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Due to their ultrafine network structures, electrospun nanofibers have
been potentially used for wound dressing application as they could provide a rapid
wound epithelialization, an enhanced oxygen and nutrients delivery to cells, an
improved drug loading capacity and release rate. In order to develop a desired wound
dressing material, shellac (SHL), a natural biopolymer with excellent film forming
and protective properties, was blended with polyvinyl pyrrolidone (PVP), a water-
soluble synthetic polymer with good mechanical characteristic, for using as a
polymeric carrier. Monolaurin (ML), which is a natural antimicrobial lipid, was
incorporated into the SHL/PVP blended nanofibers to prevent the incidence of
delayed wound healing resulting from microbial infection. In this study, a full
factorial design with three replicated centre points was employed in order to
determine the main and interaction effects of various factors including SHL ratio in
SHL-PVP blended solution, ML content and applied voltage on the multiple
responses such as morphology, surface wettability, absorbency and mechanical
properties. According to the results, an increase in the PVP content could lead to a
significant increase in the mechanical behavior resulting in the appearance of beadless
fibres. In addition, the presence of PVP might contribute to an improvement in the
drug loading capacity and dissolution rate. However, the wettability and absorbency
of the fibres might be retarded by the hygroscopic nature and rapid erosion of PVP.
The fabricated nanofibers loaded with ML exhibited an excellent activity against
Staphylococcus aureus and Candida albicans, and also provided an enhanced ability
in the cell adhesion. Therefore, SHL/PVP blended nanofibers loaded with ML might
be effectively used for application in wound healing.
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CHAPTER 1

Introduction

Wound is an injury which damages the skin, a protective barrier against the
external environment. When a wound is exposed to the air, the scab, a crust of dried
pus, blood or serum, would be formed to cover the wound (1). However, delayed
wound healing might be occurred because the scab formation could trap white blood
cells, thus preventing their functions in wound healing, and the epidermal cells cannot
move through the scab formed. The surface temperature of the wound exposed to the
air would decline causing peripheral vasoconstriction affecting the supply of oxygen,
nutrition and other factors to the wound (2,3). Moreover, the dry scab, which is the
stratum corneum layer acting as the body’s barrier to water vapor loss, is normally

detached from the wound leading to significant transepidermal water loss (1).

Wound dressing is applied to a wound to promote natural wound healing and
protect the wound. Although traditional wound dressings are effective barriers which
could absorb exudate and prevent bacterial contamination, they keep wound dry
causing the formation of scab contributing to delayed wound healing process (1).
Therefore, prevention of the formation of scab with preserving moisture and aiding

the different stages of healing should be considered.

Electrospun nanofibers wound dressings work on the concept of moist wound
healing which retains fluid contacting with wound. The benefits of moist wound
healing include inhibiting dry scab formation, decreasing the pH of environment
affecting bacterial growth, shortening of the inflammatory phase of wound healing
and providing an environment rich in enzymes, white blood cells and growth factors
favourable for wound healing (3). Due to their ultrafine network structures,
electrospun nanofibers can be used for the replacement of natural extracellular matrix
(ECM) resulting in greatly rapid epithelialization, allowing the reduction of scar
formation (4,5). The porous nature of nanofiber dressings also enhances oxygen and
nutrients transferring to cells leading to an increased healing rate (6). In addition, they
can improve drug loading capacity, and release rate because of their high surface to

volume ratio properties (7).



Shellac (SHL) is a natural polymer secreted by the lac insect found on specific
trees in China, India and Thailand. It is nontoxic and physiologically harmless (8).
Based on its excellent film forming and protective properties, SHL is commonly used
as an enteric coating material to protect from acid in gastrointestinal tract and as an
additive in fruit coating to prevent water loss and microbial entry (9,10). Additionally,
SHL could be easily electrospun in to nanofibers (11). Therefore, SHL demonstrates

good promising properties as a carrier polymer for wound dressing application.

However, nanofibers containing only SHL indicate some disadvantages,
including hydrophobicity, lacking cell affinity and poor mechanical properties. In
order to solve the problems, the fabrication of electrospun nanofibers from blend
solutions of SHL with another polymer that possesses more hydrophilicity, higher
mechanical strength ‘and better. cell ~adhesion  might be investigated.
Polyvinylpyrrolidone (PVP), a water soluble synthetic polymer, has been frequently
utilized for biomedical applications such as hydrogels for skin substitutes and wound
healing due to its biocompatibility, biodegradable, low toxicity and good mechanical
properties (12,13). However, the highly hygroscopic property of PVP might attribute
to storage and quick-dissolving problems. Therefore, SHL blending with PVP might
offer an excellent nanofiber mats for wound dressing with the improvement of the

physiological properties.

Infection might cause a delay in wound healing. To prevent the multiplication
of pathogen, an antimicrobial agent should be incorporated. Apparently, antibiotic
resistance has become an increasing worldwide problem for infection treatment. In
addition to treatment with synthetic drugs, safe and effective antimicrobials which are
not easily subjected to resistance are greatly required. Among these simple
antimicrobial compounds, natural lipids seem to be an achievable choice (14).
Monolaurin (ML), a monoester form of lauric acid which is a medium chain fatty acid
found naturally in human breast milk, coconut oil and palm kernel oil, exhibits broad-
spectrum activity against Gram-positive bacteria from superficial skin infections and
also has an antifungal effect by inhibiting spore germination and preventing the radial
growth (15-17). It is non-toxic used as a food emulsifier and used for spoilage and

microorganism control in food processing industries (18). However, there is little



study exploring the possibility of ML as an alternative antimicrobial agent in the

pharmaceutical dosage forms, including wound dressing.

The morphology and physicochemical properties of electrospun nanofibers
could be affected by various parameters which are broadly divided into formulation
parameters, process parameters and ambient parameters (19). Experimental design
techniques might be applied aiming to determine the main and interaction effects of
possible parameters, and also reduce development time and the number of
experimental trials. In this study, a full factorial design was conducted to optimize the
effect of variable parameters. In addition, the optimum conditions which provide
antimicrobial dressings with proper properties are obtained (20).

In order to develop a perfect wound dressing material, the combination of the
property of individual material might be considered. Antimicrobial agents, especially
from natural sources, should be additionally incorporated to prevent the post wound
infection and reduce the risk of antibiotic resistance. In this work, a nanofiber mat of
SHL-PVP containing ML is conducted through electrospinning. The optimum
parameters in response to fabricating the antimicrobial nanofibers with desired
properties were investigated by the full factorial design method.

The study is divided into 3 main parts according to the development of results.

Part I: Fabrication and morphology analysis of electrospun SHL nanofibers

using factorial designs

SHL might be potentially used as a carrier polymer for wound dressing
application. The objectives of this part is to investigate the main and interaction
effects of some parameters such as SHL content, applied voltage and flow rate on the
morphology of the SHL nanofibers, and to find the optimum process conditions by

using a full factorial design with three replicated centre points.

Part I1l: Fabrication and characterisation of ML loaded electrospun SHL

nanofibers using factorial designs

The aims of this section are to investigate which factors (SHL and ML

concentrations, applied voltage and flow rate) and interaction effects between these



factors would have the most impact on the morphology of SHL nanofibers loaded
with ML. The fabrication conditions are optimized by using a full factorial design
with three replicated centre points. Various instrumental analyses including powder x-
ray diffraction, differential scanning calorimetry and FTIR spectroscopy are also
employed in order to investigate the physicochemical characteristics of ML in SHL

nanofibers.

Part 11l: Fabrication, analysis and characterisation of electrospun SHL /

PVP nanofiber mats loaded with ML using factorial designs

In this part, PVP is added to SHL carrier in order to provide wound dressing
with the improvement of property performance. The studied independent factors are
SHL ratio in SHL-PVP blended solution, ML content and applied voltage, which are
selected based on preliminary studies. A 23 full factorial design with three centre-
point replications is conducted to identify the effects of each significant factor and
their combination on the multiple observed responses including morphology,

mechanical property, hydrophilicity, swelling ability and antimicrobial activities.
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2.1  Types of wound dressings

Wound dressing is a suitable material designed to be in direct contact with the
wound to promote effective healing and prevent further harm. In the last few years,
various wound dressings have been designed in order to produce the ideal wound
dressing materials which should be nontoxic, prevent dehydration and maintain a
moist environment at the wound interface, physically protect the wound against dust
and microorganisms, remove excess exudates, allow gaseous exchange, provide
thermal insulation, be removed easily without trauma to the wound and promote
wound healing (21). Recently, there is a variety of wound dressings available, which

has been broadly classified from different aspects as follows (22);

2.1.1 Passive Dressings

For many years the conventional wound dressings, gauze and tulle (paraffin
gauze), have been simply served as a protective cover on a wound leading to
rehabilitation underneath. Gauze dressings are used for debridement of highly
contaminated exudative wounds because of their fine and wide meshed weaved cotton
composite. However, the passive dressings fulfill very few of the properties of an
ideal dressing. They are not suitable for a wound as rapid healing is required. Gauze
can also disrupt the wound bed causing trauma when removed, while tulle produces
paraffin cover the wound leading to maceration as the water vapor and exudation can
be trapped within wound (3,22,23).

2.1.2 Interactive dressings
Interactive dressings are comprised of polymeric films and foams which are
mostly transparent, prevent bacterial entry to the wound, but allow gas and vapor

permeation.

2.1.2.1 Semi-permeable films

These dressings are composed of polyurethane membrane coated with
acrylic adhesive making them waterproof and flexible. They are transparent barriers
which are permeable to oxygen and vapor but impermeable to liquid and bacteria.
These films are objected to allow excess fluid to be lost by vapor transmission, but

preventing dehydration of the wound. However, as films are non-absorbent, they are



not suitable for heavily exudative wounds. Film dressings are normally used for
superficial and clean wounds, especially post-operative wounds because they could

protect from shear and friction (3,24).

2.1.2.2 Semi-permeable foams

These dressings consist of a hydrophobic backing layer of semi-
permeable film and a soft hydrophilic inner layer of polyurethane foam. They could
absorb a large amount of exudates preventing the risk of maceration, while providing
an environment for moist wound healing. In addition, they are easily applied and
removed without influencing the healing tissue. They are also thermally insulating.
Therefore, foam dressings meet many of the ideal dressing criteria (3,24).

2.1.2.3 Hydrogels

Hydrogels are a network of hydrophilic _polymers containing high
water content. These polymers are insoluble in water, but swell extensively in water.
They are available in the form of sheets or gels designed to rehydrate necrotic tissue
creating a moist wound healing environment to facilitate autolytic debridement, and
able to absorb exudate into the polymer matrix. These dressings could be used for
burn and painful wounds because of their cooling properties, and also used to deliver
active compounds such as topical medications and growth factors because of their
cross-linked structure. The moist interface between dressing and the wound surface
prevents dressing adherence resulting in non-traumatic dressing removal (3,24).

2.1.3 Bioactive materials or active wound dressing materials (AWD)

Bioactive dressings, produced from a variety of biopolymers, are aimed to
deliver active substances in wound healing either by delivery of bioactive compounds
such as antimicrobials, vitamins, minerals and growth factors, or the dressings made
from material having endogenous activity which might control the biochemical
environment of a wound in order to assist its healing process. They could increase and
manage cell migration cell migration leading up to highly desired healing events.

Furthermore, frequency of dressing changes is minimized (22,23).



2.1.3.1 Hydrocolloids

These dressings consist of hydrocolloid base which is a combination of
gelatin, pectin and gel-forming agents such as sodium carboxymethylcellulose
secured onto a polyurethane film or foam backing acting as a barrier to external
bacteria, but allowing the passage of water vapor and gases. When they are placed on
wounds, they would combine with the exudate to form a moist gel at the wound
interface. Hydrocolloids could encourage autolysis to aid in the removal of slough
from a wound, and remain in place for up to 7 days reducing the frequency of
dressing changes. They exhibit fibrinolytic, chemotactic and angiogenic effects
leading to rapid wound healing. Hydrocolloid dressings also come in paste and
powders used in a deeper ulcer or cavity (3,23,24).

2.1.3.2 Alginates

Alginate dressings contain calcium or sodium alginate obtained from
seaweed. When applied to an exuding wound, calcium ions in the dressing would
exchange with sodium ions in serum or wound fluid to form a hydrophilic gel creating
a moist interface and making for easier dressing removal. They are useful for
moderate to heavily exuding wounds. These dressings have the ability to activate
macrophages within a wound bed and generate a pro-inflammatory signal resulting in
the stimulating of granulation tissue formation. Moreover, the calcium content within

the dressing also acts as a hemostat which is beneficial to bleeding wounds (1,3,24).

2.1.3.3 Collagens

These dressings are available in pads, gels or particles which could
activate the deposition of newly formed collagen in wound bed, and absorb wound

fluids providing a moist environment leading to rapid wound healing (22).

2.1.3.4 Hydrofibers

Hydrofibers are non-woven sheet or ribbon packing dressings made
from sodium carboxymethyl cellulose fibres. They would form a firm gel in contact
with exudate to maintain a moist wound healing environment. Moreover, maceration
of surrounding skin is decreased because of the vertical wicking of exudate. These
dressings are highly absorbent leading to easily peeling off (22,23).
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2.1.3.5 Nanofibers

Nanofiber, an important class of nanostructured materials, is an
ultrafine fiber with the diameter in the range of 1-100 nm. Currently, polymeric
nanofibers have become increasing attention and also play significant roles in
biomedical and healthcare due to their biocompatible and biodegradable properties
(25).

2.2 Methods for nanofiber preparation
Recently, several techniques available for the production of polymeric
nanofibers are drawing, template synthesis, phase separation, self-assembly and

electrospinning.

2.2.1 Drawing

The fabrication of nanofibers could be performed by the process of drawing.
As shown in Figure 1, a micropipette with a few micrometer diameter is dripped into
the liquid near the contact line, and then withdrawn from the droplet rapidly at a speed
of approximately 1x10* ms™, resulting in a pulled nanofiber deposited at the end of
the micropipette. However, the viscoelastic property of materials is required, and the
process is also discontinuous. The drawing of nanofibers might be repeated several
times (19).
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Figure 1 Schematic of nanofiber fabrication by drawing.

2.2.2 Template synthesis

Different nanoporous membranes are used as templates to produce nanofibers
of a fibril or a tube shape with desired diameter. Various materials such as
electronically conducting polymers, semiconductors, metals and carbons could be
applied, but one-by-one continuous nanofibers cannot be obtained from this method
(26). In Figure 2, metal oxide membrane with nano pores was used as a template.
Under the application of water pressure on one side, the extrusion of polymer through

porous membrane will contact with a solidifying solution resulting in nanofibers (19).
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Schematic of nanofiber fabrication by template synthesis.

The main mechanism of this technigue is the induced phase separation by

introducing nonsolvent to the polymer solution or using thermal energy (cooling of

solution). In the process, a polymer is added to a solvent for making a polymeric

solution before undergoing gelation. After gelation, the solvent is removed from the

gel by extraction with water. The gel is transferred to a freezer and then freeze-dried

under vacuum leading to the formation of nanofibers with a size similar to the natural

collagen of the extracellular -matrix (ECM) which could enhance cell adhesion,

migration and proliferation (see Figure 3). Nevertheless, it is a laboratory-scale

process which is restricted to produce nanofiber scaffold (19,25).
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Figure 3 Schematic of nanofiber fabrication by phase separation.

2.2.4 Self-assembly

Nanofibers is builded up by using small molecules as basic building blocks.
The intermolecular forces lead to the arrangement of small molecules in a concentric
manner, and the extension in the plane’s normal would result in the longitudeinal axis
of a nanofiber. In order to mimic the human ECM, biomaterials are introduced.
However, self-assembly is not potential for mass production likely to phase separation
(19).

2.2.5 Electrospinning

Electrospinning is the most widely studied technigue. It is highly flexible and
seems to be the only method which can be further developed for industrial processing.
During the process, the polymeric solution is hold in a syringe. High direct current
voltage is then supplied leading to an electric field between the collector and the filled
syringe. When the surface charges overcome the surface tension of the polymer

solution, the nanofibers is formed at the surface of the collector (see Figure 4) (19,25).
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Currently, electrospun nanofibers are increasingly introduced to wound
healing management. With electrospinning, submicron fibers are developed from
biodegradable polymers. Due to their microporous structure and high surface area,

nanofibers would have the characteristics as follows (22);

Hemostasis: The ultrafine holes and high effective surface area properties of
nanofibers could promote hemostasis phase, the clotting process, without using any

hemostatic agents.

Absorbability: Because of the high surface area to volume ratio, the water
absorption of nanofiber dressings is 17.9-213% which is more than that of typical film
dressings (2.3%). Therefore, nanofibers especially made from hydrophilic polymers
might be effectively used for highly exudative wounds.

Semi-permeability: -Nanofibers act as semi-permeable barriers allowing gas
permeation, but protecting the wound from bacterial infection and dehydration. The
porous structure of nanofiber dressings reduces moisture transmission through the
dressing from the wound surface in order to maintain moist wound conditions. The

fine pore size can also prevent the permeation of bacteria to the wound.

Conformability: These dressings are flexible and resilient due to the fineness
of fibers. They have been proposed for the ability to conform to irregular shape of the

wound leading to excellent coverage and protection of the wound from infection.

Scar-free: Electrospun nanofibers could be used for tissue repair. According

to the structure with similarity to the natural ECM in tissue and large surface area
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available, nanofibers would encourage normal skin to develop immediately prior to
scar formation resulting in wound healing with little scar. In addition, they have good
cell conductivity, and can improve other factors to facilitate wound healing and skin
regeneration. From previous studies, nanofibers would be beneficial for partial and
full-thickness wounds by enhancing fibroblast cell proliferation, whereas hydrogels

and foam dressings are used for partial thickness wounds (4,5,27).

Functional ability: Therapeutic compounds including antiseptics, antifungal,
vasodilators (e.g. minoxidil), growth factors (e.g. FGF, EGF and TGF), and cells (e.g.
keratinocytes) are easily integrated  into nanofiber dressings to produce
multifunctional bioactive nanofiber dressings. Unlike other commercial dressings,
various functional materials could be electrospun into one blended layer instead of
using multilayer configuration to achieve desired objectives, and the frequency in

dressing changes, which may affect the regeneration of neotissue, might be reduced.

2.3 Polymers used for the synthesis of electrospun nanofibers
A wide range of natural and synthetic biomaterials has been used to eletrospin

nanofibers.

2.3.1 Synthetic polymers

Synthetic polymers are biocompatible, biodegradable and also not expensive.
Due to the diversity of their physicochemical properties, synthetic polymers have
been extensively used for nanofiber productions (25). Synthetic polymers such as
polylactic acid (PLA), polyurethane (PU), polystyrene (PS), polycaprolactone (PCL),
polyvinyl chloride (PVC), poly (methyl methacrylate) (PMMA), poly (lactic-co-
glycolic acid) (PLGA), poly (ethylene-co-vinylacetate) (PEVA), poly (ethylene
terephthalate) (PET), poly (ethylene oxide) (PEO), polyacrylonitrile (PAN) and
cellulose acetate (CA) have been well studied (6,22,28-31). However, in order to
develop nanofibers which could mimic a biological environment, natural polymers

seem to be more attractive (25).

2.3.2 Natural polymers

Regarding to their structures, which are very similar to the macromolecular

substances in the human body such as ECM, nanofibers prepared from natural
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polymers might interact favourably with the biological environment leading to
stimulating natural cell and tissue responses (25). Natural polymers including gelatin,
chitosan, dextran, hyaluronic acid, silk fibroin and collagen have been commonly
used for the fabrication of nanofibers (6,22,28-31). Nevertheless, the risk of batch
variability, antigenicity, and disease transmission could occur especially from animal-

originated polymeric nanofibers (25).

2.3.3 Polymer blends

The polymer blend technique have been widely applied in order to create new
materials with the modification or improvement of the physicochemical properties,
and also provide materials with the desired mechanical and biological properties at the
lowest price. Additionally, blending might lead to improved processability and
performance. A number of structurally different polymers or copolymers is blended
and interacted with secondary forces without covalent bonding such as hydrogen
bonding, charge-transfer complexes and dipole-dipole forces. The morphology,
permeability, degradation and mechanical properties of polymer blends might

different from homopolymers (32).

2.3.3.1 Types of polymer blends

Polymer blends could be broadly divided into three types which are

miscible, immiscible and compatible polymer blends.

Miscible polymer blends (homogeneous polymer blends): it exhibits a
single-phase structure associated with the negative value of the free energy of mixing
(AGm ~ AHm < 0). The properties of mixtures might be the average values between
the values of its contents depending upon the proportion of each polymer present (see
Figure 5). In this case, only one glass transition temperature (Tg), which is between

the T4 of both blend components, is observed (32).

Immiscible polymer blends (heterogeneous polymer blends): the
mixtures display phase separation related to the positive free energy of mixing (AGm
~ AHm > 0). If two polymers are blended, two values of Tg might be found. However,

the adhesion between both blend phases is low leading to poor structural integrity and
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poor mechanical properties. These blends without being compatibilized seem to be

useless (32).

Compatible polymer blends: immiscible polymer blends are modified
by various techniques in order to reduce the interfacial tension, provide adhesive force
between two phases and stabilize the desired morphology against thermal or shear
effects during processing. The process of modification might be by incorporation of
polymer or copolymer, by physical methods such as high stress field, thermal
treatment and irradiation, or by reactive extrusion or injection molding. When the
interface and morphology of an immiscible blend are modified, a polymer alloy is
obtained. The properties of compatibilized blends are a synergistic combination of

favourable properties from each polymer (see Figure 6) (32).
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Figure 5 Progress in polymer processing.



18

Immiscible
Compatibized

L

Collective
Properties

)

Immiscible
Uncompatibized

0% Polymer A 100% Polymer A
100% Polymer B 0% Polymer B

Composition: Polymer A + Polymer B

Figure 6 Potential effect on polymer ~blend properties as component
concentration changes.

2.3.3.2 Applications of electrospun polymer blend nanofibers in wound
healing and tissue engineering

Recently, polymer blends has been increasingly interesting and widely
used in various fields including wound healing and tissue engineering applications

aimed to produce high performance materials.

Regarding. the study of Pawar et al. (33), the new bioactive
thermoresponsive polymer blend nanofibers were fabricated for wound healing
materials. Poly(e-caprolactone) (PLC) offers hydrophobic, biodegradable and
biocompatible properties. In order to enhance the hydrophilicity, rate of degradation
and cell adherence characteristics thus leading to rapid tissue regeneration, blends of
PCL nanofibers might be investigated. Poly(N-isopropylacrylamide) (PNIPAM), a
thermoresponsive polymer, has a lower critical solution temperature (LCST) between
32 and 33 °C. Above LCST, PNIPAM is hydrophobic, whereas below LCST,
PNIPAM is hydrophilic. The thermosensitivity property might be considered for cell
attachment and also enabled easy removal of the dressing. Additionally, the structure
of egg albumen (EA) resembles the fibrous collagen which is the major protein in the
ECM. Therefore, the EA composite nanofibers could promote the regeneration of

damaged tissues. In this study, gatifloxacin hydrochloride (Gati), which exhibited



19

good antibacterial activities at very low concentrations, was chosen as a model drug

aiming to be engaged as wound dressing material.

The obtained polymer blend nanofibers of PNIPAM, PCL and EA
incorporated with and without Gati were evaluated by FTIR, XRD and DSC.
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Figure 7 DSC thermograms of various compositions such as (a) Gati pure, (b)

PCL pure, (¢) PNIPAM pure, (d) EA pure, (¢) PNIPAM(10%) nanofibers, (f)
PNIPAM(6%) / EA(4%) nanofibers, (g) PNIPAM(5%) / EA(2%) / PCL(6%)
nanofibers, (h) PNIPAM(3%) / EA(2%) / PCL(8%) / Gati(10%) nanofibers and (i)
PCL(8%) nanofibers.
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Based on DSC thermograms (Figure 7), assuming that the recorded
LCST of PNIPAM/EA/PCL composite electrospun nanofibers was at 26 °C which
was less than that of pure PNIPAM (34 °C). The reduction of LCST might be
attributed to the interaction between PNIPAM and PCL and the reduced interaction
between polymer chains of PNIPAM. Nevertheless, Tq of PNIPAM (138 °C) was
more slightly increased than T4 of pure PNIPAM (136 °C) due to the rigid structure of
nanofibers after crosslinking. The melting temperature of PCL, which is a semi-
crystalline polymer, was not different from the pure PCL (56 °C), but the intensity of
a peak seemed to be reduced because of disorganization of polymer chains during
electrospinning. The nanofibers of PNIPAM/EA/PCL blend loaded with Gati showed
a decrease in LCST (24 °C), Tm (55 °C, PCL), T4 (133 °C, PNIPAM) exhibiting good
interaction between polymers and drug. Most of the Gati crystals were changed to

amorphous form and dispersed in the nanofibers of polymer blend.

The polymer blend nanofibers of PNIPAM/PCL/EA incorporated with
Gati were evaluated for their antimicrobial activities against Staphylococcus aureus
(S. aureus) which ‘is mostly found in wounds. The disc diffusion method was
performed. The nanofibers without drug were used as a control. Regarding to the
results (Figure 8), the significant inhibitory zones were observed for the electrospun
nanofibers loaded with Gati after overnight incubation, while the nanofiber mats
without Gati showed no antibacterial activity. Inaddition, as increasing the amount of

drug loading in nanofibers, the zone of inhibition tended to be linearly increased.

Figure 8 Antimicrobial activity (zone of inhibition) against Staphylococcus
aureus of various formulations.
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2.3.4 Shellac (SHL)

SHL is a natural polymer derived from the hardened secretion of the lac insect
which grows on specific trees in China, India and Thailand. It is a nontoxic material
listed as GRAS (Generally Recognized as Safe) by the FDA (8). It consists of
polyesters and single esters, which contain hydroxyl and carboxyl groups. The
ionization constant (pKa) is 6.7. SHL is not soluble in water, but is dissolved in
alcohol and alkaline solutions. Due to the ability to form an excellent protective film,
it is widely used for coating applications in food and pharmaceutical industries to
provide various functional properties (34,35). Only a few studies have been made on

the application of SHL in wound healing management.

According to previous studies, the silk fibroin (SF) fabric coated with SHL
wax was developed to be used as a non-adhesive wound dressing. It showed less
adhesive than the commercial wound dressing “Sofra-tulle®” due to its hydrophobic
property leading to loosely adherence to the hydrophilic wound surface, thus

minimizing pain and risk of injury during removal (36).

Alzahrani et al. (2013) determined the effect of SHL solution compared with
10% povidone-iodine (PVP-I) solution applied to dry gangrene in order to prevent
microbial infection and progression to wet gangrene. The result showed that the
amputation rate in the conventional treatment group was 60% which was higher than
46.2% of the amputation rate in the SHL group. Thus, SHL could be used as a natural
barrier to protect the underlying sterile gangrenous tissue in selected diabetic patients

(9).

There were few studies on the application of SHL in would healing
management, especially through electrospinning process. However, according to its
properties, SHL seems to be an alternative natural polymeric material which could be

used as a carrier polymer for wound dressing application.

2.3.5 Polyvinyl pyrrolidone (PVP)

PVP is a water soluble polymer which has good compatibility, good
transparency and non-toxic used as a blood plasma expander. Regarding the study of
Hilmy, Darwis and Hardiningsih (1993), PVP hydrogel composites were prepared as
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wound dressings. The obtained hydrogels were elastic, flexible, transparent and
bacteria impermeable. Moreover, they could absorb high amount of water and be
removed easily (37). Therefore, PVP could be added to SHL in order to fabricate
wound dressing materials with the desired properties.

2.4 The active compounds incorporated into electrospun nanofibers

In addition to structural control of electrospun nanofibers, loading suitable
active compounds must be considered in order to formulate an active wound dressing.
Bioactive compounds can be growth factors which have a direct impact on the
proliferation stage and stimulation of fibroblasts. Vasodilators such as minoxidil
could be used to promote wound epithelialization and neovascularization. A vast
range of antibiotics including ciprofloxacin, levofloxacin, tetracycline hydrochloride,
streptomycin sulfate, itraconazole, benzalkonium chloride, fusidic acid and silver
nanoparticles, is the most preferred to be incorporated to attain antibiotic properties
(6,7,22).

Fatty acids and their corresponding esters might have little or no toxicity and
also exert antimicrobial activity. Isaacs, Litov and Thormar (1995) found that fatty
acids and monoglycerides with medium chain lengths varying from 8 to 14 carbons
yielded more biologically active than long chain monoglycerides in killing viruses
and bacteria (38).

2.4.1 Lauric acid
Among medium chain fatty acids (C8 to C14), lauric acid (C12) (See Figure 9)

has more antimicrobial activity than other fatty acids such as myristic acid (C14),
capric acid (C10) or caprylic acid (C8). It could be found in human breast milk, skin
surface and other natural foods such as coconut oil and palm kernel oil. Lauric acid,
which is rich in mother’s milk as a component of triglycerides, would be hydrolysed
to monoglycerides by the newborn playing a significant role in innate immune
response protecting infants from microbial infections (16). It is also a minor
component of skin lipids which take part in the self-sterilizing activity of the skin

surface preventing invading pathogens (39).
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Figure 9 The structure of lauric acid.

Coconut trees are mostly grown in Southeast Asia involving Philippine,
Indonesia, Malaysia and Thailand. Coconut oil is mainly derived from the dried
kernel which contains about 65%-75% oil (40). It consists of 87% saturated fatty
acids, 6% monounsaturated fatty acids and 2% polyunsaturated fatty acids. Of the
saturated fatty acids, coconut oil is rich in medium chain fatty acids especially lauric
acid (approximately 50%) (See Figure 10), which has the greatest antimicrobial
activity of all medium chain aliphatic fatty acids. Trilaurin is the predominant
triacylglycerol of the coconut oil (16,40). However, diglycerides and triglycerides do

not exhibit antimicrobial property (16).
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Figure 10  Fatty acid composition of virgin coconut oil (40).
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As mentioned above, coconut oil is high in medium chain triglycerides.
Trilaurin is the main component which is inactive against microorganisms. To
potentiate this effect, triacylglycerol might be altered to monolaurin, the potential
monoglyceride with medium chain. Recently, there are various methods used for
synthesis of monoglycerides from triglycerides such as hydrolysis, esterification,
glycerolysis and the ring-opening reaction. Glycerolysis is one of the processes which
is carried out to convert triglycerides to monoglycerides at industrial level (See Figure
11). The reaction of triglycerides with glycerol is performed at high temperatures (250
°C) in order to increase the solubility of glycerol in the oil part. Inorganic alkaline
such as NaOH, KOH, and Ca(OH). is used as a catalyst to accelerate the process.
After the reaction, the resultant product, which is a mixture of monoglycerides (30-
40%), diglycerides, triglycerides, free fatty acids and its metallic soap, would be
obtained (41).
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Figure 11 - Glycerolysis of triglycerides to form monolaurin.

2.4.2 Monolaurin (ML)

ML, also known as glycerol monolaurate, is a monoester form of lauric acid. It
has many times greater antibacterial and antiviral activity than lauric acid.
Tangwatcharin and Khopaibool (2012) revealed that minimum bactericidal
concentrations (MBC) of lauric acid and ML were 3.2 mg/mL and 0.1 mg/mL,
respectively (42). The lower MBC values of ML indicate stronger antimicrobial
activity than that of lauric acid. ML has Generally Recognized As Safe (GRAS) status

considered to be nontoxic (16). ML is approved in the US as a food emulsifier and has
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been used to control growth of pathogenic organisms and spoilage in food processing
industries (18).

2.4.2.1 The mechanism of action

ML has wide-spectrum activity against bacteria, fungi and viruses. The
antimicrobial effects are produced by several mechanisms. ML, a lipophilic
compound, might be accumulated into the membrane bilayer, and consequently
disintegrates the microbial membrane by fluidizing the lipids and phospholipids in the
envelope of the organism, changing in the hydrogen bonding and the dipole-dipole

interaction between acyl chains exerting bactericidal and virucidal effects (42).

Figure 12 SEM of S. aureus CH1 in Mueller Hinton broth containing
antimicrobials: (A) control, (B) 10% virgin coconut oil, (C) 0.4% lactic acid, (D)
10% virgin coconut oil + 0.4% lactic acid, (E) 3.2 mg/mL of lauric acid, (F) 0.2
mg/mL of lauric acid + 0.1% of lactic acid, (G) 0.1 mg/mL of monolaurin and (H)
0.05 mg/mL of monolaurin + 0.1% of lactic acid. Cell membranes were disturbed and
leaked (solid aroow) and subsided (hatched arrow) (42).
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Figure 13 TEM of S. aureus CHI1 in Mueller Hinton broth containing
antimicrobials: (A) control, (B) 10% virgin coconut oil, (C) 0.4% lactic acid, (D)
10% virgin coconut oil + 0.4% lactic acid, (E) 3.2 mg/mL of lauric acid, (F) 0.2
mg/mL of lauric acid + 0.1% of lactic acid, (G) 0.1 mg/mL of monolaurin and (H)
0.05 mg/mL of monolaurin + 0.1% of lactic acid. Cell membranes were disturbed and
leaked (solid aroow) and subsided (hatched arrow) (42).

As shown in Figure 12 and 13, some membrane leakage of S. aureus
cells treated with lauric acid and ML was observed, whereas bacterial cells treated
with lactic acid displayed some loss and change of cytoplasm in cells. However, the
membrane and cytoplasm of cells exposed to virgin coconut oil were not different

from control (42).

Some research indicated that ML might interrupt the signal
transduction in cell replication and also reduce the production of various exoenzymes
and virulence factors such as protein A, toxic shock syndrome toxin 1, alpha-
hemolysin and B-lactamase (16,42). Kabara (1993) reported that ML inhibited
enzymes involved in oxygen uptake affecting respiratory activity. Furthermore, it
exhibited an antifungal effect by inhibiting spore germination and preventing the
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radial growth (16,43). Currently, the development of resistance of the pathogen to its

antimicrobial effects seems to be very little (16).

2.4.2.2 The properties of ML and its applications

Bactericidal effects: ML is effective against Gram-positive and Gram-
negative bacteria (15). Previous studies revealed that the topical use of ML at doses
up to 100 mg/mL could inhibit the growth of S. aureus, a significant cause of skin and
mucosal infections (44). In addition to S. aureus, Mycobacterium terrae (M. terrae),
Listeria monocytogenes (L. monocytogenes), Streptococcus agalactiae  (S.

agalactiae), and Groups A, F, and G streptococci might be killed by ML (16).

Staphylococcal food poisoning is a common cause of foodborne
illness. Meat and meat products are the most frequent vehicles of intoxication. In
recent years, lactic acid is widely used to control the growth of pathogens on the
surface of meat and meat products by spraying or dipping food with lactic acid
solutions. The mode of action of lactic acid seems to be pH dependent. At low pH,
most of the organic acid would be in the undissociated form that could penetrate the
lipid membrane of cell, and dissociate in the interior. The excess protons might be
exported in order to maintain a neutral pH of the cytoplasm, which consumes cellular
ATP resulting in depletion of energy. However, lactic acid is difficult to be stabilized
on the surface of meat because of evaporation, neutralization and diffusion into the
matrix. Therefore, other lipids such as ML and lauric acid might be considered
(42,45).

Table 1 The MIC and MBC values against S. aureus (the units of antimicrobial
agents are mg/mL for lauric acid and monolaurin and % (v/v) for virgin coconut oil
and lactic acid) (42).

Antimicrobials S. aureus ATCC 25923 S. aureus CH1
MIC MBC MIC MBC
Virgin coconut oil NI NI NI NI
Lauric acid 1.6 3.2 1.6 3.2
Monolaurin 0.1 0.1 0.1 0.1

Lactic acid 0.1 0.4 0.1 0.4
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Table 1 showed the minimal inhibitory concentration (MIC) and
minimal bactericidal concentration (MBC) values of lipid and lactic acid against S.
aureus. While MIC was recorded as the lowest concentration which could limit the
turbidity of the broth to be not more than 0.05 at absorbance of 600 nm, MBC was
recorded as the lowest concentration which could kill at least 99.9% of the initial
amount of bacteria. The results revealed that lauric acid, ML and lactic acid expressed
beneficial effect against S. aureus. When comparing with lauric acid, ML which is the
monoacrylglycerol was more active than lauric acid which is the free fatty acid form.
Nevertheless, virgin coconut oil did not exhibit inhibitory activity because it

contained low amount of ML (42).

Besides Gram-positive bacteria, some Gram-negative organisms such
as Haemophilus influenzae (H. influenzae) and Helicobacter pylori (H. pylori) could
be also eliminated by ML (16,46).

Due to inflammatory mechanism, H. pylori could cause chronic
gastritis and duodenal ulceration, and might be a risk factor in gastric cancer. The
problem of resistant strains of H. pylori seems to be significant that can cause relapse
after complete remission. Therefore, new methods are required to prevent or to treat
gastrointestinal ulcers caused by H. pylori. Regarding to the study of Bergsson et al.
(2002), 12 of fatty acids and monoglycerides were evaluated for the antibacterial
effect against H. pylori, and the bactericidal activity could be indicated as the number
of viable cells per millilitre. As shown in Table 2, all of the lipids except oleic acid,
monoolein and monocaprylin had- activity against H. pylori at the concentration of 10
mM after 10 min incubation at 37 °C. When tested at the lowest concentration, ML

was the most active among these lipids (46).
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Table 2 Inactivation of H. pylori by lipids (46).
Lipids Number of viable bacteria (log 10/ml)* after treatment with the following concentrations of lipids (mM)®

10.00 5.00 2.50 1.25 0.63 0.31 0.15
Caprylic acid (8:0)° 2.40+0.69¢ 6.40+2.77 ND*¢ ND ND ND ND
Capric acid (10:0) < 2.00°+ NA® <200+NA  233+0.35¢ 743+0.87 ND ND ND
Lauric acid (12:0) <200+ NA =200+ NA <2.00+NA <2.00+0NA 4004346 7831047 ND
Myristic acid (14:0) <200+ NA <2004NA 3204111 8.2740.40 ND ND ND
Palmiteleic acid (16:1) <200+ NA =200+ NA =2.00+NA <200+ NA 2.07+0.12¢ 5.5343.07 ND
Oleic acid (18:1) 6.17+2.02 ND ND ND ND ND ND
Monocaprylin (8:0) 8.00+0.26 ND ND ND ND ND ND
Monocaprin (10:0) <200+ NA < 2.00+NA <2.00+NA <200+ NA <2.00+NA  4.60+2.82 8.23+0.32
Monolaurin (12:0) <2.00+NA < 2.00+NA <2.00+NA <200+ NA 2.17+0.29% 273+127"  2.23+040°
Monomyristin (14:0) 3.97 +0.46" ND ND ND ND ND ND
Monopalmitolein (16:1) 2.68+1.15¢ 2,63+ 1.10¢ ND ND ND ND ND
Monoolein (18:1) 6.30+1.61 ND ND ND ND ND ND
Control 8.20+0.26

* Mean (+5.D.) of three H. pylori strains which are defined in the text.

® Final concentration of fatty acids.

¢ Number of carbon atoms:number of double bonds.
4 Significantly different from control (P < 0.01).

¢ ND, not done.
.

£ NA, not available.

" Significantly different from control (P < 0.05).

<, Indicates that no colonies were detectable in 100 pl of the 10! dilution, which was the lowest dilution tested.

Nevertheless, many studies reported that Escherichia coli (E. coli) and

Salmonella spp. were found to be less affected by ML (45). The difference in the

killing effects of lipids against Gram-negative bacteria might depend on differences in

the outer membrane. Based on the structures of E. coli and Salmonella spp., the

external membrane consists of proteins and lipopolysacchaline (LPS) which is

composed of the O polysaccharide chains demonstrating hydrophilic surface property

(See Figure 14). Therefore, lipids, which are hydrophobic molecules, could difficultly

enter the bilayer, and hardly diffuse in the cytoplasm (46,47).
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Figure 14  The outer surface of E. coli.

In the experiments of Skrivanova et al. (2006), ML and citric acid
could inhibit the growth of Clostridium perfringens (Cl. perfringens), which is a
Gram-positive bacteria, with MIC of 3 and 4 mg/mL, respectively, whereas other
acids (succinic, fumaric, malic and lactic acid) did not show any inhibitory effects at 5
mg/mL. However, the inhibitory activities of ML and these organic acids against
other Gram-negative bacteria such as E. coli-and Salmonella spp. were not observed
(See Table 3) (45). To magnify the effect against Gram-negative bacteria, some
chelating agents such as EDTA might be added in order to disrupt the outer

membrane (48).

Table 3 MIC (mg/mL) of monolaurin, citric, succinic, fumaric, malic and lactic
acid against E. coli, Salmonella  spp. and CIl. Perfringens grown on glucose
(incubation in triplicate for 1 day) (45).

Compounds tested E. coli Salmonella sp.  Cl. Perfringens
(2 strains) (3 species) (2 strains)
Monolaurin r r 3
Citric acid r r 4
Succinic, fumaric, malic, lactic acid r r r

r = resistant (MIC > 5 mg/mL)

The experiment of Altieri et al. (2009) was in contrast to the above

statement. The effectiveness of ML was determined as Inhibition Index (I.1.), where
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Abs. is the absorbance of the control and Abs, is the absorbance of the active sample

at the time t.
I.I. = (Absc — Abs,) x 100 / Abs

The inhibition index (%) of ML against E. coli and Salmonella spp. in
PC broth was shown in Figure 15 and 16, respectively. As can be seen in Figure 15,
the bioactivity of ML could be strongly expressed within 10 h and decreased for a
prolonged incubation time. The reduction of its bioactivity may be due to possible
mechanism of adaptation of bacteria or reversible mode of action. The effectiveness
of ML tended to be dose-dependent. The L.I. increased from 27% to 90.77%, when
increasing the concentration of ML from 20 ppm to 50 ppm. The 50 ppm of ML
exhibited a nearly complete inhibition with I.1. of approximately 90-95% for the entire

running time (49).
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Figure 15 Inhibition index expressed by ML against E. coli. O157:H7 in PC
broth. Data represent the average (n=2) £ SD (49).

Figure 16 demonstrated the I.I. of ML against Salmonella spp. The
lowest amount of ML, which was 20 ppm, could perform a slight activation effect

after 24 h of incubation. Nevertheless, the higher concentrations (30-50 ppm) might
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inhibit Salmonella spp. with I.1. of approximately 30-40%. According to the results, it
can be concluded that ML displayed a strong inhibition against E. coli O157:H7, but

exhibited a moderate activity against Salmonella spp (49).
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Figure 16 Inhibition index expressed by ML against Salmonella spp. in PC broth.
Data represent the average (n=2) = SD (49).

Virucidal effects: As mentioned above, ML could be incorporated into
the viral envelope causing leakage of the bilayer membrane leading to cell lysis and
death. Thormar et al. (1986) evaluated the effect of fatty acids and their
monoglycerides against both enveloped viruses, including vesicular stomatitis virus
(VSV), herpes simplex virus and visna virus (VV), and a nonenveloped virus,

poliovirus (50).
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Figure 17  The effect of linoleic acid against VSV: (a) control (b) linoleic acid 0.5
mg/mL (c) linoleic acid 1 mg/mL (50).

The effects of linoleic acid against VSV were shown in Figure 17.
VSV was incubated at 37 °C for 30 min in the maintenance medium (MM) with or
without linoleic acid. As seen in Figure 17a, MM without linoleic acid showed normal
intact particles covered with spikes. The leakage of viral envelopes could be observed
after incubation with 0.5 mg of linoleic acid (see Figure 17b). When adding the higher
amount of linoleic acid (1 mg), the disintegration of virus particles was illustrated (see
Figure 17c). These results seemed to follow the above statement.

The comparison of the antiviral effect of fatty acids and their
monoglycerides was displayed in Table 4 and Table 5, respectively. According to
Table 4, butyric, caproic, caprylic, palmitic and stearic acids exhibited no or little
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antiviral activity, while medium-chain saturated and long-chain unsaturated fatty
acids could decrease the amount of VSV, HSV and VV considerably. Poliovirus, a
nonenveloped virus, was also incubated with various fatty acids with the
concentration of 8 mg/mL at 37 °C for 30 min. In contrast, a significant reduction of

virus was not obtained (50).

Table 4 Viral inactivation by incubation with fatty acids at 37 °C for 30 min
(50).
Fatty acid Concn?in Reduction of virus titer (logio)

mg/mL (mM) VSV HSV-1 VVP
Butyric (4:0)° 10 (113) 0 ND¢ ND
Caproic (6:0) 10 (86) 0 ND ND
Caprylic (8:0) 10 (69) 1.8 ND >3.2
Capric (10:0) 4 (22) >4.0° >4.0 >3.2
Lauric (12:0) 2 (10) >4.0 >4.0 >3.2
Myristic (14:0) 4 (16) >4.0 >4.0 1.7
Palmitic (16:0) 20 (78) 1.0 1.0 0.7
Palmitoleic (16:1) 2 (15) >4.0 >4.0 >3.2
Stearic (18:0) 20 (70) 0 ND ND
Oleic (18:1 cis) 2.(7) >4.0 >4.0 >3.2
Elaidic (18:1 trans) 2(7) >4.0 ND ND
Linoleic (18:2) 1(3.5) >4.0 >4.0 >3.2
Linolenic (18:3) 1(3.6) >4.0 >4.0 >3.2
Arachidonic (20:4) 0.5 (1.6) >4.0 ND ND

@ Concentration of fatty acid in-virus mixtures incubated at 37 °C for 30 min.

All fatty acids were tested in-a series of twofold concentrations. Shown is either the lowest
concentration which reduced the VSV titer by >4.0 logio units or the highest concentration tested
(butyric, caproic, caprylic, palmitic and stearic).

b \V/V, Visna virus.

¢ Carbon atoms: double bonds.

4ND, Not done.
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Table 5 Viral inactivation by incubation with monoglycerides at 37 °C for 30
min (50).

Monoglyceride Concn?in Reduction of virus titer (logio)

mg/mL (mM) VsV HSV-1

Monocaprylin (8:0)° 2.0 (9) >4.0 ND¢
Monocaprin (10:0) 0.5(2) >4.0 >3.7
Monolaurin (12:0) 0.25(0.9) >4.0 >3.7
Monomyristin (14:0) 2.0 (13) 3.0 ND
Monoolein (18:1) 1.0 (2.8% 2.3 ND
Monolinolein (18:2) 0.25(0.7) >4.0 ND

2 Lowest concentration causing >3.0 log10 reduction in virus titer.
® Carbon atoms: double bonds.
¢ND, Not done.

The antiviral effect of monoglycerides was shown in Table 5. All of
the monoglycerides tested except monoolein and monomyristin were found to be 5 to
10 times more active than the corresponding fatty acids. Monolaurin and monocaprin
had the most effect against both VSV and HSV. compared to other monoglycerides
(50).

The clinical trial using ML as monotherapy on 15 HIV-infected
patients was performed. These 15 patients, who never having received anti-HIV
treatment, were randomly assigned to 3 treatment groups which were 7.2 g (low dose)
and 22 g (high dose) of ML and 45 mL of coconut oil daily for 6 months. Viral load,
CD4 and CD8 counts, complete blood count, ALT, AST, urea N, creatinine,
cholesterol, triglycerides, HDL, and body weight were examined at the beginning of
the study and after 3 and 6 months of treatment. The results showed that 7 of all the
patients (~ 50%) exhibited decreased viral load on the 3 ™ month, and 8 patients (2
given high dose of ML, 4 given low dose of ML and 3 given coconut oil) had reduced
viral count on the 6™ month. Moreover, no serious side effects were observed. This
trial confirmed that the antiviral action could be seen from both ML and coconut oil
(50).

Antifungal effects: A number of fungi, yeast, and protozoa are also
inactivated or killed by ML. The fungi include several species of ringworm. The yeast



36

reported to be affected is Candida albicans. The protozoan parasite Giardia lamblia is

killed by monoglycerides from hydrolyzed human milk (16,51).

Candida albicans (C. albicans) and Gardnerella vaginalis (G.
vaginalis) are normally related to vaginal infections in women. Bacterial vaginosis is
a chronic infection caused by vaginal flora changes. During infection, the number of
lactobacilli, which could maintain acidic pH, is decreased leading to the elevation of
vaginal pH allowing other bacterial groups such as G. vaginalis to grow.
Vulvovaginal candidiasis is also a common infection dominated by C. albicans.
Lately, the recurrence rates of vaginal infection become increased indicating the
limitation of antimicrobial therapy. Thus, the better therapeutics might be considered.

According to the study of Strandberg et al. (2010), ML was determined
its antimicrobial effects on Lactobacillus, Candida and G. vaginalis. The in vitro
activities of ML on the growth of C. albicans and G. vaginalis were demonstrated in
Figure 18. As shown in the figure below, when increasing the concentration of ML,
the reduction in C. albicans and G. vaginalis counts was observed. The concentration
of ML used as candicidal was 500 pg/mL, while the amount used as bactericidal for
G. vaginalis was 10 pg/mL. G. vaginalis is a Gram-negative bacteria consisting of a
lipooligosaccharide (LOS) in the outer membrane. LOS lacks of O side chains leading
to be sensitive to the inhibition effect by ML. Strandberg et al. (2010) also revealed

that lactobacilli, normal vaginal flora, was not affected by ML (51).
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Figure 18 in vitro effect of ML on the growth of C. albicans (A) and G. vaginalis
(B) which were cultured for 24 h in the presence of various concentrations of ML at
37 °C (51).
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2.5 A design of experiments approach for fabrication process of electrospun
nanofibers

The electrospinning process could be influenced by various parameters
including solution parameters (viscosity, surface tension and conductivity), processing
parameters (applied voltage, feed rate and distance between tip and collector) and
ambient parameters (humidity and temperature) (19). The number of parameters
affecting the morphology of nanofibers is relatively high; thus, evaluating all of them
in the single framework is impossible. The effect of parameters on a process could be
studied by the conventional method which is called one factor at a time (OFAT). In
this procedure, one parameter is varied, whereas the other parameters are held
constant. However, the interaction effects between parameters are not carried out.
Therefore, the optimum conditions could not be obtained. These disadvantages might
be discarded by introducing the use of the experimental design for studying the

impact of parameters (20).

Experimental design is the design of tests with the aims to determine which
factors have the most effect on the response and determine which the range of the
setting for factors can result in the target response with less variability. The
application of experimental design might lead to an increase in process yields, a closer
conformance to the target response and a decrease in variability, time consuming and
total costs (20).

The first step of the design of experiments is to characterise a process. In this
step, the screening experiments-might be performed in order to examine which
parameters have the influential impact on the response, and can also estimate the
manitude of the parameter effects and the direction of the relationship between the
test parameters and the response. The obtained data from this step would be used to
identify the most important parameters and investigate the modification direction of
these parameters. The next step is optimization. The objective of this step is to find

the optimum process conditions which yield the best desirable response (20).
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2.5.1 Factorial design
2.5.1.1 Full factorial design

All combinations of the levels of the parameters are evaluated.
Therefore, it is necessary when the interactions are considered resulting in accurate
interpretation. However, an independent estimate of error might not be provided
unless several observations at some runs would be performed. The design with the
replicate measurements at the centre point is commonly used to obtain an
experimental error estimation and to examine the curvature of the middle area of the
design space. The required number of experiments could be calculated by the

following equation
The number of experimental runs = I
where | is the number of levels of each factor, k is the number of factors (20,52).

According to the study of Yanilmaz et al. (2013), the effect of process
parameters on the morphology of polyurethane nanofibers were investigated by using
factorial design. In this study, two process parameters, which were the applied voltage
and the distance from the tip to the collector, were considered. The observed response
was the nanofiber diameter. A 32 full factorial design with two replicates was

conducted, thus providing a total of 18 experimental runs as shown in Table 6.
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Effect of applied voltage and tip to collector distance on nanofiber

diameter based on a 3°factorial experimental design with two replicates.

Exp. Applied voltage Distance Diameter St. Dev.

1 3 3 585.8 162,360
2 1 1 825.9 95,960
3 1 1 831.0 95,572
4 3 1 647.6 128,000
5 1 3 608.4 120,674
6 1 2 1023.3 151,542
7 2 3 5412 116,866
8 3 2 780.4 128,146
9 3 2 823.9 113,966
10 1 2 1063.0 109,925
11 3 1 614.8 187,709
12 3 3 604.4 226,460
13 2 2 845.6 172,393
14 2 2 896.0  169.091
15 2 1 917.2 109,247
16 2 3 538.4 119,280
17 2 1 874.6 116,759
18 1 3 590.9 170,405

Regarding the ANOVA results (Table 7), the degree of freedom of

each parameter and the sum of squares are represented by DF and Seq SS,

respectively. The results presented that the P values of the applied voltage, the

distance from the tip to the collector and their interaction were less than 0.05,

indicating that they might have an influential impact on the fibre diameter. In

addition, the distance with Seq SS of 328.684 seemed to have greater effect on fibre

diameter than the applied voltage which had Seq SS of 66.784. The fitting of data was
excellent with the R? of 98.99% (53).

Table 7 ANOVA analysis of parameters including applied voltage, distance
and their interaction on the fibre diameter.
Source DF SeqSS AdjSS AdjMS F P
Applied voltage 2 66784 66784 33392 62.71 0.000
Distance 2 328684 328684 164342 308.62 0.000
Applied voltage x Distance 4 75005 75005 18751 35.21 0.000
Error 9 4793 4793 533
Total 17 475265

S=23.0762 R-Sq=98.99% R-Sq(adj) = 98.10%
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2.5.1.2 Fractional factorial design

When the effect of four to five or more of variables was investigated, it
IS unnecessary to perform all of the combinations of the specified factor settings.
Generally, fractional factorial design might be adropted when the high order
interactions could be negligible, whereas the main effects and lower order interactions
are still investigated. A fractional factorial design might be used instead of full
factorial design. The required number of experiments could be calculated by the

following equation
The number of experimental runs = [<~P

where | is the number of levels of each factor, k is the number of factors and

p describes the size of the fraction of the full factorial used (20,52).

2.5.2 Central composite design (CCD)

Central composite design (CCD) is composed of a factorial or fractional
factorial design with centre points and the addition of the star or axial points for the
curvature estimation-based on a second-order fitting model (quadratic model) as
demonstrated in Figure 19. The number of star points is twice of the number of
parameters in the design. Therefore, a central composite design with k parameters

would have the additional 2k star points
The number of experimental runs = 2 (full) or 2P (fractional) + 2k + nc

where 2k is the number of axial points and nc is the number of centre points (20,52).
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Figure 19 Diagram of central composite design for two factors.
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Based on the study of Sarlak et al. (2012), the aims of this study are to

evaluate the effect of six factors on the morphology of the TiO2 nanofibers and to find

the optimum conditions for fabricating TiO> nanofibers with desired morphology. In

this research, the test variables were polyvinylpyrrolidone (PVP) content, titanium

isopropoxide (TTIP) content, applied voltage, tip-to-collector distance, flow rate and

pH of precursor solution, whereas the response was the diameter of the obtained

nanofibers. These factors were varied according to the central composite design

consisting of 32 runs of a fractional factorial design (1/2 fractional) with 9 runs of the

replicated central points and 12 runs of the star points. The parameters and their levels

are listed in Table 8.

Table 8 Independent parameters, including distance, voltage, flow rate, pH,
PVP and TTIP contents, and their levels for the central composite design.
Coded levels
Independent parameters ~ Symbol
-0 -1 0 +1 +a
Distance (cm) X1 16.55 20 225 25 28.44
Voltage (kV) Xz 6.55 10 12.5 15  18.44
Flow rate (mL/h) X3 0.15 0.5 0.75 1 1.34
PVP content (% w/w) Xa 1.55 5 7.5 10 13.44
TTIP (% wiw) Xs -1.89 5 10 15 21.89
pH Xs 231 3 3.5 4 4.68
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The following equation presenting a relationship between the parameters and

the nanofiber diameter was attained in coded unit.
Y = 476.5 + 549.685X4 + 381.338X:s - 295.568Xs + 645.124X4?

Due to the ANOVA results, the P value of the model was less than 0.05
indicating that this regression model was significant. The R? value of 0.831 showed
good reliability of the model. As mentioned earlier, the obtained model could provide
the magnitude of the parameter effects and the direction of the relationship between
the test parameters and the response. According to the equation, the PVP content (X4)
was the most significant with the scaled estimate of +549.685, while pH (Xs) had an
indirect relationship with the nanofiber diameter (scaled estimate = -295.568).
Moreover, the response surface plots were employed in order to find the optimum
conditions. As a result, the TiO2 nanofibers with minimum diameter around 105.5 +
20 nm were fabricated at the distance of 25 cm, the voltage of 18.4 kV, the flow rate
of 0.7 mL/h, the PVP content of 6.5% w/w, the TTIP content of 5% w/w and the
solution pH of 3.2 (54).

2.5.3 Box-Behnken design

The Box-Behnken design-is composed of 2 factorials with incomplete block
designs. It contains the treatment combinations which are placed at the middle of
edges of the process space and at the centre as illustrated in Figure 20. This design
requires tree levels of each parameter and is rotatable (or nearly rotatable).

In this design, the fewer number of treatment combinations were required
compared to the central composite design in the case of three or four parameters. In
addition, all of the treatment combinations located at the corner points are discarded
to avoid the experimental runs which seem to be expensive or impossible to test due

to the physical process limitations (20).
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Figure 20 Diagram of Box-Behnken design for three factors.

Gonen et al. (2016) investigated the most appropriate factor settings for
producing the gelatin/poly(e-caprolactone) nanofibers loaded with bioactive glass
particles with targeted fibre diameter by using Box-Behnken design. Bioactive glass
content, applied voltage, tip-to-collector distance, and flow rate were selected to be
the test variables in this work. The observed response were the average fiber diameter
and its standard deviation. A total of 27 experimental runs including two replicates at
the centre point was performed. The parameters and their levels are illustrated in
Table 9.

Table 9 Independent parameters, -including bioactive glass content, applied

voltage, tip-to-collector distance and flow rate, and their levels for the Box-Behnken
design.

Coded levels
Independent parameters Symbol 1 0 1
Bioactive glass content (% w/v) X1 2.5 5 7.5
Applied voltage (kV) X2 20 22.5 25
Tip-to-collector distance (cm) X3 75 10 125
Flow rate (mL/h) X4 1 2 3

Table 10 Summary of the ANOVA results for the average fibre diameter.

Average fibre diameter Standard deviation
F-value P-value F-value P-value
Regression 14.40 0.000 17.76 0.000
Linear 0.89 0.487 1.95 0.155
Square 46.79 0.000 38.76 0.000
Interaction 3.66 0.071 2.18 0.156

Lack-of-fit 1.97 0.389 2.61 0.092
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Regarding the ANOVA analysis as presented in Table 10, the P value of the
model was less than 0.05, while the P value of the lack-of-fit was more than 0.05,
indicating that this model was suitable. The equations for the fiber diameter and the
standard deviation were developed. These models were good reliable represented by
the R? values of 84.14% and 86.74%, respectively.

Fibre diameter = 346.903 - 423.617X: + 13.4X: + 193.867X3 - 129.75Xs +
37.2217X4? - 9.9983X3% + 25.8X1 X4

Standard deviation = -2846.89 — 273.544 X1 + 280.467X> + 91.8444X3 + 23.0511X1% —
6.0289X5% - 6.0089X3? + 4.68X1X3

The contour plots were created with the aim of evaluating the impact of the
parameters on fiber diameter and specifying the optimum conditions for the
formulation of nanofibers with targeted diameter. Based on the contour plots, the
optimum conditions were as follow; bioactive glass content of 7.5%w/v, applied

voltage of 25 kV, tip-to-collector distance of 12.5 cm and flow rate of 1 mL/h (55).
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3.1 Materials and methods
3.1.1 Materials

SHL (Lot No. 55), PVP K90 (Lot No. 0001845847) and ML (Lot No. 150520)
were obtained from Mahachai Shellac Part., Ltd. (Samut Sakhon, Thailand), P.C.
Drug Center Co. Ltd. (Bangkok, Thailand) and Shanghai Terppon Chemical Co., Ltd.
(China), respectively. The microorganismal strains used for the antimicrobial study
were S. aureus DMST 8013, E. coli DMST 4212 and C. albicans DMST 5815, which
were purchased from the Department of Medical Sciences, Thailand. Tryptic soy agar
and broth (TSA, Lot No. VM221159 and TSB, Lot No. VM229958) were used as
culture media for bacterial growth and obtained from Merck KGaA (Germany).
Sabouraud dextrose agar and broth (SDA, Lot No. 3200237 and SDB, Lot No.
VM331339) were used as culture media for fungal growth and obtained from Benton,
Dickinson and Company (USA) and Merck KGaA (Germany), respectively. Sterile
powders of ketoconazole (Lot No. KT/14/08/18514) and streptomycin (Lot No.
9/2015) were used as positive controls and obtained from Greater Pharma Co., Ltd.
(Bangkok, Thailand) and General Drugs House Co., Ltd. (Bangkok, Thailand),
respectively. Human fibroblast cells (Mrc-5) derived from lung tissue were employed
for cell adhesion assay and cytotoxic analysis. Chitosan (90% DAC, MW ~ 22,000)
purchased from Seafresh Chitosan Company Limited, Thailand was used for toxicity
screening. Ethanol (95% v/v) used for the preparation of the electrospun solution was

of reagent grade.

Part 1 Design of experiment approach for fabrication process of electrospun SHL
nanofibers using factorial designs
3.1.2 Preparation of SHL solutions

Each finely ground SHL was separately dissolved in 95% v/v ethanol and
stirred at room temperature for overnight before adjusting to the desired
concentration. The obtained homogenous solution was then centrifuged at 8000 rpm
for 30 min to eliminate insoluble contamination and subjected to further

electrospinning process.
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3.1.3 Electrospinning

The prepared SHL solution was filled in a syringe connected to a high-voltage
supply. When the voltages were applied, an electric field was conducted between the
needle tip of the syringe and the collector. Fibers were accumulated on the surface of
a target plate wrapped with aluminum foil. The process of electrospinning was carried
out under the controlled conditions (23 °C-26 °C and 40%-60% RH).

3.1.4 Characterization

The properties of SHL solution such as viscosity, conductivity and surface
tension were evaluated by using rheometer (Malvern Kinexus, England), electrical
conductivity meter (Hanna HI 4522, USA) and drop shape instrument (FTA 1000,
USA), respectively. The morphology of electrospun SHL fibers was observed by
scanning electron microscope (SEM) (LEO 1450 VP, UK). Based on SEM images,

fiber diameters and bead amounts were analysed by J MicroVision 1.2.7 software.

3.1.5 Experimental design

The morphology of the resultant nanofibers could be altered by several factors.
Based on preliminary experiments, SHL content (X1), applied voltage (X2) and flow
rate (X3) were chosen to be the most significant parameters, whereas some parameters
could be maintained constant. In this research, a tip-to-collector distance was held at
20 cm. The electrospining process was performed at ambient condition. The
appropriate range of each parameter was investigated. SHL concentration should be
from 35% to 40% w/w. With increasing the amount of SHL above 40% wi/w, the
fibers could not be formed. At the SHL concentration of below 35% w/w, droplets
might be obtained instead of fibers. The desired range of voltage was between 9 and
27 kV. The applied voltages below 9 kV were not enough to draw the solution from
the tip, while high voltages might produce electrical arcs. Moreover, a flow rate
varying from 0.4 to 1.2 mL/h was considered as the effective range for the fabrication
process. The parameters and their levels used in the experimental design are given in
Table 11. In this study, a 2° full factorial design with three replicates at the center
point were exploited, and the responses studied were the diameter of SHL nanofibers,

the distribution of diameter and the amount of beads presented in bead-to-fiber ratio.
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The results of the factorial design were analysed using Design Expert 8.0.7.1 (Stat-
Ease Inc., USA).

To investigate the most influential factors on the studied responses and their
interactions, the Pareto charts were performed and described in the sequence of bar
graphs consisting of two different ¢ limits (the Bonferroni-corrected ¢ and the standard
7). On the bar graphs, values of critical factors would be displayed above both ¢ limits,
whereas those of possible factors might be presented above the ¢ value limit. Factor
effects indicated as not important would appear below the ¢ value limit (56). The
positive and negative impacts of factors are represented by vertical bars with orange
and blue colours, respectively. Based on the analysis results, the predicted model was
reliable as the P value of model displaying the statistical significant of the model was
less than 0.05. The lack of fit illustrating the model related with errors was not
significant. The coefficient of determination (R?) indicating the goodness of fitted
model was high. The developed mathematic models were also validated for the ability
of models in describing the response changes in the design space by conducting the
additional experiments. The difference between the experimental measurements and
the predicted values presented by the root mean square error (RMSE) was calculated

as following formula (57):

S (P-0)?
N

RMSE =

where P and O are the model predicted value and the observed value, respectively. N
is the number of tested data. In addition, the optimum conditions for the preparation
of nanofibers with desired morphology were determined by defining the required

criteria for each response.

Table 11 Experimental range and levels of selected independent parameters
including SHL content, applied voltage and flow rate.
Parameters Symbol Variable levels
Low (-1) Central point (0) High (+1)
SHL content [% w/w] X1 35 37.5 40
Applied voltage [kV] X2 9 18 27

Flow rate [mL/h] Xs 0.4 0.8 1.2
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Part 2 Design and characterization of ML loaded electrospun SHL nanofibers with
antimicrobial activity
3.1.6 Fabrication and physicochemical characterization of ML loaded SHL
films

The SHL-based polymeric films containing different concentrations of ML
were initially prepared aiming to investigate the highest content of loaded ML by
dissolving definite amount of SHL (40% w/w) and varied amounts of ML in the range
of 3%-15% w/w in 95% v/v ethanol under overnight stirring at room temperature
followed by solvent evaporation. The highest level of ML loading in the obtained
films was accordingly analyzed using powder X-ray diffraction (PXRD).
Consequently, SHL nanofibers loaded with the maximum amount of incorporated ML
were fabricated and further evaluated for the physicochemical characteristics using
powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC) and

Fourier transformed infrared spectroscopy (FTIR).

3.1.6.1 Powder X-ray diffraction (PXRD)

The crystalline  or amorphous characteristic of the samples was
evaluated using powder X-ray diffractometer (MiniFlex I, Rikaku, Japan). The scan
was performed at 30 kV and 15 mA in the 20 range of 5° to 40° with the speed of
4°/min using Cu Ka radiation (A = 0.154 nm).

3.1.6.2 Differential scanning calorimetry (DSC)

The thermal characteristic of materials was investigated using
differential scanning calorimeter (Sapphire, Perkin Elmer, Germany) under nitrogen
gas flow with the rate of 20 mL/min. Samples were sealed in standard liquid
aluminum pans and heated from 25 to 200 °C with the rate of 10 °C/min.

3.1.6.3 Fourier transformed infrared spectroscopy (FTIR)

The molecular behavior and interaction of ML in SHL matrix was
examined using FTIR spectrophotometer (Nicolet Avatar 360, USA). During the
process, each sample was ground and triturated with dry potassium bromide (KBr),
and consequently compacted by hydraulic press machine to form pellet. The obtained

pellet was placed in the sample holder. The scan was processed from 4000 to 400
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cm* at 4 cm™ resolution. The FTIR spectrum of each sample was obtained and
analyzed using the OMNIC FTIR software.

3.1.7 Fabrication and physicochemical characterization of ML loaded SHL
fibers
3.1.7.1 Preparation and evaluation of SHL-ML solutions

The solutions at selected SHL-ML ratios were prepared by dissolving
finely ground SHL and ML in 95% v/v ethanol and then magnetically stirring for
overnight at room temperature before adjusting to the desired content. In order to
eliminate insoluble contamination, the-homogenous solution was centrifuged at 8000
rpm for 30 min. The obtained solution was further subjected to study solution

property, and fiber morphology after fabrication via electrospinning process.

The properties of SHL-ML solutions including viscosity, surface
tension and conductivity were examined by rheometer (Malvern Kinexus, UK), drop
shape instrument (FTA 1000, USA) and electrical conductivity meter (Extech EC500,
USA), respectively.

3.1.7.2 Preparation and evaluation of SHL-ML fibers

SHL-ML nanofibers were prepared as mentioned in section 3.1.3. The
morphology of the obtained fibers was investigated using scanning electron
microscope (SEM) (LEO 1450 VP, UK). Based on SEM images, J MicroVision 1.2.7
software was utilized to measure the diameter of the fibers and the amount of beads.
The influence of independent factors; formulation and process parameters including
viscosity, surface tension, conductivity, applied voltage and feed rate, on the
morphological characteristics of fibers were determined in order to find the significant
factors for further design of experiment.

3.1.7.3 Physicochemical characterization of SHL-ML fibers
The prepared electrospun SHL-ML fibers were examined for the
physicochemical characteristics compared with their physical mixtures derived from
the blend of each finely ground excipient and pure compounds using powder X-ray
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diffraction (PXRD), differential scanning calorimetry (DSC) and Fourier transformed

infrared spectroscopy (FTIR) as described in section 3.1.6.

3.1.8 Experimental design

A 2* full factorial design with three replicates at the center point was
performed in order to find the optimized significant independent factors for the
multiple responses of fiber properties. The diameter of fibers and the amount of beads
(bead-to-fiber ratio) were the observed responses. The critical variables and their
levels considered in the design of experiment are shown in Table 12. The optimum
concentration of ML was in a range of 1% to 3% w/w. At a content of ML above 3%
w/w, the loaded nanofibers were found to be liquefied. The Design Expert 8.0.7.1
software (Stat-Ease Inc., USA) was used for the analysis of the resultant data. In
addition, the optimum conditions for the fabrication of nanofibers with desired

morphology were also determined.

Table 12 Experimental range and levels of selected independent parameters
including SHL and ML contents, applied voltage and flow rate.
Parameters Symbol Variable levels
Low (-1) Central point High (+1)

(0)
SHL content [% w/w] X1 35.0 37.5 40.0
ML content [% w/w] X2 1.0 2.0 3.0
Applied voltage [kV] X3 9.0 18.0 27.0
Flow rate [mL/hr] X4 0.4 0.8 1.2

3.1.9 Time-kill kinetics

Time—Kill assays were performed in order to study the pharmacodynamics of
antimicrobial agents, showing a profile of antimicrobial activity over time. Prior to the
kinetic test, S. aureus and E. coli were cultured in TSB media. Whereas C. albicans
were cultured in SDB media. After overnight incubation at 37 °C, the density of
inoculation was further diluted to 104 CFU/mL. For the kinetic test, 30 min UV-
sterilized SHL nanofibers loaded with ML and ML in a solution form were added in
the media broth to give the same final concentration of ML (2 mg/mL). SHL fibers
without ML were used as the negative control, while streptomycin and ketoconazole

in the concentrations of 1 mg/mL were used as positive controls for antibacterial and
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antifungal test, respectively. All tubes were shaken and incubated at 37 °C. At
different time points (0, 15, and 30 min, 1, 3, 6 and 9 h), 100 pL of each sample was
taken and spread on a media agar. All plates were then incubated for 24 h at 37 °C.
The number of colonies was counted and calculated for the percentage of living

microbial cells as following equation.
The percentage of living microbial cells = (Ct x 100) / Co

where Co and C; are the number of colonies at initial time (before adding the sample)
and each time point, respectively.

Part 3 Design and characterisation of electrospun SHL/PVP blended nanofibers
loaded with monolaurin for application in wound healing
3.1.10 Experimental design

PVP was added to the SHL carrier to generate a wound dressing with
improved performance properties. Monolaurin was incorporated to provide
antimicrobial activity. The studied- independent factors were the SHL ratio in the
SHL/PVP blended solution (X1), ML content (X2) and applied voltage (Xs3), which
were selected on the basis of preliminary studies. A 23 full factorial design with three
centre-point replications was conducted to identify the effects of each significant
factor and their combination on multiple observed responses, including morphology,
mechanical properties, hydrophilicity and absorbability. The evaluated samples were
obtained from solutions that were varied according to selected parameters as
illustrated in Table 13. In this part, the encapsulated content of ML seemed to increase
with the addition of PVP, thus the selected concentration range of ML was between
5% and 35% w/w. The resultant data were analysed using the Design Expert 8.0.7.1
software. The optimum production conditions for electrospun SHL/PVP nanofibers

comprising ML with the desired properties were also investigated.
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Table 13 Experimental range and levels of selected independent parameters
including SHL ratio in blended solution, ML content, applied voltage and flow rate.

Variable levels

Parameters Symbol Low (1) p(;?:ttr(a(:) High (+1)
SHL ratio in blended solution X1 25 50 75
ML content [% w/w] X2 5 20 35
Applied voltage [kV] X3 9 18 27

3.111 Preparation of blended solutions of SHL and PVP loaded with ML

SHL (35% w/w) and PVP (8% w/w) solutions were separately prepared by
dissolving fine powders of SHL and PVP in 95% v/v ethanol. The dissolved solutions
were then stirred overnight at room temperature and adjusted to the required
concentrations. Prior to concentration adjustment, insoluble contaminants that may
have been present in the SHL solution were removed by centrifugation at 8000 rpm
for 30 min. The blends of SHL and PVP solutions with ML at different ratios were

subsequently prepared and subjected to further evaluation and fabrication.

3.112 Evaluation of properties of the blended solution

Properties of the drug/polymer blended solution such as viscosity, surface
tension and conductivity were determined using a rheometer (Malvern Kinexus, UK),
drop shape instrument (FTA 1000, USA) and electrical conductivity meter (Extech
EC500, USA), respectively.

3.1.13 Preparation of electrospun SHL-PVP nanofibers loaded with ML

The electrospun SHL-PVP fibers were prepared as mentioned earlier (section
3.1.3).

3.1.14 Morphology of electrospun nanofibers

The morphology of the obtained fibres was investigated using scanning
electron microscope (SEM) (LEO 1450 VP, UK). Based on SEM images, J
MicroVision 1.2.7 software was utilized to measure the diameter of the fibres and the

amount of beads.
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3.1.15 Physicochemical and physical characterization of electrospun nanofibers
The obtained electrospun nanofibers were investigated for their
physicochemical properties using powder X-ray diffractometry (PXRD), differential
scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) as
illustrated in section 3.1.6. Physical characteristics, including mechanical properties,

wettability and absorbability were also studied.

3.1.15.1 Mechanical properties
Mechanical properties, including tensile strength and
elongation, were measured using a texture analyser (TA.XT plus, Stable Micro
Systems, UK). The fibre mats were cut to a length of 25 mm and a width of 5 mm
(58). The thickness of nanofibers was evaluated using a thickness tester. The tensile
strength and elongation were calculated as following equations:

Force (N)
Cross sectional area (mm?)

Tensile strength (MPa) =

ALx100
L

Elongation (%) =

where AL is the change in length of the original gage length measured after a rupture

and L is the original gage length.

3.1.15.2 Wettability

The hydrophilicity of wound dressing mats influences the
behaviours of cell adhesion and growth, thus affecting the rate of wound healing.
Moreover, wound dressing membranes should be applied effectively and firmly
adhered to the moist wound bed during the wound-healing process. In order to
determine the hydrophilicity of the obtained fibres, the wettability, as indicated by
contact angle, surface free energy and polarity, was measured using a drop shape
instrument. During the process, two liquids, water and diiodomethane, used as polar
and nonpolar solvents, were dropped onto each fibre mat, and the contact angle,
surface free energy and polarity were then calculated according to the Wu’s harmonic

mean equation as follows:

YL(1+Cos0) =4 [(ys* y.%) / (ys® + yi%) + (ysP yLP) / (vsP + yi)]
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where yL and ys were the liquid surface tension and solid surface free energy,
respectively. The dispersive and polar components of the surface free energy were

represented as y¢ and yP, accordingly (59).

3.1.15.3 Absorbency
Regarding the characteristics of ideal dressing materials, wound
mats should absorb exudates and maintain a moist wound environment at the surface.
The degree of swelling (DS) of the wound dressing was investigated and calculated

according to the following formula (60):
DS = (Ww — Wg) x 100 / Wy

where Wy was the weight of a dry dressing, and Wy was weight of a wet dressing
following immersion in the medium for the given time periods (1, 5, 10 and 15 min).
In this work, the medium was phosphate buffered saline (PBS) solution pH 7.4, which
simulated the environment of a chronic wound. The samples were placed between two
sieves. The excess fluid was removed with filter paper and by oven drying at 50 °C.
The maximum values of absorbency at the same time point after immersion in

medium were selected and evaluated using an experimental design approach.

3.1.16 Time-kill kinetics

S. aureus and C. albicans, majority causes of chronic wound infection, were
used in this assay. S. aureus and C. albicans were incubated overnight at 37 °C in
TSB and SDB, respectively, and then further diluted to 10* CFU/mL. The nanofibers
were UV sterilised for 30 min prior to the kinetic test. Based on time-kill kinetic
methodology, the sterilised mats at different ratios of SHL/PVP loaded with ML and
the solution of ML were introduced into liquid media in a final concentration of 2
mg/mL. Streptomycin and ketoconazole in the concentrations of 1 mg/mL were used
as positive controls for the study of antibacterial and antifungal activities, whereas
fibres without ML were used as a negative control. All tubes were cultured at 37 °C in
a shaking incubator. At each time point (0, 15 and 30 min and 1, 3 and 6 h), 100 pL of
each sample was drawn up, dispensed onto an agar plate and then incubated at 37 °C
for 24 h. The percentage of living microbial cells calculated from the number of

colonies at different time points was used to determine each activity over time.
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3.1.17 Cell attachment assay

Human fibroblast cells suspended in Dulbecco’s Modified Eagle’s Medium
comprising 10% foetal bovine serum and 0.01% L-glutamine were grown in T-75 cell
culture flasks at 37 °C in a 5% CO> atmosphere. The nanofiber mats were cut into
small pieces and subsequently UV sterilised for 20 min. The fibroblast cells were
separated by trypsinisation, seeded onto the nanofibers at a density of 10° cells/mat
and incubated at 37 °C under 5% CO.. During cell seeding, the characteristic of cell

adhesion was observed continuously under a light microscope.

3.1.18 Invitro MTT assay

Prior to cytotoxicity test, SHL, PVVP, ML and SHL/PVP blended nanofibers in
the ratio of 50 to 50 containing 20% w/w ML, which should be preferable applied in
wound healing application based on the experimental results, were prepared in the
solutions by dissolving in 95% ethanol. Chitosan was stirred overnight in 2% acetic
acid. Human fibroblast cells were grown in T-75 cell culture flask using a DMEM cell
culture medium added with 0.01% L-glutamine and 10% FBS, and incubated at 37 °C
in 5% CO,. During the process of MTT assay, the fibroblast cells were separated by
trypsinization and placed in a 96 well culture plate at the density of approximately 3 x
10* cells/well. The cells were treated with various samples, including SHL, PVP, ML,
chitosan, SHL/PVP blended nanofibers in the ratio of 50 to 50 loaded with 20% w/w
ML, which were 4-fold serial diluted with- DMEM cell culture medium to 0.064,
0.016, 0.004 and 0.001 mg/mL in each well. The 20 pg/mL of 5-FU was employed as
a positive control, and the cells without samples were used as control cells. After 24 h
incubation, all of the samples was removed. The MTT solution was added in the
concentration of 0.5 mg/mL. The culture plates were covered with aluminum foil in
order to protect from light, and then incubated for 3 h at 37 °C of 5% CO:
atmosphere. The 50 pL of DMSO was added in each well to dissolve the cell
formation of insoluble purple formazan. The cell viability was detected at the
absorbance of 570 nm, and the percentage of cell viability was measured as following

equation.

Mean absorbance of treated cell

Cell viability (%) = 100 x

Mean absorbance of untreated cell
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4.1 Introduction

Currently, electrospun nanofibers are increasingly introduced to wound
healing management. Due to their ultrafine network structures, electrospun nanofibers
could be used for the replacement of natural extracellular matrix (ECM) resulting in
greatly rapid epithelialization, allowing the reduction of scar formation (4). The
porous nature of nanofiber dressings also enhances oxygen and nutrients transferring
to cells leading to an increased healing rate (6). Dressings are supposed to be placed
in the physiological and biological environment of a wound; thus, the use of

biopolymers for electrospun nanofibers is necessary.

SHL is a natural polymer secreted by the lac insect found on specific trees in
China, India and Thailand. It is nontoxic and physiologically harmless (8). Based on
its excellent film forming and protective properties, SHL is commonly used as an
enteric coating material to protect from-acid in gastrointestinal tract and as an additive
in fruit coating to prevent water loss and microbial entry (9,10). Therefore, SHL

might be potentially used as a carrier polymer for wound dressing application.

The electrospinning process could be influenced by various parameters
including solution parameters, processing parameters and ambient parameters (19). In
order to determine the single effect of each factor and interaction effects between
factors, a factorial design was carried out with the aim to minimize time consuming

and the number of experiments (20).

The objectives of this study were to investigate the main and interaction
effects of some parameters such as SHL content, applied voltage and flow rate on the
morphology of the SHL nanofibers, and to find the optimum process conditions by
using a full factorial design with three replicated centre points.

4.2 Results and discussion
4.2.1 Properties of SHL solution

The electrical property, viscosity and surface tension might affect the
stretching property of the solution influencing in the electrospinning process. From
Table 14, an increase in the concentration of SHL resulted in the increased viscosity

and the decreased conductivity of the solution, while the surface tension was not



significantly different. When the SHL content was increased, the beaded fibres were
gradually altered to smooth fibres as shown in Figure 21 due to a high interaction
between the solvent and polymer molecules, thus reducing the tendency of
aggregation of the solvent molecules (19).

Table 14 The effect of different SHL concentrations on viscosity, conductivity
and surface tension.

SHL content Solution properties
[% wiw] Viscosity Conductivity Surface tension
[mPa.s] [uS] [MN/m]
35 225.80 25.70 24.6
375 442.50 23.49 24.3
40 628.03 21.46 254

Figure 21 ~ SEM images of SHL nanofibers at the concentrations of (A) 35% w/w,
(B) 37.5% w/w and (C) 40% wi/w.

4.2.2 Results of the experimental design
4.2.2.1 Effects of the independent parameters on the morphology of SHL
nanofibers
The results were measured based on a 22 full factorial design with three
replicated centre points consisting of 11 experiments (Table 15). The most significant
effects and their interactions were evaluated by using Pareto charts as demonstrated in
Figure 22.
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Table 15 Full factorial design and experimental responses, including nanofiber
diameter and bead amount, for each design point of SHL content, applied voltage and
flow rate.

SHL  Applied Flow Nanofiber
. Bead amount
Run content voltage  rate diameter (Y1) (Y2)
X)  (X2)  (Xq) [nm] i
1 -1 -1 -1 251.16 1.64
2 +1 -1 -1 533.74 0.11
3 -1 +1 -1 256.87 1.12
4 +1 +1 -1 646.93 0.06
5 -1 -1 +1 289.09 1.50
6 +1 -1 +1 604.52 0.18
7 -1 +1 +1 293.23 1.01
8 +1 +1 +1 698.41 0.08
9 0 0 0 389.44 0.85
10 0 0 0 429.34 0.80
11 0 0 0 404.10 0.89
31.85- & A - & 5
52389~ o 2080
S 1502 B 1387
g S
- 7'967_ X XiXy X, Bonferroni Limit 4.38176, i ¢ XXz Bonferroni Limit 3.99706
] tValue Limit 2.5705: | t-Value Limit 2.44691)
000 & e 0.00- H i J B om -
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Figure 22 Pareto charts of the response values (A) nanofiber diameter and (B)
bead amount.

The Pareto charts presented that SHL content had the most important
effect on the SHL fibre diameter, while applied voltage, interaction between SHL

content and voltage, and feed rate were minor factors, respectively. When the
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concentration of SHL was increased, the stretching of the solution might be reduced
due to an increase in the viscosity and a decrease in the conductivity resulting in the
formation of large diameter nanofibers (19). Moreover, the high applied voltages
might facilitate the polymer ejection leading to the increased diameter (61). Fibres
with large diameter could be obtained from the high feed rate because of the increased
volume of solution drawn from the tip, thus consuming long time to be dried. The
fibres would be fused together (19).

SHL content and applied voltage had negative relationships with bead
amount. As previously mentioned, the solution containing low amount of SHL might
produce beaded fibres instead of smooth fibres due to a low interaction between the
solvent and polymer molecules. The solvent molecules tended to easily compact
together. In addition, when the high voltages were applied, the amount of charges
would be increased causing the fast drawing of the solution; therefore, the beadless
fibres could be formed (19).

The mathematical models were performed to predict the effect of
independent parameters on fibre diameter and bead amount as shown in the following
equations referring to coded factors (Eq. 1,2) with R? values of 0.9827 and 0.9803,

respectively.
Diameter = 174.16(X1) + 27.12(X2) + 24.57(X3) + 24.66(X1X2) + 436.07 (1)
Bead amount = 0.75 — 0.6(X1) — 0.14(X2) + 0.11(X1X2) (2)

Regarding Table 16, the P values of the models were less than 0.05
indicating that these models were significant. In the same way, the P values for the
lack of fit of diameter and bead amount were 0.3271 and 0.1524, which were greater
than 0.05, determining that the models were suitable. The sign of coefficients

represented the positive and negative relationships between factors and responses.
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Table 16 Analytical results for diameter and bead amount of SHL fibres.

Responses Coefficients *P value Std. %CV Mean R? F-value
Dev. value

Yi(nanofiber diameter) 27.49 6.30 436.08 0.9827

X1 174.16 <0.0001

X2 27.12 0.0316

X3 2457 0.0448

X1Xa 24.66 0.0443

Intercept 436.07

Model < 0.0001 85.42

Lack of fit 0.3271 2.28

Y2(bead amount) 0.095 12.79 0.75 0.9803

X1 -0.60 <0.0001

X2 -0.14 0.0037

X1X2 0.11 0.0148

Intercept 0.75

Model < 0.0001 116.03

Lack of fit 0.1524 5.85

*P values < 0.05 indicate that the model terms are significant.

An overlay plot was created in order to find the optimum conditions.
Nanofibers with thinner diameter (~ 493 nm) and less number of beads (~ 0.47) might
be obtained at the SHL content of 38.5% w/w, the voltage of 21 kV and the feed rate
of 0.4 mL/h.

4.2.2.2 The validation of the models
In order to evaluate the correlation between the expected values
calculated from the developed mathematic models and the actual experimental results,
the additional test data set was exploited. According to Table 17, there was a relative
agreement between the actual and predicted values of fibre diameter and bead amount
as displayed by the calculated RMSE values of 14.48 and 0.05, describing the
effectiveness of the equations.

Table 17 Comparison between the actual and predicted values of diameter and
bead amount of test data set.

Diameter (nm) Bead amount
Actual Predicted RMSE Actual Predicted RMSE
value value value value
38% w/w SHL
(255kv/1mLm) | 49383 | 509.90 0.93 1.18
38.9% w/w SHL
@55KkV/1mLmy | 96293 | 579.99 14.48 0.77 1.01 0.05
39.4% w/w SHL
@1kv/05mLm) | °77.09 | 56529 0.47 0.52
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4.3 Summary

The SHL nanofibers could be developed as a carrier polymer for wound
dressing application by using a full factorial design aiming to examine the main and
interaction effects of parameters on the morphology of the SHL fibres. Based on the
results, SHL content was the most important effect on fibre diameter. Whereas
applied voltage, interaction between SHL content and voltage, and feed rate were
minor factors, respectively. On the other hand, an increase in the concentration of
SHL and voltage might lead to a decrease in the amount of beads. The optimum
conditions for the fabrication process were also studied. As a result, the thinner
nanofibers with less amount of beads were produced at the SHL content of 38.5%
wi/w, the applied voltage of 21 kV and the feed rate of 0.4 mL/h.
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51 Introduction

Infection might cause a delay in wound healing. To prevent the multiplication
of pathogens, an antimicrobial agent should be incorporated. Apparently, antibiotic
resistance has become an increasing worldwide problem for infection treatment.
Therefore, safe and effective antimicrobials which are not easily subjected to
resistance are greatly required. Among these simple antimicrobial compounds, natural
lipids seem to be an achievable choice (14). Fatty acids and their corresponding esters
might have little or no toxicity and also exert antimicrobial activity. Isaacs, Litov and
Thormar (1995) found that fatty acids and monoglycerides with medium chain lengths
yielded more biologically active than long chain-monoglycerides in Killing viruses
and bacteria (38). Among medium chain fatty acids (C8 to C14), lauric acid (C12) has
more antimicrobial activity than other fatty acids such as myristic acid (C14), capric
acid (C10) or caprylic acid (C8) (16). It could be found in human breastmilk, skin
surface and other natural foods such as coconut oil and palm kernel oil (16). ML,
known as glycerol monolaurate, is-a monoester form of lauric acid. It has many times
greater antibacterial and antiviral activity than lauric acid. Tangwatcharin and
Khopaibool (2012) revealed that -minimum bactericidal concentrations (MBC) of
lauric acid and ML were 3.2 mg/mL and 0.1 mg/mL, respectively (42). The lower
MBC value of ML indicated the stronger antimicrobial activity than that of lauric
acid. ML has Generally Recognized As Safe (GRAS) status considered to be nontoxic
(16). It is approved in the US as a food emulsifier and has been used to control growth
of pathogenic organisms and spoilage in food processing industries (18). ML exhibits
a broad-spectrum bactericidal activity against Gram positive bacteria from superficial
skin infections and also has an antifungal effect by inhibiting spore germination and
preventing the radial growth (15,16,43,62). Previous studies revealed that the topical
use of ML could inhibit the growth of S. aureus, a significant cause of skin and
mucosal infections (62). Besides the killing effect, ML might stabilize mucosal and
skin surfaces, thus avoiding inflammation and further infection (62). In addition to S.
aureus, S. pyrogenes, Cl. perfringens, M. terrae, L. monocytogenes, S. agalactiae, and
Groups C, F, and G streptococci could be killed by ML (16,62). Fungi, yeast, and
protozoa were also reported to be inactivated by ML. C. albicans, an opportunistic

human yeast pathogen found in the oral pharynx, gut, genito-urinary tract and skin,
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was potentially affected by ML (63). Additionally, the development of microbial
resistance to ML was also considered rare to occur (62). However, there are few
studies exploring the possibility of ML as an alternative antimicrobial agent in the

pharmaceutical dosage forms, including wound dressing.

The aims of this research were to investigate which factors (SHL and ML
concentrations, applied voltage and flow rate) and interaction effects between these
factors would have the most impact on the morphology of SHL nanofibers loaded
with ML. The fabrication conditions were optimized by using a full factorial design
with three replicated centre points. Various instrumental analyses including powder
X-ray diffraction, differential scanning calorimetry and FTIR spectroscopy were also
employed in order to investigate the physicochemical characteristics of ML in SHL

matrix.

5.2  Results and discussion
5.2.1 Evaluation of physical state and compatibility of the components in ML
loaded SHL matrix

The physicochemical characterisations of ML loaded SHL matrix including
crystallinity property, thermal characterisation and  molecular behaviour and

interaction were determined by using PXRD, DSC and FTIR as described below.

5.2.1.1 Powder X-ray diffractometry (PXRD)

The PXRD patterns of SHL powder, ML powder, their physical
mixture, nanofibers and films in the weight ratio of 40: 3 are illustrated in Figure 23.
The crystalline peaks as indicated by the diffraction peaks at 26 values of 9.6°, 19.6°,
20.5° and 23.0° were clearly observed in the PXRD pattern of ML powder while SHL
powder was in amorphous state as presented in a halo PXRD pattern. After
encapsulation of ML in SHL nanofibers or films, the characteristic crystalline peaks
of ML were absent assuming that ML might be entrapped in the SHL matrix. It was
also noted that fast drying rate during electrospraying was not the cause of
disappearance of ML diffraction peak (amorphization) since slow evaporation during
the film casting also demonstrated the similar PXRD pattern as that obtained from

electrospraying. In this case, the ML molecules should be molecularly dispersed
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among the polymer chains of SHL, resulting in the disappearance of crystalline

structure.

19.6

SHL

SHL-ML (40:3) PM

SHL-ML (40:3) nanofibers

SHL-ML (40:3) films

5 15 25 35

2 Theta (degree)

Figure 23 Powder X-ray diffraction patterns of SHL, ML, their physical mixture,
nanofibers and films in the weight ratio of 40: 3.

The SHL films containing various amounts of ML were developed
aiming to investigate the highest level of incorporated ML. Based on Figure 24A, the
diffraction peaks due to crystalline ML were clearly observed in the PXRD patterns of
all SHL-ML physical mixtures, especially at high fraction of ML. However, the peak
intensity due to ML in PXRD patterns of SHL-ML films (Figure 24B) became
obviously decreased as compared to that of the corresponding physical mixtures.
According to the PXRD profiles of SHL-ML films at the ratios of 40: 5 and 40: 3, the
diffraction peaks completely disappeared and changed to halo pattern, suggesting the
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complete encapsulation or monomolecular dispersion of ML into SHL matrix films at
these ratios. Thus, the suitable ratio of SHL to ML should be 40: 5 in which ML could
be completely loaded in SHL nanofibers. Nevertheless after preliminary investigation
by electrospinning process, nanofibers containing 40: 5 weight ratio of SHL to ML
could not be performed because of tackiness. Therefore, the combination of SHL with

ML at the ratio of 40: 3 was found to be the maximum loading amount of ML.

(A) PM 19.6 (B) films
229
9.6
SHL-ML (40:15) SHL-ML (40:15)
SHL-ML (40:10) SHL-ML (40:10)
SHL-ML (40:5) SHL-ML (40:5)
SHL-ML (40:3) SHL-ML (40:3)
5 15 25 35 5 15 25 35
2 Theta (degree) 2 Theta (degree)

Figure 24 Powder X-ray diffraction patterns of (A) SHL-ML physical mixtures
with different amounts of ML and (B) their corresponding films.

5.2.1.2 Differential scanning calorimetry (DSC)

DSC is one of the common tools for studying the interaction between
the active drug and excipients and also assessing the possible incompatibilities which
is significantly involved in the dosage form development (64). In this study, DSC was
employed to study the interaction between SHL and ML. The DSC thermograms of
SHL, ML and their corresponding samples are illustrated in Figure 25. Based on the
DSC curve of ML, a large endothermic peak was obtained at about 66 °C indicating
the melting temperature of ML. Meanwhile, pure SHL displayed the melting peak at
about 69 °C which was almost the same position as ML. The physical mixture showed

the broad endothermic peak, presumably due to the overlapped melting peaks of ML
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and SHL, at 68 °C. However, the films and nanofibers demonstrated the different
results as compared to those found in the physical mixture. The loss of endothermic
peaks of ML and SHL was obviously observed in the DSC thermograms of the films
and nanofibers which suggested the strong interaction between SHL and ML. The ML
crystals might be changed from crystal state to molecular level and interacted with

polymer structure of SHL during processing which was in accordance to the XRD

results.
~— SHL-ML (40:3) films
o ~—— SHL-ML (40:3) nanofibers
i
2 \/ SHL-ML (40:3) PM
=
o]
j
v

ML

50 100 150 200

Temperature (°C)

Figure 25 DSC thermograms of SHL, ML, their physical mixture, nanofibers and
films in the weight ratio of 40: 3.

5.2.1.3 Fourier transform infrared spectroscopy (FTIR)

In order to provide more insight into the chemical interaction between
components, FTIR was used for studying the molecular behaviour of ML in SHL
matrix. As illustrated in Figure 26, ML showed a broad peak with the maxima around
3314 cm™ which was assigned as O-H stretching of the hydroxyl groups at the
glycerol backbone while the peaks at 1731 and 1182 cm™* were attributed to carbonyl
(C=0) stretching and C-O stretching of lauryl ester, respectively (65). SHL also
demonstrated the peak due to O-H stretching of hydroxyl groups and C=0 stretching
but in the different positions of 3420 cm™ and 1716 cm™?, respectively. Additionally,
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the peaks assigned to alkenyl (C=C) and C-O stretching band were observed at 1636
and 1255 cm™, respectively (66). For the physical mixture, the superimposed
spectrum between SHL and ML was observed. However, the FTIR spectrum of ML
loaded SHL fibres was clearly changed as compared to that of the physical mixture.
After the incorporation of ML into SHL fibres, the shift of broad O-H bands of ML
(3314 cm™) and SHL (3420 cm™) to the maxima around 3446 cm™* was observed
while the peaks assigned to C=0 stretching of ML (1731 cm ™) and SHL (1716 cm™?)
were shifted to 1717 cm™’. Additionally, the peak intensity of ML was clearly
decreased after loading into the SHL fibres. Besides, a characteristic peak assigned to
C=C stretching (1636 cm™!) of SHL in SHL-ML fibres was not changed which
suggested that only some functional groups of SHL was involved in the interaction.
Similar results were observed in the FTIR spectrum of SHL-ML films and therefore
confirmed the specific interaction between SHL and ML after incorporation into the
matrix of either SHL fibres or films. In this case, the intermolecular hydrogen
bonding among the hydroxyl groups and carbonyl groups of SHL and ML might be a
possible explanation.
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Figure 26 FTIR spectra of SHL, ML, their physical mixture, nanofibers and films
in the ratio of 40: 3.

5.2.2 Evaluation of SHL-ML solution properties

The solution property might play a significant role in the electrospinning
process affecting the morphology of the obtained nanofibers. During the
electrospinning process, the solution was ejected from the needle tip depending on the
stretching capacity of the solution which would be influenced by conductivity,
viscosity and surface tension (19). Obviously, as illustrated in Table 18, the increased
concentration of SHL led to a remarkable increase in viscosity, a slight decline in

conductivity, but no significant change in surface tension. The viscosity was directly
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related to SHL content. As the concentration of SHL was increased, the amount of
polymer chain entanglement was also increased resulting in a significant elevation in
viscosity (19). Generally, SHL is a non-ionic polymer with dielectric constant (g) of
3.6 (67). When the SHL content was increased, the electrical conductivity of a
solution seemed to decline as a result of the decreased charge carrier mobility.
Meanwhile, the surface tension of a solution was not significantly different. This
could be explained by the dispersed distribution of SHL molecules in the solution

which was not projected to the surface.

In addition, the introduction of ML into the SHL solutions could also affect
the solution properties. When the content of ML was increased, the solution tended to
have a slight reduction in viscosity which was presumably owing to the change in
chain conformation of SHL. As discussed earlier, ML could be entrapped between the
chains of SHL during the process of electrospinning, thus reducing the entanglement
of SHL chains and resulting in a slight decreased in viscosity. A slight decrease in
conductivity might be induced by an increase in the amount of ML due to the non-
ionic property of ML (68). However, the surface property of a solution was not

changed after incorporating ML in the same manner as described above.

Table 18 Effect of SHL and ML concentrations on viscosity, conductivity and
surface tension.
SHL content ML content Solution properties
[% wiw] [% wiw] Viscosity Conductivity  Surface tension
[mPa.s] [uS] [MN/m]
35.0 1.0 454.2 26.41 22.4
35.0 2.0 335.4 26.33 21.8
35.0 3.0 251.5 26.29 21.6
37.5 1.0 676.7 23.75 22.0
37.5 2.0 561.9 23.27 22.1
375 3.0 411.8 23.05 21.3
40.0 1.0 750.8 22.23 22.4
40.0 2.0 705.3 20.97 21.8

40.0 3.0 643.4 20.64 21.6
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5.2.3 Experimental design

5.2.3.1 Effects of the independent parameters on the morphology of SHL-
ML nanofibers

A series of 19 experiments based on a 2* full factorial design with

three replicated centre points was performed (Table 19). As demonstrated in Figure
27A and Figure 29, Pareto charts and the diameter distributions of nanofibers at
different concentrations of SHL and ML revealed that the SHL content (X1) had a
tremendous effect on the diameter of fibres while the ML level (X2) was the minor
factor. For examples, electrospun fibres prepared from 40% w/w SHL (Figure 29D,
29E) indicated the larger diameter as compared to those prepared from 35% w/w SHL
with the same concentration of ML (Figure 29A, 29E). Similarly, the electrospun
fibres prepared from a higher concentration of ML (Figure 29A, 29B) demonstrated
the larger fibre size as compared to those prepared from a lower concentration of ML
(Figure 29D, 29E) although less extent was observed. As mentioned earlier (Table
18), the increased concentration of SHL resulted in the significant increase of
viscosity and the slight' decrease of conductivity leading to a reduction in the
stretching capacity of the solution.-As a result, nanofibers with large diameters might
be obtained (19). Another factor affecting the fibre diameter was the concentration of
ML. Based on theoretical expectation, an increase in the viscosity of electrospun
solution contributes to an increase in the resultant fibre diameter due to a decrease in
the stretching capacity during the electrospinning process (19). By contrast, the
fabricated nanofibers appeared to be thicker with the presence of increased ML,
although the reduced viscosity was clearly indicated. In this case, the influence of
viscosity as well as the stretching capacity might be presumably dominated by another
factor. As explained in the section 5.2.1, the possible interaction between SHL and
ML was observed. We therefore assumed that the interaction of ML seemed to be the
likely cause of the reduced stretching ability of solutions and thus increasing the fibre
diameter. ML might interact with the SHL by intercalating among the polymeric
chains and thus impeding the elongation or stretching capacity (as postulated in
Figure 28). Additionally, the slight decrease of solution conductivity as increasing
ML contents also reduced the charge density of electrospun solutions leading to the
impaired elastic force within the jet (19) (Figure 27).
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The occurrence of beads on the electrospun fibres is considered as
defect. As indicated by Pareto chart in Figure 27B, only the content of SHL (X1) had a
remarkable impact on the appearance of beads. The number of beads had a tendency
to decrease with increasing concentration of SHL while the smooth fibres were
obtained from 40% w/w SHL and 3% w/w ML (Figure 29). Based on Table 15, an
increase in the viscosity of SHL might lead to the high interaction between the
polymers and solvent molecules. The aggregation probability of the solvent molecules
was thus reduced. As a result, the beaded fibres were gradually changed to smooth
fibres (19). In order to predict the impact of independent factors on the diameter of
fibre (Y1) and the amount of 'bead (Y2) represented by bead-to-fibre ratio,
mathematical models were performed as presented in the following equations. The
Equation 3 and 4 referred to coded factors with R? values of 0.7480 and 0.7527,

respectively indicating the good fit of the model.

Diameter = 173.81(X1) + 60.69(X2) +542.89 (3)
Bead amount = 0.48 —0.39(X1) 4)
Table 19 Full factorial design and experimental responses, including fibre

diameter and bead amount, for each design point of SHL and ML contents, applied
voltage and flow rate.

Run SHL ML Applied Flow Fibre diameter Bead amount
content - content - voltage rate (Y1) [nm] (Y2)
(X1) (X2) (Xs) (Xa)

1 -1 -1 -1 -1 297 0.76
2 +1 -1 -1 -1 554 0.05
3 -1 +1 -1 -1 378 1.04
4 +1 +1 -1 -1 741 0.02
5 -1 -1 +1 -1 309 0.80
6 +1 -1 +1 -1 774 0.03
7 -1 +1 +1 -1 448 1.04
8 +1 +1 +1 -1 695 0.02
9 -1 -1 -1 +1 315 1.20
10 +1 -1 -1 +1 714 0.16
11 -1 +1 -1 +1 549 0.43
12 +1 +1 -1 +1 830 0.03
13 -1 -1 +1 +1 357 0.96
14 +1 -1 +1 +1 783 0.03
15 -1 +1 +1 +1 544 0.42
16 +1 +1 +1 +1 888 0.03
17 0 0 0 0 394 0.75
18 0 0 0 0 411 0.65

19 0 0 0 0 335 0.78
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Figure 27 Pareto charts of the response values (A) nanofiber diameter and (B)
bead amount.
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According to the analytical results shown in Table 20, the prediction of
the models would be reliable referring to the P values of the models which were less
than 0.05. Moreover, the lack of fit was not significant with P values of 0.1157(Y1)
and 0.0827(Y2) indicating that these models were suitable. The coefficients
represented the magnitude and direction of the factor effects. As presented in Table
18, SHL content (X1) was the most influential parameter on the nanofiber diameter
and bead amount with positive and negative relationships respectively, corresponding
to the results from Pareto diagrams (Figure 27) and two-dimensional contour plots
(Figure 30) which were also displayed in order to estimate the effect of each factor on
the responses. Based on Figure 30A, the small fibres could be generated from the low
amounts of SHL and ML. Meanwhile, the beadless fibres might be obtained from the
high concentration of SHL regardless of the amount of SHL as depicted in Figure
30B.

Table 20 Analytical results for diameter and bead amount of SHL-ML fibres.

Responses Coefficients *P value  Std. %CV  Mean R? F-value
Dev. value

Y1 (nanofiber diameter) 106.87 ~ 19.68 542.89 0.7480

X1 173.81 <0.0001

X2 60.69 0.0373

Intercept 542.89

Model <0.0001 23.74

Lack of fit 0.1157 8.06

Y (bead amount) 0.22 45.08 048  0.7527

X1 -0.39 <0.0001

Intercept 0.48

Model <0.0001 51.73

Lack of fit 0.0827 11.52
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5.2.3.2 Optimization of SHL-ML nanofibers

The graphical model was presented with the aim of exploring the
optimal region leading to the fabrication of the desired nanofibers. There are two
types of the represented graph which are generally displayed as the three-dimensional
response surface and the contour plot illustrated by the plane surface (69). In this
study, an overlay contour plot was depicted as shown in Figure 31. The chosen
desirable ranges of fibre diameter and bead-to-fibre ratio were 300-500 nm and 0-0.5,
respectively. Based on the overlay plot, the yellow region illustrates the optimized
area for the preparation of small (< 500 nm) and beadless (< 0.5) nanofibers. The
example of the optimum conditions for the fabrication of SHL-ML nanofibers with
thinner diameter (~ 488 nm) and beadless (~ 0.48) was attained at the SHL and ML
contents of 37.5% and 1.1% w/w respectively, with the applied voltage of 18 kV and
the flow rate of 0.8 mL/h.
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Figure 31  Overlay plot for optimization of SHL nanofibers loaded with ML.

5.2.3.3 The validation of the models
The obtained mathematic equations were validated for their efficiency
to accurately predict fibre diameter and bead amount by using the replicated data set.
As illustrated in Table 21, the measured data values-and the values predicted by the
estimated equations demonstrated a relative correlation as indicated by the RMSE
values of 10.06 and 0.001 for diameter and bead amount, respectively. Thus, these

resultant models were effective in predicting the fibre diameter and bead amount.
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Table 21 Comparison between the actual and predicted values of diameter and
bead amount of test data set.
Diameter (nm) Bead amount
Actual Predicted RMSE Actual Predicted RMSE
value value value value
SHL-ML (40:2) #1
(18kv/08mLm) | [04.88 0.094
SHL-ML (40:2) #2
(18kv/08mum) | 2306 716.71 10.06 0.082 0.092 0.01
SHL-ML (40:2) #3
(8kv/o8mLmy | 2781 0.100

5.2.4 Time-kill Kinetic study

In this work, time—kill kinetic study was carried out in order to determine the
pharmacodynamics of ML, providing a profile of antimicrobial effect against S.
aureus, E. coli and C. albicans which represented Gram-positive and Gram-negative
bacteria and fungi, respectively, at different time periods. The percentage of living
cells of S. aureus, E. coli and C. albicans over a period of time was presented in
Figure 32.With regard to Figure. 32A, the number of S. aureus exposed to SHL-ML
nanofibers gradually decreased as compared to those treated with ML solution which
provided immediate killing potential, estimating that the release of ML from SHL
nanofibers was dependent on the solubility of SHL in TSB media (pH ~ 7.3). Thus,
the antibacterial action of SHL-ML nanofibers tended to be relatively sustained. The
mode of action was previously reported. ML, a lipophilic compound, might be
accumulated into the membrane bilayer, and consequently disintegrates the microbial
membrane by fluidizing the lipids and phospholipids in the envelope of the organism,
changing of the hydrogen bonding and the dipole—dipole interaction between acyl

chains exerting bactericidal effects (42).

Nevertheless, many studies reported that E. coli was found to be less affected
by ML (45). The difference in the killing effects of lipids against Gram-negative
bacteria might depend on the differences in the outer membrane. Based on the
structure of E. coli, the external membrane consists of proteins and

lipopolysaccharides (LPS) which are composed of the O-polysaccharide chains
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demonstrating a hydrophilic surface property. Therefore, lipids, which are
hydrophobic molecules, could have difficulty in entering the bilayer, and be hardly
diffused in the cytoplasm (46,47). This was consistent with the result as shown in
Figure 32B. Both of SHL nanofibers loaded with ML and ML solution did not display
activity against E. coli. The number of living cells was significantly increased over

time.

As mentioned before, ML also has an antifungal effect by inhibiting spore
germination and preventing the radial growth (43). Figure 32C demonstrated that
some of C. albicans were killed by the ML released from fibres. However, after a
period of 3 h, the amount of C. albicans then slightly increased, while the number of
C. albicans exposed to ML in a solution form obviously declined without re-
increasing. This might be explained by the effect of pH media on the solubility of
SHL. According to the study of Limmatvapirat et al. (34), SHL with a pKa of 6.9-7.5
could be dissolved at pH above 7. Therefore, the solubility limitation of SHL in SDB
media, which has an approximate pH value of 5.6, might occur. The release of ML
from SHL carrier seemed to be incomplete which was due to the low pH of the liquid
medium. During the initial period of exposure, only some of ML, especially at the
surface of nanofibers was rapidly released and partially eradicated the C. albicans
while most of ML was expected to be trapped in the SHL matrix and slowly released
which was considered as the prolonged exposure time. As a result, the concentration
of ML was not enough to inhibit the regrowth of living microorganisms after a 3-h
exposure to SHL-ML nanofibers. Thus, the application of SHL-ML nanofibers in
chronic wound management might be effective due to the predominant alkaline pH of
chronic wounds (7.1-8.9), while treatment of acute wounds, which have low pH

values of 5-6, seems to be restricted (70).
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Figure 32 Kill kinetics of nanofibers for (A) S. aureus, (B) E. coli and (C) C.
albicans over a period of 9 h.

53  Conclusions

SHL nanofibers loaded with ML could be developed for wound dressing
application in order to prevent the delayed wound healing resulting from microbial
infection. The main and interaction effects of factors on the morphology of nanofibers
were investigated by using a full factorial design with three replicated centre points.
According to the results, the SHL content was the major parameter affecting the fibre
diameter, while the loaded ML content might be the minor parameter. The study of
parameters on bead amount was evaluated revealing that the SHL content was the
most significant negative impact on bead amount. The optimum conditions for the
fabrication of small and beadless nanofibers were studied. The desired fibres could be
obtained at the SHL and ML concentrations of 37.5% and 1.1% wi/w respectively,
with the applied voltage of 18 kV and the flow rate of 0.8 mL/h. Moreover, time—kill
assays were performed in order to study the pharmacodynamics of antimicrobial
agents, showing a profile of antimicrobial activity over time. The results showed that
SHL nanofibers loaded with ML provided an excellent antibacterial activity against S.
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aureus whereas E. coli was less affected. ML also exhibited antifungal effect against
C. albicans. However, the release of ML might depend on the solubility of SHL
carrier. Therefore the effect of pH in wound environment was considerable. The
application of SHL-ML nanofibers in chronic wound management might be effective
due to the predominant alkaline pH of chronic wounds, while treatment of acute

wounds, which have low pH values, seems to be restricted.
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CHAPTER 6
Design and characterisation of electrospun
shellac/polyvinylpyrrolidone blended nanofibers loaded with

monolaurin for application in wound healing
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6.2.5 Cell attachment assay
6.3  Cytotoxicity screening by the MTT bioassay
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6.1 Introduction

Regarding the earlier part, SHL nanofibers loaded with ML were prepared
successfully and exhibited significant antimicrobial activity. However, nanofibers
comprising only SHL carry some disadvantages, including hydrophobicity, a lack of
cell affinity and poor mechanical properties. To address these problems, the
fabrication of electrospun nanofibers from the blended solutions of SHL with another
polymer that possesses higher hydrophilicity, higher mechanical strength and better
cell adhesion should be investigated. Polyvinylpyrrolidone (PVP), a water-soluble
synthetic polymer, has been frequently used for biomedical applications, such as in
hydrogels for skin substitutes and wound healing, due to its biocompatibility,
biodegradability, low toxicity and good mechanical properties (12,13). However, the
highly hygroscopic characteristic of PVP might pose problems for storage and rapid
dissolution. Therefore, the blending of SHL with PVP might produce an excellent

nanofiber mat for wound dressing with improved physiological properties.

This work aimed to fabricate an antimicrobial patch from electrospun SHL-
PVP blended nanofibers through Design of Experiment. In this part, the effect of flow
rate on the studied responses was ignored based on the results obtained from previous
part. Therefore, the main effect of SHL ratio in an SHL-PVP blended solution, ML
content and applied voltage, and their interactions on multiple observed responses,
including morphology, mechanical properties, hydrophilicity and absorbability were
examined. The physicochemical characteristics of the polymer-drug blend were
analysed using differential scanning calorimetry, powder X-ray diffraction and FTIR
spectroscopy. Cell attachment and antimicrobial activity assays were also performed
to measure the wound-healing capacity of the resultant nanofibers.

6.2 Results and discussion
6.2.1 Evaluation of physical characteristics and compatibility of SHL-PVP
nanofibers loaded with ML

The thermal behaviour, crystalline properties, molecular structure and
interactions of ML-loaded SHL-ML blended nanofibers were investigated using
PXRD, DSC and FTIR.
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6.2.1.1 Powder X-ray diffractometry (PXRD)

According to the diffraction spectrum of ML powder demonstrated in
Figure 33, obvious sharp peaks were observed at 20 values of 9.6°, 19.6°, 20.5" and
23.0°, identifying its crystalline characteristics. Meanwhile, the PXRD patterns of
SHL and PVP powders indicated the amorphous nature of the powder, as
characterised by a broad halo pattern. Based on our previous study, the maximum
concentration of ML loaded onto SHL nanofibers was approximately 7% w/w (71).
The loaded content of ML seemed to be enhanced significantly when PVP was added.
As illustrated in Figure 33, ML in the concentration range of 5%-20% w/w might be
completely encapsulated in the SHL and PVP blended matrix, as described by the
absence of crystalline peaks of ML in the obtained nanofibers, indicating that ML was
completely dissolved and embedded in the polymeric matrix. However, the
crystallinity appeared to be increased in the presence of a high level of loaded ML.
Small crystalline peaks were presented in the PXRD profiles of electrospun SHL/PVP
nanofibers comprising 35% w/w of ML, suggesting the incomplete entrapment of ML
in the SHL and PVP blended matrix. In addition, the crystalline peak intensity of 35%
w/w of ML loaded onto SHL/PVP blended nanofibers in a ratio of 25 to 75 seemed to
be lower than those of the same amount of ML loaded onto SHL/PVP nanofibers in
the ratio of 75 to 25, implying that ML was likely to be incorporated into the PVP

portion.
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Figure 33 Powder X-ray diffraction patterns of ML, PVP, SHL and nanofibers at
various ratios of SHL and PVP, and different amounts of loaded ML.

6.2.1.2 Differential scanning calorimetry (DSC)
Differential scanning calorimetry has been used to determine
interactions between different compounds. Regarding the DSC thermogram of ML
powder displayed in Figure 34, a large endothermic peak at about 66 °C, which was

the melting point of ML, was clearly observed. Whereas, the melting peaks of SHL
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and PVP powders were respectively obtained at about 69 °C and 141 °C. Similar to
the results of PXRD described earlier, ML ranging from 5% to 20% w/w should be
completely incorporated in the SHL/PVP polymer blended matrix during the process
of electrospinning, as explained by the disappearance of endothermic peak of ML in
the obtained electrospun nanofibers, suggesting that the crystalline state of ML was
changed to the molecular state and interacted with the polymer matrix. Nevertheless,
the DSC profiles of the nanofibers loaded with 35% w/w of ML also provided the
endothermic peak, indicating that incomplete loading of ML might have occurred.
Besides the melting peak, the enthalpy of melting was calculated from the obtained
peak area. Referring to the results, the fusion heat of nanofibers was significantly
increased from 0 to 59.38 J/g as an increase in the concentration of ML ranging from
5% to 35% wi/w, which could be explained by the crystalline behaviour of high-ML-
loaded nanofibers. Moreover, when comparing the enthalpy values of two different
ratios of SHL and PVP in blended nanofibers comprising the same high percentage of
ML (35% wi/w), it was found that ML was more interactive and incorporated into the
PVP part as described by the lower enthalpy value of 46.42 J/g for the SHL/PVP
blend nanofibers in a ratio of 25 to 75. The enthalpy value for the SHL/PVP blend
nanofibers in a ratio of 75 to 25 was 59.38 J/g.
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Figure 34  DSC thermograms of ML, PVP, SHL and nanofibers at various ratios
of SHL and PVP, and different amounts of loaded ML.

6.2.1.3 Fourier transform infrared spectroscopy (FTIR)

The intermolecular interaction between the loaded ML and the
polymeric matrix was further investigated by FTIR. Regarding the resultant FTIR
spectra (Figure 35), ML exhibited the peaks at 1182 and 1731 cm™! assigned to the C-
O stretching of lauryl ester and the carbonyl (C=0) stretching, respectively. A broad
peak with maxima around 3314 cm™ was attributed to the O-H stretching of the
hydroxyl groups on the glycerol backbone (65). The spectra of SHL consisted of a
different broad O-H stretching band at 3420 cm™, a carbonyl (C=0) stretching peak
at 1716 cm™2, an alkenyl (C=C) peak at 1636 cm* and a C-O stretching peak at 1255
cm 1 (66). The appearance peaks of carbonyl (C=0) stretching vibration at 1655 cm ™,
and C-N vibration at 1292 and 1017 cm™* were observed for the spectra of PVP (72).
The spectra after loading ML onto the SHL and PVP blended matrix illustrated a
slight shift of broad O-H and carbonyl peaks, indicating that coordination bonds
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might have occurred. Moreover, the peak intensity of ML (1182 cm™) was obviously
decreased, especially in the concentration range of 5%-20% w/w after incorporation
into SHL-PVP fibres. The results confirmed the interaction of ML within the SHL-
PVP blended matrix.
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Figure 35  FTIR spectra of ML, PVP, SHL and nanofibers at various ratios of
SHL and PVP, and different amounts of loaded ML.
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6.2.2 Evaluation of SHL-PVP-ML solution properties

The morphology of the fabricated nanofibers can be controlled by properties
of the electrospun solution, including conductivity, viscosity and surface tension,
which might affect the stretching capacity as the solution is ejected from the needle
during the process of electrospinning (19). According to Table 22, the increased ratio
of SHL in the SHL/PVP blended solution contributed to the largely increased
viscosity and conductivity, whereas the surface tension was not significantly different.
The enhanced viscosity might be related to a dominant increase in chain entanglement
as the amount SHL in the blended solutions was increased. A great decrease in
electrical conductivity might have resulted mainly from an increase in non-ionised
PVP content correlated with the relatively low conductivity of PVP compared with
SHL. Based on the results of surface tension measurement, no significant difference
was observed. This may imply that the dispersed polymer molecules in the solution

were not projected to the surface.

Table 22 Effect of SHL ratio in blended solution and ML content on the solution

properties.
SHL ratio in ML content Solution properties
blended solution [% wiw] Viscosity Conductivity Surface tension
[mPa.s] [uS] [MN/m]

25 5 186.4 13.40 23.1
25 35 182.1 11.95 22.6
50 20 205.2 23.90 22.8
75 5 348.5 30.57 22.7
75 35 336.8 28.80 224

Additionally, the presence of ML had an important impact on the solution
properties. As illustrated in Table 22, an increase in the ML concentration could lead
to a slight drop in viscosity and conductivity. The decreased viscosity might have
occurred because the entrapment of ML between the polymeric chains was increased,
resulting in a reduction in the entanglement of polymeric chains, in concordance with
a previous report (71). The reduced electrical conductivity was typically due to an
increase in the content of non-ionic molecules of ML (68). Nevertheless, the addition
of ML did not lead to a significant change in the surface tension value. This effect

could be explained in the same manner as discussed earlier.
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6.2.3 Experimental design
6.2.3.1 Effects of the independent parameters on the morphology of SHL-
PVP nanofibers loaded with ML
A 23 full factorial design with three replicated centre points was carried
out. According to the Pareto charts (Figure 36) and the diameter distributions of
nanofibers (Figure 37), the ratio of SHL in the SHL/PVP blended solution (Xi) was
the most significant parameter affecting the fibre diameter. The minor factors were the
content of ML (X>) and the interaction between the SHL ratio and ML content (X:1X>),
respectively. Conversely, a negative relationship between the applied voltage (X3) and

the fibre diameter was observed.

Symbol Independent parameters
X, SHL ratio in blended solution
Positive effect
X5 ML content [% w/w]
. Negative effect
X, Applied voltage [kV]
_X1
16.66 — [
12.50 —
8 x
© 2
S g3z — B
45}
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e Xy Bonferroni Limit 4.38176
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Figure 36  Pareto charts of nanofiber diameter.
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As discussed earlier, the presence of large nanofibers was apparently attributed
to a decline in the stretching ability of the electrospun solution associated with an
increasing SHL ratio in the blended solution (19). The concentration of ML was also
significant. The obtained nanofibers tended to be thicker when the amount of ML was
increased. This effect could be described as impairment of the elastic force within the
jet because of the increased encapsulation of ML between the polymeric chains, along
with the reduced charge density (71). Another important factor might be the
interaction between the SHL ratio in the blended solution and the ML content. As
shown in the interaction graph given in Figure 38, an increase in the fibre diameter
seemed to be correlated with an increase in the loading ML concentration, especially
at a high proportion of SHL. This may indicate a synergistic effect of these two
factors. However, the fibre diameter may have been inversely related to the voltage
applied. An elevation in applied voltage could lead to the fabrication of small fibres
due to the contribution of increased charge repulsion and the strong electrical field to

increased jet stretching (19).
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Figure 38  Interaction graph between the ratio of SHL in blended solution and ML
amount.

The mathematical model in terms of coded factors presented in the following

equation (Eq. 5) was created with the aim of predicting the effect of various
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parameters on the morphology of the obtained fibres. The analytical results illustrated

in Table 23 revealed that the predictive model was reliable, with a P value of less than

0.05. In addition, the P value for the lack-of-fit was 0.3863 (more than 0.05),

indicating the suitability of the model. The good fit of the model was indicated by the

R? value of 0.9858.

Diameter = 1480.55 + 540.63(X1) — 286.38(Xz) — 131.87(X3) + 0.427(X1X2)

Table 23

mechanical properties.

(®)

Analytical results for different responses, including morphology and

Responses Coefficients  *P value Std. %CV Mean R? F-

Dev. value value

Y. (fibre diameter) 89.57 6.05  1480.55 0.9858

X1 540.63 < 0.0001

X2 286.38 0.0001

X3 -131.87 0.0059

X1 X2 160.13 0.0023

Intercept 1480.55

Model <0.0001 104.04

Lack of fit 0.3863 181

Y, (tensile strength) 5.223*10% 1,90 0.27  0.9997

X1 -0.086 < 0.0001

X2 0.10 < 0.0001

X3 0.059 < 0.0001

X1 Xz -0.012 0.0066

X1 X3 -0.052 <.0.0001

XoX3 -4.986*10° 0.0738

X1X2X3 0.080 < 0.0001

Intercept 0.27

Model <0.0001 1301.19

Lack of fit 0.2858 2.08

Y3 (elongation) 0.65 28.75 225 0.9834

X1 -1.78 0.0044

X2 -0.28 0.3036

X3 0.59 0.0829

X1 X2 0.20 0.4375

X1 X3 -0.97 0.0243

XoX3 -1.40 0.0088

X1XoX3 1.67 0.0053

Intercept 2.25

Model 0.0113 25.43

Lack of fit 0.4225 1.00




98

According to our previous works, the morphology of nanofibers prepared from
an SHL solution appeared to be relatively beaded and disordered (71,73). However, in
this study, the formation of bead defects was not observed. The primary explanation
for this phenomenon could be that the addition of PVP in the SHL solution seemed to
improve the stretching of the liquid jet, owing to its excellent mechanical behaviour,
leading to the fabrication of uniform nanofibers with no bead formation instead of

discontinuous nanofibers with beads (13,19).

6.2.3.2 Effects of the independent parameters on the mechanical
properties of SHL-PVP nanofibers loaded with ML
Due to the poor mechanical properties of SHL, the stress resistance of
the fabricated SHL nanofibers tended to be limited. In order to provide mechanical
protection and improve flexibility, SHL should be blended with another polymer with
favourable mechanical properties. In this work, PVP, a synthetic material with good
mechanical characteristics, was selected. The tensile strength and elongation at the
breaking point were evaluated. According to the Pareto charts (Figure 39A), the
tensile strength of the resultant mat was primarily dependent on the concentration of
loaded ML (Xz). Meanwhile, the SHL ratio in a blended solution (X1) was the second
factor negatively correlated with tensile strength. Consequently, the applied voltage
(X3) and the interactions between these factors were significant.
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Figure 39  Pareto charts of (A) tensile strength, (B) elongation, (C) contact angle,

(D) polarity and (E) absorbency.

An increase in tensile strength owing to the addition of ML suggested a

strong interaction between loaded ML and the polymeric carrier after encapsulation.

Bonding interactions seemed to play a significant role in promoting the stress

durability of the obtained nanofibers. Moreover, based on the characteristic of ML as
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a plasticiser, the incorporation of ML into electrospun SHL-PVP fibres might result in
a reduction of fracture behaviour, along with an improvement of tensile strength (74).
Another important factor was the SHL ratio in a blended solution. The tensile strength
was greatly enhanced as the SHL to PVP ratio decreased. The introduction of PVP
was found to improve stress resistance due to its good mechanical properties, whereas
SHL, which is a kind of natural resinous oligomer consisting of a few units of
monomer (MW = 1000 D), could be brittle (75). An effect of voltage on tensile
strength was also observed. A high voltage might lead to increased tensile behaviour.
During the electrospinning process, the polymer stretch was remarkably extended as
the applied voltage was increased. As a result, finer nanofibers with small diameters
were obtained; these nanofibers were densely packed and uniformly oriented,
contributing to the enhancement of force resistance (76). The ideal wound dressing
should be flexible and resilient in order to conform to shapes of wounds located on
different body parts, resulting in excellent coverage and protection of the wound from
infection. The elongation value could be used to determine the elasticity of the fibres.
As shown in Figure 39B, the SHL ratio in a blended solution might have an inverse
effect on the elongation of nanofiber mats. The improved elongation was particularly
due to the increased content of PVP, a synthetic material with good mechanical

properties.

The predictive models were performed and displayed in Eq. (6) and
Eq. (7) in order to determine the influence of factors on the mechanical properties of

nanofibers including tensile strength and elongation, respectively.

Sqrt(tensile strength) = 0.27 — 0.086(X1) + 0.10(X2) + 0.059(X3) — 0.012(X1X2) —
0.052(X1X3) — 4.986x1073(X2X3) + 0.080(X1X2X3) (6)

Elongation = 2.25 — 1.78(X1) — 0.28(X2) + 0.59(X3) + 0.20(X1X2) — 0.97(X1X3) —
1.40(X2X3) + 1.67(X1X2 X3) (7)

According to the ANOVA results (Table 23), the P values of the
models were less than 0.05, indicating their reliability. The P values for the lack-of-fit
test were 0.2858(Y2) and 0.4225(Y3), indicating that these models might be suitable
for prediction. The R? values were 0.9997(Y2) and 0.9834(Y3), illustrating the



101

goodness-of-fit of these models.

6.2.3.3 Effects of the independent parameters on the wettability of SHL-

PVP nanofibers loaded with ML

An effective wound dressing should be easily placed onto the wound
bed and remain firmly adhered to the wound surface during the healing process. In
addition, an ideal wound dressing is designed to provide a moist wound environment,
stimulating the process of wound healing. Therefore, a nanofibrous wound dressing
with good surface wettability might be a suitable option. The contact angle is the
primary indicator of fibre wettability. According to our results, the contact angles of
the SHL-PVP nanofiber membranes were all less than 90°, indicating favourable
wettability, while the contact angle of SHL fibres was greater than 90°, corresponding
to low wettability. Water would reduce its contact with the surface (59). In general, as
the PVP content in a blended solution increases, the contact angle of water droplets on
the surface of the obtained nanofibers should decrease due to the hydrophilic
character of PVP. Conversely, the Pareto charts illustrated in Figure 39C present the
possible indirect influence of the SHL ratio in a blended solution on the contact angle.
An increase in the concentration of PVP might lead to a reduction in the water contact
angle. This unlikely situation could be described by the fusion of the obtained thick
layer nanofibers as shown in SEM images (Figure 40), which was attributed to the
hygroscopic nature of PVP, resulting in a decrease in the porosity of nanofibers; thus,
water could not easily pass through the membrane. Similarly, an increase in the PVP
ratio might give a reduction in the calculated polarity (Figure 39D) due to a

significant increase in the water contact angle as discussed before.

Figure 40  SEM images of SHL-PVP-ML nanofibers at the weight rate of (A)
75:25:5, (B) 50:50:5 and (C) 25:75:5.
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The mathematic equations (Eq. 8 and Eq. 9) were employed to
examine the individual factor effects on the contact angle and polarity of the fibre

mats, respectively.

Contact angle = 29.60 — 10.83(X1) + 5.69(X>) + 5.78(X3) — 0.12(X1X2) + 5.24(X1X3)
— 2.78(X2X3) + 10.73(X1 X2 X3) (8)

Polarity (%) = 32.14 + 6.64(X1) + 1.21(X2) — 2.69(X3) + 2.92(X1X2) — 2.24(X1X3) —
4.85(X1X2 X3) 9)

The analytical results, as illustrated in Table 24, reported that the
obtained predictive models were reliable, with P values of less than 0.05 for both
models. The lack-of-fit P values of both models were greater than 0.05, indicating the
suitability of these predictive models. The R? value of contact angle and polarity were
0.9585 and 0.9323, indicating the goodness-of-fit of the models.
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Table 24 Analytical results for different responses, including surface wettability
and absorbency.
Responses Coefficients  *P value Std. %CV Mean R? F-

Dev. value value

Y. (contact angle) 6.20 20.96 29.60  0.9585

X1 -10.83 0.0159

X2 5.69 0.0808

X3 5.78 0.0781

X1Xa -0.12 0.9590

X1Xs3 5.24 0.0968

XoXs3 -2.78 0.2943

X1 X2X3 10.73 0.0164

Intercept 29.60

Model 0.0431 9.90

Lack of fit 0.3456 1.50

Ys (polarity) 362 1125 3214 0.9323

X1 6.64 0.0065

X2 1.21 0.3965

X3 -2.69 0.1029

X1 X2 2.92 0.0844

X1 X3 -2.24 0.1545

X1 X2X3 -4.85 0.0191

Intercept 32.14

Model 0.0251 9.17

Lack of fit 0.8871 0.13

Y (absorbency) 8.70 19907 -437  0.7591

X1 8.36 0.0299

X 9.41 0.0184

XXz -7.10 0.0545

Intercept -4.37

Model 0.0144 7.35

Lack of fit 0.2817 2.83

6.2.3.4 Effects of the independent parameters on the absorbency of SHL-

PVP nanofibers loaded with ML
During the inflammatory stage of wound healing, the levels of
mediators such as histamine and bradykinin might be enhanced, leading to
vasodilation and thereby producing wound exudate. Excessive exudate could result in
skin maceration and excoriation, thus delaying wound healing (77). The absorptive
nature of a wound dressing could assist in the management of highly exudating

wounds by allowing the dressing to retain some of the exudate. The Pareto charts in
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Figure 39E illustrate that the proportion of SHL in a blended solution and the ML
content might have crucial impacts on the absorption capacity of the obtained
nanofibers. The capacity for absorption tended to increase in parallel with the SHL
content and the incorporated ML concentration in blended solutions. This occurrence
might be due to the capacity of SHL and ML, which are naturally hydrophobic, to
protect PVP from erosion. Generally, the PVP nanofiber mat was found to be
completely dissolved in PBS solution (pH 7.4) within a 10-min period due to the
highly hydrophilic nature of PVP. In contrast, the absorption capacity of SHL fibres
seemed to be enhanced in the initial period and then gently decreased, together with a
slight increase in solubility based on the weakly acidic property of SHL, favouring
dissolution at pH levels above 7, as displayed in Figure 41 (34). The initial increase in
absorption might be mainly attributed to the influence of the specific structure of the
nanofiber, including high porosity and a large surface-to-volume ratio. Accordingly,
the nanofiber blend of SHL-PVP with high amounts of either SHL or ML might
possess a relatively high absorption capacity resulting from the protection of PVP as

well as the porous structure and high specific surface area of nanofibers themselves.
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Figure 41  The degree of absorption of nanofibers (at 27 kV) over a period of 15
min.

The following mathematical model (Eq. 10) was employed to evaluate
the relationship between the independent factors and the absorbency of the resultant

fibres as the response variable.

Absorbency = 0.71302(SHL ratio) + 1.57375(ML content) — 0.018923(SHL ratio x
ML content) — 52.57523 (20)

The analytical results shown in Table 24 indicated that a good
predictive model with no significant lack of fit (P > 0.05) and an R? value of 0.7591
was developed.
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6.2.4 The antimicrobial activity of SHL-PVP nanofibers loaded with ML

Time-kill kinetics of SHL-PVP fibres loaded with ML against typical skin
flora, including S. aureus and C. albicans, were studied over time. According to
Figure 42, all blended nanofibers exhibited excellent antimicrobial activity against S.
aureus, as illustrated by the rapid decline in the number of colonies at the initial time
points. In addition, consistent reduction of S. aureus was maintained over a period of
6 h. According to previous reports, the bactericidal mode of action of ML is
incorporation into the microbial membrane bilayer and consequent disintegration of
lipids and phospholipids, the composition of the cell envelope, due to the lipophilic
nature of ML (42). Thus, the solubility of SHL in SDB media (approximate pH value
of 5.6) might be relatively restricted. During the initial exposure period, the rapid
release of ML from the polymeric carrier occurred, based on the high solubility of
PVP and the presence of ML on the fibre surface. After a prolonged exposure time,
the number of C. albicans tended to decrease slightly as a result of the slow release of
entrapped ML from the SHL matrix.

As stated earlier,, ML could inhibit the germination of spores and also prevent
radial growth of fungi (43). Regarding the antifungal results (Figure 43), the
abundance of C. albicans appeared to gradually decrease over time as compared with
the antibacterial effect on S. aureus. It might be estimated that the release of ML
would depend on the dissolution of PVP as well as SHL in a liquid medium. Shellac
could be effectively dissolved at a pH above 7, owing to its pKa of 6.9-7.5 (34).
Another factor affecting the release of ML from the nanofibers was the amount of
incorporated ML. The blended nanofibers comprising 5% w/w of ML demonstrated
incomplete fungicidal activity against C. albicans. This could be explained by the
viscosity effect. The release of ML from the viscous polymeric carrier, especially with
the high proportion of PVP, seemed to be retarded, as indicated by the high total
amount of fibres added to media broth to give the same final concentration of 2
mg/mL. The influence of applied voltage on the release of ML was also significant.
As discussed earlier, finer fibres could be fabricated with the use of a high-voltage
power supply. An increase in charge repulsion and the electrical field might lead to an

increase in jet stretching. An electrospun nanofiber with a small diameter would have



107

high specific surface area and porosity, contributing to the increased release of ML as
shown in Figure 43B.
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Figure 42 Kill kinetics of nanofibers (at 27 kV) for S. aureus over a period of 6 h.
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Figure 43  Kill kineties of nanofibers at (A) 9 kV and (B) 27 kV for C. albicans
over a period of 6 h.

6.2.5 Cell attachment assay

The healing of a full-thickness skin wound might generally require the
synthesis and remodelling of dermal and epidermal elements, especially fibroblasts,
which might play a significant role in supporting the wound-healing process by
migrating to the wound site, undergoing proliferation and changing the wound-
healing environment, leading to wound contraction (78). Figure 44 illustrates the
morphology of cells seeded on nanofibers at different time points. The results showed

that a nanofiber blend of SHL-PVP with high ratio of PVP could remarkably promote
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cell attachment in the initial period, whereas the affinity of cell adhesion after 40 min
of seeding seemed to be dramatically decreased with increasing dissolution of PVP.
This implies that enhanced cell attachment might be attributed to the high water
solubility of PVP. Conversely, when the proportion of SHL was increased, the
number of remaining adherent cells tended to increase gradually due to the erosion
protection and sustained dissolution of PVP over a period of time, which was in
accordance with the earlier absorbency results. However, the effect of the loaded ML

content on cell attachment was likely to be less significant.

10 min 20 min 40 min

SHL:PVP (25:75)+
S5ML

SHL:PVP (25:75)+
35ML

SHL:PVP (50:50) +
20ML

SHL:PVP (75:25)+
5ML

SHL:PVP (75:25)+
35ML

human fibroblast
cells

Figure 44  The morphology of cell after seeding on nanofibers at different time
points.
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6.3  Cytotoxicity screening by the MTT bioassay

As described previously, wound dressings are supposed to be directly placed
over the wound surface; therefore, they should be non-toxic and compatible with
cells. The MTT colorimetric assay is one of the most largely used for determining the
cytotoxic potential of materials due to its precision and rapidity. The evaluation of cell
viability is performed by converting a water soluble yellow tetrazolium dye MTT 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide into insoluble purple
formazan by mitochondrial enzymes in living cells. The proportion of survival cells is

related with the concentration of generated formazan crystals (79).

As illustrated in Figure 45A, the percentages of cell survival in the cultures
treated with SHL and PVP were significantly higher than those treated with ML,
chitosan and SHL/PVP blended nanofibers loaded with ML, indicating the higher
safety of both SHL and PVP. For example (Figure 45B), the percentage of cell
viability for 0.001 mg/mL of SHL and PVP was 100 which presented the non-toxic
property of these materials. Whereas, the percentage of cell viability of ML, chitosan
and blended nanofibers loaded with ML were 48.43, 30.11 and 43.64, respectively.
According to the previous study, chitosan, a cationic polysaccharide, has been widely
employed as a biomedical material due to its low toxicity and biological properties
such as antimicrobial and antitumor activities (80). In this study, when compared with
chitosan, ML exhibited the higher percentage of cell survival at the same
concentration. This occurrence could be explained by the electrical interaction
between chitosan and cell surface, resulting in cell disintegration (81). However, ML
seemed to be relatively involved in cell disintegration by disrupting the cell
membrane, owing to its emulsifying property. The hydrophobic chain of ML could
possibly penetrate into the cell membrane, leading to cell rupture (81). In addition,
SHL/PVP fibres incorporated with 20% w/w ML also exhibited the moderate
percentage of cell viability in the same manner as described previously.
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6.4  Conclusions

Shellac provides an excellent protective barrier and good electrospinability.
However, it is hydrophobic and has unfavourable mechanical properties and low cell
affinity. In contrast, SHL blended with PVP, a hydrophilic, water-soluble synthetic
polymer possessing high mechanical strength, could produce the nanofibers required
for use in wound healing. The main and interaction effects of parameters on various
responses were studied using a 23 full factorial design with three replicated centre
points. As a result, the SHL ratio in a blended solution was the crucial factor affecting
nanofiber diameter. An increase in SHL content would result in a reduction in
stretching ability. The presence of PVP could lead to a relative improvement in
mechanical properties, cell adhesion and drug release from nanofibers, owing to its
hydrophilicity and good mechanical strength. However, the hygroscopic nature and
rapid erosion of PVP might retard the wettability and absorbency of the fibres. The
applied voltage was also significant. According to our results, small fibres, which
tended to be uniformly oriented and densely packed, were obtained by applying high
electrical voltage, leading to an ‘increase in tensile strength and antimicrobial
activities, especially against C. albicans, resulting from the improved dissolution of
fibres. Additionally, the encapsulation of ML in an SHL-PVP carrier might cause a
strong interaction, resulting in enhanced mechanical strength; however, the elastic

force was impaired, contributing to an increased diameter.
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CHAPTER 7

Summary and general conclusions

Electrospun SHL nanofibers might be potentially used for wound dressing
application due to its natural origin and excellent protective properties. In the first
part, a full factorial design with three replicated centre points was performed in order
to investigate the main and interaction effects of SHL content (35%-40% w/w),
applied voltage (9-27 kV) and flow rate (0.4-1.2 mL/h) on the morphology of SHL
nanofibers. A total of 11 experiments were conducted. The response variables were
the diameter of nanofibers, the distribution of diameter and the amount of beads. The
results showed that the concentration of SHL was the most significant impact on SHL
nanofiber diameter, while applied voltage, interaction between SHL content and
voltage, and feed rate were minor factors, respectively. SHL content and applied
voltage had negative relationships ~with - bead amount. When reducing the
concentration of SHL and voltage, the amount of beads was increased. However, the
influence of these parameters on diameter distribution seemed to be not significant.
Based on response surface plot, nanofibers with thinner diameter (~ 493 nm) and less
number of beads (~ 0.47) could be obtained at the optimum conditions; the SHL
content of 38.5% wi/w, the voltage of 21 kV/ and the feed rate of 0.4 mL/h.

SHL nanofibers loaded with ML, a natural antimicrobial lipid, could be
developed for wound dressing application in order to prevent the delayed wound
healing resulting from microbial infection and also minimize the increasing antibiotic
resistance. The aim of this part was to elucidate the optimized fabrication factors
influencing the formation and properties of SHL nanofibers loaded with ML. The
main and interaction effects of formulation and process parameters including SHL
content (35%-40% w/w), ML content (1%-3% w/w), applied voltage (9-27 kV) and
flow rate (0.4-1.2 mL/h) on the characteristic of nanofibers were investigated through
a total of 19 experiments based on a full factorial design with three replicated centre
points. As a result, the SHL content was the major parameter affecting fibre diameter.
Another response result revealed that the SHL content would be also the most

significant negative impact on amount of beads. An increase in the concentration of
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SHL leaded to a reduction in the amount of beads. From the results of characterization
study, it was proved that ML might be entrapped between the chains of SHL during
the electrospinning process exhibiting an excellent encapsulation. According to the
response surface area, small (~ 488 nm) and beadless (~ 0.48) fibres were obtained
with the SHL and ML contents of 37.5% and 1.1% w/w respectively, at the applied
voltage of 18 kV and the flow rate of 0.8 mL/h. In addition, the results of the kill-
kinetic studies showed that SHL nanofibers loaded with ML exhibited an excellent
antibacterial activity against S. aureus, while E. coli was less affected due to the
hydrophilic structure of the its outer membrane. ML also exerted an antifungal
activity by reducing the number of C. albicans colonies. Based on their structural and
antimicrobial properties, SHL nanofibers containing ML could be potentially used as

a medicated dressing for wound treatment.

Nevertheless, the fabricated nanofibers using only SHL as a polymeric carrier
exhibited some drawbacks due to the absence of hydrophilicity, cell affinity and good
mechanical properties. In this part, PVP was introduced to be blended with SHL in
order to improve the physiological properties. This part aimed to examine the factors
influencing the fabrication and properties of electrospun SHL/PVP blended
nanofibers loaded with ML. A total of 11 runs based on a 2° full factorial design with
three centre-point replications was performed in order to elucidate the main and
interaction impacts of the SHL ratio in-an SHL-PVP blended solution (25-75), ML
content (5%-35% w/w) and applied voltage (9-27 kV) on the characteristics of the
obtained nanofibers. The results demonstrated that an increase in the ML content and
SHL ratio in an SHL-PVP blended solution could mainly lead to an increase in
nanofiber diameter due to the impairment of elastic force and stretching ability,
whereas an increase in the voltage applied would result in the formation of small
fibres due to the enhancement of charge repulsion contributing to an increase in jet
stretching. The effect of various factors on the mechanical properties of nanofibers
was also studied. The enhanced ML concentration and applied voltage might induce
an increase in the tensile strength of the fibres owing to the strong interaction between
encapsulated ML and the polymeric carrier and the resultant densely packed and
uniformly oriented nanofibers, respectively. When the SHL ratio was high, the tensile
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strength and elongation tended to be low, owing to the brittle nature of SHL. Other
response results, including absorbency and wettability, revealed that the absorbency
increased as the SHL ratio and ML content increased. This may have been due to the
protective effect of SHL and ML, both of which are hydrophobic, against erosion of
PVP. Nevertheless, a rise in the PVP ratio could apparently lead to an increase in
water contact angle and polarity, as a result of a reduction in fibre porosity due to the
hygroscopic property of PVP. Furthermore, according to the results of the kill-kinetic
and cell attachment assays, the obtained blended nanofibers loaded with ML
displayed excellent activity against S. aureus and C. albicans and exhibited enhanced
cell adhesion ability. Thus, SHL/PVP blended nanofibers loaded with ML might be
used effectively for wound-healing management.

Regarding the experimental results obtained from all parts of the study, it might
be concluded that the contents of SHL and ML might significantly contribute to the
fabrication of large diameter nanofibers. However, the effect of applied voltage on
fibre diameter seemed to be varied. When PVP was added to the electrospun solution,
the small fibres were obtained at high applied voltage during the electrospining
process which was different from the earlier parts. Furthermore, the introduction of
PVP could lead to an improvement in drug loading capacity and dissolution rate. The
appearance of smooth fibres might be occurred resulting from an increase in the
mechanical strength associated with an increase in the PVP content. The fabricated
nanofibres loaded with ML also demonstrated non-toxic property, cell adhesion

ability and antimicrobial activity.
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APPENDIX

Appendix 1 The experimental values of independent factors, including SHL ratio in
blended solution, ML amount, and applied voltage, and the measured response values
of tensile strength, elongation, contact angle, polarity and absorbency.

X1 X2 X3 Y1 Yo Y3 Y4 Y5 Y

SHL ratio ML applied  diameter  tensile  elongation  contact polarity  absorbency

in amount  voltage (nm) strength (mm) angle (%) )

blended (kV) (MPa) ©

solution
25 5 9 932 0.0024 0.014 19.28 33.35 -34.4
25 5 27 724 0.1938 9.266 47.36 21.84 -19.8
25 35 9 1140 0.205 5.184 57.91 19.33 0.74
25 35 27 1021 0.2555 2.144 31.97 29.03 11.1
50 20 18 1524 0.0755 1.186 32.68 35.92 -3.61
50 20 18 1387 0.0748 2.322 2751 31.16 -12.19
50 20 18 1416 0.071 2.292 38.98 26.29 -14.49
75 5 9 1820 0.0274 1.323 8.83 35.56 12.98
75 5 27 1358 0.0009 0.018 14.97 3451 -5.34
75 35 9 2615 0.0403 0.618 4.07 52.64 7.6

75 35 27 2349 0.1324 0.407 4199  33.96 9.31
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