly analysis of incorporating different concentrations of
Curcumin in the optimized composition of PCL\PHBYV from the above study.

Chapter 5 concludes the present study with the promising potential of Curcumin
loaded PCL\PHBYV as a wound healing membrane. In addition, it further defines the

future work recommendations in order to investigate its viability in in vivo models.



CHAPTER 2: LITERATURE REVIEW

2.1 Methods for the development of wound healing materials

The selection of fabrication technique along with the choice of material determine
the properties of the resulting scaffolds. Although many approaches have been
investigated to increase porosity of the scaffolds and limit the ingrowth of cells, these
methods have not been able to produce scaffolds of reasonable thickness to be considered
as 3D scaffolds [15]. The following section briefly describes the various conventional as
well as modern techniques that are being used for the development of scaffolds for
wound healing applications.

Self-assembly: The property of autonomous organization of components into
structures and patterns, known as self-assembly, can be utilized for fabrication of ECM
mimetic structures. Various complex, highly specific non-covalent interactions drive the
assembly of structures like micelle/bilayer lipids, and a-helix and B-sheet structural
motifs of proteins [16], [17]. This method produces fibers having diameters in the range
of tens of nanometers. The assembling mechanisms are initiated through mixing of
components or by an external stimulus like change in pH, temperature, etc. [18], [19].
This makes it possible to directly encapsulate cells, which is easier in comparison to other
fabrication methods that require sophisticated instruments. But the mechanisms
governing the self-assembly are more complicated and therefore require careful and
complex experimental design. Scaffolds produced by self-assembly of proteins and
peptides which have been shown to mimic the natural ECM. Various studies have
demonstrated the enhanced cell adhesion, proliferation and differentiation of mammalian
cells on self-assembled-oligopeptide based scaffolds [20]-[22]. Despite the many
advantages, matrices fabricated by this approach show poor mechanical strength and the

fragmented fibers pose the threat of endocytosis. Along with these drawbacks, the high
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cost of synthesis restricts their applications in tissue engineering and regenerative
medicine [23].

Thermally induced phase separation: The thermal energy difference during a
quenching process is utilized to initiate the void formation in a homogenous polymer
solution. After exposing the solubilized polymer to high temperatures, the temperature is
rapidly decreased to prompt the phase separation. By strong fluid de-blending, the
solution then forms polymer-free phase and solvent-free phase. In this technique, the
scaffolds microstructure can be manipulated by controlling the polymer properties,
solvents and the working temperature [24]. The phase separation can be carried out either
between solid-liquid or liquid-liquid phase. This technique offers the benefit of
compatibility with many of the other manufacturing techniques and gives superior
mechanical properties with controlled porous structure.

Melt molding: Melt-based fabrication methods are derived from the conventional
polymer fabrication methods. However, these methods are then coupled with pore-
generating techniques to generate porosity in the material [25]. Generally, water soluble
salts are mixed with polymer during molding and the salts are dissolved in water after
molding leading to a porous structure. The advantages of this process is that toxic
solvents are avoided and the pore size can also be controlled by using porogens of
suitable size [25]. By combining with techniques like particle leaching, gas foaming and
use of porogens, this method shows great potential for the generation of ECM-mimetic
tissue regeneration studies.

Gas foaming: This technique uses a foaming agent with the polymer. To initiate
the nucleation and develop the gas rise in the substance, high pressure gas is applied on
the disks of polymer. These are then lyophilized to generate scaffolds having pore sizes

in the range of 100 um and porosity of about 93% after releasing of gases [26]. The



formation of gas is due to reaction of foaming agent with the acidic solution producing
porous structure. This procedure has great reliability to create solvents-free scaffolds. But
the heterogeneity of the structure having irregular porosity is the major disadvantage of
this process. Studies using this method with stem cells have been showing promising
results for bone tissue engineering [27].

3D-printing: 3D-printing is an additive manufacturing technique first portrayed in
1986. In this technique, thin layers of materials are deposited in a layered manner
intermitted by hardening of the layers by ultraviolet (UV) radiation [28]. This method
then developed to photopolymerization where mixed layers of a monomer gel and a
photo-initiator agent are cured and crosslinked by a laser source according to the
computer design [29]. This method offers many advantages like flexibility to use
different powders and binders to tune various properties like mechanical strength,
porosity, biocompatibility, etc. to generate scaffolds which can better mimic the ECM. In
a study on bone regenerative scaffolds, pore sizes in the range of 20-50 pum were
achieved [30]. An impediment drawback of 3D printing is the high temperatures used
during the extrusion of polymer which would limit the use of proteins and cells because
of their temperature-sensitivity [31]. Recent approaches using water soluble polymers
and photo-crosslinking could solve this issue.

Decellularization: Decellularization is a method which removes cells and debris
from tissues and organs while preserving the biological activity, the biochemical
composition and the 3-D organization and integrity of the native ECM [32]. As the
decellularized the constructs are devoid of foreign cells, there is no significant chances of
immune rejection [33]. Other than the use in tissue regeneration, it has also gained
popularity in other fields like drug screening and stem cell differentiation studies.

Different methods for decellularization include physical, chemical and enzymatic



treatments. After decellularization, the matrices can further be processed to generate
injectable membranes, which can then be used as method for localized delivery with
minimally invasive intervention [34]. Another simple but effective technique to enhance
scaffold bioactivity is the deposition of solubilized ECM on the prefabricated scaffold
surface. This allows the cells to interact directly with the ECM proteins which improves
bioactivity along with achieving high mechanical properties [35].

Electrospinning: This technique utilizes electric voltage to generate a 3D structure
having fibers in the range of nanometers to micrometers with higher surface area [36].
Many natural and synthetic polymers have been used in this process like PCL, gelatin,
collagen, polyvinyl alcohol (PVA), polycaprolactone (PCL), etc. [37]. A high DC voltage
in the range of 10-40 kV is used to produce the fibers. Upon the application of such a
high voltage, the polymer solution taken in the syringe becomes charged and the polymer
droplet at the tip of syringe needle tend to move towards negatively charged/grounded
collector as submicron fibers. Typical electrospun scaffolds show pore sizes in the range
of 5-150 pm. To mimic native ECM, these scaffolds provide nano-scale fibrous structures
having interconnected pores, and thereby showing great potential to fabricate functional
tissues. The adaptability of this procedure, it's non-obtrusive nature and temperature-
independence are some of the advantages of this technique [38]. The ability to impart
bioactivity in addition to structural features has led to the fabrication of scaffolds for

tissue-specific functions [39]-[41].

2.2 Electrospinning for fibrous materials

Most of the ECM proteins have a fiber like architecture with diameters in the
sub-micrometer range. For instance, collagens possess a fibrous structure in which the
diameter varies from 50 - 500 nm. There have been many recent advances in the methods

to develop ECM-mimetic nanofibrous materials. Nanofibrous materials have high



surface-to-volume ratio with regulated porosity and offer the flexibility to be made into a
wide variety of sizes and shapes [42]. These unique features make the nanofibrous
scaffolds promising for many biomedical and tissue engineering applications [43], [44].

Electrospinning and other related technologies like electro-spraying are some of
the nanofabrication techniques that are used to generate nanofibrous microporous
materials. The use of different polymers, their blends, or nanocomposites paves way for
producing membranes of varied chemical compositions. These membranes are known for
their great extent of processing flexibility which is helpful in optimizing their physical
parameters such as fiber diameter, porosity, and pattern formation increasing demand for
this supply. Electrospinning is one of the proven techniques to generate nanofibrous
material that have a soldering-like attachment of the nanofibers at their intersections due
to polymer chain entanglements and interpenetration after annealing [42], [45].

Nano-fibrous membranes have been found to adsorb higher serum proteins than
less-porous macro -fibrous membranes [46]. Furthermore, other absorption analysis
studies have revealed that the nano-fibrous scaffolds adsorbed larger amounts of
fibronectin from serum in comparison to macro-porous scaffolds. These data indicate that
the nano-fibrous scaffolds have better prospects of mimicking the natural ECM with
enhanced tissue regeneration and which can also circumvent the potentially adverse
immune reaction and possible chances of pathogen transmission when using naturally
derived ECM based constructs (Figure 1).

Recent advances have made it possible to produce 3D nanofibrous scaffolds with
the desired microstructure. In bioengineering, 3D scaffolds should bridge the gap
between the nanofibrous technology and clinical applications [47]. There is also a great
possibility of integrating bioactive molecules such as drugs, nanostructures and growth

factors into fibers developed using various techniques. The high-loading capacity of



electrospun fibers make them promising materials for gene and drug delivery applications
[48]-[51]. The therapeutic agents' encapsulation performance and bioactivity can be
improved by carefully selecting materials and processing conditions [52]. Coaxial
electrospinning is an advanced technique in which the fibers are in a core-shell form with
complex microstructures produced using multiple pump system through coaxial nozzles.
Many parameters influence the characteristics of the fibers such as the type of polymer,
surface tension and viscosity of the solution, the polymer solution feed rate, needle-
collector distance, needle tip size, etc. By precisely controlling these parameters it is
possible to adjust the fiber diameter, porosity, and the nanofiber architecture [53].
Electrospun fibers offer several applications in tissue engineering such as vascular
grafts [54], [55], nerve regeneration [56]-[58] and bone regeneration [59], [60]. They
have been shown to enhance homeostasis, offer flexibility and mechanical strength,
functionality when used as wound dressings [61]. A biologically inspired ocular repair
dressing composed of membrane and electrospun fibers have been designed to treat
corneal abrasions and ulcers on eye surfaces [62]-[64]. Zhou et al. extracted collagen
from tilapia skin and generated electrospun ECM mimetic membranes based on it to
expedite the rate of wound healing [65]. They also observed that scaffolds with
biomimetic ECM structure and high specific surface area were more conducive to cell
growth and stimulated human Kkeratinocyte cell proliferation and epidermal
differentiation. In other studies, collagen fibrils are mixed with other polymers as a
traditional wound dressing so that the ECM mimetic structure would allow wound
exudate absorption and moisture preservation which improves wound healing [66]-[69].
Sun et al. attempted to imitate the collagen’s basketweave pattern to generate ECM-
mimetic microenvironment. Interestingly, the developed scaffolds provided higher

fibroblast cell response during wound healing compared to random/aligned fibers [70]. In
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addition, collagen fiber mats can resolve the issue of the higher trace of MMPs which
deteriorate the human body's nonviable and viable collagen in chronic wounds [71]-[73].
Electrospun fibers have also been reported for use as sustained drug release systems for
both transdermal delivery applications as well as for cancer therapy [74]. Overall, this
technology has immense potential for researchers in the field of tissue regeneration. It
offers the advantage of use of a variety of suitable polymers, polymer composites and
polymer/inorganic composites with the flexibility to tune the microstructural properties
and also have the capability to load bioactive molecules to combine therapeutic activity
and tissue regeneration at the affected site [14]. ECM-inspired coating is a surface
modification technique by which additional biological information can be incorporated
[75]-[77]. A major step towards regenerative tissue implants is the accurate mimicking of
the ECM making it possible to regulate the physical properties as well as the biological
properties.

There are many advantages for electrospun fibers, such as polymer-dependent
biodegradability and biocompatibility, relatively ECM-like mechanical properties,
capability to load surface functional moieties and growth factors make it the most
practical approach for the development of ECM mimetic membranes/scaffolds. Also, the
high flexibility in choice of materials opens doors for delivering a wide variety of
bioactive agents including proteins, antibiotics and anticancer drugs. The loading of
drugs can be carried out by embedding, coating or encapsulation. A plethora of polymers,
drugs and signaling molecules can be chosen to mimic the native tissues™ structure and
function [78]-[81]. The electrospun fibers have showed excellent capability for cell

proliferation and differentiation both in vitro and in vivo [82], [83].
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Figure 1. Desired properties in fibrous biomaterials for tissue engineering applications

2.3 Air-jet Spinning for fibrous membranes

Electrospun fibers have a distinct advantage over other tissue engineering
materials in that they have a broad specific area and can integrate inorganic components
on a nanoscale, making them perfect candidates for a variety of tissue engineering
applications. The electrospinning process, however, is hindered by the slow rate of fiber
processing and requires adequate conductivity to form a polymer jet. The need for a high
voltage source raises the cost and complexity of the operation. While there are many
ways to improve electrospinning's versatility, there is still a need for efficient methods to
fabricate polymer—ceramic hybrid composites from microscale to submicroscale
polymeric fibers. To overcome the limitations of this approach, a completely new
strategy is needed. Air spray spinning is a low-cost option for spinning quickly and
uniformly on a variety of substrates[84]. Air jet spinning is a quick and easy method for
fabricating organic/inorganic hybrid nanocomposite membrane mats with highly

interconnected porous structures. It does not necessitate a lot of expensive equipment and
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has a low operating cost. It is entirely dependent on the use of pressurized gas dispensed
at high speeds to stretch the polymer solution into thin fibers at the nozzle outlet, while
the solvent begins to evaporate at the same time and continues to do so after the fibers are
deposited onto a substrate. The air-jet is used in this technique to resolve the surface
tension of the polymer solution and stretch it into ultrathin fibers while also vaporizing
the solvent from the formed fibers due to the high speed of the air jet.

There are many factors that influence the spinning process. The distance of the
collector from the tip of airbrush is one of the most important that influences the fibers.
The polymer jet crystallizes at a particular distance from the nozzle exit forming fibers.
This distance needs to be optimized to produce good fibers. If the distance is very close,
bead formations are observed. The pressure of the air-jet used also influences the
stretching of the polymer solution which affects fiber formation. The viscosity of the
polymer solution is another important factor which influences the fiber formation by

affecting the stretchability of the polymer jet.

2.4 PCL and PHBYV polymers

Poly(e-caprolactone) (PCL) is the linear, semi-crystalline polyester derived from the e-
caprolactone ring polymer opening. This polyester is organic and non-toxic and has
excellent mechanical strength (Figure 2(b)). It is biodegradable and biocompatible. PCL
is also market-oriented, provides a suitable cell adhesion, proliferation and differentiation
environment, and supports ECM development. PCL is a very attractive tissue engineering
biomaterial because of these physical and biological properties. PCL can be used to
manufacture 3D structures suited to a variety of applications, such as skin, cartilage and
vascular or heart tissue recovery by changing various processing techniques [85]-[87].
The PHBV microbial biopolymer is a safe natural material that is very promising

for a wide range of applications due to its excellent inherent properties, such as
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biodegradability and biocompatibility. On the other hand, many of its physical and
mechanical properties are highly dependent on the 3HV material, making it unsuitable for
some applications (Figure 2(a)). Using a variety of techniques outlined in this analysis,
properties such as mechanical strength, water sorption and diffusion, electrical and/or
thermal properties, antimicrobial activity, wettability, biological properties, and porosity
can be enhanced to extend its potential applications. PHBV can be mixed with a variety
of chemical materials to create advanced composites, including other polymers, natural
fibers, carbon nanomaterials such as graphene and its derivatives, nanocellulose,
nanoclays, and nanometals. In addition, this biodegradable polymer has excellent
properties for producing porous scaffolds for tissue engineering [88].

Wound dressing materials made from polymer mixtures of synthetic and natural
polymers have a synergetic effect and attractive injury curative benefits that individual
polymers cannot achieve, according to recent studies. Shi et al. developed a new wound
dressing that is antibacterial to the longest extent using the PCL-gelatin hybrid membrane
that has electrospun quaternary ammonium salts [89]. Abdalkarim et al. developed the
Electrospun PHBV/cellulose reinforced ZnO nanofibrous membranes for wound
healing[90]. Daranarong et al. found that PHBV/PCL mixing scaffolds had less traction
strength and an improved adhesion and proliferation efficiency of olfactory heating cells,

compared to smooth PCL electrospun scaffolds[91].

14



(a) (b)
|
O O}/
m n O n

PHBV (Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)) PCL (polycaprolactone)

OH

CH,

Curcumin

Figure 2. Chemical Structure of (a) PHBV, (b)PCL, (c) Curcumin

2.5 Curcumin as a wound healing agent

Curcumin or diferuloylmethane (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5- dione) and other curcuminoids are the key phytochemicals found in the
Curcuma longa L. (Zingiberaceae family) rhizome known as turmeric (Figure 2(c)). This
polyphenolic compound has been the focus of many researchers for various biological
activities[92]. It is an ancient spice from Asia which is traditionally used for many
ailments. There could be geographical variances in curcumin content among Curcuma
species, due to hybridization with other curcumin-containing species. It has traditionally
been used as an antimicrobial as well as an insect repellent. Several studies report that
curcumin has broad-based antimicrobial, antiviral, and antifungal properties[93]. Because
of the antimicrobial activity of curcumin's clinically proven long- and safe profile,
various curcumin derivatives were developed for new antimicrobial agents. It was found
to be particularly effective against fabrics.

Clinical studies have proven curcumin reduces superoxide radicals, hydroxy

radicals and nitrogen dioxide to have healing properties in the granulation and
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remodeling stages which are inhibited by oxidative stresses. To overcome this,
researchers fabricated curcumin-loaded cellulose mats as wound dressing. The curcumin
prevented the cell death that occurred in human fibroblasts due to hydrogen peroxide in

the in vitro studies[94].
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials
Sigma-Aldrich provided poly(e-caprolactone) (PCL, average Mn= 80,000;

CAS No. 24980-41-4) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV,
natural origin, PHV content 12 mol%, Mn= 280,000, Mw= 690,000; CAS No0.80181-
31-3) (USA). Sigma-Aldrich provided curcumin powder, lipopolysaccharide (LPS),
streptozotocin (STZ), xylazine, and ketamine (St Louis, MO, USA).

Chloroform (CHCI3) and phosphate buffered saline (PBS) were also
purchased from VWR in the United Kingdom and used as obtained.

Gibco Technologies provided Dulbecco's modified Eagle's medium (DMEM),
0.2 % trypsin-EDTA (1X), phenol red, and phosphate buffered saline (PBS) pH 7.4
(10X). Sigma Aldrich provided eligible fetal bovine serum (FBS) of South American

origin (sterile filtered) and dimethyl sulfoxide (DMSO).

3.2 Fabrication of PHBV/PCL membranes through air-jet spinning
To prepare air-jet spinning solutions, the PCL and PHBV were dissolved in

chloroform, using a magnetic stirrer for 2 hours (1250 rpm) until a clear colorless
solution was obtained. Different ratios of the PHBV/PCL were prepared (100%
PHBYV, 70/30 PHBV/PCL, 50/50 PHBV/PCL, 30/70 PHBV/PCL and 100% PCL) to
find out the best composition that gave best properties for cell culture studies. The
PHBV/PCL solution (15% [w/v]) was used for the formation of the fiber mats by air-
jet spinning on a foil paper which was placed at 30 cm from the nozzle using a 4 bar
pressure jet. For spinning, each solution was loaded into air-jet brush that has a
stainless-steel flat needle tip of 0.4 mm inner diameter. The PHBV/PCL fibers were

collected on aluminum foil-based collectors and were allowed to dry in open air for
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about three hours so as to remove any remaining solvent. DSC results were used to

confirm that the solvents was completely evaporated.

3.3 Fabrication of Curcumin-loaded PHBV/PCL membranes
The best composition from the previous study was used for incorporating

curcumin to improve wound healing. Five set of samples were prepared for this study.
The first set was named as blank PHBV/PCL without any loaded curcumin. However,
in the other five sets CURCUMIN was added at concentrations of 0.5%, 1%, 2%, 3%
and 5%. Each of these concentrations of curcumin were added to the blank
PHBV/PCL polymer solution and was mixed with a magnetic stirrer for around 2
hours, until an orange-colored clear solution was obtained. For spinning, each solution
was loaded into air-jet brush that has a stainless-steel flat needle tip of 0.4 mm inner
diameter (Figure 3). The setup and parameters were same as mentioned in the

previous section.

18



PHBV/PCL

Air

Conical spray jet

Needle

Nozzle tip

Curcumin

Figure 3. Schematic illustration of the steps involved in making CURCUMIN loaded

PHBV/PCL membranes. Figure reproduced from [95] with permission from Elsevier.

3.4 Physical characterization

3.4.1 Scanning Electron Microscopy (SEM)
Using an FEI, Nova NanoSEM, 450 FE-SEM, the morphology and microstructure of

the various membrane samples were determined using scanning electron microscopy
(SEM). The fibers were cut into 1 cm? samples and double-sided adhesive tape was
used to adhere them to the stubs. They were sputter coated with gold to a thickness of
200-500 microns to make them conductive. After loading the samples into the SEM,
images were taken at different magnifications with a 20kV accelerating voltage. The
average fiber diameter distribution was calculated using imagej software on a sample
size of 100 fiber diameters.
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3.4.2 Fourier Transform Infrared Spectroscopy (FTIR) of the membranes

FTIR spectroscopy was used to determine the chemical composition of PHBV/PCL
and curcumin-loaded PHBV/PCL samples. The spectra were determined using
various samples of PHBV/PCL and curcumin-loaded PHBV/PCL. On a PerkinElmer
(USA) FTIR Spectrum 400, the absorbance peaks of FTIR were measured. The
spectra were measured in the 400-4000 cm™ frequency range. At room temperature, it

was registered with a resolution of 4 cm™ and a scanning frequency of 32 times [42].

3.4.3 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to determine the crystallinity and

melting temperature of the various samples, and data was collected using
PerkinElmer, Jade, USA equipment. Thermal analysis of pure PCL, pure PHBV,
blank PHBV/PCL, and PHBV/PCL membranes filled with different concentrations of
CURCUMIN was carried out at a rate of 10°C/min from room temperature to 300°C.
Samples weighing at least 10 mg were weighed and sealed in aluminum crucibles.
Following that, the weighted crucibles were placed next to the reference cell, and the
measurements were taken.

The heating scan yielded the melting temperature (Tm) and enthalpy of fusion (AHm),
while the cooling scan yielded the crystallization temperature (Tc) and enthalpy of
crystallization (AHc). The melting enthalpies (AHm) of PCL and PHBYV were used to
measure the crystallinity degree:

Xpol = AHpol /(AHOpol * )

Where the superscript pol refers to PHBV or PCL, u is the weight fraction of the
considered polymer and AH%° s the melting enthalpies of fully crystalline polymers,

109 J/g for PHBV and 139.5 J/g for PCL.
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The crystallinity of the fabricated samples greatly influences the degradation

behavior. It also affects the release of drugs incorporated into the polymer matrix.

3.4.4 Thermogravimetric Analyzer (TGA)
The thermogravimetric analyzer (TGA) was used to investigate the thermal

degradation activity of the different membranes (PerkinElmer, Pyris 6, USA). It looks
at the weight loss over time as the temperature increases. A purge of N2 was used to
heat 20 mg of the sample from room temperature to 700°C at a heating rate and flow
rate of 5 °C/min and 70 ml/min, respectively. These results provide insight into the
behavior by which the polymer degrades and releases the incorporated active agents

which in turn affects the wound healing activity.

3.4.5 X-Ray Diffraction (XRD) Patterns

X-ray diffraction (XRD) was used to examine the crystalline structure of pure PCL,
PHBV, various compositions of PHBV/PCL, and PHBV/PCL membranes filled with
CURCUMIN using an Empyrean, Malvern Panalytical XRD method. The 10mg
membrane samples were weighted and put in the XRD specimen holder. The scanning
range of 2 was 0° to 60°, with a voltage of 40 kV and a current of 30 mA. The
scanning scope of 2 was ranged from 0° to 60°, voltage was 40 kV, and current was
30 mA. The initialization was started at room temperature with a scanning rate of
5°/min to 118° with a phase size of 0.032°, scanning scope of 2 was ranged from 0° to

60°, voltage was 40 kV, and current was 30 mA.

3.4.6 Swelling Properties of the Samples

The gravimetric technique was used to investigate the swelling properties of pure
PCL, pure PHBYV and PHBV/PCL membranes filled with CURCUMIN. Before being
placed in a petri dish with distilled water, the dried samples were measured (DW). In
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a temperature-controlled water bath, the petri dishes were then held at room
temperature. The weight of swollen membrane samples was later measured using a
Mettler Toledo digital balance after precise time intervals. By extracting the swollen
membrane from water and then drying it with filter paper to remove excess water, the
weight of the membrane was calculated.

For the purposes of calculating the statistical average and standard deviation, samples
were replicated three times. Where wf is the membrane's weight after being
submerged in water. On the other hand, wi is the weight of dry samples until they are
submerged in water.

Swelling ratio = (wf - wi)/wi
3.4.7 Mechanical Performance of air-jet spun Samples

The mechanical properties of the fabricated samples influence the ability of the
scaffolds to absorb and hold the exudates without collapsing at the wound site. This
study was also done to assess how the blending of the two polymers affected the
mechanical behavior of samples. The natural skin of human beings has varying
mechanical properties depending on many factors like age, part of the body, etc. The
mean tensile strength is in the range of 27.2+9.3MPa, the mean elastic modulus was
98.97+97 MPa [96]. The tensile strength of blank PHBV/PCL membrane samples was
tested using a Lloyd Instruments LR50K Plus Tensile Testing Machine. The
membrane was cut into a dog-bone shape with a height of 30 mm and a length of 10
mm, and then inserted in the tensile tester's jaw. At room temperature (23°C), the
equipment was set to run at a speed of 10 mm/min. The thickness was measured using
a digital vernier caliper. The membranes' strength was then assessed before the
samples were broken down. For the measurement of mean and standard deviation, the

tensile strength was measured five times.
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3.5. In Vitro Cell Studies
To determine the cell adhesion and proliferation on the PHBV/PCL membranes,

Crystal Violet staining was carried out. To determine the cytotoxicity and viability of

Curcumin releasing membranes, scratch assay and MTT assay were performed.

3.5.1 Cell Proliferation and Viability study
The MTT  [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium  Bromide]

colorimetric assay was used to assess cell proliferation and viability using treatments
of blank PCL-PHBYV and PHBV/PCL filled with CURCUMIN membranes.

MTT Assay: The protocol was adopted from previous literature on similar scaffolds
[97]. 3T3 fibroblast cells were seeded at 40,000 cells in each well of a Corning 12-
well plate overnight to determine metabolic activity, and samples of membranes
consisting of blank PCL-PHBYV, PHBV/PCL loaded with CURCUMIN were placed
in respective wells of the 12-well Corning plate. After 1 day of incubation at 37°C
with 5% CO; humidification, the MTT assay was performed. During the MTT assay,
the cell culture media was replaced with fresh media, and the membrane samples were
extracted from their respective wells of the Corning 12-well plate. The cells were
stained by adding 100 ul of MTT dye solution to them and incubating them at 37°C
for 3 hours. After that, 300 ul of DMSO solution was applied to dissolve the formazan
crystals, and the plates were shaken for 10 minutes to boost the results. Finally, 100 ul
of this was transferred to 96 well plates, and absorbance was measured at 570 nm
using a TECAN infinite F200 PRO microplate reader (Tecan Austria GmbH). Using
the formula proposed in the previous literature [98], the absorbance was transformed
to % cell viability:

(% Cell viability) = [100 X (sample absorbance)/ (control absorbance)]

The results of the experiment were presented as means of triplicates with standard
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deviations.

3.5.2 Cell Migration by Scratch Assay

A wound scratch assay was used to determine the effect of Curcumin released from
membrane samples containing blank PCL-PHBV and PHBV/PCL loaded with
CURCUMIN on the migration of 3T3 fibroblast cells. Overnight, 3T3 cells were
seeded in a Corning 12 well plate at a concentration of 40,000 cells/ml. When the
cells had reached 90% confluence, a straight scratch line was made with a 100 pL tip.
The debris of cells flowing in the medium was removed by aspirating it and washing
it three times with sterile 1X PBS. The 3T3 fibroblasts were given 5mg of membrane
samples and incubated for 24 hours at 37°C with a humidified CO2 pressure of 5%.
The migration of cells was observed after 24 hours and photographs were taken with
an Olympus X53 microscope. Following that, the migration distance was calculated
using Image J software. With means and standard deviations, the experiment was
recorded in triplicate.

The cell migration was calculated by the following formula:

Ai - Af

Wound contraction (%) = * 100

where A is initial scratched area at 0 hours and At is the healed area aster 24 hours of

incubation with the samples.

3.5.3 Cell adhesion by crystal violet assay
Prior to UV sterilization of fibers for 1 hour, the adhesion of 3T3 cells on PHBV/PCL

samples and curcumin integrated PHBV/PCL scaffolds was examined. The fabricated
fibers collected on the 18 mm round glass cover slips were seeded with 3T3 cells (4
104 cells/cm?2) in a 24-well plate and allowed to adhere for 4 hours. The extent of 3T3

cell adherence was determined using the crystal violet assay. As a control, TCP
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(Tissue Culture Plate) was used. The cells were then incubated for 4 hours at 37°C in
a humidified atmosphere containing 5% COz. The 3T3 cells were then washed with 1
PBS (phosphate buffered saline) to remove any unattached or weakly attached cells.
The remaining cells were then fixed for 20 minutes with 4% paraformaldehyde. For
10 minutes, fully attached cells were stained with crystal violet (0.1 % (w/v)) in
ethanol (10%). The crystal violet stain was extracted from the cells by washing them
in PBS. Finally, an Olympus X53 microscope was used to photograph the adhered
3T3 cells on the membranes.

3.6 Statistical Analysis

Means and standard deviations were used to interpret the data first (SD). All of the
experiments were carried out three to four times in a row. Using SPSS statistical tools,
all samples were statistically analyzed using the t-test in Origin statistical software.
The confidence interval was taken as 5% to check the significantly different results

(p<0.05).
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CHAPTER 4: RESULTS & DISCUSSIONS

Membrane samples were initially characterized by SEM, FTIR, XRD, TGA, DSC,
swelling behavior, tensile strength, and later biologically by In vitro assays such as
cell viability assay (MTT assay), and cell migration (scratch) assays. A detailed

description of results of each parameter are described in detail below.

4.1 Finding the PCL\PHBYV optimum composition

4.1.1 Physical Characterization
SEM

In air-jet spun nonwoven mats, SEM was used to study the bead and defect-free
morphology of fibers with average diameter, interconnected pores structures. The air-
jet spinning method was obviously efficient because all of the fibers were cylindrical,
continuous, and defect-free. As shown in the figure, the SEM micrographs of the air-
jet spun PHBV/PCL membranes show a uniform fiber diameter distribution without
any beads. Figure 4 and Table 1 indicate the FESEM micrographs and diameters of all
the different fibers, respectively. Pure PCL fibers tended to be thinner and more
uniform than pure PHBV fibers in general. All of the PHBV/PCL fibers were made
with a concentration of 15 % (w/v) chloroform, as previously mentioned. PHBV's
molecular weight (400-600 kg mol/1) was also higher than PCL's (80 kDa), resulting
in the development of much larger, random, and non-uniform PHBYV fibers.

All samples consisted of randomly arranged, defect-free fibers with a smooth, bead-
free surface (Figure 4). The mean fiber diameter for all samples showed a decreasing
trend: 0.99£05um, 0.55+0.25um, 0.43+0.41um (PHBV/PCL 50/50), 0.19+0.1pm
(PHBV/PCL 30/70), 0.32+0.13um and 0.32+0.13um (PCL). The air-jet spinning

technology is a quick process that produces a small volume of a polymeric solution
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(the jet emerging from the nozzle) that is constantly subject to rolling instability and

solvent evaporation as it travels from the nozzle to the target. When the solvent

concentration falls below critical levels at a certain pressure, the beginning of a glass

transition and/or crystallization controls the fiber forming mechanism [19].

Table 1. Fiber diameter distribution of PHBV/PCL membranes sample

Composition Mean S.D Minimum Median Maximum
(Hm) (Hm) (Hm) (Hm)

100% PCL 0.19 0.10 0.04 0.18 0.57

PHBV/PCL 0.32 0.13 0.12 0.31 0.87

30/70

PHBV/PCL 0.52 0.41 0.15 0.47 2.75

50/50

PHBV/PCL 0.55 0.24 0.21 0.52 1.63

70/30

100% PHBV 0.99 0.5368 0.22 0.93 3.70
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Figure 4. SEM micrographs of air-jet spun mats: Pure PCL, PHBV/PCL 30/70,
PHBV/PCL 50/50, PHBV/PCL 30/70 and Pure PHBV. The fiber diameter

distribution curves are also attached alongside the micrographs
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XRD

Figure 5 shows registered XRD spectra for air-jet spun mats. In all cases, the PCL
portion must be linked to the two key peaks. The main PCL peaks are found at 20 =
21.3 and 23.7, which correspond to the (110) and (200) planes, respectively. Due to
the  peculiar  characteristics of  poly(hydroxybutyrate) (PHB) and
poly(hydroxyvalerate) (PHV), PHBV exhibits isodimorphism, as previously stated
(PHV). The crystalline structure was determined by the HV material, with PHBV
crystallizing in the PHB lattice for HV in the range of 0—29mol %. According to
Wang et al., a major polymeric chains orientation is likely to occur at the nozzle's
entry, where the jet is stretched severely. The absence of sharp peaks in the PHBV
sample indicates that the large peaks correspond to the amorphous structure. As the
concentration of PCL in the PHBV/PCL scaffolds is increased, the peaks of PCL
appear to become more visible. This also confirms our suspicion that the blend is
properly blended, as shown by the SEM photographs. XRD spectra of air-jet spun
PHBV/PCL blends showed the characteristic patterns in the used measurement
conditions, with no noticeable peak change with respect to the tidy components. The
crystallinity/amorphous of the polymer components in the blends will affect the
degradation of the fibrous mats during wound healing. More amorphous nature helps
to accelerate the degradation of the material, as observed in the literature. The
blending has resulted in the decrease of intensity of crystalline peaks with increasing
content of amorphous PHBV. This shows that the blending will decrease the
degradation time required by the pure PCL, which is helpful for the potential use as

biodegradable wound dressing materials.
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Figure 5. XRD spectra of all PHBV/PCL blended samples to assess the nature of the

blended components in the fibers.

FTIR

All of the scaffolds in the study had their spectra analyzed and compared to pure
PHBV and pure PCL spectra. For PCL scaffolds, the FTIR spectra revealed many
distinct bands at 1751 cm™ (C=0 stretching), 1353 cm™ (C-O and C-C stretching),
1240 cm™ (C-O-C asymmetric stretching), 1175 cm™ (OC-O stretching), and 1155
cm (C-O-C symmetric stretching). Both samples had chemical functional groups that
were very similar, according to the results obtained for PHBV/PCL composite
scaffolds. The absorption peaks of PHBV were observed at 1740 cm™ (C = O
stretching), 1266-1472 cm™ (C-H stretching), 1232 cm™ and 1124 cm? (C-O-C

stretching), 1170 cm™ (C-O asymmetric stretching), and 1058 cm™ (C-O symmetric
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stretching). Figure 6 depicts the infrared spectra and main absorption bands of
different samples. The FTIR spectra of PCL and PHBV matched those seen in the
literature. The transmission peaks of fibers made using various methods are close to
those of pure PCL and PHBV, and no new absorption peaks have emerged. These
findings revealed that there was no chemical bond between polymers during the fiber
preparation process, indicating that it is safe to assume that the initial components
were not chemically changed. Therefore, it is safe to assume that the blended

materials will not impart any toxicity to the mats.
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Figure 6. FTIR spectra of all PHBV/PCL blended samples to check the formation of

chemical bonds between the blended polymers

DSC

The thermal properties of air jet spun samples are summarized in Table 2, while DSC
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thermogram is shown in Figure 7. The PHBV and PCL melting temperatures were
approximately 155 °C and 69 °C. The melting of primary crystallite material and the
melting of re-crystallized material had previously been due to PHBV's double melting
point. In the range of 140-155 °C, a double fusion peak was detected for PHBV/PCL
fusion, and about 60 °C were detected for a single peak. The endotherms were used to
measure the degree of crystallinity. The crystallinity of the PHBV component was
close to that of the neat polymer in all compositions (i.e., about 40 %). The degree of
crystallinity of the PCL part increased over time, with PHBV/PCL 50/50 hitting a
peak crystallinity of around 50%. This finding supports the previous microstructure
discussion, which leads to the conclusion that the increase in PCL helped to influence
the relative mechanism of PHBYV crystallization.

In line with the previous XRD results, this result indicates that the polymer blend is
made up of two immiscible components. Given that molecular chains must be
rearranged in small fluid volumes, these results indicate that the two polyesters
interacted with the nucleation and growth of crystalline structures during air-jet
spinning, allowing for more effective grid lattice organization. In addition, it is
obvious that Tc (PHBV) in blends decreased for air-jet spun mats by about 11°C
compared to a neat PHBV when comparing the thermal data in Tables 2. Because of
the heterogeneity deactivation, these results suggest that the two immiscible
polyesters interacted in some way in the nucleation and creation of the crystalline
domains. Incredible binary combinations' crystallization behavior is well known to be
highly dependent on the stage before crystallization. Based on the preceding
discussion, the presence of crystalline PCL fields can be deduced to improve the
crystallization of PHBV. Sample microstructure were affected by various solvent

evaporation rates and stresses induced in the polymer solution when air throttle was
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spinning. Also, as discussed in XRD, the change in crystallinity of the polymers in the
blends will improve the degradation behavior which is required for quicker

degradation time.
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Figure 7. DSC heating thermogram of all PHBV/PCL air-jet spun mats to analyze the
crystalline content in the blends which affects the mechanical behaviour as well as

degradation behavior of the samples.
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Table 2. DSC parameters for PHBV/PCL membrane samples. T¢ is crystallization
temperature from cooling pass, Tm is melting temperature from the heating pass and X

is the crystallinity % of the specific polymer

PHBV PCL
Sample
Tc(°C) Tm(°C) X (%) Tc(°C) Tm(°C) X (%)
Pure PCL - - - 28 54.5 39.7
PHBV/PCL
30/70 - 167.7 47.0 25.2 54.2 37.7
PHBV/PCL
50/50 - 167.5 42.9 27.2 54.3 37.1
PHBV/PCL
70/30 96.5 166.7 43.4 25.2 53.6 31.7
Pure PHBV 99.5 167.8 41.3 - - -

TGA

Thermal stability is a significant consideration in PHBV blend research and
applications. TGA was used to investigate the blends' thermal degradation kinetics, as
shown in Figure 8. Pure PHBV and PCL degradation begins at approximately 265 and
348 °C, respectively, and is completed at 346 and 440 °C, respectively, in a single
step. The weight loss of PHBV/PCL is two-step, as shown by the TG curves of the
blend samples, with initial and final decomposition temperatures close to those of
pure PHBV and PCL. As a result, the TGA findings in this analysis are close to
changes in PHBV/PCL blends previously recorded [99]. This study confirms that

there was no unstable behavior shown by the blends in their thermal degradation. This
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is in conformity with the results from the DSC results where it was observed that the
two polymers in the blends existed as immiscible components. Within the range that a
human sin usually exposed to (upto a maximum of 55 °C in peak summer under direct

sunlight), there does not seem any erratic degradation behavior.
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Figure 8. TGA of different PHBV/PCL blends to analyze the thermal degradation

behavior of the blends

Water retention study

Swelling experiments are preliminary tests for determining if biodegradable polymers
are compatible. The fibrous scaffolds' ability to absorb vast amounts of water and
swell as a result makes them a good choice for use in living tissues, giving them
unique physical properties [100]. The water uptake of samples was investigated using
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the swelling capability of prepared fibers. Swelling ability and water absorption
properties, which suggest hydrophilicity potential in three dimensions, are not the
same as surface hydrophilicity. In numerous studies, highly swelling matrices have
been shown to benefit cell attachment, growth, and internal migration into three-
dimensional scaffolds. The higher the value of the swelling ratio, the better it is for
wound dressing applications as it allows for more exudate removal from the wound
site.

Figure 9 shows the water absorption capacities of pure PCL, pure PHBV, and
PHBV/PCL scaffolds in 0.1 m PBS at room temperature after 3 days. For PHBV/PCL
70/30 scaffolds with a maximum swelling ratio of around 15, the water absorption
rate increased steadily in the early 8 h and rapidly in 4 d. Over the course of four days,
the water absorption rate of PHBV/PCL blends increased steadily, reaching a swelling
ratio of around ten. The water absorption capacities of PHBV scaffolds were lower
than the water absorption capacities of PCL scaffolds at any given time point. At 4
days, the water absorption capacities of PHBV scaffolds were lower than those of
PHBV/PCL blends and PCL scaffolds. As PHBV was blended into PCL scaffolds, the
porosity of the scaffolds decreased, as did the water absorption capacity of the
scaffolds. Surface wettability has been shown to be influenced by both micro- and

nanoscale roughness. It's possible that it had an effect on water absorption properties.
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Figure 9. Water retention capacity of various blends of PHBV/PCL in terms of
swelling ratio. The values of the swelling ratios are taken as averages of three sample

sets of each blend.

Mechanical strength study

The stress-strain plot of all the samples was obtained from the testing machine. Table
3 shows the mechanical properties of air-jet spun mats. Among the polymers, PCL
had the highest tensile strength and the largest deformation at break. The results
showed a steady improvement in tensile strength and elongation at split as the PCL
content in PHBV/PCL blends was increased. The initial linear stress—strain action of
air-jet spun mats is governed by fiber packing density in general. The higher the fiber
packing density, the better the air-jet spun material contrasts the reorienting power,

since non-woven fibers reorient along the load direction. A second stage occurs as the
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loading is increased, powered by fiber mechanics, which is determined by polymer
chemistry and fiber dimension. It was difficult to set up pure PHBV samples for
testing on the machine because they were extremely fragile.

The engineering stress-strain curves are shown in Figure 10. The increase in PCL in
the chemical composition usually increases the strength, while plasticity was affected
by the PHBV content of mixtures. However, of all membranes tested at this strain
rate, PHBV/PCL 50/50 showed the best combination of strength and plasticity, and
could be used in biomedical applications where swelling improves water uptake and
thus cell proliferation. The PHBV/PCL 50/50 tensile strength and plasticity were up
approximately 0.7 MPa and 100 % in comparison to pure PHBV. In the literature,
PCL has been combined with various bio-polymers to produce more advantageous
nano-scaffolds and PCL membranes are presented in line with previous studies for
improved mechanical properties. In addition, the PHBV/PCL membrane Young's
modulus was usually linearly proportional to the membrane PCL in 50% of the PCL,
but the Young's modulus decreased with the increasing of the PCL composition. The
mean tensile strength of human skin is in the range of 27.2+9.3MPa while the mean
elastic modulus is 98.97+97 MPa [96]. The results of this study is nowhere close to
these numbers but is comparably close to similar polymer blend studies using
electrospinning process [101]. Compared to electrospun mats of similar blend

composition, the air-jet spun mats have reached 50% of the strength.
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Figure 10. Tensile stress-strain curves of different blends of PHBV/PCL composite

scaffolds

Table 3. Mechanical properties of air-jet spun PHBV/PCL composite membranes

Samples Maxi_mum Ultimate tensile Young's
elongation (%) strength (MPa) modulus (MPa)
Pure PCL 102 £5.3 1.03+£0.13 20604
PHBV/PCL 30/70 83+5.38 0.82+0.17 3.04+0.8
PHBV/PCL 50/50 48 £ 4.6 0.79+0.15 55+0.6
PHBV/PCL 70/30 24+39 0.41+0.18 6.02+0.5
Pure PHBV
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4.1.2 In Vitro cell studies

At 3 and 7 days after cell culture, the proliferation of 3T3 fibroblast cells cultured on
each PHBV/PCL blended scaffold was assessed. The number of cells cultured on each
scaffold increased as the cultivation period went on, as shown in Figure 11. Overall,
the cell proliferation rate increased as the amount of PHBV blended into the scaffolds
increased; large increases in the number of cells were observed on all composite
PHBV/PCL scaffolds after a 7-day culture cycle, compared to pure PCL scaffolds.
The introduction of PHBV into the PCL scaffold aided cell adhesion first, and then
stimulated cell proliferation. These findings appeared to corroborate previous findings
that PHBV could enhance cellular functions. Cell morphology and interactions
between cells and scaffolds can be studied using these photos. The majority of cells
began binding to the fibers over the scaffolds three days after seeding. At any given
time point, the most expansion occurred on the surface of the PHBV/PCL 70/30
scaffold. The adhesion and proliferation of the PHBV/PCL 50/50 is comparable to the
PHBV/PCL 70/30. Although the pure PHBYV fibers had the best adhesion, the random
orientation and disconnected fibers prevented better proliferation, as shown in the
figure. When compared to other scaffolds, the water absorption capacities of the
PHBV/PCL 70/30 scaffold were also the largest, indicating that the wettability of the

substrate plays an important role in mediating cell activity.
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Figure 11. Adhesion of 3T3 fibroblast cells to the different compositions of

PHBV/PCL scaffolds after 3 days and 7 days of culture
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4.1.3 Inferences

SEM results showed that the fiber diameter increased with increasing PHBV content.
Thermal analysis and spectral analysis showed that the blending influenced the
crystallinity of the polymers and that they existed as immiscible components in the
blends. Tensile strength study showed that the strength increased with increasing
PCL content. For PHBV/PCL 50/50, the strength was around 75% of that of pure
PCL. Cell culture study showed that the increasing PHBV content increased cell
adhesion and proliferation. The adhesion and proliferation of the PHBV/PCL 50/50 is
comparable to the PHBV/PCL 70/30. From the water retention study, tensile strength
study and cell adhesion study, it can be inferred from the above observations that
PHBV/PCL 50/50 can provide the best possible combination of mechanical and

biological properties suitable for wound dressing applications.

4.2 Incorporation of curcumin into PHBV/PCL samples

4.2.1 Physical Characterization
SEM

In this analysis, we used different curcumin concentrations of 0.5, 1, 2, 3, and 5 (%
w/w) to prepare PHBV/PCL air-jet spun fibers. Image J was also used to measure
fiber diameters (Table 4). To fabricate smooth and uniform fibers, various parameters
from the previous study were used, such as polymer concentration and air-jet spinning
parameters. SEM images show that air-jet spinning produced smooth and uniform
nanofibrous structures (Figure 12). The average diameter of PHBV/PCL blank fibers
was 0.497+0.3 um. The average diameter of the 0.5, 1, 2, 3, and 5 % loaded fibers

increased to 0.912+0.3 um, 0.53 0.4 um, 0.81+0.4 um, 0.86+0.3 pum, and 1.2+0.5

um, respectively, when curcumin was added. The addition of curcumin to the solution
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increased the density and may have resulted in a larger fiber diameter. According to
SEM images of fibers, uniform fibers with controlled morphology and no bead
formation (or defects) were obtained. SEM micrographs showed that adding curcumin
to PHBV/PCL solution increased fiber diameter from 497 nm to 1200 nm, as shown
in Figure 12. The increasing viscosity of the solution, which acts as reinforcement in
the PHBV/PCL matrix, explains this.

The morphology and frequency of fiber distribution did not change significantly when
the curcumin concentration was increased to 5% w/w. Curcumin aggregates were not
present on the surface of the fibers. Previous research using human skin fibroblast
cells showed that fibroblast proliferation and gene expression are influenced by fiber
diameter. The most effective fibers for fibroblast proliferation and matrix deposition
were found to be those with diameters of 350-1100 nm [102]. This supports our
hypothesis that curcumin-loaded fibrous scaffolds may be beneficial in wound

healing.
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Figure 12. SEM images of blank and curcumin-loaded nanofibers (0.5%, 1%, 2%, 3%
and 5% Curcumin). Fiber diameter distributions of curcumin-loaded fibers are

visualized at the edges of the SEM images (n=100).
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Table 4. Statistical tabulation of Fiber diameters of the curcumin-loaded membranes

(n=100)
Compostion Mean SD Minimum  Median  Maximum
(um) (Lm) (um) (um) (Lm)
Blank PHBV/PCL 0.497 0.338 0.192 0.405 2.338
0.5% Cur 0.529 0.414 0.127 0.474 2.753
1% Cur 0.911 0.346 0.277 0.827 2.298
2% Cur 0.811 0.426 0.22 0.7855 2.222
3% Cur 0.858 0.339 0.327 0.832 1.766
5% Cur 1.199 0.485 0.306 1.0935 2.442
XRD

Curcumin and PHBV/PCL X-ray diffraction patterns, as well as Curcumin-loaded
fibers, are shown in Figure 13. Pure curcumin is a crystalline substance with a range
of distinct reflections ranging from 10° to 30 20. As discussed in the previous
analysis of PHBV/PCL blend optimization, blank PHBV/PCL shows only two
prominent peaks, which are indicative of the crystalline nature of PCL presence in the
blend. Tiny diffraction peaks in the Curcumin-loaded PHBV/PCL XRD patterns can
be due to raw curcumin, indicating that some curcumin is still present in a crystalline
state in the fibers. The characteristic two peaks of curcumin between 10°
to 30° 260 begin to appear in the samples at higher concentrations of Curcumin (above
2%). The 5 % Curcumin shows these peaks very clearly. The increased presence of

crystalline curcumin nanoparticles in the samples can be due to this.
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Figure 13. XRD spectra of curcumin nanoparticles, blank PHBV/PCL sample and
curcumin-loaded samples to check the crystalline/amorphous nature of the

incorporated curcumin into the matrix

DSC

Table 5 summarizes the thermal transition temperatures of the blank and curcumin-
loaded samples. Thermograms of PHBV/PCL and curcumin-loaded PHBV/PCL are
shown in Figure 14. The thermogram of curcumin-loaded PHBV/PCL fibers shows a
large endothermic peak between 50 and 60 °C due to water loss, as well as two
endothermic peaks between 165 and 180 °C, which correspond to the melting
temperatures (Tm) of curcumin and PHBV/PCL, respectively. In accordance with the
findings of X-ray diffraction, a phase distinction between the two components in the

fiber is clearly visible here. The Tm peak of curcumin at 175 °C is not visible in the
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thermogram of the PHBV/PCL fibers, indicating the generation of a homogeneous

system. With rising curcumin concentration, the water evaporation endotherm has

also moved to a higher temperature, from 90 to 100 °C. This is due to molecules in

PHBV/PCL taking over some of the water molecules' binding sites. The findings can

be explained in terms of the fibers' local structure. The curcumin was at least partly

present in a crystalline state in the fibers, according to both XRD and DSC. The

amount of crystallinity of PHBV and PCL polymers present in the fibers decreases as

the drug content increases.
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Figure 14. DSC heating thermograms of blank PHBV/PCL and curcumin-loaded

samples to analyze the thermal behavior and influence on crystallinity
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Table 5. DSC parameters for curcumin-loaded PHBV/PCL membranes. T¢ is
crystallization temperature from cooling pass, Tm is melting temperature from the

heating pass and X is the crystallinity % of the specific polymer

PHBV \l PCL
Sample [e] [e] [e] [e]
Tc(°C) Tm (°C) X (%) Tc(°C) Tm (°C) X (%)
Blank
PHBV/PCL 0 164.9 43.98 30.8 56.7 24.56
0,
0.5% 0 166.0 31.58 303 56.4 26.22
Curcumin
1%
. 0 162.7 32.35 24.2 53.8 29.12
Curcumin
2%
. 0 164.0 30.84 22.4 53.8 28.13
Curcumin
3%
. 0 163.5 28.33 215 52.9 24.19
Curcumin
5%
. 0 161.8 27.25 20.9 51.6 26.90
Curcumin
FTIR

The FT-IR spectra of blank PHBV/PCL, curcumin, and curcumin-loaded PHBV/PCL
fibers are shown in Figure 15. According to the results obtained for PHBV/PCL
composite scaffolds mentioned in the previous study, chemical functional groups for
the samples were very close. The absorption of the saturated ester groups appeared as
follows in the curcumin spectra (Figure 15): 806 cm™, 873 cm™, 955 cm™, 1113 cm?,
1164 cm™, 1214 cm®, 1214 cm®, 1214 cm™?, 1214 cm™, 1214 cm, 1214 cm®, 1214
cm?, 1214 cm?, 1214 cm?, 1214 cm™. The hydroxyl group's stretching area appeared
in the band range of 3200-3550 cm™. Curcumin’s band of alkanes (C-H). Curcumin’s

wavenumber was found to be 1501 cm™. The existence of an ether group was
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suggested by stretching bands at 1000-1260 cm™ (C-O). Curcumin's vibration of the
C-O stretching band was distinguished by a spectrum at about 1162 cm™. Curcumin's
characteristic peak at 3500 cm™ was absent from the spectrum of curcumin-loaded

PHBV/PCL nanofiber [103].
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Figure 15. FTIR spectra of blank and curcumin-loaded PHBV/PCL samples to assess

new chemical bond formations

Water retention study
Swelling experiments are preliminary tests for determining if biodegradable polymers
are compatible. The fibrous scaffolds' ability to absorb vast amounts of water and

swell as a result makes them a good choice for use in living tissues, giving them
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unique physical properties. The water uptake of samples was investigated using the
swelling capability of prepared fibers. In numerous studies, highly swelling matrices
have been shown to benefit cell attachment, growth, and internal migration into three-
dimensional scaffolds. The addition of curcumin significantly improved the swelling
ratio, according to research. With increasing curcumin concentration, the swelling
ratio of curcumin-loaded PHBV/PCL fibers clearly increased from around 10 to
around 17. The swelling ratio of PHBV/PCL containing 3% curcumin was the largest,
at 17. This might be due to the combination of best hydrophobicity and porosity
which gave the high value of swelling ratio. Furthermore, this finding may help

improve cell attachment and proliferation on PHBV/PCL fibers (Figure 16).
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Figure 16. Water retention capacity of blank and curcumin-loaded samples of

PHBV/PCL in terms of swelling ratio

4.2.2 In Vitro cell studies
MTT assay

The colorimetric MTT assay detects viable cells converting MTT tetrazolium
molecules to a purple formazan product, which indicates normal mitochondrial
activity. As a result, the rate at which MTT is converted into the purple formazan
component by living cells can be used to estimate cellular metabolism. After 24 hours
of cell culture, the optical density of each sample was determined and displayed.
Curcumin-loaded PHBV/PCL fibers were found to have strong biocompatibility and
to promote cell growth and proliferation. The following was the order of cell viability

at the end of the 24-hour extraction: 5% Cur < 3% Cur < 2% Cur < 1% Cur < Blank
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PHBV/PCL < Cur 0.5%. With a concentration of 0.5 % curcumin, there is a favorable
trend in cell viability (Figure 17). The viability of the cells in the 0.5 % curcumin-
loaded fiber wells was clearly higher than that of the plain PHBV/PCL fibers, and the
cells proliferated 8% more than the control. Curcumin's effect on cell signaling
pathways of cell attachment resulted in an increase in cell proliferation. The effects of
curcumin concentration on cell viability have been recorded in a wide range of ways.
Curcumin has a beneficial impact on cell attachment when it is less than 25 mmol/L,
according to Merrell et al.[104]. Curcumin plays an important role in enhancing cell
attachment and proliferation by increasing cell signaling pathways in neighboring
cells. It's worth noting that, as reported in a few previous studies, the lower cell
growth on fibers compared to blank is most likely due to slow cell proliferation on
foreign materials, even biocompatible ones. The viability of 3T3 fibroblasts decreased
as the content was increased beyond 0.5 %. This preliminary analysis of the
curcumin-loaded PHBV/PCL fibers indicates that scaffolds with curcumin
concentrations greater than 0.5 % in the fibrous scaffolds are toxic to the cells. This is
in conformity with the previous discussions where it was shown that the curcumin
was present in the matrix as distinct crystalline entity. The crystalline curcumin was
more evident in higher concentrations of curcumin samples which might have resulted
in the easy release of curcumin from the samples. This quick degradation release in

large amounts must have been toxic to the cell viability.
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Figure 17 Viability of 3T3 fibroblast cells cultured on blank PHBV/PCL and
curcumin-loaded PHBV/PCL fibre mats after 24 h. Viability was significantly
reduced by curcumin, although > 50% of cells remained viable on all scaffolds. Data

are the mean = SD. (* p<0.05)

Scratch assay

In vitro, the wound healing scratch test may be used to see whether wound dressing
materials help or hinder wound healing. The effect of curcumin on cell migration was
investigated using a scratch assay and the ability of the cells to migrate in the
presence of a nanofibrous mat (Figure 18). Cells were seeded at 8 x 10° cells per well
and starved in imperfect media at first.

Figure 19 depicts the scratch assay findings in terms of wound contraction area

obtained via the scratch procedure. Since 3T3 cells migrated into the scratched area
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after 24 hours of scaffold therapy, about 30% of the scratched area healed in charge.
On the PHBV/PCL membranes, a relatively similar pattern of about 25% wound
contraction was observed. As compared to pure PHBV/PCL scaffolds and control
groups, Curcumin-loaded scaffold groups containing less than 1% curcumin
significantly improved scratch healing. Scaffolds containing more than 1% curcumin
decreased the %age of wound contraction. This is due to the toxicity of increased
curcumin supply, as stated in the previous MTT report. In the in vitro wound model, it
was discovered that 0.5 % curcumin containing PHBV/PCL scaffolds increased cell
migration the most. This behavior can be attributed to the same factors as discussed in

the preceding section.
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Figure 18. Cell migration and wound contraction results of developed patches in vitro
for 3T3 fibroblast. The images of in vitro wound healing were taken using 4x
magnification. Navy blue boxes indicate the boundary of the wounds before sample
treatment and after 24 h of treatment.
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Figure 19. Percentage wound closure of scratch wounds after 24 hours. The wound
closure rate was significantly higher for 0.5% and 1%(w/w) curcumin dressings after

24 hours compared with control. Data are the mean+SD.

4.2.3 Inferences

Various concentrations of curcumin were incorporated into air-jet spun PHBV/PCL
fibers. The fibers showed continuous morphology with increasing trend of fiber
diameter with increasing curcumin content. The XRD, FTIR, DSC results showed that
the curcumin nanoparticles were properly incorporated into the matrix and exhibited
crystalline form. The water retention study showed that the curcumin incorporation
increases the water uptake capacity for all the samples. In comparison to the control
group, the results of the cytotoxicity and migration assay analysis show that
CURCUMIN impregnated PHBV/PCL membranes provide a robust environment that
promotes wound healing in an in vitro model. The proliferation and migration of
fibroblast (3T3) cells were significantly increased, which may be one of the reasons
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for the re-epithelialization process to be accelerated. In the in vitro wound model, it
was discovered that 0.5 % curcumin containing PHBV/PCL scaffolds increased cell
migration the most.

More in-depth studies need to be carried out to better assess the toxicity of curcumin
in wound healing application. More in vitro and in vivo studies will help us make
more robust conclusions on the viability of using curcumin as active agents in wound
healing materials. Otherwise, the above results showing the toxic nature of higher
%age of curcumin in the biomaterials can be directed towards their use in anti-cancer

studies.
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Chapter 5: Conclusions

In the first chapter, detailed literature review of various fabrication techniques being
used for fabrication of biomaterials for wound healing applications were discussed.
Air-jet spinning was introduced as a better alternative to electrospinning to fabricate
fibrous biomaterials for wound healing applications. Following this, PCL, PHBV and
the blend of PHBV/PCL membranes for wound healing applications were explored.
Furthermore, the role of Curcumin was thoroughly described in terms of wound
healing. The materials and methods for fabrication of PHBV/PCL and loading of
curcumin into the PHBV/PCL matrix was described. The various physio-chemical
characterization studies were described to assess the quality of the fibers. Various cell
culture studies that would help to determine the suitability of the fabricate materials in
wound healing applications were also discussed. From the first study, it was
concluded that increasing the PHBV concentration increases the cell viability and
proliferation properties of the air-jet spun samples, and the PCL concentration imparts
mechanical strength properties to the air-jet spun samples. From the water retention
study, tensile strength study and cell adhesion study, it can be reasonably concluded
that PHBV/PCL 50/50 shows the best combination of mechanical and biologically
favoring properties among all the compositions studied of PHBV/PCL. In the next
study, various concentrations of curcumin were incorporated into air-jet spun
PHBV/PCL fibers. The fibers showed continuous morphology with increasing trend
of fiber diameter with increasing curcumin content. The XRD, FTIR, DSC results
showed that the curcumin nanoparticles were properly incorporated into the matrix
and exhibited crystalline form. The water retention study showed that the curcumin

incorporation increases the water uptake capacity for all the samples. The results
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obtained from cytotoxicity and migration assay study shows that CURCUMIN
impregnated PHBV/PCL membranes provide a robust environment that promotes
wound healing in an In vitro model as compared to control group. The proliferation
and migration of fibroblast (3T3) cells was significantly increased that may be one of
the triggers to boost the re-epithelialization process. Overall, it has been observed that
0.5% curcumin containing PHBV/PCL scaffolds improved the cell migration the most
for the in vitro wound model.

Having low mechanical strength (significantly less than electrospun membranes),
especially for natural polymer-based membranes, prevents the widespread use of the
otherwise beneficial functions of air-jet spun nanofibers. Incorporation of various
nanofillers in polymer matrix and blending with mechanically robust polymers are
tried as the potential strategies to improve the mechanical properties of spun
membranes. However, exactly mimicking the mechanical properties of spun
membranes with that of ECM of various tissues is still challenging. Future research
may focus on this direction where tissue specific ECM mimetic scaffolds with

matching tensile strength, modulus and elasticity will be developed.
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