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ABSTRACT

This work proposes the fabrication of blended poly(lactic acid) (PLA)
electrospun nanofibers which were separated into 3 parts. The first part is
investigation of blending PLA nanofibers (NFs) with low molecular weight
poly(ethylene glycol) (LPEG)(Mw=4000) and chitosan (CS) loaded with Centella
Asiatica extracts (CAE) using the mixture solvents formic acid/chloroform/acetone
and adding ethanol, PLA/PEG/CS/CAE can be electrospun into smooth nanofibers
but there is still a problem with immiscibility of PLA, PEG, and CS. Although the
addition of CS and PEG improves mechanical properties, all samples show
hydrophobicity evidenced by water-contact angle (WCA) and Fourier Transform
Infrared (FTIR) results. Therefore, we need to develop a new solvent system and
change the type of anti-bacterial by using ZnO nanoparticles (NPs) instead of CS to
the blended polymer and try to study the effect of LPEG and HPEG for optimum
wettability. The second part is development of the blended PLA electrospun
nanofibers with LPEG and High Mw PEG (Mw=900,000) (HPEG) by various ratios
of PLA and LPEG or HPEG as 90:10, 70:30, and 50:50 respectively dissolved in
chloroform and acetonitrile by the ratio of 60:40 that are successfully fabricated via

electrospinning. The result of adding LPEG made the fibers smaller, but HPEG is



large because of the difference of molecular weight which also affects the viscosity.
The hydrophilicity appears in the ratios of 70:30 HPEG and increased swelling and

moderated rate of degradation. Therefore, we selected 70:30 to develop in the >

part
by adding ZnO NPs and CAE to improve anti-bacterial and cytotoxicity. The final
part is the fabrication of 70PLA/30HPEG electrospun fiber loaded 2% ZnO and 0.7-
2.8% CAE. When ZnO NPs and CAE were added, there was a decrease in fiber
degradation. CAE release patterns related to degradation with 0.7 and 2.8 having
similar diffusion from the fibers and 1.4 having a faster transport. Possibly, CAE may
be more containing in the pore matrix and polymer matrix. 2%ZnO NPs inhibited
bacteria. PLA NFs is non-toxic but adding HPEG is toxic. However, the effects of
adding HPEG and doped ZnO NPs and CAE need further studies about the

mechanism of cytotoxicity.
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CHEPTER 1
INTRODUCTION
1.1 Introduction

Normally, chronic wound healing is an incredibly complicated process and
becomes a challenging problem for medical treatment, especially wounds from
diabetes that are difficult to treat by themselves. When wound healing does not
progress normally, it is a significant task to both the patient and the medical system.
Thus, many researchers make a lot of efforts to develop healing methodologies and
advanced medical technologies give more options for wound healing integrated with
special medicine dressings. it is necessary to develop new medical materials,
especially from natural products, such as drugs, surgery, and wound dressing which
will be safe for the patients. Wound dressing is an interesting and important medical
material for faster and higher efficient healing and is one of the selected ways for the
treatment of diabetic patients or wounds of other diseases.

Currently, a variety of special wound dressing materials are being
commercialized, for example, Acticoat: is a wound dressing coated with nano-sized
silver metallic particles [1], and Aquacel A is a hydrogel sheet inserted with silver
that can absorb lymph from the wound suitable for non-drying wounds and having an
infection [2]. Bandages have different forms and characteristics enabling the use and
delivery of drugs or active ingredients such as hydrogel, film, or fiber. Nanofiber
materials have good physical properties because it has a high surface area and
porosity. This makes the drug delivery and passes oxygen efficiently. It may aid in the
cell regeneration process to produce new cells for wound healing more effectively,
therefore, nanofibers with wound-healing and antimicrobial properties can improve
the efficiency of treating patients better. There are several methods of forming fibers.
The electrospinning technique is a common, low-cost, and tunable method for
generating ultra-fine fibers with some unique properties. It can generate fibers in
nano-size and continuous length using electric potential. Previous reports have
indicated that nanofibers cause cell adhesion, which aids in cell growth [3]. It can also
freeze the enzyme or other biomolecules on the surface of the fiber sheet. In addition,
the high porosity of the fiber sheet results in good fluid or gas transmission which

controls the evaporation rate of water around the wound that is suitable for use as a



dressing for accidental burns, scalds, or mild torn wounds, etc. Bio-based polymeric
materials are much concerned for functional skin substitutes, and wound healing
patches. A wide range of natural biopolymers (e.g., cellulose, chitosan, gelatin,
hyaluronic acid, and collagen) have been used for the electrospinning of nanofibers to
simulate the native tissue matrix and healing of wounds. Polylactides (PLAs),
polyhydroxyalkanoates (PHAs), and Poly(ethylene glycol)s (LPEGs) are synthetic
bio-based polymers that are commonly applied for electrospinning of wound
dressings. Several natural extracts with medicinal properties have been reported for
anti-inflammatory and antibacterial properties [3,4,5], among which a prominent
extract is Centella Asiatica extract (CAE) [5] containing Asiatic acid, Madecassic
acid, and Asiaticoside as active compounds that aid in wound healing and the
reduction of bacteria. Antibacterial nanofibers are usually fabricated by containing
drugs or antibacterial agents in polymers. some researchers have reported that
incorporated Zinc oxide nanoparticles (ZnO NPs) into polymeric nanofibers as
multifunctional, antibacterial, and self-cleaning agents revealing a desired
performance as a biosafety material with fascinating antibacterial properties for the
hospital gome. and ZnO NPs have attracted great interest worldwide. It is one of the
most appropriate sources for wound healing applications by enhancing re-
epithelialization while reducing inflammation and bacterial growth [6].

This thesis aims to fabricate biopolymer-based nanofibrous structures through
the electrospinning method using PLA, LPEG, CS, and ZnO nanoparticles-loaded
Centella Asiatica extracts to have solubility properties, reduce inflammation, and be
antimicrobial. The physical and chemical properties were analyzed by Scanning
Electron Microscopy (SEM), Fourier Transform Infrared FT-IR, Differential
Scanning Calorimetry (DSC), tensile test, Water-Contact Angle (WCA), swelling and

gel fraction, release profile, degradation, anti-bacterial activity, and cell viability.

1.2 Objectives
1) To fabricate nanofibers of blended polylactic acid (PLA) with Poly(ethylene
glycol) containing antibacterial agents and loading with Centella Asiatica extracts

(CAE) by electrospinning technique



2) To study the physical and chemical properties of blended PLA electrospun
nanofibers

3) To investigate the anti-bacterial and cytotoxicity properties of blended PLA
electrospun nanofibers

4) To develop the blended PLA electrospun membranes for wound healing

1.3 Scope of studies

1) Determinations of the optimal condition of the blending PLA nanofibers
contained chitosan and ZnO nanoparticles and loaded Centella Asiatica Extracts
(CAE) by electrospinning for suitable formulation

2) Characterizations of the physical and chemical properties of the blended PLA
electrospun nanofibers using SEM, FTIR, and WCA

3) Investigations of the antibacterial and cytotoxicity of the blended PLA

electrospun nanofibers

1.4 Related Works and Studies

Blended PLA loaded with Centella Asiatica extracts (CAE) for antibacterial
and anti-inflammatory properties was fabricated via electrospinning. The nanofiber
sheets are structurally like the extracellular matrix found in the dermal skin structure.
This structure is conducive to the adhesion of growth and the movement of fibroblast
cells with causes the formation of skin tissue in the wound area quickly. This research
applied the electrospinning technique to generate nanofiber wound dressings as it is
suitable for developing into imitation wound dressings for the microenvironment of
tissue to help wounds heal faster at the same time, the interconnected pore structure of
the fiber sheet also allows oxygen in and out cause inflammation fluid exchange and
protection of the wound from dehydration. Previous reports of the development of
nanofiber wound dressings from Centella Asiatica extract, polycaprolactone [6], and
gelatin [7] were used as media for fiber-forming. The research presented here differs
from the previous reports by developing nanofibrous polymer mats loaded Centella
Asiatica extract for wound healing and antibacterial for improving the stability of
Centella Asiatica extracts and increasing the efficiency of treatment and antibacterial

by applying chitosan and ZnO nanoparticles as raw materials because the important



properties of chitosan include antibacterial and anti-inflammatory effects. There is an

advantage that these substances have good biological activity with living cells and

biodegradability.
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Figure 1. Overall concept of blended PLA electrospun nanofibers loaded CAE via

electrospinning for wound healing



1.5 Definitions
PLA = Poly(lactic acid)
LPEG = Low molecular weight Poly(ethylene glycol) (Mw = 4000)
LPEG = Low molecular weight Poly(ethylene glycol) (Mw = 900,000)
CS = Chitosan
Zn0O NPs = Zinc oxide nanoparticles

CAE = Centella Asiatica extracts

1.6 Hypothesis of Research

The fabrication of a blended poly(lactic acid) composite electrospun
nanofibers with Poly(ethylene glycol) containing antibacterial agents and loading with
Centella Asiatica extracts (CAE) by electrospinning will be anti-bacterial and anti-

inflammatory properties for wound healing.



CHAPTER 2
LITERATURE REVIEWS
2.1 Wound healing

The skin is the human body's largest organ that is exposed to the external
environment and protects internal tissues from excessive heat, chemicals, germs, and
water loss. Disturbances in the skin's physical structure from wounds are an important
problem and require prompt treatment. A wound is defined as an injury or tears on the
skin surface by physical, chemical, mechanical, and/or thermal damages. A more
scientific definition of a wound is a disruption of normal anatomic structure and
function of the skin.

Based on wound healing processes, there are two types of wounds: acute and
chronic wounds. Acute wounds are caused by trauma, and the wounds can usually
heal within 8 to 12 weeks. These wounds can also be caused by mechanical damage
induced by sheer, blunting, and/or stabbing action of hard objects. Acute wounds can
also be formed by exposure to extreme heat, irradiation, electrical shock, and/or
irritation with corrosive chemicals. The care of these wounds depends on the severity
of the wounds. Chronic wounds are injuries produced from specific diseases such as
diabetes, tumors, and severe physiological complications. Healing of these wounds
might take more than 12 weeks and the recurrence of the wounds is common. Wound
healing has generally been simplified by dividing it into phases of hemostasis,
inflammation, proliferation, and maturation [9]. Figure 2. shows the sequence of
molecular and cellular events in skin wound healing. It is contrary to acute wounds
that progress through the various phases of wound healing linearly in healthy
individuals, diabetic wounds become stalled, and progression does not occur in
synchrony due to diabetes-associated neuropathy and dysfunction of the immune
system.

However, chronic wounds unlike the orderly and well-orchestrated process
of normal wound healing, chronic wounds are thought to exhibit a persistent pro-
inflammatory state that delays or prevents healing. In chronic wounds, a loss of
balance between pro-inflammatory cytokines, chemokines, proteases, and their

natural inhibitors [9]. Resident neutrophils and activated macrophages in the chronic



wound release proinflammatory cytokines (TNF-alpha, IL-1beta) that increase MMP
production and reduce the synthesis of TIMP, which results in the degradation of
ECM, impaired cell migration, and reduced fibroblast proliferation and collagen

synthesis [10].
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Figure 2. Wound healing response of the skin [9]



Diabetic ulcers are an example of a disorder that tends to slow wound
healing. because there is a loss of collagen synthesis. The incidence of atherosclerosis
and the process of eating pathogens is reduced. HPEGple with diabetes have
atherosclerosis resulting to decrease blood flow, as a result, tissues that receive
oxygen and nutrients are reduced. It also affects the nervous system that controls the
wound healing process is obstructed resulting in dilation of blood vessels and
decreased perception of pain. In addition, the high sugar content of the wound
promotes the growth of bacteria, fungi, and yeast [11].

The infection causes the wound to be inflamed which lasts longer, causing it
to heal more slowly than usual. Excessive movement of the wound site slows healing.
Foreign objects inside the wound will stimulate the body to remove it causing the
wound to become inflamed longer than usual. The higher the temperature of the
wound, the different chemical reactions. The inside of the cell increases and requires
more oxygen. Therefore, the lack of oxygen will cause the wound to heal slowly. To
form the granulation tissue, a sufficient supply of oxygen and nutrient is required by
blood vessels. A new network of blood vessels is replaced by the damaged one by the
process of angiogenesis, formation of extra cellular matrix and collagen generates.
With the formation of the granulation tissue damaged mesenchymal cells are
converted into the fibroblast cells which acts as a bridge for the movement of the cells
around the affected area. In healthy wound, these fibroblasts start to appear within 3
days of the injury and liberate liquids and collagen which help to strengthen the
wound site. The wound continues to grow stronger in the proliferation phase with the
reorganization of the fibroblast cells and help in the formation of new tissue and
accelerate the wound healing process [12].

Standard wound care methods include (1) debridement, or removal of
inactive or necrotic tissue to promote cell proliferation, (2) the use of cotton wool or
gauze to clean the wound site to treat infection, and (3) wound dressing both to
prevent infection and enhance healing [3]. Gauze is currently the most available
material for dressing wounds as it is inexpensive and readily for use. However, the
gauze material has several disadvantages, for example, highly absorbent, dehydrate
the wound (dehydration), and rapidly growing of bacteria. Moreover, it can also cause

injury to the newly formed epithelium when the gauze is removed [15]. Several



dressing materials are currently being developed to make them more effective in
healing, such as foams, hydrogels, films, and hydrocolloids including nanofiber
sheets. Many strategies have been adopted for repairing tissue. Choosing the right
dressing is one of the most suitable and convenient way to help the wound heal faster

[13-14].

2.2 Biomaterials for wound healing

Polymeric materials offer excellent physical support and enhance biological
activity. Recently years had evident extraordinary growth of research and applications
of biopolymer materials for new applications in the field of biomedicine and wound

healing.

2.2.1 Polylactic acid (PLA)

PLA is a renewable, biocompatible, and biodegradable polymer that has
good mechanical and optical properties and is one of the most widely used bioplastics.
PLA is obtained either by ring-opening polymerization (ROP) or by direct
polycondensation of lactic acid monomer. The monomer is a chiral molecule, existing

as d- and I-LA isomers, and can be easily biologically or chemically obtained.
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Figure 3. Chemical structure of PLA

PLA can degrade into innocuous lactic acid, making it suitable for use as
medical implants in the form of anchors, screws, plates, pins, rods, and mesh.
Depending on the type used, it breaks down inside the body within 6 months to 2
years. This gradual degradation is desirable for a support structure because it
gradually transfers the load to the body (e.g., to the bone) as that area heals. The
strength characteristics of PLA and PLLA implants are well documented. Thanks to
its biocompatibility and biodegradability, PLA found interest as a polymeric scaffold
for drug delivery purposes [15].
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2.2.2 Poly(ethylene glycol) (LPEG)

PEG is a polyether compound derived from petroleum with many
applications, from industrial manufacturing to medicine. LPEG is also known as
polyethylene oxide (PEO) or polyoxyethylene (POE), depending on its molecular
weight. The structure of PEG is commonly expressed as H—-(O—CH>—CH2),—OH [3]
as displayed in Figure 2.3. PEG is a hydrophilic molecule as it contains hydroxyl
group making it a suitable synthetic dressing material for wound healing. The low -
toxic PEG macromers are well-bonded advanced textiles for wound care with growth
factor-like EGF and can be delivered at the wound site [16] The mechanical stability
of PEG can be enhanced by blending with chitosan and PLGA. Blending also
increases the thermal stability and crystallinity of the polymer PEG-based dressings
have been widely used to treat a diabetic wound by promoting and inducing the
growth of skin cells and collagen deposition. It also reduces scar formation [16] The
injectable hybrid hydrogel dressing system is developed from PEG-based
hyperbranched multiacrylated co-polymer and HA in combination with adipose-
derived stem cells to support the viability of cells in vitro and in vivo. It prevents

wound contraction and enhances angiogenesis by acting as a temporary hydrogel

HoJrAO,kH

Figure 4. Chemical structure of poly(ethylene glycol) or polyethylene oxide

wound-healing purpose.
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2.2.3 Chitin-Chitosan (CS)

Chitin is a biodegradable biopolymer. It is found in the exoskeleton of
invertebrates such as crab shells, crustaceans, or cell walls of fungi and yeast. Chitin
is a polysaccharide composed of N-acetyl-D-glucosamine and D-glucosamine that are
connected by B(1—4) glycosidic bonds (see Figure 2.4). Chitosan is a chitin
derivative found only in some fungi in nature. Deacetylation of chitin D-glucosamine
1s more than 50%. Furthermore, the main difference between chitin and chitosan is
their solubility. Chitin is insoluble in aqueous substances. While chitosan is soluble in

acidic systems.
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Figure 5. N-acetyl-D-glucosamine and D-glucosamine linking by 3(1—4) glycosidic
bonds of chitin and chitosan [8]

Chitosan is extensively used as a functional biomaterial for wound treatment
due to its hemostatic effect in the early stages and the ability to inhibit microbial
growth and accelerate wound healing [36][17]. The cytotoxicity of two chitosan with
similar degrees of deacetylation (DDA) but different molecular weights (120 and 5
kDa) per human keratinocyte cell line HaCaT has been reported [8]. Chitosan was
found to induce the release of inflammatory cytokines by HaCaT cells depending on
the incubation period and concentration but it did not affect cell viability and
proliferation of HaCaT. Chitosan 120 kDa and 5 kDa induce apoptosis mediated by
the activation of effect or caspases 3/7. Howling et al. [18] investigated the effects of
chitin and chitosan at different DDA but similar molecular weights to the proliferation
of human skin cells and cells. In vitro keratinocytes, chitosan with relatively high
DDA (89%) was found to strongly stimulate fibroblast proliferation, while subjects
with lower DDA showed less activity. The stimulating effect on fibroblast

proliferation required serum to be present in the culture medium, indicating that
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chitosan may interact with the growth factors present in the serum. In contrast to its
stimulating effect on fibroblast, chitosan inhibits human keratinocyte mitogen. These
data demonstrate that high-DDA-containing chitosan can pretreat human epidermal

cells in vitro.

2.3 Metal and Metal oxide nanoparticles for anti-bacterial

Several types of nanoparticles have received great attention for their potential
antimicrobial effects. Metal nanoparticles such as Ag, silver oxide (Ag>0), titanium
dioxide (TiO>), silicon (Si), copper oxide (CuO), zinc oxide (ZnO), Au, calcium oxide
(Ca0), and magnesium oxide (MgO) were identified to exhibit antimicrobial activity.
ZnO is an interesting material for dose in the nanofiber because of the safety of ZnO
and its compatibility with human skin making it a suitable additive for textiles and

surfaces that encounter the human body [19,20].

W -Oxygen atom - Zinc atom

Figure 6. ZnO crystal structure [21]

The unit cell of ZnO is wurtzite (Figure 6.) having a Ac = 3.296 and A
5.2065 with space group 4 C6v [22]. However, these lattice parameters may change
due to lattice strain, and doping [23]. In the Wurtzite structure, Zn>" and O ions are
stacked alternately along the c-axis. The top surface is terminated with Zn?" ions
while the bottom face is terminated with O ions.

ZnO nanoparticles showed Anti-microbial effects on Gram-positive and

Gram-negative bacteria as well as the spores which are resistant to high temperature
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and high pressure [24]. The improved antibacterial activity of ZnO nanoparticles
compared to its microparticles was related to the surface area enhancement in the

nanoparticles [25,26].
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Figure 7. Various mechanisms of anti-microbial activity of the metal and metal oxide

nanoparticles [27]

In gram-negative bacteria the cell wall is bi-layer type: the outer membrane
is thick while the inner one is a thin (~7-8 nm) plasma membrane of peptidoglycan.
However, the cell wall of Gram-positive bacteria consists of a thick (~50 nm)
peptidoglycan multilayer. Within the cell wall, the fluid (cytoplasm) content has
several complexes of cellulose with 80% water and soluble ions, salts, and nucleic
acids. Due to the presence of these ions, the effective charge of the bacteria is usually
negative. Cytoplasm controls the production of replica cells- its growth and
metabolism and electrical conductivity of the cell. Nanoparticles of particle size ~50
nm can be used to penetrate the cell wall, thus penetrating the cell and affecting the
conductivity of the cytoplasm of the bacteria [27].

Padmavathy et al. investigated the antibacterial activity of ZnO nanoparticles
with various particle sizes. Their results demonstrated that the bactericidal efficacy of
ZnO nanoparticles increased by decreasing particle size [26].

Azam et al. reported a comparative investigation of the antimicrobial activity
of ZnO, CuO, and Fe>0O3 nanoparticles against Gram-negative (E. coli and P.

aeruginosa) and Gram-positive (S. aureus and Bacillus subtilis (B. subtilis)) bacteria.
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According to their results, the most bactericidal activity was reported for the ZnO
nanoparticles while Fe>O3 nanoparticles exhibited the least anti-bacterial effect [24].
ZnO reduces the bacteria viability. However, the exact mechanism of its antibacterial
activity has not been well understood so far. One proposed possibility is the
generation of hydrogen peroxide as a main factor of the antibacterial activity. It is also
believed that the accumulation of the particles on the bacteria's surface due to the
electrostatic forces could be another mechanism of the antibacterial effect of ZnO
particles [28].

Campylobacter jejuni et al. suggested that the antibacterial mechanism of
ZnO nanoparticles might be due to the disruption of the cell membrane and oxidative
stress in C. jejuni. Their results signified that ZnO nanoparticles caused
morphological changes, measurable membrane leakage, and an increase (up to 52-
fold) in oxidative stress gene expression in C. jejuni [25]. Ag nanoparticles showed
antibacterial activity even in ultra-low concentrations; however, the antibacterial
activity of ZnO nanoparticles depended on the concentration and surface area. Thus,
ZnO nanoparticles in higher concentrations and larger surface areas displayed better
antibacterial activity.

Hossein-Khani et al. investigated the antibacterial characteristics of ZnO
nanoparticles against Shigella dysenteries. Based on their results, a considerable
decrease in the bacteria number was observed because of particle size reduction [29].

Emami-Karvani et al. investigated the antimicrobial activity of ZnO
nanoparticles against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria.
They evaluated the effects of concentration and particle size reduction on the
antibacterial activity of ZnO nanoparticles. They found that the antibacterial activity
of ZnO nanoparticles increased with decreasing particle size and enhancing powder
concentration; nonetheless, ZnO bulk powder showed no significant antibacterial

activity [30].



15

2.4 Gotu kola (Centella Asiatica (Linnaeus) Urban) for wound healing

Figure 8. Gotu kola or Asiatic pennywort

Gotu kola or Asiatic pennywort, scientific name Centella Asiatica
(Linnaeus) Urban is a plant in the family Umbelliferae (Apiaceae). Native names
include Phak Wan (South) and Phak Nok (North). Gotu Kola is a tropical and
temperate plant native to South Africa. There are distribution areas from Africa,
America, Australia, and Asia. which in Asia is found mostly in East Asia and

Southeast Asia. The chemical structure of these substances is shown in Figure 9.
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Figure 9. Chemical structure of essential substances in Centella Asiatica, madecassic

acid (A), asiatic acid (B), asiaticoside (C), madecassoside (D), asiaticoside B (E)
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In Thailand, Gotu Kola can be found everywhere in every region. Gotu Kola
is an herbaceous plant that is many years old. Some stems spread along the soil
surface and have joints. According to the article, roots are inserted into the soil to help
hold the stems. In addition, the buds will grow into long branches parallel to the
ground. which will grow new roots and stems. The leaves of Centella Asiatica are
single green leaves in clusters at the base of the plant. The leaf shape is kidney-shaped
or rather round, 1-7 cm wide, 1-4 cm long, serrated, or serrated edge, and petiole 5-40
cm long. Leaves and stalks of Centella Asiatica are shown in Figure 4. Small flowers,
flattened, extended. Propagated by seeds or cuttings with roots and sprouts. can be
planted in general. It grows well in clay or loamy soil. The area is wet, but the water
does not flood. Can grow well both in the shade and the open air with a lot of
sunlight. above-ground plant and fresh leaves Used to eat as a vegetable or to make a
drink. Cure heat in fatigue, tonic and can also be applied to fresh wound areas to help
heal wounds [31].

The most common substance in Centella Asiatica is Triterpenoids
(Triterpenoid), which consists of four main substances, including Madecassoside.
(Madecassoside) acetonide (Asiaticoside), Asiatic acid (Asiatic acid), and madecassic
acid (Madecassic acid) [32].

Centella Asiatica has pharmacological effects such as anti-pyretic, anti-
bacterial, anti-inflammatory, analgesic, anti-histamine, anti-histamine effects, anti-
fungal effect, neuroprotective effect, brain nourishing effects, astringent effect, etc. In
the wound healing field, Gotu Kola can be used as an external topical and oral
medication to treat wounds. The World Health Organization (WHO) recommended
oral dosage of Gotu kola (dose) is 0.33-0.68 g three times a day [32]. Azis et al. In
vitro and in vivo, Methanol-extracted Gotu kola extracts contained approximately
2.4% asiaticoside. Results of cytotoxicity by MTT (methyl thiazol tetrazolium) assay
on human dermal fibroblast (HDF) and human dermal keratinocyte cells. (HaCaT) No
IC50 was found in the extract at concentrations ranging from 100 pg/mL to 0.19
png/mL. All concentrations tested (0.19-100 pg/mL concentrations) resulted in cell
viability greater than 90%, that is, at a high level of cell viability. Concentration 0.19—
100 pg/mL, almost no effect. to cytotoxicity. In the scratch assay, parts of Gotu kola
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extract extracted with methanol at concentrations of 0.2 pg/mL and 100 pg/mL
showed significant effects on HDF and HaCaT cells compared to control samples. An
in vivo test showed that a methanol-extracted section of Gotu kola induces collagen
synthesis.

Several studies have investigated the healing efficacy of Gotu kola, such as a
study by Amin Saeidinia et al., looking at the healing efficacy of superficial burns
between ointments prepared from Gotu kola extract and silver sulfadiazine. It is a
common antibiotic used to treat burns. Tested on several patients, it was found that
the patients who used Gotu kola ointment had better results for burns than the group
treated with silver sulfadiazine. when assessed by the elasticity of the wound capillary
formation pigment on the skin and visual assessment. In addition, the rate of epithelial
formation around the wound Re-epithelialization in the Gotu kola ointment group
occurred faster than the silver sulfadiazine group. significantly including making the
wound heal faster the mean healing days for Gotu kola ointment was 14.67+1.78 days
while for silver sulfadiazine. Can heal wounds completely in 21.53+1.65 days. wound
healing faster than using silver sulfadiazine [33].

Weraya Phaocharoen (2010) [31] conducted a randomized controlled study
on the efficacy and side effects of Gotu kola extract in treating ulcers in diabetic
patients. In 170 diabetic patients who came to be treated at the Department of
Surgery, Faculty of Medicine. Thammasat University divided the patients into two
groups: a placebo group and group given 50 mg of Gotu kola extract capsules of
Asiaticoside extract, 2 capsules 3 times a day after meals for 21 days, for both groups.
was treated for diabetes and ulcers as well. Physical examination and wound healing
were performed on days 7, 14, and 21. The results showed that the wound healing in
the Gotu kola extract group was faster than in the placebo group. No adverse side
effects were observed in either group. The results showed that Gotu kola extract
accelerated the healing of diabetic wounds and reduced scar formation. without
experiencing any side effects or adverse reactions [31].

Weerasinghe Muangman (1984) [34] studied the treatment of separating
surgical wounds and inflammatory wounds by applying 1 percent Gotu Kola cream to
post-surgical inflammation in 14 patients with urinary tract disease, divided twice a

day.
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2.5 Fabrication techniques of nanofibers

Several processes for nanofiber fabrication such as drawing, template

synthesis, phase separation, self-assembly, and electrospinning have been used to

prepare nanofibrous polymer in recent years. The drawing is a process like dry

spinning in fiber industrial which creates one by one long continuous fiber. However,

only viscoelastic material can incur strong deformations while being cohesive enough

to support the stresses of developing to creating nanofibers through this process.

Template synthesis is the process that uses a nanoporous membrane as a
template to create nanofibers of solid or hollow shape. This method may
build nanotubes and fibrils of various materials that are the most
important feature of template syntheses such as electrically conducting
polymers, metals, semiconductors, and carbons that can be fabricated but

cannot create continuous nanofibers.

The phase separation consists of dissolution, gelation, and extraction
using a different solvent, freezing, and drying that resulted in nanoscale
porous foam. This process is a transferring of solid polymer into the

nano-porous foam which takes a relatively long period.

Self-assembly is a process in which individual, pre-existing components
organize themselves into desired patterns and functions. However,
similarly to phase separation and self-assembly is time-consuming in
processing continuous fibrous polymer. Thus, electrospinning seems to
be the method that can be further developed for mass production of one-
by-one continuous nanofibers from various polymers. Each processing
technique has different advantages and disadvantages as illustrated in

Table 1.



Table 1. Various processing techniques of nanofiber fabrication

Techniques Schematics Advantages | Disadvantages
Drawing Minimal Discontinuous
equipment process
requirement
Template Easy to vary | Discontinuous
synthesis the small fiber
diameter
Phase separation Directly Limit to a
g fabricate specific
§ nanofiber polymer
Self-assembly Good for Complex
obtainin rocess
=B 2/
m small fiber
Electrospinning Cost- Jet instability
effective,
Simple
process
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The most interesting technique belongs to the electrospinning process

demonstrated by data that over 200 universities and research institutes worldwide are

studying various aspects of the electrospinning process as the nanofibers it produces

based on electrospinning have grown in recent years.
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2.6 Nanofiber preparation by electrospinning process [35]

Electrospinning is a simple technique for preparing ultrafine fibersfrom 10
nm to several pm. and very popular process for developing a scaffold in wound
healing. It is a method of applying an electric current to a polymer solution or molten
polymer of appropriate concentration and viscosity. forming a nanometer to
micrometer-scale fiber sheet It has a high surface area and porosity which is
beneficial for the development of a wound dressing, i.e., a high surface area material
enhances cellular adhesion, enabling faster wound healing. And thanks to the spongy
structure, there is good air circulation around the wound. They also found that the
nanofiber scaffolds closely resemble the three-dimensional structure of the collagen
fiber bundles found in the cell coating. It has been reported in the past that scaffold
features strongly influence cellular behaviors such as adhesion and proliferation, the
scaffold response. Therefore, the nanoscale fiber structure is a good template for
determining the behavior of cell growth.

This technique composes three main important parts a polymer solution or
melt, a high voltage power, and a collector. In the electrospinning process, high
voltage is applied to a capillary containing a polymer solution or the molten polymer
precursor. A droplet of the polymer solution then forms at the tip of the capillary,
creating a point known as the “Taylor cone” (the electrostatic force = surface tension).
When electrostatic forces overcome the surface tension of the polymer solution, the
solution is ejected from the apex of the Taylor cone. The charged jets of polymer
solution move towards a collector, the solvent rapidly evaporates, and a non-woven
fiber mat was collected on the collector.

The electrospinning process could divide into 6 stages for easy of
description: droplet generation; Taylor’s cone formation; launching of the jet;
elongation of the straight segment; development of whipping instability and

solidification into a fiber.
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Figure 10. Simple electrospinning process step by step

A droplet of polymer accumulates the charge when the charge increases
equal to the surface tension Taylor’s cone is observed. Since the electrical force is
over than the surface tension of the solution the jet initially launched from the tip
of a Taylor cone. The jet of polymer solution is stretched along the electrical field.
Many forces such as electrical field, Coulombic force, viscoelastic, gravimetric, etc.
cause instability of the jet and as it bends, the jet becomes an invariable series of
loops of decreasing diameter, spiraling down to the collector. The whipping instability
occurs, the solvent rapidly evaporates, and dried fiber is collected on the collector.

Many varieties of polymer nanofibers have been prepared by
electrospinning techniques, such as synthetic and natural polymers, ceramics, and
composite materials. Over the years, more than 200 polymers have been electrospun
successfully from several natural and synthetic polymers.

In the electrospinning process, there are many parameters that affect fiber
formation and structure. The parameter can be classified into solution parameter,
process parameter, and environment parameter. Electrospinning parameters and their

effects on fiber morphology are shown in Table 2.
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The concentration and molecular weight of the polymer influence the
viscosity of the solution. If the concentration of polymer increases the solution

viscosity will increase.

Table 2. Electrospinning parameters and their effects on fiber morphology [36]

Parameter Effect on fiber morphology
Solution
parameters

Viscosity Low-bead generation, high-increase in fiber diameter,

disappearance of beads.
Concentration Increase in fiber diameter with increased concentration.
Molecular Reduction in the number of beads and droplets with
weight increased molecular weight.

Surface tension

No conclusive link with fiber morphology, high surface

tension results in the instability of jets.

Conductivity Decrease in fiber diameter with an increase in
conductivity.
Processing
parameters
Applied voltage | Decrease in fiber diameter with an increase in voltage.
Distance Generation of beads with too small and too large
distances,
The minimum distance required for uniform fibers.
Flow rate Decrease in fiber diameter with a decrease in flow rate,
generation of beads with too high flow rate.
Needle 3 types of configurations; single configuration, side-by-
configuration side
configuration and coaxial configuration.
Collector Influence configuration,,orientation depends on the type
of collector
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Environment
parameters
Temperature An increase in temperature results in a decrease in fiber
diameter.
Humidity High humidity results in circular pores on the fibers.

An important property of wound dressing materials is their antibacterial
properties. Past reports suggest that interactions between positively charged chitosan
molecules and negatively charged microbial membranes lead to microbial membrane
disturbances. and subsequently causing the leakage of proteins and other elements
within the cell. Drugs can be loaded into nanofibers by dissolution in polymer
solution; suspension in polymer solution, from emulsion with polymer solution, and
the use of coaxial electrospinning technique to incorporate drug in inner fiber or
coated drug with polymer fibers.

Differentiations of loading methods influence the drug’s location in
nanofibers. When a drug dissolves in a polymer solution it should be completely
dissolved in the polymer matrix at the molecular level. Alternatively, a drug does not
dissolve in a polymer solution its crystals can be dispersed in the polymer matrix.
Drug emulsified or co-axial spin with polymer solution is enclosed in the polymer
matrix yielding a core of the drugencapsulated by a polymer layer. The preparation
and drug incorporationaffect the release characteristic of the drug from electrospun
nanofibers. Many studies have investigated the release of drugs from nanofibers and
showed the rapid release (burst release) within the first hours. Experimentally, the
fraction of drug released by the polymer matrix (M#/Moo) at time ¢ is the quantity most
convenient method. The mechanisms of drug release from matrices containing
swellable polymers are complex and not completely understood. Some systems may
be classified as either pure diffusion or erosion control, while most systems exhibit a
combination of these mechanisms.

Andri Hardiansyah et al, (2015) [37], studied chitosan-blended polylactic
acid (PLA) nanofibers which were fabricated via an electrospinning process by using

a solvent composed of chloroform, water, acetic acid, and ethanol. In particular, the



24

introduction of ethanol made acetic acid/water and chloroform miscible. The resultant
chitosan-blended PLA nanofibers were subject to characterization including scanning
electron microscope (SEM), UV-visible spectroscopy, fluorescence microscope, and
Fourier transform infrared (FTIR) spectroscopy. The average diameter of chitosan-
blended PLA nanofibers decreased with increasing chitosan content. The minimum
inhibitory concentration (MIC) of chitosan-blended PLA nanofibers against
Escherichia coli was 0.015 g/mL when the chitosan to PLA ratio was 4 wt%.
Furthermore, chitosan-blended PLA nanofibers exhibited no cytotoxicity to the L-929
cells, suggesting cytocompatibility. These results show that chitosan and PLA can be
blended without using highly toxic solvents and the electrospun chitosan-blended
PLA nanofibers can potentially be employed for biomedical applications.

Jianming Zhang et al., (2017) [38], studied Polylactic acid (PLA) blended
with chitosan (CS) to fabricate electrospun-aligned PLA-CS nanofibers. These
prepared nanofibers were aligned using a novel collector made of parallel blades
which is designed to increase the transversal electric field across the gap. SEM images
show that the fiber diameter mostly ranges between 150+60 nm and Fourier
Transform Infrared Spectroscopy (FTIR) analysis confirms the presence of PLA and
CS. X-ray diffraction (XRD) studies explain the amorphous nature of electrospun
PLA-CS nanofibers, suitable for faster degradation. Degradation studies confirmed
that PLA-CS nanofiber has enhanced degradation than pure PLA fibers. Cell studies
with human dermal fibroblasts (HDF) show the orientation of cells along the direction
of fiber alignment. The results indicate that the prepared PLA -CS-aligned nanofibers

are promising materials for skin tissue engineering.
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2.7 Drug delivery application of electrospun nanofibers

Electrospun nanofibers possess a high surface area to volume or mass ratio,
small inter-fibrous pore size with high porosity, and vast possibilities for surface
functionalization. The simplicity of the electrospinning process itself can also provide
the ability to conveniently incorporate therapeutic compounds into the electrospun
fibers for preparing useful drug delivery systems. Merin Sara Thomas et al., 2018,
studied fabricating novel materials for biomedical applications that mostly require the
use of biodegradable materials. polylactic acid (PLA) and chitosan (CHS) were used
for designing electrospun mats by the electrospinning technique using a mixed solvent
system. The addition of chitosan into PLA offered a decrease in fiber diameter in the
composites with uniformity in the distribution of fibers with an optimum at 0.4wt%
CHS. The fiber formation and the reduction in fiber diameter were confirmed by the
SEM micrograph. The current findings are very important for the design and
development of new materials based on polylactic acid-chitosan composites for
environmental and biomedical applications. [35] The properties of drug and polymer
properties are very important and affect the release profile of added drugs. Various

methods have been used to load drugs into electrospun nanofibers (see Figure 11).



26

Blend electrospinning
—_—

Emulsion electrospinning
—

Co-axial electrospinning
_—>

Surface modification
—_—>

i % % %

Figure 11. Various adopted methods for inclusion of drug into nanofibers [35]
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CHAPTER 3
EXPERIMENTAL

3.1 Chemicals and Materials
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. Polylactic acid (PLA) Mw 150,000 g/mol (Luminy Lx105) Corbion

. Poly(L-lactide) (PLA) (medical grade) Inherent viscosity 1.67 dl/g from
Bioplastic Production Laboratory, Chiang Mai University

. Poly(ethylene glycol) Mw 4000 Da (LPEG), Merck

. Chitosan (CS) BIO21

. Polyethylene oxide HPEG, Mw 900,000 Da (HPEG), Sigma aldrich

. Centella Asiatica extracts (CAE) ECA233

. Zinc Oxide nanoparticles (ZnO NPs)

. Chloroform (CF) (99.7%) AR RCI Labscan

. Acetone (AT) 99.5% AR, RCI Labscan

. Ethanol (Eth) 95% AR, RCI Labscan

. Formic acid (FA) 98/100% AR, RCI Labscan

. Syringe pump

. Cylinder 1-3 ml

. Needle

. Rotational collectors

. Power supply (high voltage 1-60 kV)

. Foils

. Stencil paper

. Digital weightier



28

3.2 Experimental

This work was separated into 3 parts including:

1. Preparation of blended PLA with LPEG4000 and chitosan-contained CAE
via electrospinning

2. Development of blended PLA electrospun nanofibers with LPEG4000 and
HPEG various ratios dissolved in chloroform and acetonitrile for improving flexibility
and hydrophilicity

3. Effect of loaded ZnO nanoparticles as antibacterial agents and CAE in the

best condition from 2 for the wound dressing.

3.2.1 Fabrication of blended polylactic acid (PLA) electrospun nanofibers
with LPEG or HPEG, or Chitosan (CS) loaded Centella Asiatica
extracts (CAE) via electrospinning

3.2.1.1 Preparation of PLA/LPEG/CS/CAE solution

PLA and LPEG were dissolved in a mixed solvent system between
chloroform (CF) and formic acid (FA) (2:1 v/v). First, the 15%PLA solution was
prepared in optimized conditions using a mixed solvent including formic acid
(FA)/chloroform (CF)/acetone (AT) (3:2:1 v/v/v). Then, LPEG 10% w/w of PLA was
added to the 15%PLA solution dissolved with chloroform. CS3.4% wt of PLA was
prepared to dissolve in formic acid before being mixed in PLA/LPEG solution and
stirred until a well-mixed solution. After that, CAE was added to PLA/LPEG/CS
solutions at the concentration range of 0.05-0.4% (w/w) with respect to the polymer
content then added ethanol to a concentration of 4.2% v/v to be miscible as shown in

Figure 12. This experiment was adapted from K. T. Shalumon et al (2017) [38].
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Figure 12. Scheme of preparation of blended PLA nanofibers with LPEG4000 and
CS loaded on CAE processing

3.2.1.2 Preparation of blended PLA electrospun nanofiber membrane

All electrospun nanofiber membranes were fabricated using the
electrospinning apparatus operating at a feed rate of 1.0 ml h™! using an electric
voltage of 17 kV, a distance to the collector of 18 cm. The experiments were

performed at relative humidity and temperature, respectively (Figure 13.).
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Figure 13. Setting up of electrospinning system

3.2.1.3 Preparation of blend PLA with LPEG or HPEG, ZnO and CAE
composite electrospun nanofibers

Polymer solutions were prepared to dissolve in the mixture solvent system
between trichloromethane and acetonitrile by the ratio of 60:40 v/v following Table 3.
First step, the polymer mixture of poly(L-lactide) (PLA) (Inherent viscosity 1.67 dl/g)
and polyethylene oxide (HPEG, Mw 900,000 g/mol) was dissolved in
trichloromethane. Then the final polymer solution is 7% w/v. and ZnO nanoparticles
was prepared 2% w/w of polymers to dispersed in acetonitrile and sonicated for 15
min and adding Centella Asiatica extract (CAE, ECA233) 0.7-2.7% w/w of polymers
was dissolved in ethanol (98% AR) in the volume ratio of 1:15 v/v (Ethanol: total
solvent) before adding in PLA solutions. Afterward, it was stirred for 30 min then
sonicated for 30 min. After that, all electrospun nanofiber membranes were prepared
using the electrospinning apparatus operating at a feed rate of 1.0 ml h~! using an
electric voltage of 15 kV, a distance to the collector of 15 cm. The experiments were

performed at relative humidity and temperature, respectively as shown in Figure 14-
15.
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before

Figure 14. Schematic drawing of blended PLA/LPEG or PLA/HPEG electrospun

nanofibers processing

Table 3. Preparation of blended PLA solutions

Polymer Ratios ZnO CAE
concentration (PLA: NPs (Yow/w)

NO. Samples (Yow/v) PEG)  (%%w/w)

1 PLA 14 100:0 y -

2  90PLA/10LPEG 14 90:10 - -

3  70PLA/30LPEG 14 70:30 - -

4 50PLA/50LPEG 14 50:50 - -

5 90PLA/10HPEG 7 90:10 - -

6 70PLA/30HPEG 7 70:30 - -

7  50PLA/50HPEG 7 50:50 - -

8  T7OPLA/30HPEG/2Zn0O 7 70:30 2 -

9 70PLA/30HPEG/2Zn0/0.7CAE 7 70:30 2 0.7
10 70PLA/30HPEG/2Zn0O/1.4CAE 7 70:30 2 14
11  70PLA/30HPEG/2Zn0O/2.8CAE 7 70:30 2 2.8
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Figure 15. Schematic drawing of blended 70PLA/HPEG electrospun nanofibers

loaded 2%Zn0O and 0.7-2.8% CAE processing
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3.2.2 Characterization of physical and chemical properties of blended PLA
electrospun nanofiber loaded Centella Asiatica extract (CAE) vie
electrospinning

3.2.2.1 Morphology and size of the electrospun nanofibers by Scanning

Electron Microscopy (SEM)

Samples were cut into a rectangular shape (0.5 x 0.5 cm?), placed onto
carbon tape on an aluminum holder, and coated with gold and were taken by Field
Emission Scanning Electron Microscope (FESEM) to evaluate surface morphology
and the nano-electrospun fiber diameters were measured by ImagelJ program
(National Institutes of Health version 1.48v). The elemental analysis was measured by
energy-dispersive X-ray spectroscopy (EDS, model SAMX) at an accelerating voltage
of 100 kV.

3.2.2.2 Analysis of functional group by Fourier Transform Infrared
(FTIR)
The FTIR spectra of samples were collected in ATR mode scanning on 4000

cm™ to 400 cm™.

3.22.3 Thermal properties analysis by Differential Scanning
Calorimetry (DSC)

All Samples amount of ~10 mg, were cooled down to 25 °C and heated up to
250 °C, After the first heating run, all samples were kept for 2 min at 250 °C and then
cooled down to 0 °C with a cooling rate of 10 °C/min and heated again for a second
run up to 250 °C with a heating rate of 10 °C/min. An empty crucible was used as a
reference under a nitrogen atmosphere. The degree of crystallization was determined
from the first heating scan thermogram which DHmpva is the heat of fusion of 100%
crystalline PLA (93 J/g) [6], DHm is the melting enthalpy, DHc is the cold
crystallization enthalpy, and W is the weight fraction of PLA in blended polymers.

Calculated following equation 1.

AHm—-AHcc
0, =
#Xe AHm(PLA) xW 100 ()




34

3.2.2.4 Mechanical properties by Tensile testing

Electrospun nanofiber samples were prepared by cutting the rectangular
shape of 1x5 cm using load cell 50 N and were measured under the extension rate of
10 mm/min by the Universal Testing Machine (Instron model 4502) according to
ASTM D5034.

3.2.2.5 Hydrophilicity analysis by water contact angles (WCA)

Electrospun nanofiber samples were cut into a rectangular shape and placed
on a glass slide. The water-contact angle was analyzed on a contact angle illustration
(droplet 5 pL) measured by the CA program and Swelling and Gel fraction test, they
were cut into 1.5x1.5 cm and were immersed in DI water 10 ml for 1-7 days
calculated by %swelling Eq. 2 and Gel fraction Eq.3

-Wwd

\ w
%Swelling = ; x 100 (2)

where Ws is the weight of swollen samples after soaked already
Wd is the weight of insoluble dried gel which the swollen sample was
dried in the oven at 50 °C for 24 h

. w
%Gel fraction = ng x 100 (3)

where Wgq is the weight of a before dissoluble sample, Wi is the weight of

insoluble dried gel.

3.2.3 Release Profile
The release profile study (in vitro) of CAE from PLA/HPEG/ZnO electrospun
nanofibers was carried out in a phosphate saline solution (PBS) simulated blood
plasma conditions and/or exudate from a wound [33]. The electrospun nanofibers
(~100 mg) were immersed in 10ml of PBS (0.1 molL™, pH 7.4) at 37°C under
stirring. Then 2 ml of the solution was taken at specific time intervals and analyzed by

Microplate reader (MR) at 290 nm. Meanwhile, the same volume of PBS solution was
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added to keep the volume constant. The amount of CAE released over time was
calculated using the prebuilt calibration curve for CAE in the PBS buffer (pH 7.4).
The presented data were average values from three measurements. The cumulative

release was calculated using Eq.4.

Mt
Cumulative Release (%) = vo X 100 4)

where M (mg) is the mass of CAE released at a certain time (t)

Mo (mg) is the CAE mass encapsulated in the nanofibers.
The release mechanism was considered based on the value obtained from the
Korsmeyer-Peppas model fitting curve [39]. The value was determined considering
the portion of the release curve that satisfied the Korsmeyer-Peppas equation [40] and

was used to describe the CAE release profile as follows:

Mt

kt" = ﬁ (5)

where Mt (mg) and M (mg) are the mass of CAE released at an arbitrary
time and at equilibrium respectively, is the release rate constant, and indicates the
release exponent suggesting the nature of the release mechanism [35]. Data acquired
from drug release studies (/n vitro) were plotted as log cumulative percentage drug

release versus log time.
2.3.4 Degradation assay

Hydrolytic degradation of the electrospun nanofibers was carried out in
phosphate buffer solution (pH 7.4, 37°C) for up to 7 weeks, according to the
methodology described in [41]. At fixed times, i.e., 7, 14, 21, and 36 days, the
electrospun nanofibers were taken out from the medium and characterized regarding

morphological changes and weight loss after washing with distilled water and drying.
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3.2.5 Analysis of the antibacterial activity of blended PLA electrospun
nanofiber membranes

Antibacterial activity (JIS L 1902 (Quantitative)) tested by NSTDA
Characterization and Testing Service Center (NCTC), The PLA/HPEG/ZnO and
PLA/HPEG/ZnO/CAE electrospun nanofibers (0.1 g) were put into the tube after
exposing them to UV- radiation for 15 min. Then, 1 mL of bacteria (Pseudomonas
aeruginosa ATCC27853 and Staphylococcus aureus ATCC6538) suspensions with a
concentration of 1.5x10 8 CFU. mL ™! was added to the nutrient broth and was
incubated at 37 °C for 18 h afterward, it was added saline and shacked to pour on an
agar plate and then was counted to calculate % Reduction absolute and % Reduction

relative by Eq.6.
Nc—Nt

%Reduction = x 100 (6)

Where Nc is the number of organisms recovered from the control
Nt is the number of organisms recovered from the treated sample) / the

number of organisms recovered from control.

3.2.6 Analysis of cytotoxicity using cell viability by MTT assay

Cell viability assay of different nanofibrous polymer mats was assessed by
the MTT ([3-(4,5-dimethyl- thiazol-2-yl)-2,5-diphenyl tetrazolium bromide]) assay.
The cell number and viability were evaluated by measuring the mitochondrial-
dependent conversion of the yellow tetrazolium salt MTT. The human foreskin
fibroblast (HFF 1) cells were cultured using Dulbecco’s modified Eagle’s medium
(DMEM), 10% fetal bovine serum, and 1% penicillin-streptomycin solution. The
nanofibrous polymer mates were seeded in 93-well plates at a density of 5x104 cells
per well and incubated with 5% CO> at 37 °C. After 24 and 48 h, the medium of each
well was replaced by 10% (v/v) MTT solution and incubated for 4 h. Then, the
formed formazan crystals were dissolved in dimethyl sulfoxide, and the optical
density was measured with a microplate reader at the wavelength of 570 nm which
was calculated from the ratio between the number of cells treated with the nanofibers
and that of nontreated cells (control). The samples were then dehydrated through a

series of graded ethanol solutions and subsequently dried at room temperature.
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CHAPTER 4
RESULTS AND DISCUSSION

This work was separated into 3 parts including:

1. Preparation of blended poly (lactic acid) (PLA) with poly(ethylene glycol)
(Mw = 4,000 Da) (LPEG) and Chitosan (CS) and Centella Asiatica extracts (CAE)

2. Development of the blended PLA with low and high Mw PEG denoted as
LPEG and HPEG, respectively

3. Effect of doping zinc oxide nanoparticles (ZnO NPs) into the blended PLA
from the best condition of 2 and loaded Centella Asiatica extracts (CAE)

4.1 Results of blended PLA with LPEG and CS and Centella Asiatica extracts
(CAE)
4.1.1 Solubility of polymer solutions of blended PLA with LPEG and CS

A blended polymer was dissolved in a mixture of solvents with formic acid,
chloroform, and acetone. Blended PLA nanofiber with LPEG and chitosan can be
prepared in various solvents such as trifluoroacetic acid (TFA) based on the previous
reports [18, 19], HCOOH/CHCls/acetone (60:20:20) [14, 6], TFA/CH:Cl; (80:20)
[26], and TFA/ CH2Clo/DMF (1:1:1) [27]. However, some solvents influence the
environment and are highly toxic after processing of spun fiber. Normally, Chitosan
can be dissolved only in dilute acid, but the solution cannot be spun into fibers by
electrospinning. A concentrated acetic acid solution could dissolve chitosan for
electrospinning [45] but it could not dissolve PLA. In this case, the mixture of
solvents (HCOOH/CHCl3s/acetone) (3:2:1) and adding ethanol were applied to
dissolve all materials simultaneously. Thus, finding proper solvents to dissolve both
chitosan and PLA became challenging work. That's why the electrospinning of
PLA/LPEG/CS blended has never been reported. It was found that pure PLA is
homogeneous with good stability. PLA/LPEG forms emulsion gel resulting from the
effect of formic acid. LPEG cross-linking causes the separation layer between

polymers with a little solvent. The yellow solution of PLA/CS is from chitosan color
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and PLA/LPEG/CS is a separation layer of chitosan on the top after 2 hours because

of the effect from LPEG gel as can be seen in Table 4.

Table 4. Solubility and stability of blended PLA with LPEG and CS solution

Pictures

No. | Sample name | Solubility stability color
1. PLA Homogeneo | Good Clear
-us
2. PLA/LPEG Emulsion small Brittle
gel separated
LPEG
3. PLA/CS Homogeneo | Good Yellow
-us
4. PLA/LPEG/CS | Emulsion separated | Yellow
gel CS layer
on top for
3 hours
5 PLA/LPEG/CS | Emulsion separated | Yellow
/0.05CAE gel CS layer
like
PLA/LPE
G/CS

X
~
L

S
5
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Table 5. Solubility and stability of blended PLA with LPEG and CS solution

(continued)
No. | Sample name | Solubility | stability color Pictures
6. PLA/LPEG/CS/ | Emulsion separation | Yellow
0.1CAE gel of layers
like il
PLA/LPE &/
G/CS
7. PLA/LPEG/CS/ | Emulsion separation | Yellow g
0.4CAE gel of layers - \’ —
like
PLA/LPE é
G/CS

The solubility and stability of polymer solution are important for the

fabrication of electrospun nanofiber because the miscible solution can generate a

polymer jet continuously into the collector. Therefore, it is necessary to determine the

suitable solvents and the optimum ratio of mixing polymers in the ternary phase of

miscible polymer solution. In this work, we try to prepare a mixture of formic acid,

chloroform, and acetone at the ratio of 3:1:1 and ethanol for dissolving CAE which is

lower toxic than using TFA or fluorine component solvent. The concentration of

polymer solution apparently affected the spinnability of the electrospun fiber during

spinning.
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4.1.2 Morphology of blended PLA electrospun nanofibers with LPEG and
CS by Scanning Electron Microscope (SEM)
The morphological identification of electrospun fiber of pure PLA nanofibers
and blended PLA/LPEG/CS/CAE nanofibers was measured by SEM as shown in

Figure 16 and the comparison of average diameter sizes was illustrated in Figure 17.

PLA

PLA/LPEG/CS

PLA/LPEG/CS/0.05CAE PLA/LPEG/CS/0.1CAE PLA/LPEG/CS/0.4CAE

Figure 16. SEM illustration of blended PLA nanofibers with LPEG and CS-loaded
CAE (5 kX)

The average diameters of the PLA nanofibers decreased with adding LPEG
and chitosan content. PLA nanofibers look like a net. When PLA was added with
LPEG, it shows continuous fiber compared to pure PLA fiber. When chitosan was
added into PLA, the solution became acidic solution due to the amino group that
carries positive charges. This leads to an increase in the charge density of the polymer

jet, reflecting the increase in viscosity and conductivity during electrospinning of the
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blended PLA/CS. The higher charge density on the surface of the ejected jet was
obtained by imposing higher elongation forces on the jet under the electric field. This
IS because the electric force is proportional to the charge density on the jet, resulting
in thinner fibers with smaller diameters due to higher charge density. This is in
accordance with the previous study that confirmed the incorporation of LPEG and

chitosan with PLA would increase the nanofiber form [17, 42].

Table 6. Average diameter size of blended PLA/PEG/CS/CAE electrospun fibers

Average diameter

Samples size (nm) SD
PLA 413 158
PLA/PEG 662 215
PLA/CS 467 184
PLA/PEG/CS 709 364
PLA/PEG/CS/0.05CAE 549 174
PLA/PEG/CS/0.1CAE 747 245

PLA/PEG/CS/0.4CAE 541 283
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Figure 17. Diameter size distribution of PLA, PLA/LPEG, PLA/CS, and
PLA/LPEG/CS

Comparing the average diameter sizes of PLA, PLA/LPEG, PLA/CS,
PLA/LPEG/CS, and PLA/LPEG/CS loaded CAE, 0.05, 0.1, and 0.4 % wt were shown
in Figure 4.2. It was found that blended PLA and LPEG always give a large size and
CS in PLA/LPEG generates the largest size. However, the addition of CAE can
reduce the fiber size which can also be affected by adding ethanol and changing some
parameters of the polymer solution such as viscosity, conductivity, and boiling point
of the mixture solvents. Adding LPEG, CS, and CAE displays better than size
distribution that is a slim curve comparing PLA, PLA/LPEG, PLA/CS, and
PLA/LPEG/CS
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of CAE
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4.1.3 Water-Contact Angle analysis of the blended PLA electrospun
nanofiber with LPEG and Chitosan loaded CAE

0.0 0O

PLA/ PLA/LPEG PLA/LPEG/CS
PLA/LPEG/CS/0.05CAE PLA/LPEG/CS/0.1CAE PLA/LPEG/CS/0.4CAE

Figure 19. Contact angle images of blended PLA nanofibers with LPEG and CS-
loaded CAE
In Figure 19., the contact angle images of all samples show hydrophobicity
with a contact angle greater than 90°. The nanofibers have the characteristics of the
lotus effect phenomenon which has the appearance of small pore spaces as evidenced
from SEM image. This might be due to the influence of PLA as based polymer which
is hydrophobic and it might be possible that the low ratio of LPEG which gives a
small area of the fiber surface could affect the hydrophobic fibers of each sample as
follows: PLA 118.9° PLA/LPEG 117.9°, PLA/CS 133.6°, PLA/LPEG/CS 130°,
PLA/LPEG/CS/0.05CAE 133°,PLA/LPEG/CS/0.1CAE 133.6°, and
PLA/LPEG/CS/0.4CAE 130.7°
In addition, it does not show a wettability on the surface of electrospun fiber
membranes even the fibers contain many hydroxyl -OH groups on the fiber surface
through adding LPEG, CS, and CAE. Thus, all samples of blended PLA with
10%LPEG4000 and 3.4 CS are not hydrophilic materials.
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4.1.4 Chemical analysis for Functional group by Fourier transform infrared
(FTIR)

The functional groups of blended PLA nanofibers confirmed the polarity of
the fibers as the apparency of hydroxyl group (-OH) of LPEG and amino group (-
NHb») of CS by the Fourier Transform Infrared (FTIR).

a) Adding LPEG in PLA nanofiber
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Figure 20. FTIR spectra of the PLA, PLA/LPEG electrospun fibers

As displayed in Figure 20., the FTIR spectroscopy of the PLA, LPEG4000,
pure PLA electrospun, and blended PLA electrospun nanofibers with LPEG. The
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FTIR spectrum of neat PLA depicted characteristic absorption bands at 1747 and
2997 cm™! that was due to the characteristic C=O and C—H vibrations and the peaks at
1179, 1128, and 1082 cm™! represented the C—O—C linkage of the backbone ester
group of PLA. The PLA nanofibers (PLA NFs) displayed at 2995, 1749, 1180, 1127
and 1083 cm ™! respectively. LPEG4000 displayed strong characteristic absorption
peaks of C—O, C—C stretching, CH> rocking, CH» rocking, CH» twisting C—O, C—C
stretching, CH» rocking, C—O, C—C stretching, C—O stretching, CH» rocking, CH»
twisting, CH> wagging and CH> scissoring at 840, 945, 1058, 1097, 1145, 1229 and
1278, 1340 and 1465 cm ™! respectively. Obviously, in the blended PLA/LPEG
electrospun nanofibers, the peak position of these spectra almost changed. The
characteristic peak of PLA was weak because PLA does not have enough —OH groups
to form hydrogen bonds with —OH groups of 3420 cm ! when added LPEG which
displays the peaks at 2880, and 1745 cm ! with relatively lesser intensity
corresponding to the absorption values of C-O of the carboxylic group of PLA
whereas those at 2945, and 1382 cm ™! correspond to the asymmetric bending of CH

and acyclic C—C.
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b) Adding CS in PLA and PLA/LPEG nanofiber
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Figure 21. FTIR spectra of the CS, PLA, PLA/LPEG, PLA/CS, and PLA/LPEG/CS

electrospun fibers

Chitosan depicted characteristic absorption bands at 3286 cm !
corresponding to the N—H stretching vibrations and those at 1643, 1583, and 1318
cm ! which correlates to the amide I and II and a weak peak at 1373 cm™! is the amide
IIT characteristic absorption bands respectively. FTIR spectra of the blended PLA/CS
and PLA/LPEG/CS electrospun nanofibers show the peak position of these spectra

that may explain the molecular interaction between LPEG, chitosan, and PLA was
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weak because PLA does not have enough —OH groups to form hydrogen bonds with
—OH groups and —NH> groups in chitosan. The samples added with LPEG reveals the
peaks at 2880, and 1745 cm™! with relatively lesser intensity resulting from the
absorption values of C-O of the carboxylic group of PLA whereas those at 2945, and
1382 cm ! relate to the asymmetric bending of CH and acyclic C—C, amide II of CS
presented in PLA/CS. All these results confirm the existence of PLA, LPEG, and CS
in PLA/LPEG/CS electrospun nanofibers.

c¢) Adding CAE in PLA/LPEG/CS nanofiber
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Figure 22. FTIR spectra of the CS, PLA, PLA/LPEG, PLA/CS, and PLA/LPEG/CS

electrospun fibers
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CAE shows the peaks at 3352, 2919, 1633, 1445 and 1060 cm™' which are
the possible functional groups of -OH, -CH stretching, R-NH>-C=0, C-H bending,
and C-O, respectively. All samples adding CAE show the broad peak at 3352 cm ™!
and the peak at 2868 cm ! is shifted to 2870,2910,2910 ¢cm 'in
PLA/LPEG/CS/0.05CAE, PLA/LPEG/CS/0.1CAE and PLA/LPEG/CS/ 0.4CAE,

respectively.
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Figure 23. FTIR spectra at wavenumbers in the range of 1,900-1,400 cm™ of the CS,
PLA, PLA/LPEG, PLA/CS, and PLA/LPEG/CS and PLA/LPEG/CS/CAE electrospun
fibers

Figure 23. shows the relation of the peak position in the range of 1,900-1,400
cm? that is N—H stretching vibrations on chitosan at 1643, 1583, and 1318 cm™'
which corresponds to the amide | and Il and a weak peak at 1373 cm™! represents the
amide 1l characteristic absorption bands, and 1633 corresponds to R-NH>-C=0 in
CAE while in the blended PLA of all simples do not displays the peak of CS and CAE
because of the low intensity of peak. This can be concluded that polymer solution

with low solubility could not provide the quality of spinnability.
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4.1.5 Thermal Properties blended PLA electrospun nanofibers with LPEG
and CS loaded CAE by Differential Scanning Calorimetry (DSC)

T [T T
endo

PLA/LPEG/CS/0.4CAE /L

PLA/LPEG/CS/0.1CAE
el oY

PLA/LPEG/CS/0.05CAE

a— — ~—

PLA/CS /L
| — —_—

PLA/LPEG
e—— S //\\__
PLA /\
- A M
éxo . ., 1. 1 | [ P TP | el YR ]
20 40 60 80 100 120 140 160 130 200

Temperature (°C)

Figure 24. DSC thermogram of electrospun fibers: PLA, PLA/LPEG, PLA/CS,
PLA/LPEG/CS, PLA/LPEG/CS/0.05CAE, PLA/LPEG/CS/0.1CAE, and
PLA/LPEG/CS/0.4CAE

DSC technique was used to analyze thermal properties of electrospun
nanofibers. The DSC thermograms in Figure 24. were obtained from the first heating
scan. The nanofibers showed a glass transition temperature (7%), a cold crystallization
temperature (7.c), and a melting temperature (7m) typical peak of PLA and PLA
blended with LPEG and CS. Degree of crystallinity (Xc) are listed in Table 7. It can be
observed that the 7y of PLA significantly decreased after the addition of 10 wt% of
LPEG4000 to the blended because LPEG acted as a plasticizer to improve the
flexibility of PLA . The 7z of pure PLA nanofiber was ~63 °C whereas Tg of
PLA/LPEG was ~ 55 °C. When adding Chitosan 3.4 %wt into PLA, 7y of PLA/CS
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was ~63 °C, PLA/LPEG/CS promoting the plasticization effect of LPEG as T, of
samples decreased with adding LPEG and chitosan content.

This synergy was clearly observed in the PLA/LPEG/CS loaded CAE
samples, which showed the lowest 7 of 55 °C for samples, Both LPEG and chitosan
acted as nucleating agents by reducing 7cc of PLA, PLA NFs, PLA/LPEG and
PLA/CS showed T¢c at 74 °C while PLA/LPEG/CS, PLA/LPEG/CS/0.05CAE,
PLA/LPEG/CS/0.1CAE and PLA/LPEG/CS0.4CAE exists Tcc at 70°C. It seemed that
a mixture of LPEG and chitosan produced the lowest and it significantly dropped
approximately ~4 °C after mixing with chitosan and LPEG and CAE. The occurrence
of cold crystallization affected the melting enthalpy of PLA. In this case, AH,, in the
DSC thermogram was a result of the initial crystallinity of PLA and the crystallinity
during heating in DSC analysis (AH..). By excluding AH.., X. represented the original
degree of crystallization of samples. LPEG and chitosan affect the crystallinity of
PLA nanofiber that X. was decreased with adding LPEG and was increased by adding
LPEG and CS. This might affect the mechanical properties of PLA/LPEG/CS

nanofibrous polymers.
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Table 7. T, Tece, Tm, Enthalpy, and X, of blended PLA with LPEG, CS loaded CAE

TgpLA Tec TmpLA Weua DHm DHcc
Samples o) 9 %) Qg Qg e

PLA 63 74 173 1.000 55 19 39
PLA/LPEG 55 74 170 0.909 30 9 25
PLA/CS 63 74 170 0.967 53 19 38
PLA/LPEG/CS 55 70 171 0.882 51 9 51
PLA/LPEG/CS/ 0.881

0.05CAE 56 69 170 56 10 56
PLA/LPEG/CS/ 0.881

0.1CAE 56 70 171 51 8 52
PLA/LPEG/CS/ 0.878

0.4CAE 56 70 170 51 7 54

4.1.6 Mechanical properties of blended PLA electrospun nanofibers with
LPEG and CS loaded CAE

Table 8. Tensile strength, elongation at break, and young’s modulus of PLA,
PLA/LPEG, PLA/CS, and PLA/LPEG/CS nanofiber

Tensile Elongation at Young's

Samples strength Break Modulus
(MPa) (%) (MPa)
PLA 0.63 46.00 20.50
PLA/LPEG 0.54 84.00 30.15
PLA/CS 0.43 75.25 35.58

PLA/LPEG/CS 1.18 72.46 173.21
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Figure 25. Comparison of tensile strength of PLA, PLA/LPEG, PLA/CS,
PLA/LPEG/CS electrospun nanofibers

Elongation at break (%)

PLA PLA/LPEG PLA/CS PLA/LPEG/CS

Figure 26. Comparison of elongation at break of PLA, PLA/LPEG, PLA/CS,
PLA/LPEG/CS electrospun nanofibers
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Figure 27. Comparison of modulus of PLA, PLA/LPEG, PLA/CS, PLA/LPEG/CS

electrospun nanofibers

Chitosan in the present study was to evaluate the putative bioactivity of
chitosan in PLA electrospun fibers and to develop the mechanical properties of PLA
by adding LPEG for wound healing applications. Tensile stresses at Maximum Force
of I5SPLA, 15PLA/10LPEG, 15PLA/3.4CS, and 15PLA/10LPEG/3.4CS are 0.63,
0.54, 0.43, and 1.18 MPa, respectively, reflecting the decrease of the Xc. On the other
hand, 15PLA/10LPEG/3.4CS have X. higher than that of adding LPEG or CS in PLA

resulting in high tensile stress and Young’s Modulus.



55

4.1.7 Conclusion of the preparation of blended PLA with LPEG and
Chitosan (CS) and Centella Asiatica extracts (CAE)

The fabrication of blended poly (lactic acid) (PLA) electrospun nanofibers
was separated to study into 3 parts. The first part was PLA and blended PLA with
Poly(ethylene glycol) (LPEG4000) and chitosan (CS) as bio-based polymers
(PLA/LPEG/CS NFs) loaded with Centella Asiatica extracts (CAE) using the mixture
solvents including Formic acid/chloroform/acetone and adding ethanol which were
successfully prepared by electrospinning technique. From the result, it was found that
blended PLA with LPEG and CS has low solubility, confirmed by the disappearance
of FTIR spectra of 1643 cm™ of CS in PLA electrospun nanofiber. And it showed
hydrophobicity although PLA/LPEG/CS has better mechanical property than that of
pure PLA and others. Thus, we would like to vary the ratio of PLA and LPEG or
HPEG in the new mixture solvent and try another the antibacterial agent from

chitosan to ZnO nanoparticles in the next part.
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4.2 Result of development of Blended PLA with LPEG and HPEG
4.2.1 Morphologies of blended PLA electrospun nanofibers with LPEG and
HPEG by Scanning Electron Microscope (SEM) using 5 kX

PLA

Figure 28. SEM illustrations of blended PLA electrospun nanofibers with LPEG and
HPEG (5 kX)

From SEM images shown in Figure 28., pure PLA nanofibers and blended
PLA/LPEG and PLA/HPEG. The average diameter of the PLA nanofibers decreased
with adding LPEG and increased with HPEG. PLA nanofibers prepared in
chloroform/acetonitrile can spin into continuous fibers and porous on the fiber. PLA
added with LPEG shows continuous and smooth fibers compared to pure PLA fibers
but the increased LPEG content in the ratios of 70:30 and 50:50 is small and has some
beads. Adding HPEG displays a large size in microfiber that increases HPEG and also
be rough fibers.
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Figure 29. Comparison of average diameter sizes of PLA, PLA/LPEG, PLA/HPEG

electrospun nanofibers

A comparison of the effect of LPEG and HPEG in blended PLA electrospun
nanofiber for the average diameter size is shown in Figure 29. It was found that
blended PLA and LPEG are always a small size compared to pure PLA nanofibers,

but PLA/HPEG is the largest size and increases when HPEG contents are high.
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Figure 31. Diameter size distribution of PLA and PLA/HPEG (Ratios of 90:10, 70:30

and 50:50)

Size distribution of adding LPEG is wildly small size but adding HPEG

increased comparing PLA.

This can be noticed that the morphology and fiber size might enhance the

effect of the wet phenomena on the surface area in the nanofiber membrane like a

lotus effect which was confirmed in the water-contact angle.
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4.2.2 Water-contact angle analysis of Blended PLA electrospun nanofiber
with LPEG or HPEG

-t

Hydrophobicity

NFLA/OLPEG 70PLA/30LPEG

I SOPLA/SOLPEG
90PLA/10HPEG 70PLA/30HPEG S0PLA/SOHPEG

—

Figure 32. Contact angle images of blended PLA nanofibers with LPEG or HPEG

Hydrophilicity

In Figure 32., The contact angle image of all samples showed hydrophobicity
with a contact angle greater than 90 degrees except 70PLA/30HPEG and
SO0PLA/S50HPEG. The nanofibers have the characteristics of the lotus effect
phenomenon which has the appearance of small pore spaces and smooth fiber of
PLA/LPEG (confirmed by SEM image) and the base of biopolymer used on the fibers
was made of polylactic acid which is hydrophobic and is possible of the low ratio of
Poly(ethylene glycol) which is a slight area of the fiber surface thus affected the
hydrophobic fibers of each sample by shows the contact angle as follows Table 9.
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Table 9. Water-contact angles of blended PLA with LPEG or HPEG

Water-contact angles

Samples (degree)

PLA 121.1
90PLA/10LPEG 118.35
70PLA/30LPEG 122.4
S0PLA/S0LPEG 133.05
90PLA/10HPEG 141.6
70PLA/30HPEG 0
S0PLA/S0HPEG 0

SOPLA/S0HPEG

70PLA/30HPEG

90PLA/10HPEG

SOPLA/S50LPEG

70PLA/30LPEG

90PLA/10LPEG
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Figure 33. Comparison of water-contact angle of PLA, PLA/LPEG, PLA/HPEG

Hydrophilicity is one of the most significant features of the surface of the
material for wound healing. Measuring the water contact angle determines the surface
wettability which moderates hydrophilic surfaces between 30° and 70° of contact
angles and has been shown to encourage cells to adhere and expand. Surface
hydrophobicity and high hydrophilicity exhibit lower cell adhesion.[51] In the work,
the blended PLA/LPEG and 90PLA/10LPEG showed water contact angle values
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increased angles more than 90° but 70:30 and 50:50 HPEG like those of super
hydrophilic substrates of hydrophilicity around 0° could be attributed to the presence
of functional groups such as hydroxyl groups (confirmed by FTIR) which decreased
the water contact angle (increased hydrophilicity) due to the presence of hydroxyl
groups on its surface. In addition to cell adhesion, hydrophilic biomaterials can also

provide the required moisture during wound healing.

4.2.3 Chemical analysis for functional group on blended PLA/LPEG and

PLA/HPEG electrospun nanofibers by Fourier transform infrared
(FTIR)
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Figure 34. FTIR spectra of the pure PLA, PLA/LPEG electrospun nanofibers various
ratios of 90:10, 70:30 and 50:50
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Figure 35. FTIR spectra of the pure PLA, PLA/HPEG electrospun nanofibers various
ratios of 90:10, 70:30 and 50:50

In displays, the FTIR spectra of the PLA, LPEG, HPEG, pure PLA
electrospun, and blended PLA electrospun nanofibers with LPEG and HPEG (Figure
34 and 35). The FTIR spectrum of PLA depicted characteristic absorption bands at
1747 and 2997 cm ! that was due to the characteristic C=0 and C—H vibrations and at
1179, 1128, and 1082 cm ™! represented due to the C—O—C linkage of the backbone
ester group of PLA and pure PLA electrospun nanofibers displayed at 2995, 1749,
1180, 1127 and 1083 cm ! respectively. LPEG and HPEG displayed strong
characteristic absorption peaks of C—O, C—C stretching, CH2 rocking, CH> rocking,
CH: twisting C—O, C—C stretching, CH> rocking, C—O, C—C stretching, C-O
stretching, CH» rocking, CH2 twisting, CH2 wagging and CH> scissoring at 840, 945,
1058, 1097, 1145, 1229 and 1278, 1340 and 1465 cm™! respectively. Obviously, in
blended PLA/LPEG the increase of LPEG and HPEG was weak because PLA does
have enough —OH groups to form hydrogen bonds with —OH groups, and PLA/HPEG
shows a high-intensity peak at 3420 cm™ (O-H) compared to PLA/LPEG. Thus,
adding HPEG provides O-H and hydrophilic materials.
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4.2.4 Swelling and Gel-fraction of PLA, PLA/LPEG
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Figure 36. Swelling and gel fraction of adding LPEG in PLA electrospun

Swelling and gel fraction is the important parameter in the control-release
mechanism of materials for wound healing and affects the release of various active
ingredients. In this work, antibacterial agents (ZnO nanoparticles) and anti-
inflammatory (CAE) were added in blend PLA electrospun nanofibers. The effects of
this swelling were studied and will also affect the release profile. Adding LPEG into

PLA can increase the swelling value further when the amount of LPEG increases.
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Figure 37. Swelling and gel fraction of adding HPEG in PLA electrospun nanofibers

Figure 37. shows the relationship between swelling and gel fraction. It can be
observed that the swelling and gel fraction increase with increasing the ratio of HPEG
into PLA as well as adding LPEG because of dissolving with water. Thus, it affects

degradation fibers depicted in 4.2.5
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4.2.5 Degradation of PLA, PLA/HPEG around 5 weeks

7 Days 14 Days 21 Days 36 Days

PLA

90PLA/10HPEG }3

Figure 38. SEM illustrations of degradation of PLA and PLA/HPEG for 36 days

The degradation of PLA, 90PLA/10HPEG, 70PLA/30HPEG, and
50PLA/50HPEG electrospun fibers membrane plays an essential role in cell
regeneration, for the rate of fiber degradation should be able to match the rate of new
tissue formation which this work is initiated at 7 days to 36 days. In this study, we
used one method to test the degradation that was soaked in PBS and incubated at
37°C. So, blended PLA for wound healing applications, is important to understand the
mechanism of degradation. We found that the HPEG significantly increased the
degradation rate of the electrospun nanofibers when dispersed to the surface of PLA
fibers. The result may come from the fact that the degradation rate of PLA is slower
than HPEG (Figure 38.). However, we considered that this result may come from the
high swelling and displays many fiber breaks for a long time.
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Figure 39. Degradation graph of PLA and PLA/HPEG various ratios

Figure 39. shows comparing %weight loss between pure PLA and blend
PLA/HPEG in the ratios of 90:10, 70:30, and 50:50, respectively. It was found that
increasing HPEG can increase degradation in 7 days and high degradation in 70:30 as
70%.
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4.2.6 Thermal properties of blended PLA/LPEG and PLA/HPEG

electrospun nanofibers by Differential Scanning Calorimetry (DSC)
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Figure 40. The first heat of DSC thermograms of blended PLA electrospun fibers:
PLA, PLA/LPEG, and PLA/HPEG

The first heat of the DSC thermograms of PLA, PLA/LPEG, and PLA/HPEG
electrospun nanofiber various ratios showed a glass transition temperature (7%), a cold
crystallization temperature (7..), the melting temperature (77,) typical peak of PLA
and blended PLA with LPEG and HPEG (Figure 40.) and degrees of crystallinity (X)
are listed in Table 10 It can be noticed the significant decrease of 7, of PLA with
addition of LPEG or HPEG in ratios of 90:10 as it acts plasticizer on the other hand
adding LPEG 70:30 and 50:50 or HPEG to the blended PLA results in inhibiting the
movement of the polymer chain of blended PLA and also exist in the second heat
because semi-crystalline of PEG causes to separate the polymer phase between PLA

and PEG. Thus, the T, and crystallinity of PLA were decreased as shown in Table 10
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Figure 41. The second heat of DSC thermograms of blended PLA electrospun fibers:
PLA, PLA/LPEG, and PLA/HPEG

The second heat of the DSC thermogram shows the 7, and Tnpr4 reduced
when adding LPEG and HPEG. The higher amount of HPEG of 70:30 and 50:50 do
not show the peak of 7', but at 50:50 HPEG appears the Tmurec so it confirmed the
interaction of a chain of HPEG because of long-chain and high molecular weight of
HPEG (Mw=900,000) However, the LPEG and HPEG affected for crystallinity that
decreased when increasing LPEG 70:30 and 50:50 but 70PLA/30HPEG increased.
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Table 10. T, Tcc, T, enthalpy, and %crystallinity of blended PLA/LPEG or

PLA/HPEG NFs
Samples Ty TmLre TmHpeEG Tee TmpLA W DHumpec DHmupes DHump D:'C XcePLA

R T T o W T T S L

PLA 62 77 176 1.00 52 19 36
90PLA/10PEG 53 65 175 0.90 7.24 49 14 42
70PLA/30PEG 59 65 174 0.70 33.77 24 3 33
50PLA/50PEG 57 172 0.50 80.30 24 7 36
90PLA/10PEQO 54 70 175 0.90 741 35 12 27
70PLA/30PEO 54 170 0.70 32 40 62
50PLA/50PEQ 64 175 0.50 66.76 28 17 23

The occurrence of cold crystallization affected the melting enthalpy of PLA. In

this case, DH,, in the DSC thermogram was a result of the initial crystallinity of PLA

and the crystallinity during heating in DSC analysis (DH..). By excluding bH.., X.

represented the original degree of crystallization of samples. From the results in Table
10., it is noted that addition of LPEG and HPEG affects the degree of crystallinity (X)
of PLA nanofiber. The X, was increased with adding 90:10 LPEG and 70:30 HPEG
but other ratios of LPEG and HPEG do not assist to improve the crystallinity of PLA.

This might be due to obstruction of molecular movement of long-chain polymer. This

could also affect to the mechanical properties of PLA/LPEG or PLA/HPEG

nanofibrous membranes.
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4.2.7 Mechanical properties of blended PLA/LPEG and PLA/HPEG
electrospun nanofibers by Tensile (ASTM D5034)

Table 11. Tensile strength, elongation at break, and young's modulus of blended

PLA/LPEG and PLA/HPEG electrospun nanofibers

Tensile Elongation at
strength Break Modulus
Samples MPa SD % SD MPa SD
PLA 0.38 0.08 77.95 1.87 6.64 0.75
90PLA/10LPEG 0.58 0.06 11570 15.02 23.67 6.51
70PLA/30LPEG 1.58 0.11 38.85 3.33 98.68 20.52
50PLA/50LPEG 0.43 0.16 450 2.24 4258 11.60
90PLA/10HPEG 1.04 0.16 468.24 32.13 43.49  8.12
70PLA/30HPEG 0.69 0.03 169.47 31.21 21.07 5.40
50PLA/50HPEG 1.19 0.06 510.09 14.44 21.77  2.96
SO0PLA/S0HPEG
70PLA/30HPEG
90PLA/10HPEG

S0PLA/SOLPEG

70PLA/30LPEG
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Figure 42. Comparison of tensile strength at break of PLA, PLA/LPEG, PLA/HPEG

electrospun nanofibers
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Figure 43. Comparison of elongation at break of PLA, PLA/LPEG, PLA/HPEG

electrospun nanofibers
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Figure 44. Comparison of modulus at break of PLA, PLA/LPEG, PLA/HPEG
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The effect of LPEG and HPEG on mechanical properties of PLA electrospun

fibers by tensile strength at maximum force, elongation at break, and modulus, the
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result shows the highest tensile strength is 70PLA/30LPEG, the second scanning is
SOPLA/50HPEG that the highest elongation is SOPLA/50HPEG, the second scanning
is 9OPLA/10HPEG and 70PLA/30HPEG which is more than PLA and PLA/LPEG
and the highest modulus is 70PLA/30LPEG and the second scanning is
90PLA/10HPEG.

4.2.8 Conclusion of the preparation of blended PLA with LPEG or HPEG
various ratios
The result of the fabrication of blend PLA via electrospinning was improved
to prepare for adding ZnO and CAE which provides a wettability of 70:30 HPEG. We
selected 70:30 HPEG for developing wound dressing because it has a moderated
advantage for wound dressing compared to pure PLA and blended PLA/LPEG
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4.3 Results of the effect of doped ZnO into the blended PLA from the best
condition of 2 and loading Centella Asiatica extracts (CAE)
4.3.1 Morphologies of 70PLA/10LPEG loaded 2%Zn0O and various CAE by
Scanning Electron Microscope (SEM) using 5 kX

70PL: \/3011PLG 70PLA/30HPEG/2ZnO

70PLA/30HPEG/2Zn0O/0.7CAE 70PLA/30HPEG/2Zn0/1.4CAE 70PLA/30HPEG/2Zn0/2.8CAE

‘Q'/‘ W‘W
=N /7 NI
, , f*:r'b 77 :

Figure 45. SEM illustrations of 70PLA/10LPEG loaded 2%ZnO and various CAE (5
kX)

From SEM images shown in Figure 45., 70PLA/30HPEG nanofibers and
blended PLA/HPEG with ZnO nanoparticles (NPs) and CAE. The average diameter
of the 70PLA/30PLA nanofibers increased with adding ZnO NPs and decreased with
CAE. (as shown in Table 12) and size distribution of 70PLA/30HPEG is wildly large
size but adding ZnO and increased CAE is smaller and high frequency distribution in

the range of 1,200 nm. (Figure 46.)
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Table 12. Average diameter size of 70PLA/30PLA, 70PLA/30PLA/2Zn0O and
70PLA/30PLA/2ZnO/CAE

Average diameter size

Samples (nm) SD

70PLA/30HPEG 1280.0 300.7
70PLA/30 HPEG /2Zn0O 1470.5 235.5
70PLA/30HPEG /2Zn0O/0.7CAE 1373.0 160.0
70PLA/30 HPEG /2Zn0O/1.4CAE 1219.5 181.1
70PLA/30 HPEG /2Zn0O/2.8CAE 1116.5 122.2

[T 70PLA/30HPEG 2700 ‘ [ 70PLA/30HPEG/2Zn0/0. 7CAE
Gaussian Fit Counts"Counts” Gaussian Fit Counts"Counts”
64 T
4 77 i
{
\ i
7 3 -~ 54 i
< / \ 3 ;
< \ ~ i
a e | a H
/ \ gE
oD / 2 i
5 / g 1
3 El i
L — = 34 1
g % | i
g | 3 ;
=5 |~ 2 i 1 —
Z | 2 |
) 14 | l sl ™ X :
0 .[ T T T T T T T T 0 T T 1
1100 1200 1300 1400 1500 1600 1700 1800 1900 1200 1400 1600
Fiber diameter size (nm) Fiber diameter size (nm)

77 70PLA/30HPEG/2Z00/ 1. 4CAE
Gaussian Fit Counts"Counts"

% B ] 7\* e
i i |
/ |
/

Frequency distribution (%)
Frequency distribution (%5)

\__

T T T T T 1 0 T J | VOER R | T 1
900 1000 1100 1200 1300 1400 1500 900 950 1000 1050 1100 1150 1200 1250

o

Fiber diameter size (nm) Fiber diameter size (nm)

Figure 46. Diameter size distribution of 70PLA/30HPEG/2Zn0O and
70PLA/30HPEG/2ZnO loaded CAE (0.7, 1.4 and 2.8 %wt)
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Figure 47. EDS illustrations of 70PLA/10LPEG loaded 2%Zn0O and
70PLA/30HPEG/2Zn0/0.7CAE (5 kX)

The SEM image and EDS measurements of 70PLA/30HPEG electrospun
fibers with ZnO nanoparticles (2% wt.) are displayed in Figure 47. It is obvious that
the sample has uniform and smooth nanofibers with an average size of 1,470 nm
diameter without any beads. ZnO nanoparticles were well dispersed in the
nanofibrous matrix. Furthermore, the elemental analysis via energy-dispersive X-ray
spectroscopy (EDS) showed three main peaks for 2Zn, O, and C,
confirming the successful synthesis of the 70PLA/30HPEG/2ZnO and
7T0PLA/30HPEG/2Zn0/0.7CAE electrospun fibers. This could be pointed out that
CAE is incorporated into nanofibers. In addition, their existence, and distribution can
also be described through Fourier transform infrared spectroscopy (FTIR).
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4.3.2 Functional group analysis of the blended PLA/LPEG and PLA/HPEG
electrospun nanofibers by Fourier transform infrared spectroscopy
(FTIR)

C=0 stretching C-H stretching

C-H bending

-CH stretching
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Figure 48. FTIR spectra of the 70PLA/30HPEG electrospun nanofibers loaded
2%Zn0O and various contents of CAE

The FTIR spectra of Centella Asiatica extracts (CAE) and blended
7TOPLA/30HPEG electrospun fibers loaded 2%ZnO and 0.7-2.8% CAE depicted
characteristic absorption bands at 2995, 1749, 1188, 1127, and 1083 cm™!,
respectively that were due to the CH stretching, C=0 and C-H bending and C-H
stretching and the C—O—C linkage of the backbone ester group of PLA, respectively.
Addition of HPEG shows characteristic peaks in the regions of 1453 cm™!, 1356 cm !,
1180 cm™!, and 845 cm™! that represent different bonds of CH> in scissoring, wagging,
twisting, and rocking forms. The sharp peak at 287 cm™! is related to CH stretching,



78

and the smooth peak at 3420 cm™! shows the presence of the OH group. Other peaks
at 1141 cm™!, 1095 cm™!, and 950 cm™! are related to C-O-C stretching, which is
responsible for the semi-crystalline phase of HPEG. The spectrum of the
7T0PLA/30HPEG/2ZnO/CAE displays the characteristic peaks of ZnO-NPs and CAE
at 3420 cm™! (OH groups on the surface), 528 cm™! (Zn—O bond)

4.3.3 Swelling and gel-fraction of 70PLA/30HPEG and 70PLA/30HPEG/2Zn0O
loaded 0.7-2.8% CAE

70PLA/30HPEG/2Zn0/2.8CAE
70PLA/30HPEG/2Zn0O/1 4CAE
70PLA/30HPEG/2Zn0O/0.7CAE

70PLA/30HPEG/2ZnO

70PLA/30HPEG

+-———t— v+ 7 rrrr 71 rrrr 1 rrrr1rrrrr7
500 1000 1500 2000 2500 3000

Swelling (%)

70PLA/30HPEG/2Zn0/2.8CAE

70PLA/30HPEG/2Zn0O/1 4CAE

70PLA/30HPEG/2Zn0O/0.7CAE

70PLA/30HPEG/2ZnO

70PLA/30HPEG

Gel Fraction (%)

Figure 49. Swelling and gel fraction of adding ZnO and CAE in 70PLA/30HPEG
electrospun nanofibers
Adding HPEG into PLA can increase the swelling and gel fraction value
further when the amount of HPEG increases. However, adding ZnO and CAE does



79

not affect swelling and gel fraction. Furthermore, the samples of blended
7TOPLA/30HPEG electrospun fibers loaded ZnO NPs and CAE affect to the higher

degradation compared to pure PLA nanofibers about 36 days.

4.3.4 Thermal properties of blended 70PLA/30HPEG electrospun nanofibers
loaded ZnO and CAE by Differential Scanning Calorimetry (DSC)

Endo J\,_, T 70PLA/30HPEG/2Zn0/2.8CAE
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Figure 50. The first heat of DSC thermograms of blended PLA electrospun fibers:
PLA, 70PLA/30HPEG, 70PLA/30HPEG/2Zn0, and 70PLA/30HPEG/2Zn0O loaded
various contents of CAE

From Figure 50., the peaks of Truuprec, Tee, and Tmpra were clearly observed in
the 70PLA/30HPEG nanofibers, which showed the lowest Thrrec at 54 °C when
adding ZnO NPs. Tmuprc are increased. This might be due to the nucleating effect
from ZnO NPs. The 70PLA/30HPEG/2Zn0O loaded CAE results in decreasing Tinpr4
and crystallinity of PLA. It is important to note that semi-crystalline phase in HPEG
inhibited the crystallization of PLA leading to separate both phases of polymers
between PLA and HPEG. Thus, it influences to mechanical properties such strength
and elongation because of reducing flexibility of HPEG by ZnO.
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Figure 51. The second heat of DSC thermograms of blended PLA electrospun fibers:

PLA, PLA/LPEG, and PLA/HPEG

In the second heat of DSC thermograms confirmed the effect of ZnO -
inhibited 7, and induced 7}, and reduced the %crystallinity of 70PLA/30HPEG and

decreased when CAE increased
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Table 13. Thermal properties of the blended 70PLA/30HPEG NFs loaded ZnO and

CAE
Ty TmHPEG Tec TmpLA DHmHprec DHmpLa DHee  Xepa
Samples
(C) (C) (O (O Wea @i @G @) ®)
PLA 62 77 176 1 52 19 36
70PLA/30LPEG 54 170 0.7 32 40 3 62
70PLA/30HPEG/2ZnO 63 94 173 0.69 38 29 5 37
70PLA/30HPEG/2Zn0O/
67 90 171 0.68 44 25 2 37
0.7CAE
70PLA/30HPEG/2Zn0O/
61 171 0.68 45 19 30
1.4CAE
70PLA/30HPEG/2Zn0O/
61 171 0.67 47 17 27
2.8CAE

*Wpra = weight fraction of PLA

4.3.5 Mechanical properties of blended PLA/LPEG and PLA/HPEG
electrospun nanofibers by Tensile (ASTM D5034)

Table 14. Tensile strength, elongation at Break, and young's modulus of blended
70PLA/30HPEG NFs loaded ZnO and CAE

Tensile strength Elongation at Break Modulus
samples MPa SD % SD MPa SD

PLA 0.38 0.08 77.95 1.87 6.64 0.75
70PLA/30HPEG 0.69 0.03 169.47 31.21 21.07 5.40
70PLA/30HPEG/2Zn0O 0.48 0.07 22.40 9.52 22.20 6.19
70PLA/30HPEG/2Zn0/

0.7CAE 0.08 0.05 15.60 15.60 9.04 0.72
7T0PLA/30HPEG/2Zn0/

1.4CAE 0.23 0.12 34.40 12.03 17.20 12.00
70PLA/30HPEG/2Zn0/

2.8CAE 1.27  0.20 36.60 20.56 8430  7.59
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Figure 52. Comparison of tensile strength of 70PLA/30HPEG/2ZnO and
70PLA/30HPEG/2ZnO loaded various CAE
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Figure 53. Comparison of elongation at break of PLA 70PLA/30HPEG/2Zn0O and
70PLA/30HPEG/2ZnO0 loaded various CAE
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The effect of ZnO NPs on mechanical properties of 70PLA/30HPEG
electrospun fibers by tensile strength at maximum force, elongation at break, and
modulus, the result shows the tensile decreased when adding ZnO NPs and lowest
adding 0.7%CAE when the amount of CAE increased to induce tensile as same as

elongation.

70PLA/30HPEG/2Zn0O/2.8CAE

70PLA/30HPEG/2Zn0/1 ACAE

70PLA/30HPEG/2Zn0/0.7CAE

70PLA/30HPEG/2ZnO

70PLA/30HPEG

PLA
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Figure 54. Comparison of modulus of PLA 70PLA/30HPEG/2Zn0O and

TO0PLA/30HPEG/2ZnO loaded various CAE

Thus, the modulus increased by adding CAE at 2.8% wt in
70PLA/30HPEG/2Zn0O which is the best condition.

4.3.6 Anti-bacterial activity of 70PLA/30HPEG/2Zn0O
One of the main challenges in chronic wounds is an infection, which occurs
with bacterial growth in the damaged skin of a wound, resulting in notable patient
morbidity and mortality. Thus, infection prevention is necessary for wound healing.
ZnO NPs affected antibacterial activities against many pathogenic microbes by a
broad spectrum. They participate in the formation of reactive oxygen species (ROS),

which penetrate the bacterial cell membrane producing oxidant injury and exhibiting
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antibacterial activity. Additionally, zinc is an essential cofactor for many

metalloenzymes required for cell proliferation and reepithelialization of skin wounds.

Table 15. Relative reduction percentage of 70PLA/30HPEG/2Zn0O

Bacterial name %Reduction
Pseudomonas aeruginosa 95
Staphylococcus aureus 100

In this study, the antibacterial activity of 70PLA/30HPEG/2ZnO electrospun
fibers was calculated using a percentage reduction in bacterial count in the sample.
PLA nanofibers loaded with ZnO nanoparticles 2 wt.% showed 95 and 100 %
reductions in CFU/mI against Pseudomonas aeruginosa and Staphylococcus aureus,
respectively as presented in Table 15. The results approve that 70PLA/30PLA/2Zn0O
electrospun nanofibers exhibited strong antibacterial activity against both
Pseudomonas aeruginosa as gram-negative and Staphylococcus aureus as gram-
positive bacteria. Comparing both types of bacteria, P. aeruginosa have low

sensitivity to the electrospun membrane containing 2% ZnO nanoparticles.
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4.3.7 Degradation of 70PLA/30HPEG loaded ZnO and CAE around 5 weeks

7 Days 14 Days 21 Days 36 Days

70PLA/30HPEG

70PLA/30HPEG
12Zn0O

70PLA/30HPEG
/12Zn0/0.7CAE

70PLA/30HPEG
12Zn0/1.4CAE

70PLA/30HPEG &85
2ZnO/2.8CAE

Figure 55. SEM illustrations of degradation of 70PLA/30HPEG and 70PLA/30HPEG
loaded 2%Zn0O NPs and various contents of CAE for 36 days

In Figure 55., SEM illustrations display degradation of 70PLA/30HPEG,
7T0PLA/30HPEG/2Zn0O, and 70PLA/30HPEG2/Zn0O loaded CAE electrospun fibers
membrane from 7 days to 36 days. In this study, it was found that the ZnO and CAE
reduced the degradation of 70PLA/30HPEG electrospun fiber which is related to the
swelling and gel-fraction, thermal properties, and mechanical properties in the
previous section. Thus, it could affect to the drug release profile of
7TO0PLA/30HPEG2/Zn0O loaded CAE. Additions of 0.7% CAE and 2.8 % CAE give
low release whereas adding 1.4 % CAE shows higher degradation for 14 days to 21
days as depicted in Figure 56.
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4.3.8 Drug-control release profile of 70PLA/30HPEG/2Zn0O loaded CAE
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Figure 57. Shows cumulative percentage of 70PLA/30HPEG/2Zn0O loaded
0.7%CAE, 1.4%CAE, and 2.8%CAE

87



88

8 -
70PL A/30PEO/2Zn0/2 8CAE
7 4
6
A
. ™ _aad 70PL A/30PEO/2Zn0/1 ACAE
5 ] A /.
o o -®
= oo
S 1 Pl
= 31 A
o~
2] A @
@ 70PL A/30PEO/2Zn0/0.7CAT
.A/?
14e _
._.—.'——.
-
0 | mwem-®
Y I 5 I > I 1 ’ I
0 10 20 30 40 50

Time (h)

Figure 58. The Korsmeyer-Peppas graph of 70PLA/30HPEG/2ZnO loaded
0.7%CAE, 1.4%CAE, and 2.8%CAE

The drug release of 70PLA/30LPEG was degraded gradually in the process
of degradation as the main material for the wound dressing. Meanwhile, the drug of
CAE, which was carried by the 70PLA/30LPEG, was released from the carrier. The
accumulated rate of drug release was applied to evaluate the drug-release behavior of
drug-loaded PLA by being soaked in PBS instead of Blood and incubated at 37 °C for
48 h, as shown in Figure 57. It can be observed clearly the drug-release rate of all
samples was very fast at the initial stage of degradation for 0.5 h, and then after 4 h,
the drug-release rate of all samples slowed down. In this case, CAE release of 0.7% is
like a stable constant line, with 1.4% as a linear line, and 2.8% logarithm because the
70PLA/30LPEG contained a lot of CAE in the early stage of release in Figure 57. As
a result, the drug-release rate of 70PLA/30LPEG/2ZnO/CAE was very fast in the
early stage. In the later stage (48h), with the slow degradation of
70PLA/30LPEG/2ZnO carrier, the drug was released slowly from the drug-carrier of
70PLA/30LPEG/2Zn0O. Therefore, the degradation rate and the drug-release rate are
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reduced. Different drug-release models were used to characterize the release
mechanism of drugs. The drug-release behavior was fitted by several classical drug-
release models, such as the Korsmeyer-Peppas model of M¢yM = Kt", as shown in

Figure 58. and Table 16.

Table 16. Fitting parameters of drug release of blended 70PLA/30HPEG NFs loaded
2%7Zn0 and 0.7-2.8%CAE by Korsmeyer-Peppas model

Korsmeyer-
Peppas Equation ~ 70PLA/30HPEG/ 70PLA/30HPEG/ 70PLA/30HPEG/
(MdM) = Kt" 2Zn0/0.7CAE 2Zn0O/1.4CAE 2Zn0/2.8CAE

K 0.07 1.01 1.23

n 0.70 0.41 0.46

R? 0.95 0.96 0.96

The mechanism of drug release was drug diffusion when n <0.45 and 0.45 <n
< 0.89, the drug diffusion and the dissolution of the drug carrier have a synergistic
effect on the release rate of the drug. The drug release mechanisms of 0.7, 1.4, and
2.8% CAE with Korsmeyer-Peppas n=0.7, 0.4, and 0.46, respectively, are anomalous

diffusion, Fickian diffusion, and anomalous diffusion, respectively.

4.3.9 Cytotoxicity
The cytotoxicity of the pure PLA, 70PLA/30HPEG, 70PLA/30HPEG/2Zn0,
and 70PLA/30HPEG/2Zn0O loaded 0.7-2.8% CAE was investigated via quantitative
analysis using the MTT assay. Cell viability of the samples after exposure to the
extraction medium including 100% and 50% compared with 100% control. It showed
that the metabolic activity of human skin fibroblast cells was not inhibited by the

sample medium as represented in Figure 59.
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Figure 59. Cell viability of pure PLA, 70PLA/30HPEG, 70PLA/30HPEG/2Zn0O and
70PLA/30HPEG/2ZnO loaded 0.7-2.8% CAE

The results indicated that pure PLA nanofibers displayed non-toxicity that is
86% whereas adding HPEG, ZnO, and 0.7-2.8%CAE showed cytotoxicity on human
dermal skin fibroblast (HDFB) with 16.1, 15.3, 20.5, 15.8 and 14.1% loss of cell
viability, respectively when incubated for 24 h. The in vitro cytotoxicity MTT assay
of 70PLA/30HPEG/2ZnO loaded 0.7-2.8% CAE was evaluated as an effective
therapeutic agent for chronic wound healing. The biosafety of polylactic acid has been
approved by the FDA for use in the human body and has previously been studied by
in vivo tests (6). The results indicated that 70PLA/30HPEG nanofibers loaded with
ZnO-NP and CAE have a toxic effect on human skin fibroblasts. This phenomenon is
still in doubt and needs further study to find out the reason and mechanisms of this

toxicity.
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CHAPTER 5
CONCLUSION

5.1 Conclusion

The fabrication of blended poly (lactic acid) (PLA) electrospun nanofibers was
separated to be studied into 3 parts. The first part is PLA and blended PLA with
Poly(ethylene glycol) (LPEG4000) and chitosan (CS) as bio-based polymers
(PLA/LPEG/CS NFs) loaded with Centella Asiatica extracts (CAE) using the mixture
solvents including Formic acid/chloroform/acetone and adding ethanol, were
successfully prepared by electrospinning technique. It gave low solubility properties
of PLA/LPEG/CS and PLA/LPEG/CS/CAE which are a separated layer of chitosan
on the top of the solution after 2 hours because of the effect from LPEG gel and the
physical and chemical properties were analyzed by SEM, Contact angle, FT-IR, DSC,
and Tensile testing. The morphology of blended PLA nanofibers is continuous fiber
characteristics when adding LPEG and CS. All samples showed hydrophobicity.
PLA/LPEG/CS did not show the interaction between -OH and NH> and found another
peak of LPEG, CS, and CAE in PLA/LPEG/CS/CAE nanofibers. 7z of PLA
significantly decreased after the addition of 10 wt% of LPEG4000 to 7 of pure PLA
nanofiber was ~63 °C when adding LPEG and CS was ~ 55 °C. The degree of
crystallization decreased and PLA/LPEG/3.4CS loaded CAE had X, higher than
adding LPEG or CS in PLA 45-49% thus high tensile stress and Young's Modulus
were higher than pure PLA nanofibers. Thus, we would like to develop the ratio of
PLA and LPEG or HPEG in the new mixture solvent and change the antibacterial
agent to ZnO nanoparticles instead of CS.

The second part is the development of blended poly (lactic acid) (PLA)
electrospun nanofibers with LPEG and HPEG by various ratios of PLA and LPEG or
HPEG as 90:10, 70:30, and 50:50 respectively using chloroform and acetonitrile by
the ratio of 60:40 that are successfully fabricated via electrospinning. It was analyzed
by SEM, water-contact angle, FTIR, swelling, gel-fraction, degradation, DSC, and
tensile. Adding LPEG increased in PLA, the morphology was affected by the amount
of LPEG which displayed a smaller diameter size than pure PLA NFs. However,
adding HPEG increases diameter sizes higher than PLA and PLA/LPEG electrospun
nanofibers. In the wettability study, adding LPEG in the PLA nanofibers cannot
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enhance hydrophilicity, and the ratio of 90:10 of PLA/HPEG and 70PLA/30HPEG
and S0PLA/50HPEG are hydrophilicity which FTIR shows characteristic of the sharp
peak of HPEG at 2881 cm™! is related to C-H stretching, and the smooth peak at 3464
cm! shows the presence of the OH group. Additionally, increased amounts of LPEG
and HPEG provide higher swelling than pure PLA nanofiber. DSC thermogram shows
low crystallinity when adding LPEG and HPEG but 90PLA/10LPEG and
70PLA/30HPEG are high compared to PLA and decreased 7, and 7 but
SOPLA/50HPEG is high Ty as 64 °C because of self-interaction. Adding LPEG and
HPEG increased the tensile strength, elongation, and modulus. Adding HPEG
increased % degradation when the increased amount of HPEG is high. Thus, we
selected 70PLA/30HPEG for development with added ZnO and CAE because it is
hydrophilic, and good mechanical properties, and has high elongation.

The final part is the fabrication of 70PLA/30HPEG electrospun fiber loaded
2% ZnO and 0.7-2.8% CAE that are characterized by the morphology by SEM, FTIR,
DSC, tensile, anti-bacterial activity, swelling, and gel-fraction, degradation assay,
release profile, and cytotoxicity (cell viability). The 70PLA/30HPEG electrospun
fiber was compared with 70PLA/30HPEG/2Zn0O and 70PLA/30HPEG/2ZnO/CAE
and confirmed ZnO in fiber by EDS so were found the Zn spectrum. The average
diameter size increased by adding ZnO and decreased by adding CAE. FTIR shows
characteristic peaks in the regions of 1462 cm ™!, that represent bonds of CH: in
scissoring, the sharp peak at 2881 cm ™! is related to C-H stretching, and the smooth
peak at 3464 cm ™! shows the presence of the -OH group. Adding ZnO and CAE-
affected thermal properties shows that the low crystallinity and increased 7, and 7.
The tensile strength, elongation, and modulus decreased when increased ZnO and
CAE compared to 70PLA/30HPEG. 2% ZnO can be an anti-bacterial of P.
aeruginosa and S. aureus. Adding ZnO and CAE decreased %swelling and gel
fraction and adding CAE decreased degradation compared to 70PLA/30LPEG/2ZnO.
Increasing CAE in the controlled release, 0.7%CAE provides a low amount of CAE
but 1.4 and 2.8%CAE are higher than. The drug release mechanism of 0.7, 1.4, and
2.8% CAE with Korsmeyer-Peppas n=0.7, 0.4, and 0.46, respectively is anomalous

diffusion, Fickian diffusion, and anomalous diffusion, respectively. The cell viability
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provides non-toxic pure PLA electrospun nanofiber because of 80% viability but
adding HPEG, ZnO, and CAE is toxic that low cell viability around 14-20%.

In conclusion, adding HPEG to the PLA electrospun nanofiber has improved
the wettability and good mechanical properties compared to the pure PLA nanofiber
which is one of the requests of wound dressing. However, adding HPEG shows
toxicity so it should be more studied, and developed the condition of the amount and
types of molecular weight effects for the mechanism of electrospinning for

cytotoxicity.

5.2 Recommendations
Further studies:
1. Ternary phase diagrams of PLA/PEG/CS in the co-solvents for the suitable
spinnability
2. Amount of ZnO NPs dispersion for good mechanical properties
3. Effects of HPEG in terms of amount, ratios, and molecular weight on
cytotoxicity
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