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Chitosan (CS) blended with polyvinyl alcohol (PVA) nanofibre patches were prepared

by electrospinning. Chitosan was dissolved with hydroxybenzotriazole (HOBt), thiamine 

pyrophosphate (TPP) and ethylenediaminetetraacetic acid (EDTA) in distilled water without the 

use of toxic or hazardous solvents. The chitosan salts were blended with PVA at different weight 

ratios, and the effect of salts and solution ratios on properties of patches were investigated. The 
geometrical, chemical and mechanical properties of the fibers were characterized. The swelling, 

antioxidant, antibacterial, cytotoxicity and wound healing properties were evaluated. The diameters 

of CS/PVA fiber were in the range of 94 to 228 nm. The nanofiber patches show good mechanical, 

swelling and antioxidant activity. Cytotoxicity studies indicated that the CS/PVA nanofiber patches 

were nontoxic to normal human fibroblast cells. The CS-HOBt/PVA and CS-EDTA/PVA nanofiber 

patches demonstrated satisfactory antibacterial activity against both Gram-positive and Gram-
negative bacteria, and an in vivo wound healing test showed that the CS-EDTA/PVA nanofiber 

patches had better performance than gauze in decreasing acute wound size during the first week 

after tissue damage. The application of these CS nanofiber patches was extended by incorporating 
the extract from the fruit hull of Garcinia mangostana (GM) into the patches. Due to the excellent

properties, CS-EDTA/PVA was selected as the polymers. The GM extracts with 1, 2 and 3% wt 

mangostin were incorporated into the CS-EDTA/PVA solution and electrospun to obtain 

nanofibers. The properties of GM extracts loaded CS-EDTA/PVA nanofiber patches were analyzed 

as description above. The amount of GM extracts was determined using high-performance liquid 

chromatography. The extracts release and stability of the nanofiber patches were evaluated. The 

results indicated that the diameters of the fibers were in the nanoscale and that no crystals of the 

extract were observed in the mats at any concentrations. The nanofiber patches provided suitable 

mechanical and swelling properties. The GM extracts was incorporated well into the patches and 

rapidly released from the patches. All of the nanofiber patches remained antioxidant, antibacterial 
activity and were nontoxic. During the in vivo wound healing test, the mats accelerated the rate of 

-

mangostin for 3 months. In conclusion, the biodegradable, biocompatible and nontoxic chitosan 

nanofiber patches loaded with GM extracts have potential for use as wound dressing materials and 

provide a good alternative for accelerating wound healing.
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CHAPTER 1

INTRODUCTION

1. Statement and significance of the research problem

In recent years, the development of electrospinning techniques has been 

increasingly investigated. Electrospinning is a simple and easy way to control the 

morphology of ultrafine fibers. The fibers produced by this method have shown 

amazing characteristics, such as a very large surface-to-volume ratio and a high 

porosity with a small pore size [1, 2]. 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.” As electrostatic forces overcome the surface 

tension of the polymer solution, the solution is ejected from the apex of Taylor cone. 

The charged jets of polymer solution move towards a collector, solvent rapid 

evaporates and non-woven fiber mat was collected on the collector. Many varieties of 

polymer nanofibers have been prepared by electrospinning techniques, such as 

polyvinyl alcohol (PVA), polyethylene oxide (PEO), poly l-lactic acid (PLLA), poly 

-caprolactone (PCL) collagen, DNA, etc [3].

Because of this flexibility, electrospun nanofibers have been applied to many 

fields, including biomedical sciences, filtration, optical sensor fields, textile 

technology, and many more. In biomedical applications, these nanofibers can serve as 

a tissue engineering scaffold and are also valuable in drug delivery and wound 

dressing [4]. In wound dressing application, electrospun nanofiber mat has been 

potentially applied due to the excellent properties that offer many advantages over 

conventional dressing. With its large surface area, the electrospun nanofiber patches

could quickly start signaling pathway and attract fibroblasts to the derma layer, which 

can excrete important extracellular matrix components, such as collagen and several 

cytokines to repair damaged tissue [5]. Therefore, electrospun nanofibers was 

investigated to apply in wound dressing using many polymer such as collagen [6],

polylactide-co-glycolide (PLGA)/collagen [7], gelatin [8] and chitosan [9], etc.
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Chitosan is a copolymer of N-acetyl-d-glucosamine (Glc-NAc) and d-

glucosamine (GlcN) that is produced by alkaline deacetylation of chitin. Chitosan is a 

weak base, in which the pKa value of the d-glucosamine residue is approximately 

6.2–7.0. As a result of this basicity, Chitosan is insoluble at neutral and alkaline pH 

values but is soluble in acidic media. Chitosan is biodegradable, biocompatible, and 

non-toxic; therefore, it has been proposed as a safer material for use in biomedical 

applications [10, 11]. Chitosan has been studied widely as wound dressing materials; 

due to the special properties such as accelerate fibroblast proliferation, stimulated 

hyaluronic systhesis and hemostasis. Besides, the biodegradable chitosan itself 

provided bacteriostatic and fungistatic activities. Because those reasons, chitosan have 

been one of the important biomaterials for wound management in recent years [12].

Hence chitosan biopolymer is the one choice for develop to nanofibrous wound 

dressing material via an electrospinning technique. 

Recently, chitosan nanofibers have been successfully generated from the 

electrospinning of homogeneous chitosan or chitosan derivatives, such as 

carboxymethyl chitosan [13], carboxyethyl chitosan [9], quaternized chitosan , [14, 

15, 16] and hexanoyl chitosan [17, 18]. Chitosan-based nanofibers have also been 

successfully generated by the electrospinning of chitosan solutions blended with PEO 

[19, 20, 21], PVA [9, 13, 14, 16, 22, 23, 24, 25], collagen [5, 26], silk fibroin [27],

poly(l-lactic acid) [28], poly( -caprolactone) [29] and agarose [30]. However, some 

organic solvents or organic acids, such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 

[31], chloroform [17], trifluoroacetic acid (TFA) [32], acrylic acid [25] and acetic 

acid [33], that have been used to dissolve chitosan must be employed in the 

fabrication of these homogeneous chitosan nanofibers, chitosan derivatives and 

chitosan blend with others polymer. Traces of these toxic organic solvents or acids in 

electrospun products are harmful when applied to wounded human skin or tissue. 

To avoid the use of acid and organic solvent to dissolve chitosan, some of 

compound can help improve chitosan water solubility. Hydroxybenzotriazole (HOBt) 

is an organic compound that is often used as a racemization suppressor and is popular 

for its ability to improve yields in peptide synthesis. An aqueous chitosan 

hydroxybenzotriazole (CS-HOBt) solution is prepared by simply mixing the chitosan 

and the HOBt in water without the need for any organic solvent, acid or heat [34].
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Due to the hydroxy groups present in HOBt, the molecule can form a salt with the 

amine groups of chitosan, thus improving chitosan water solubility and allowing 

chitosan to be dissolved in water. CS-HOBt was successfully prepared as nucleic acid 

delivery [35]. Thiamine pyrophosphate (TPP) is a thiamine derivative. It plays an 

essential role as a cofactor in key reactions in carbohydrate metabolism. Due to the 

phosphate groups of TPP, the molecular can form salts with amine groups of chitosan, 

help improving chitosan water solubility The amine groups of TPP, especially at N of 

thiazolium can be deprotonated and always positive even at physiological pH. 

Chitosan thiamine pyrophosphate (CS-TPP) was successfully prepared as a novel 

carrier for siRNA delivery [36]. Ethylenediaminetetraacetic acid (EDTA) is a well-

established metal chelator and soluble in alkaline pH. EDTA was used to form 

complex with chitosan due to decrease positive charge of chitosan. Chitosan can be 

easily soluble in water easily with EDTA due to the carboxyl groups in EDTA 

structure. Chitosan-ethylenediaminetetraacetic acid (CS-EDTA) conjugate was 

successfully prepared as a nanoparticulate gene delivery system [37] and hydrogel 

films for transbuccal delivery [38].

The aim of this study was to reduce the toxicity of chitosan fibers, which is 

usually caused by traces of organic solvents and toxic acids remaining in the final 

product. In this study, we used electrospinning to prepare chitosan nanofiber patches

from a CS-HOBt, CS-TPP and CS-EDTA solution. In a preliminary study, we 

attempted to use electrospinning to prepare the nanofiber mat from a 100% CS-HOBt, 

CS-TPP and CS-EDTA solution but it did not success. Polyvinyl alcohol (PVA) is a 

water-soluble, non-toxic, biodegradable, and biocompatible synthetic polymer with 

enhanced fiber-forming ability and it is therefore well-suited as a guest polymer in 

blends with chitosan. Therefore, PVA was chosen and blended with CS-HOBt, CS-

TPP and CS-EDTA solution as a guest polymer in different weight ratios. The 

morphology and structure of nanofiber patches were characterized, and the effects of 

the viscosity, conductivity and surface tension of the electrospun solution on the 

morphology of CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA nanofiber patches

were evaluated. The composites of CS-HOBt/PVA, CS-TPP/PVA and CS-

EDTA/PVA nanofiber patches were characterized by Fourier transform infrared 

(FTIR) spectroscopy and differential scanning calorimetry (DSC). The cytotoxicity 
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tests for the CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA nanofiber patches

were performed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide

(MTT) assays using normal human fibroblast cells. 

For the application of chitosan based nanofiber patches as a carrier of 

substance, the extract from hull of mangosteen was selected. Mangosteen (Garcinia 

mangostana; GM) is a tropical fruit found in Southeast Asia. People in Southeast Asia 

have used the pericarp (peel, rind, hull or ripe) of GM as a traditional medicine for the 

treatment of abdominal pain, diarrhea, dysentery, infected wound, suppuration, and 

- -,

-mangostins, garcinone E, 8-deoxygartanin, and gartanin [39]. Several studies 

have revealed that GM extracts exhibit antimicrobial [40, 41], antiproliferative [42, 

43], antioxidant [44, 45, 46], and anti-inflammatory [47]. Because of antioxidant and 

antibacterial activity of GM extracts, it can be used for wound healing applications.

The chitosan/PVA nanofiber patch with good properties was selected for loading the 

GM extract. The morphology and structure of chitosan/PVA nanofiber patches after 

loaded the extract were analyzed. The cytotoxicity tests for the extract loaded 

chitosan/PVA nanofiber patches were evaluated. The amount of GM ex -

mangostin) remaining in chitosan/PVA nanofiber patches was determined by HPLC 

technique. The obtained value was used to calculate the percentage of drug release 

from nanofiber patches. Release of GM extracts from chitosan/PVA nanofiber patches

was analyzed using Franz’s diffusion cell. The antioxidant and antibacterial activity of 

GM extracts from chitosan/PVA nanofiber patches were evaluated. The wound 

healing effect of chitosan/PVA nanofiber patches loaded GM extracts, chitosan/PVA 

nanofiber patches, gauze (negative control) and commercial wound dressing (positive 

control) investigated using animal in vivo. The stability of chitosan/PVA nanofiber 

patches loaded GM extracts was investigated under accelerated condition, the amount 

of GM extr -mangostin) maintain in chitosan based nanofiber patches was 

analyzed.  
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2. Objective of this research

2.1 To fabricate electrospun chitosan nanofiber patches without the use of 

organic or toxic acid solvent for biomedical applications.

2.2 To investigate the effect of chitosan salts and chitosan amount in blend 

on geometrical, chemical and mechanical properties of electrospun chitosan nanofiber 

patches.

2.3 To evaluate the antioxidant, antibacterial, wound healing activity and 

cytotoxicity of electrospun chitosan nanofiber patches.

2.4 To investigate the use of electrospun chitosan nanofiber patches as 

carrier of mangosteen (Garcinia mangostana) extracts for wound healing.

3. The research hypothesis

3.1 The electrospun chitosan nanofiber patches can be prepared without the 

use of organic or toxic acid solvent.

3.2 The kind of chitosan salts and chitosan amount in blend that influence 

the geometrical, chemical and mechanical properties of electrospun chitosan 

nanofiber patches.

3.3 The electrospun chitosan nanofiber patches provide good antioxidant, 

antibacterial and wound healing activities, but low cytotoxicity. 

3.4 The electrospun chitosan nanofiber patches can use as carrier of 

mangosteen extracts for wound healing
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CHAPTER 2

LITERATURE REVIEWS

1. Electrospinning

Electrospinning is techniques that can be used to create fibers with very 

small diameters. This technique can produce fibers with diameter in nanometer range. 

Electrospinning uses the electrical force with high voltage applies to polymer solution 

or melt. The electrical voltage will induce the polymer solution or melt from a droplet 

to jet into the target. Nanofibers are polymer fibers with diameters in nanometer 

range. When the diameters of polymer fiber materials are reduced from micrometers 

to submicron nanometers there exhibits several interesting characteristics such as very

large surface area to volume ratio (this ratio for a nanofiber can be as large as 103 

times of that of a microfiber), flexibility in surface functionalities, and superior 

mechanical performance (e.g. stiffness and tensile strength) compared with any other

known forms of the material. These outstanding properties make the polymer 

nanofibers ideal candidates for many important applications [2].

Several of processing techniques such as drawing, template synthesis, phase 

separation, self-assembly, electrospinning, etc. have been used to prepare polymer

nanofibers in recent years. The drawing is a process similar to dry spinning in fiber 

industry, which can create one-by-one very long continuously single nanofibers. 

However, only a viscoelastic material that can undergo strong deformations while 

being cohesive enough to support the stresses developed during pulling can be create

into nanofibers through this process. The template synthesis is the process that uses a 

nanoporous membrane as a template to create nanofibers of solid or hollow shape. 

The most important feature of this method may lie in that nanometer tubules and 

fibrils of various raw materials such as electronically conducting polymers, metals, 

semiconductors, and carbons can be fabricated. However, this method cannot create 

one-by-one continuous nanofibers. The phase separation consists of dissolution, 

gelation, and extraction using a different solvent, freezing, and drying resulting in 

nanoscale porous foam. 
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The process takes relatively long period of time to transfer the solid 

polymer into the nano-porous foam. The self-assembly is a process in which 

individual, pre-existing components organize themselves into desired patterns and 

functions. However, similarly to the phase separation the self-assembly is time-

consuming in processing continuous polymer nanofibers. Thus, the electrospinning 

process seems to be the only method which can be further developed for mass 

production of one-by-one continuous nanofibers from various polymers [2, 48]. Table 

1 shows the schematics of polymer nanofibers processing technique and their 

advantages and disadvantages. Therefore, the electrospinning process has been 

attracting interest for the preparation of nanofibers in laboratory scale and industry. 

Table 1 Advantages and disadvantages of various processing techniques. 

1.1 History of electrospinning

The word “electrospinning” was a combination of “electrostatic + 

spinning”, was used relatively recently (in approximate 1994), its fundamental idea 

dates back more than 60 years earlier. The first observe for this technique was 

discovered since 1897 by Rayleigh, studied in detail by Zeleny in 1914 on
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electrospraying, and patented by Formhals in 1934. From 1934 to 1944, Formhals 

published a series of patents, describing an experimental setup for the production of 

polymer filaments using an electrostatic force. The first patent (US Patent Number: 

2116942) on electrospinning was issued for the fabrication of textile yarns and a

voltage of 57 kV was used for electrospinning cellulose acetate using acetone and 

monomethyl ether of ethylene glycol as solvents. This process was patented by 

Antonin Formhals in 1934 and also later granted related patents (U.S. Patents 

2116942, 2160962 and 2187306) in 1938, 1939, and 1940. Formhals’s spinning 

process consists of a movable thread collecting device to collect threads in a stretched

condition, like that of a spinning drum in conventional spinning. About 50 patents for 

electrospinning polymer melts and solutions have been filed in the past 60 years. 

Vonnegut and Newbauer (1952) invented a simple apparatus for electrical atomization 

and produced streams of highly electrified uniform droplets of about 0.1 mm in 

diameter. After that, Drozin (1955) investigated the dispersion of a series of liquids 

into aerosols under high electric potentials and Simons (1966) patented an apparatus 

for the production of non-woven fabrics that were ultra thin and very light in weight 

with different patterns using electrical spinning. Later, the work of Taylor in 1969 on 

electrically driven jets has laid the ground work for electrospinning. In 1971, 

Baumgarten (1971) made an apparatus to electrospin acrylic fibers with diameters in 

the range of 0.05 -

electrospinning process has regained more attention probably due to a surging interest 

in nanotechnology, as ultrafine fibers or fibrous structures of various polymers with 

diameters down to submicrons or nanometers can be easily fabricated with this 

process [2, 49].

In last 10 - 15 years, the studies of electrospinning process have more 

focused on the parameter of process. Doshi and reneker (1995), Jaeger (1998) and 

Reneker (2000) in the 1990s quantified the reduction in electrospun jet diameter as a 

function of distance away from the Taylor’s cone for polyethylene oxide in water. In a 

systematic study, Doshi and Reneker established a viscosity window for successful 

electrospinning of polyethylene oxide solution. Deitzel (2001) investigated bead 

formation in nanofibers, relating their frequency of occurrence to the applied voltage 
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and recognizing the influence of the changes in shape of droplet with electric field in 

occurring bead fiber [50].

Figure 1 Number of scientific publications related to “Electrospinning”.

Source: Accessed 12 February 2013.  Available from http://www.sciencedirect.com.

The interest in the electrospinning process is demonstrated by the data

that over 200 universities and research institutes worldwide are studying various 

aspects of the electrospinning process and the fiber it produces and also the number of 

patents for applications based on electrospinning has grown in recent years. Figure 1 

shows the number of publication in term of electrospinning from 1995 - 2012 

increasing of number represent the highly grown of this technique in last 20 year. 

Some companies such as eSpin Technologies, NanoTechnics, and KATO Tech are 

actively engaged in reaping the benefits of the unique advantages offered by 

electrospinning, while companies such as Donaldson Company and Freudenberg have 

been using this process for the last two decades in their air filtration products [49].
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1.2 Electrospinning process

Electrospinning is a simple technique for preparing ultrafine fibers 

from 10 nm to several μm.s This technique composes of three main important parts as 

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 Taylor cone. 

The charged jets of polymer solution move towards a collector, solvent rapid 

evaporates and non-woven fiber mat was collected on the collector. The basis 

electrospinning set up are shown in Figure 2.

Figure 2 Schematic illustration of the electrospinning setup.

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. Table 2 shows the electrospinning process step by step. 
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Table 2 Electrospinning process.

Step Scheme

1. Droplet Generation

2. Taylor’s cone formation

3. Launching of the jet

4. Elongation of straight 

Segment

5.Whipping instability region

6. Solidification into 

nanofibers
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A droplet of polymer accumulates the charge when the charge increase 

equal the surface tension Taylor’s cone is observed. Since the electrical force is over 

than the surface tension of solution the jet initial launch from a tip of Taylor cone. 

The jet of polymer solution is stretched along the electrical field. Many forces such as 

electrical field, Coulombic force, viscoelastic, gravimetric, etc. causes 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 and the 

solvent rapidly evaporates and dried fiber is collected on the collector [50].

Many varieties of polymer nanofibers have been prepared by

electrospinning techniques, such as synthetic and natural polymer, ceramic and 

composite material. Over the years, more than 200 polymers have been electrospun 

successfully from several natural and synthetic polymers [49]. Various polymers used 

in electrospinning with their characterization methods and applications have been 

listed in Table 3.

Table 3 Different polymers used in electrospinning, characterization methods and     

their applications.

Polymers Applications Characterizations
Poly(glycolide) 
(PGA)

Nonwoven tissue 
engineering scaffolds

SEM, TEM, in vitro rat cardiac 
fibroblast culture, in vivo rat 
model

PLGA Biomedical 
applications, wound 
healing

SEM, WAXD, SAXS, 
degradation analysis 

PCL Bone tissue 
engineering

SEM, in vitro rat mesenchymal 
stem cell culture

PLLA 3D cell substrate SEM, in vitro human chondrocyte 
culture 

Polyurethane (PU) Nonwoven tissue 
template wound 
healing

SEM, in vivo guinea pig model 

Poly(ethylene-co-
vinyl alcohol) 
(PEVA)

Nonwoven tissue 
engineering scaffold

SEM, in vitro human aortic 
smooth muscle cell and dermal 
fibroblast cultures
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Table 3 Different polymers used in electrospinning, characterization methods and     

their applications. (continuous)

Polymers Applications Characterizations

Polystyrene (PS)
Skin tissue 
engineering

SEM, in vitro human fibroblast, 
keratinocyte, and endothelial 
singleor cocultures

Syndiotactic 1,2-
polybutadiene

Tissue engineering 
applications

ESEM, XRD, FTIR

Fibrinogen Wound healing SEM,TEM,mechanical evaluation
Poly (vinyl 
alcohol)/cellulose 
acetate 

Biomaterials SEM, FTIR, WAXD, mechanical 
evaluation

Cellulose acetate Adsorptive 
membranes/felts

SEM, FTIR

PVA Wound dressings SEM, EDX
Silk fibroin, 
silk/PEO

Nanofibrous tissue 
engineering scaffold

SEM, FTIR, XPS

Silk Biomedical 
Applications

SEM, TEM, WAXD

Silk fibroin Nanofibrous scaffolds 
for wound healing

SEM, ATR-IR, NMR, WAXD, 
NMR, in vitro human
keratinocyte culture

Silk/chitosan Wound dressings SEM, viscosity analysis, 
conductivity measurement

Chitosan/PEO Tissue engineering 
scaffold, drug 
delivery, wound 
healing

SEM, XPS, FTIR, DSC

Gelatin Scaffold for wound 
healing

SEM, mechanical evaluation

Hyaluronic acid Medical implant SEM
Cellulose Affinity membrane SEM, DSC, ATR-FTIR
Gelatin/polyaniline Tissue engineering 

scaffolds
SEM, DSC, conductivity 
measurement, tensile testing

Collagen/chitosan Biomaterials SEM, FTIR
SEM = Scanning electron microscope, TEM = Transmisssion electron microscope, WAXD = Wide angle X-ray diffraction,
SAXS = Small angle X-ray scattering, ESEM = Environment scanning electron microscopy, XRD = X-ray diffractometry, XPS = 
X-ray photoelectron spectroscopy, ATR-IR = Attenuated total reflectance infrared spectroscopy, NMR = Nuclear magnetiv 
resonance, ATR-FTIR = Attenuated total reflectance fourier transform infrared spectroscopy

Source: Bhardwaj, N., and S. C. Kundu.  "Electrospinning: A fascinating fiber 

fabrication technique." Biotechnology Advances 28, (2010): 325–347.
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1.3 Electrospinning parameters

In the electrospinning process, there are many of parameters that affect 

fiber formation and structure. The parameter can classify to solution parameter, 

process parameter and environment parameter. Electrospinning parameters and their 

effects on fiber morphology are shown in Table 4.

Table 4 Electrospinning parameters and their effects on fiber morphology.

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 
weight

Reduction in the number of beads and droplets with 
increased molecular weight.

Surface tension No conclusive link with fiber morphology, high surface 
tension results in instability of jets.

Conductivity Decrease in fiber diameter with increase in conductivity.
Processing parameters

Applied voltage Decrease in fiber diameter with increase in voltage.
Distance Generation of beads with too small and too large distance, 

minimum distance required for uniform fibers.
Flow rate Decrease in fiber diameter with decrease in flow rate, 

generation of beads with too high flow rate.
Needle 
configuration

3 types of configuration; single configuration, side by side 
configuration and coaxial configuration. 

Collector Influence on the fiber orientation depend on type of collector
Environment parameters

Temperature Increase in temperature results in decrease in fiber diameter.
Humidity High humidity results in circular pores on the fibers.

Source: Bhardwaj, N., and S. C. Kundu.  "Electrospinning: A fascinating fiber 

fabrication technique." Biotechnology Advances 28, (2010): 325–347.
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1.3.1 Electrospinning solution parameters

1.3.1.1 Concentration, molecular weight and viscosity

The concentration and molecular weight of the polymer 

influences the viscosity of solution. If the concentration of polymer increases the 

solution viscosity will increase. Another way, to increase the solution viscosity is use 

the higher molecular weight polymer. One of the important conditions necessary for

electrospinning to occur is where the fibers formed, the solution must provide the 

sufficient molecular weight or concentration and the solution must be of sufficient 

viscosity. When the jet leaves the needle tip during electrospinning, the polymer 

solution is stretched as it travel towards the collector. During the stretching of the 

polymer solution, it is the entanglement of the molecule chains that prevents the 

electrical driven jet from breaking up thus maintaining a continuous solution jet. As a 

result, monomeric polymer solution does not from fiber when electrospun [48].  The 

polymer chain entanglements were discovered to have a significant impact on the 

electrospinning jet break up into small droplets or the final result electrospun fiber 

contain beads. At a low viscosity, it is common to find beads along the fibers 

deposited on the collector. At a lower viscosity, the higher amount of solvent 

molecule and fewer chain entanglements will mean that surface tension has a 

dominant influence along the electrospinning jet causing beads to from along the 

fiber. When the viscosity is increased which mean that there is the higher amount of 

polymer chain entanglement in the solution, the charges on the electrospinning jet will 

be able to fully stretch the solution with the solvent molecule distributed among the 

polymer chains. With increased viscosity, the diameter of the fiber also increases. 

However, when the viscosity is too high, the solution may dry at the tip of the needle 

before electrospinning can be initialed [51].

1.3.1.2 Surface tension

Surface tension is more likely to be a function of solvent 

compositions of the solution and plays a critical role in the electrospinning process 

and by reducing the surface tension of a nanofiber solution; fibers can be obtained 

without beads. Different solvents may contribute to different surface tensions. 

Generally, the high surface tension of a solution inhibits the electrospinning process 

because of instability of the jets and the generation of sprayed droplets [52]. The 
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formation of droplets, bead and fibers depends on the surface tension of solution and a 

lower surface tension of the spinning solution helps electrospinning to occur at a 

lower electric field. However, it is not necessary for a lower surface tension of a

solvent for suitability for electrospinning [49].

1.3.1.2 Conductivity

It has been shown that with the increased electrical 

conductivity of the solution, there is a significant decrease in the diameter of the 

electrospun nanofibers whereas with low conductivity of the solution, there results 

insufficient elongation of a jet by electrical force to produce uniform fiber, and beads 

may also be observed. Natural polymers are generally polyelectrolytic in nature, for 

example, gelatin. The ions increase the charge carrying capacity of the jet, thereby 

subjecting it to higher tension with the applied electric field. Thus the fiber forming 

ability of the gelatin is less as compared to the synthetic ones. Zong et al., 2002 have 

demonstrated the effect of ions by adding ionic salt, and investigated the effects on

the morphology and diameter of electrospun fibers they found that with the addition 

of ionic salts like KH2PO4, NaH2PO4, and NaCl it beadless fibers were produced with 

relatively smaller diameters ranging from 200 to 1000 nm. This approach of 

increasing the solution conductivity by the use of salt addition has also been used to 

increase uniformity of fibers and decrease in beads generation [49, 51].

1.3.4 Electrospinning process parameters

1.3.4.1 Applied voltage

The strength of the applied electric field controls 

formation of fibers from several microns in diameter to tens of nanometers. An

increased in the applied voltage (i.e., by increasing the electric field strength),

increases the electrostatic repulsive force on the fluid jet which ultimately favors the 

narrowing of fiber diameter. In most cases, a higher voltage causes greater stretching 

of the solution due to the greater a columbic forces in the jet as well as a stronger 

electric field and these effects lead to reduction in the fiber diameter and also rapid

evaporation of solvent from the fibers. At a higher voltage there is also greater 

probability of beads formation [49].
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1.3.4.2 Distance of tip to collector

The distance between the tip and the collector has been 

examined as another approach to control the fiber diameters and morphology. It has 

been found that a minimum distance is required to give the fibers sufficient time to 

dry before reaching the collector, otherwise with distances that are either too close or 

too far, beads have been observed. Thus, there should be optimum distance between 

the tip and collector which favors the evaporation of solvent from the nanofibers [49].

1.3.4.3 Flow rate

The flow rate of the polymer from the syringe is an 

important process parameter as it influences the jet velocity and the material transfer 

rate. A lower feed rate is more desirable as the solvent will get enough time for 

evaporation. There should always be a minimum flow rate of the spinning solution. It 

has been observed that the fiber diameter and the pore diameter increases with an 

increase in the polymer flow rate in the case of polystyrene (PS) fibers and by 

changing the flow rate, the morphological structure can be slightly changed [53]. Few 

studies have systematically investigated the relationship between solution feed or flow 

rate on fiber morphology and size [51].

1.3.4.4 Type of needle configuration

Depending on the application, a number of needle

configurations have been employed. Perhaps the simplest and most common 

configuration is the single needle technique. In this configuration a charged polymer 

solution flows through a single capillary (Figure 3a). This configuration is very 

versatile and has been used to electrospun single polymer solutions as well as polymer 

blends using polymers soluble in a common solvent. While electrospinning polymer 

blends is often desirable, in order to achieve the desired combination of properties, it 

may not be possible using a single needle configuration if the polymers of interest are 

not soluble in a common solvent. Thus, it may be necessary to use a side-by-side 

configuration. In this configuration two separate polymer solutions flow through two 

different capillaries, which are set side-by-side (Figure 3b). A new needle 

configuration is the coaxial configuration, which allows for the simultaneous coaxial 

electrospinning of two different polymer solutions. In this configuration two separate 

polymer solutions flow through two different capillaries, which are coaxial with a 
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smaller capillary inside a larger capillary (Figure 3c). This technique has received 

great interest as of late due to its potential in drug delivery applications. Using this 

needle configuration a smaller fiber can essentially be encapsulated in a larger fiber 

leading to what is known as core-shell morphology [3].

Figure 3 Type of nozzle configuration (a) single configuration, (b) side by side 

configuration and (c) coaxial configuration. 

Source: Sill, T. J., and H. A. V. Recum.  "Electrospinning: Applications in drug 

delivery and tissue engineering." Biomaterials 29, (2008): 1989-2006.

1.3.4.5 Type of collector

One important aspect of the electrospinning process is the 

type of collector used. In this process, a collector serves as a conductive substrate 

where the nanofibers are collected. Generally, aluminium foil is used as a collector 

but due to difficulty in transferring of collected fibers and with the need for aligned 

fibers for various applications, other collectors such as, conductive paper, conductive

cloth, wire mesh, pin, parallel or grided bar, rotating rod, rotating wheel, liquid non 

solvent such as methanol coagulation bath and others are also common types of 

collectors nowadays [49]. The variables of electrospinning process are shown in 

Figure 4.
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Figure 4 The solution, process, needle and collector variable in electrospinning 

process.  

1.3.3 Environment parameters

Apart from solution and processing parameters, there are also 

ambient parameters that include humidity, temperature etc. Studies have been 

conducted to examine the effects of ambient parameters (i.e. temperature and 

humidity) on the electrospinning process. Mit-Uppatham et al., 2004 have 

investigated the effect of temperature on the electrospinning of polyamide-6 fibers

ranging from 25 °C to 60 °C and found that with increase in temperature, there is a 

yield of fibers with decreased fiber diameter, and they attributed this decline in

diameter to the decrease in the viscosity of the polymer solutions at increased 

temperatures. There is an inverse relationship between viscosity and temperature [54].

The variation in humidity while spinning polystyrene solutions has been studied and 

shows that by increasing humidity there is an appearance of small circular pores on 

the surface of the fibers; further increasing the humidity leads to the pores coalescing 
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[55]. It has been found that at very low humidity, a volatile solvent may dry rapidly as 

the evaporation of the solvent is faster. Sometimes the evaporation rate is so fast than

compared to the removal of the solvent from the tip of the needle and this would 

create a problem with electrospinning. Hence, apart from solution and processing 

parameters, ambient parameters also affect the electrospinning process. The 

temperature and humidity should be considered when experiment on electrospinning

[49].

1.4 Characterization of electrospinning nanofibers

1.4.1 Geometrical characterization

For the characterization of geometric properties, techniques 

such as SEM, field emission scanning electron microscopy (FESEM), TEM and 

atomic force microscopy (AFM) are used. SEM is used been used by many 

researchers to observe the morphology of the fibers produced, as SEM is capable of

detecting fiber diameters and morphologies, but the resolution is less at extreme 

magnifications. For SEM, there is a requirement for the samples to be electrically 

conductive, therefore, for most of the electrospun polymers produced, a gold or 

platinum coating must be applied that may alter the diameter readings at higher 

magnifications. Nevertheless, SEM remains a quick method for observing the fibers

produced and it requires a very small sample size for its operation. TEM is another 

alternative for obtaining fiber diameters for extremely small fibers (<300 nm). AFM

is yet another implementation, used to determine fiber diameter but the process of 

obtaining an accurate measurement becomes more difficult due to tip convolution.

However, AFM remains the best instrument to observe any type of surface 

morphology and exact descriptions of the fiber surface [49]. The principle layout of 

SEM is shown in Figure 5. The electron beam is accelerated by holding the tungsten 

filament at a large negative potential between 1 kV and 50 kV and whilst the 

specimen is grounded. When the electron beam impinges on the material surface, 

backscattered electrons (BE), secondary electron (SE) and X-rays escape from the 

material surface. In the display of SEM system, SE is captured by the detector for 

producing the image (SEI) [48].
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Figure 5 The principle layout of scanning electron microscope.

Source: Ramakrishna, S. et al. An introduction to electrospinning and nanofibers.

Singapore: World Scientific Publishing Co. Pte. Ltd., 2005.

SEM sample preparation of electrospun nanofibers can be 

conducted, as shown in Figure 6. In the electrospinning process, polymer solution is 

stretched by electrical charge difference between a needle and the collector. When the

polymer jet is travelling to the collector solvent is evaporated. After electrospinning, 

residual solvent may still exist on the nanofibers. Hence, electrospun nanofibers are 

dried at least one night under vacuum condition. From a completely dried nanofiber 

membrane, an area of 1 cm × 1 cm is cut by scissor and attach by mean of carbon tape 

to a copper stub. It is very important at this juncture to ensure that direct adhesion of 

nanofiber is not recommended since adhesive carbon tape may damage nanofibers. 

This is especially important the case of biodegradable polymer nanofibers. Hence, the 

solution is that spinning directly done on conductive aluminum sheet are attached by 

carbon tape. Since polymer nanofibers require conductive coating, gold was selected 

as coating material due to its ease to vapor deposit and on bombardment with high 

energy electron is gives a high secondary yield. Nanofibers whose diameter is 200 nm 

– 1000 nm, are observed at around x15000 magnification with 10 – 20 kV accelerated 

voltage under SEM. Here, it must be noted that if fiber observation is conducted at 

extremely high magnification, such as above x15000 magnifications, fiber damage by 

energetic impinging of electrons take place. It is known that a significant temperature 
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rise (tens of degree) occur when a material surface is bombarded by an energetic 

electron beam [48].

Figure 6 SEM sample preparation of electrospun nanofibers.

Source: Ramakrishna, S. et al. An introduction to electrospinning and nanofibers.

Singapore: World Scientific Publishing Co. Pte. Ltd., 2005.

When the polymer fibers are reduced from micrometer to 

nanometer scale, a question arises on how the crystalline structure is created in 

nanofibers and how different are they in comparison with the crystalline structure of 

bulk polymers. Another concern is how processing parameters influence the 

crystalline structure of the nanofiber. Various researchers have used many of the 

alternative methods to determine the crystallinity of the produced nanofibers with 

varying levels of success and these methods need a reference of known crystallinity to

measure against. These methods include X-ray diffraction, both WAXD and SAXS 

and DSC. DSC basically consists of sample and reference holders, heat sink and 

thermocouples (see Figure 7). Heat flow is delivered from heat sink to sample and 

reference holders to increase or decrease temperature. At that time, DSC records the 

required energy to maintain the temperature of both the sample and reference. DSC 

supplies grass transition temperature and melting point as well as information of 

crystalline structure [48].
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Figure 7 Principle of differential scanning calorimeter.

Source: Ramakrishna, S. et al. An introduction to electrospinning and nanofibers.

Singapore: World Scientific Publishing Co. Pte. Ltd., 2005.

In a typical experiment, where the temperature is raised from T1

to T2, a plot of heat flow (mW) vs temperature is obtained. Generally, the change in 

enthalpy H is related to the area (A) under the curve ( H = kA) where k is an 

instrument constant. As the temperature is increased to the crystalline melting 

temperature of nanofiber sample (Tm) the latent heat associated with the 

thermodynamic transition results in an endothermic determination by the crystallite 

K/s g) divided by the 

heating rate ( K/s) yields the joules per unit mass (J/g) associated with the melting. 

From the known mass g of the nanofibers used and known the latent heat of the 

crystalline fraction, an estimate of crystallinity can be reliably determinate [50].

1.4.2 Chemical characterization

The characterization of the molecular structure of a nanofiber can

be done by FTIR and NMR techniques. If two polymers are blended together for the 

fabrication of nanofibers, not only can the structure of the two materials be detected 

but the intermolecular interaction can be determined by the use of these methods.

FTIR is simple, which has one moving mirror, one fixed mirror, a beam splitter and a 

detector (see in Figure 8) [48].
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Figure 8 Principle of Fourier transform infrared Spectroscopy apparatus.

Source: Ramakrishna, S. et al. An introduction to electrospinning and nanofibers.

Singapore: World Scientific Publishing Co. Pte. Ltd., 2005.

1.4.3 Mechanical characterization

The mechanical properties of electrospun nanofiber can be 

characterized from single nanofiber to nanofibers patches. For the nanofiber patch, the 

sample is cut into rectangular or typical dumbbell-shaped test samples (see in Figure 

9) and tested using a universal testing machine to obtain the tensile properties. The 

test strips are mounted in the grips of the universal testing machine fitted with a load 

cell in the appropriate force range and the test conducted as with a film sample [48].

Figure 9 Dumbbell shape (a) and rectangular shape (b) tensile specimens of 

electrospun nanofibers.

Source: Ramakrishna, S. et al. An introduction to electrospinning and nanofibers.

Singapore: World Scientific Publishing Co. Pte. Ltd., 2005.
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1.5 Application of electrospinning nanofibers

Electrospun nanofiber has been applied in many fields due to their 

versatility of process. The variety of processing and materials used in electrospinnng 

provide different applications. The application of electrospun nanofiber shows in 

Figure 10.

Figure 10 Nanofibers applications.

1.5.1 Filtration application

Filtration is necessary in engineering fields. Fibrous materials 

used for filter media provide advantages of high filtration efficiency and low air 

resistance. Filtration efficiency, which is closely associated with the fiber fineness, is 

one of the most important concerns for the filter performance (see Figure 11). In 

general, due to the very high surface area to volume ratio and resulting high surface 

cohesion, tiny particles of the order of <0.5 mm can be easily trapped in the 

electrospun nanofibrous structured filters and hence the filtration efficiency can be 

improved. In addition to fulfilling the more traditional purpose in filtration, the 
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nanofiber membranes fabricated from some specific polymers or coated with some 

selective agents can also be used as, for example, molecular filters. For instance, such 

filters can be applied for the detection and filtration of chemical and biological

weapon agents [2].

Figure 11 The efficiency of a filter increases with decrease in fiber diameter.

1.5.2 Protective materials

Current protective clothing containing charcoal absorbents has its 

limitations in terms of water permeability, extra weight-imposed to the article of 

clothing. As such, a lightweight and breathable fabric, which is permeable to both air 

and water vapor, insoluble in all solvents and highly reactive with nerve gases and 

other deadly chemical agents, is desirable. Because of their great surface area, 

nanofiber fabrics are capable of the neutralization of chemical agents and without 

impedance of the air and water vapor permeability to the clothing. Electrospinning 

results in nanofibers laid down in a layer that has high porosity but very small pore 

size, providing good resistance to the penetration of chemical harm agents in aerosol 

form. Preliminary investigations have indicated that compared to conventional 

textiles, the electrospun nanofibers present both minimal impedance to moisture vapor 

diffusion and extreme efficiency in trapping aerosol particles, as well as showing 

strong promise as ideal protective clothing [2].

1.5.3 Energy and electrical application

Conductive nanofibers are expected to be used in the fabrication 

of tiny electronic devices or machines such as Schottky junctions, sensors and 

actuators. Due to the well-known fact, that the rate of electrochemical reaction is 

proportional to the surface area of the electrode, conductive nanofibrous membranes 

are also quite suitable for using as porous electrode in developing high performance 



27

batteries. Conductive (in terms of electrical, ionic and photoelectric) membranes also 

have potential for applications including electrostatic dissipation, corrosion 

protection, electromagnetic interference shielding, photovoltaic device, etc [2].

1.5.4. Composite reinforcement 

Fiber reinforcement composite materials have been utilized in 

aerospace, automobile, sport item, high performance textiles and electrical products

because of the superior structure properties such as high modulus and strength to 

weight ratios, which cannot obtained by single materials. Accordingly, nanofiber

reinforced composites have a great potential, although there are few studies of 

electropun nanofibers as composite reinforcement. So far three different types of

nanofibers such as polymer nanofiber, carbon nanofiber and carbon nanotube 

composite nanofiber have been discussed as reinforcements of polymer composites. It 

is note that the reinforcement confrigurations of nanofibers are chopped fibers and in 

most cases are non-woven web [48].

1.5.5 Medical application

Electrospun nanofibers have been widely used in medicine as 

tissue engineering scaffolds, drug delivery carriers and wound dressings. Wound

dressing applications are described in 2.

1.5.5.1 Tissue engineering application

In tissue enginnering, scaffold is use to provide temporary 

support for cell to regenerate new extracellular matrix (ECM) that has been destroyed 

by disease, injury, or congenital defects. Electrospun fiber provides a high surface 

area, small pore with a loosely connected 3D porous structure which can mimic the 

ECM structure rendering it a great candidate for use in tissue engineering [4]. The use 

of electrospun fiber or fiber patches in these applications often involves the 

optimization over several considerations, including material type, fiber orientation, 

porosity, surface modification and the specific tissue application. The requirement for

materials to be used for tissue engineering are biodegradability and biocompatibility,

as the scaffold should be degrade with time and be replaced by newly regenerated 

tissues. After fabrication the surface of scaffold can be modified with a high density 

of bioactive molecules owing to the relatively high scaffold surface area. The scaffold 

structure is also important and affects cell binding. The cells binding to scaffolds with 
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microscale architectures flatten and spread as if cultured on flat surfaces. The 

scaffolds with nanoscale architectures have higher surface area for absorbing proteins 

and present more binding sites to cell membrane receptors (see in Figure 12). The 

adsorbed proteins then can change the conformations, exposing additional binding 

sites. This is expected to provide an advantage over most microscale architectures for 

tissue regeneration applications. A considered choice of biomaterials is required in 

terms of mechanical properties and degradation time, for the type of scaffold required, 

the type of the tissue to be regenerated and the expected regeneration time. 

Biocompatible and biodegradable synthetic polymers such as polylactic acid (PLA), 

PGA, PCL and their copolymers in various compositions and segmented poly 

urethane and poly(phosphazenes), as well as natural polymers such as collagens, 

gelatin, chitosans, silk and alginates) are used as biomaterials. Owing to the diversity

of the material selection, as well as the ability to control the scaffold properties, 

electrospun scaffold have been employed in a number of different human tissue or 

organ applications including skin, vascular grafts, bone, neural fiber and tendon or 

ligament [56]. Table 5 shows the electrospun nanofibers uses in tissue engineering 

applications.   

Figure 12 Scaffold architecture affects cell binding and spreading.

Source: Agarwal, S., J.H. Wendorff, and A. Greiner.  "Use of electrospinning 

technique for biomedical applications." Polymer 49, (2008): 5603-5621.
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Table 5 Electrospun nanofiber for tissue engineering application.

Polymer Solvent Diameter (nm) Cell type Ref.

PCL Chloroform & 
methanol 200-1000 Rat marrow stromal 

cell [57]

Collagen HFIP 180-250 Rabbit conjunctiva 
fibroblast [58]

Fibrinogen HFIP 120-610 Rat cardiac fibroblast [59]
Poly(lactide-co-

caprolactone) HFIP 799-820 HUVECs [60]

PLLA DMF & DCM 300-3500 Mouse neural stem cell [61]

PLLA and 
hydroxylapatite

DCM & 1,4-
dioxane 313 MG-63 osteoblasts [62]

Chitin HFIP 163-877 Keratinocyte and 
Fibroblast [63]

HUVECs = Human umbilical vein endothelial cells, DCM = Dichloromrthane, DMF = Dimethylformamide 

1.5.5.2 Drug delivery application

Electrospun fibers possess 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. Kenawy et al., 2002 

explored electrospun mats of PLA, PEVA and their blends for use as drug delivery 

systems. It was found, that the drug load electrospun mats gave relatively smooth 

release of tetracycline hydrochloride, which was used as a model drug. The total 

percentage of drug released from the electrospun fiber mats was higher than that from 

the as-cast film, owing to their much higher total surface area. Since tetracycline 

hydrochloride is a water soluble drug, a burst release of drug was observed in the first 

few hours [64]. 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 

drug into electrospun nanofibers (see Figure 13).
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a Drug dissolved in the polymer matrix at the molecular level. b Drug distributed in the polymer matrix as crystalline or 

amorphous particles. c Drug enclosed in the polymer matrix yielding a core of the drug encapsulated by a polymer layer.

Figure 13 Method of drug loads into electrospun nanofibers.

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 method influnce 

the drug locate in nanofibers. When a drug dissolves in polymer solution it should be

completely dissolved in the polymer matrix at the molecular level (Figure 13a). 

Alternatively a drug does not dissolve in polymer solution its crystals can be

dispersed in the polymer matrix (Figure 13b). Drug emulsified or co-axial spin with 

polymer solution is enclosed in the polymer matrix yielding a core of the drug 

encapsulated by a polymer layer (Figure 13c). The preparation and drug incorporation 

affect the release characteristic of the drug from electrospun nanofibers. Many studies 

have investigated the release of drugs from nanofibers showed the rapidly release 

(burst release) within first hours. Experimentally, the fraction of drug released by the 

polymer matrix (Mt/ ) at time t is the quantity most conveniently method [50]. The 

mechanisms of drug release from matrices containing swellable polymers are complex 
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and not completely understood. Some systems may be classified as either purely 

diffusion or erosion controlled, while most systems exhibit a combination of these 

mechanisms [65]. The Korsmeyer–Peppas model is used to analyze drug release from 

pharmaceutical dosage forms when the release mechanism is not well known or when 

more than one type of release phenomena is involved [66]. The exponent, termed the 

release exponent or n value, was studied by Peppas, 1985 to characterize different 

drug release mechanisms from thin films. They noted that profiles with n = 0.5 

exhibited a drug release mechanism controlled by Fickian diffusion, while drug 

release rate was independent of time and controlled by a swelling mechanism when n

= 1. A zero order release mechanism is also known among polymer scientists as case-

II transport. Values of n between 0.5 and 1.0 were regarded as an indicator for the 

superposition of both phenomena, and the drug release mechanism was termed 

anomalous (non-Fickian) transport [67]. The values of n for cylindrical systems were 

later determined [68]: n = 0.45 (Fickian diffusion), 0.45 < n < 0.89 (anomalous 

transport) and n = 0.89 (case-II transport). Furthermore, when determining the n

exponent, only the portions of the release curve where Mt/M 0.6 should be used. 

Another commonly overlooked requirement is that drug release occurs in a one-

dimensional way, thus the length to width ratio of the device must be at least 10 [69].

Electrospun nanofiber for drug delivery applications are shown in Table 6.
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Table 6 Electrospun nanofiber for drug delivery applications.

Polymer Solvent Drugs Ref.
Sy

nt
he

tic
 p

ol
ym

er

PLA a. Chloroform
b. DCM:DMF
c. HFIP
d. DMF
e. DCM
f. DCM:MtOH 

Antibiotics (tetracycline,
chlorotetracycline 
hydrochloride,
amphotericin B, paracetanol,
Doxorubicinhydrochloride)
Protein (Cytochrome C) 

[64, 70, 71, 
72, 73, 74]

PCL a. THF:DMF
b.Chloroform: 
MtOH 
c. DCM:DMF
d. HFIP
e. DCM:toluene 
f. DCM 

Macromolecules (heparin)
Antibiotics (tetracycline,
hydrochloride, Gentamycin 
sulfate) Diclofenac sodium, 
Resveratrol 

[70, 75, 76, 
77]

PVA Water Naproxen, sodium salicylate, 
diclofenac sodium, 
indomethacin 

[78]

PEO/PEG a. Chloroform
b. Water 

Macromolecules
(heparin) [79]

Sy
nt

he
tic

-c
o-

po
ly

m
er

PLGA a. THF:DMF
b. HFIP
c. DMF 

Antibiotics 
(Mefoxin®,cefoxitin sodium)
Anticancer drugs (Paclitaxel)
Macromolecules (heparin, 
DNA) 

[79, 80, 81, 
82, 83]

PEG-PLA a. DMF
b. HFIP

Antibiotics (Mefoxin®,
Cefoxitin sodium, paracetanol)
Anticancer drugs 
(Doxorubicin hydrochloride,
1,3-bis(2-chloroethyl)-
1-nitrosourea)
Macromolecules (DNA) 

[71, 72, 80, 
83, 84, 85]

HPMC DCM:DMF Antibiotics (Erythromycin) [86]

N
at

ur
al

 p
ol

ym
er

Cellulose 
acetate 

Acetone:DMAc Asiaticoside (curcumin),    
vitamin A acid, vitamin E,
naproxen ,
indomethacin,
ibuprofen ,
sulfindac

[87, 88]

PLGA/
HAp 

HFIP Protein (BMP-2) 
[89]

Gelatin/PVA DCM:DMF Raspberry ketone [90]
MtOH = Methanol, THF = Tetrahydrofuran, PEG = Poly ethyleneglycol, HPMC = Hydroxypropylmethyl cellulose, HAp = 
Hydroxyapatite, DMAc = Dimethylacetamide, BMP-2 = Bovine morphogenetic protein-2
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2.1 Wound & Wound healing

A wound is defined as an injury or tear 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. On the

basis of 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 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 irritated with corrosive

chemicals. The cares of these wounds depend on the severity of the wounds. Chronic 

wounds are those injuries which are produced as a result of specific diseases such as 

diabetes, tumors, and severe physiological complications. Healing of these wounds 

can take more than 12 weeks and the recurrence of the wounds is not uncommon [91, 

92].

Wound healing has generally been simplified by dividing it into phases 

of hemostasis, inflammation, proliferation, and maturation. Figure 14 shows the 

sequence of molecular and cellular events in skin wound healing. However, wound 

healing is actually a more complex, precisely coordinated interaction between 

inflammatory cells and mediators, establishing significant overlap between the phases 

of wound healing. The immediate response to wounding in vascularized tissues is 

hemostasis, which occurs through vasoconstriction, and platelet-mediated activation 

of the intrinsic clotting cascade. The resulting clot provides support for infiltrating 

inflammatory cells. Platelets entrapped within the clot release a myriad of 

inflammatory mediators (cytokines, chemokines and growth factors) [93]. The status 

of the wound bed will dictate the degree of surface inflammation. Over the next 4 - 6

days neutrophils, macrophages, and fibroblasts are drawn to the wound by various 

chemoattractants, proinflammatory cytokines, and mitogenic factors. These

inflammatory cells elaborate nitric oxide and oxygen free radicals, serine proteases, 

and matrix metalloproteinase (MMP), which destroy bacteria, clear the damaged 

ECM molecules and inflammatory debris, and facilitate cellular migration through the

extracellular wound matrix [94]. Collagen molecules comprising collagen fibrils and 

fibers that are partially denatured by thermal exposure or mechanical forces need to 
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be removed so newly synthesized collagen molecules can align properly into the

remaining non-denatured ECM. The proliferative phase of wound healing overlaps 

the initial phase of hemostasis and inflammation, and involves epithelialization,

angiogenesis, and a provisional matrix formation (days 4 - 14). Activated platelets and 

macrophages stimulate epithelial proliferation through TGF-alpha and EGF [95].

Figure 14 Sequence of molecular and cellular events in skin wound healing.

Source: Stojadinovic, A. et al.  "Topical advances in wound care."  Gynecologic 

Oncology 111, (2008): S70-S80.

Macrophages release TNF-alpha and IL-1 that stimulate fibroblasts to 

secrete KGF-2 and IL-6, thereby stimulating keratinocyte migration, proliferation, and 

differentiation [93]. Provisional matrix formation is initiated via macrophage 

synthesized and secreted TNF-alpha and platelet-derived growth factor (PDGF), 

which recruit and activate fibroblasts to synthesize matrix type III collagen,

glycosaminoglycan, fibronectin, and integrins [96]. Fibroblast derived PDGF 

perpetuates early matrix production through paracrine and autocrine stimulation, and 

matrix-derived TGF-beta stimulates fibroblast production of type I collagen and

inhibits MMP through enhanced fibroblast synthesis of tissue inhibitors of 

metalloproteinase (TIMP) [97]. Macrophages (via IL-1 and TNF-alpha) and 
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fibroblasts (via KGF-2 and TGF-beta) mediate angiogenesis through keratinocyte-

stimulated release of vascular endothelial growth factor (VEGF), which is upregulated 

by nitric oxide; VEGF is a significant promoter of endothelial proliferation and 

angiogenesis [93, 97]. The open wound bed eventually closes by wound contraction

and the migration of epithelial cells from the wound edge. Myofibroblast mediated 

wound contracture pulls the wound edges together, reducing the exposed area of the 

wound and resulting in a smaller wound requiring repair by scar formation.

Myofibroblasts are characterized by an actin and myosin contractile force generating 

system similar to that found in smooth muscle cells. After closure of the wound, the 

myofibroblasts disappear by apoptosis and a less cellular scar is formed. Reduced 

wound contraction can lead to delayed healing, whereas excess and/or prolonged scar 

contracture can result in loss of function from tissue contractures and hypertrophic 

scarring. The maturation and remodeling phase of wound healing overlaps 

proliferation and extends from day 8 to a year or more after wounding. The 

provisional matrix, comprised of type III collagen, proteoglycan and fibronectin, is 

replaced by a thicker, stronger, well-organized matrix comprised of type I collagen.

TGF-beta is a predominant mediator of wound maturation and remodeling. This 

growth factor inhibits MMP production, upregulates TIMP expression, and plays an 

important role in fibroblast-collagen matrix remodeling and ECM organization,

wound contracture, and remodeling [98]. Collagen synthesis continues over about a

month, and the collagen matrix maturation and remodeling continues over many 

months. However, the collagen organization and wound breaking strength never 

achieve that of uninjured skin (80% at >3 months). Figure 15 shows summarize of 

wound healing process.

Unlike the orderly and well-orchestrated process of normal wound 

healing, chornic wounds are thought to exhibit a persistent pro-inflammatory state that 

delays or prevents healing. In chornic wound, that lost of balance between pro-

inflamatory cytokines, chemokines, proteases and their natural inhibitors 

(MMP>TIMP) [99]. 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 
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ECM, impaired cell migration, and reduced fibroblast proliferation and collagen 

synthesis [100].

Figure 15 Summarization of wound healing process.

2.2 Wound dressings and their properties

For a long time, humans have used materials such as linen, honey, 

animal fats, and vegetables fiber for wound dressings. The development of wound 

dressing continuously led to improve to new bandages. Wound dressings can be 

classified from different aspects. The main classifications are as follows: passive 

products which are ordinary dressings, such as gauze and tulle, merely act as a cover 

on a wound so that the wound can heal underneath. The second types of wound 

dressings are interactive materials containing polymeric films, and foams which are 

transparent and permeable to water vapor and atmospheric oxygen. These materials, 

such as hyaluronic acid, hydrogels and foamed covers, are good barriers against 

permeation of bacteria to the wound environment. The last types of wound dressings 

are bioactive materials or in other words active wound dressing materials such as 

hydrocolloids, alginates, collagens and chitosan. Figure 16 and Table 7 show different 
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types, appearances, and properties of the passive, interactive, and bioactive wound

dressing materials [92].

Figure 16 Different types and appearances of passive, interactive, and bioactive 

wound dressing materials: (a) gauze, (b) tulle, (c) polyurethane membrane, 

(d) polyurethane foam, (e) hydrogel, (f ) hydrocolloid, (g) alginate, (h) 

collagen, and (i) hydrofiber.

Source: Zahedi, P. et al.  "A review on wound dressings with an emphasis on 

Polymers Advanced Technologies

21, (2010): 77-95.

Recently, biopolymers containing active ingredients, such as 

antibiotics, growth factors, vitamins and silver nanoparticles, have been used in 

wound dressing materials. Antibacterials have been used that can be released from 

wound dressing materials such as gentamicin, ofoxacin, tetracycline and minocycline. 

Growth factors have been used the stimulated the healing process such as epithelia 

growth factor, platelet derived growth factor, fibroblasts growth factor, transforming 

growth factor, insulin-like growth factor, and human growth hormone. The other 

important active compounds in the healing of a wound are vitamins A, C, E, zinc,

copper, and minerals. Silver nanoparticles are also used in wound healing materials 

[92].
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Table 7 Wound dressing types and their descriptions.

Products name Descriptions
Pa

ss
iv

e

Gauze Gauze is manufactured as bandages, sponges, tubular bandages, 
and stocking. These dressings can stick to the wounds and 
disrupt the wound bed when removed. Therefore, these are only
suitable for minor wounds, e.g. Multisorb. (Figure 16a)

Tulle Greasy gauzes consisting of Tulle gauze and petroleum jelly. 
This dressing does not stick to the wound surface and is suitable 
for a flat and shallow wound with minimal to moderate 
exudates, e.g. Jelonet. (Figure 16b)

In
te

ra
ct

iv
e

Films Semi-permeable, polyurethane membrane which has acrylic 
adhesive. These are transparent for allowing wound check and 
are also suitable for shallow wound with low exudates, e.g. 
Tegaderm. (Figure 16c)

Foams Soft, open cell, hydrophobic, polyurethane foam sheet 6 - 8mm 
thick. These dressing are designed to absorb large amounts of 
exudates. They are not used for low exudating wounds as they 
will cause dryness and scabbing, e.g. Allevyn. (Figure 16d)

Hydrogels Amorphous gels are not cross-linked. They are used for necrotic 
or sloughy wound beds to rehydrate and remove dead tissue. 
They are not used for moderate to heavily exudating wounds, 
e.g. Intrasite. (Figure 16e)

B
io

ac
tiv

e

Hydrocolloids These are semi-permeable polyurethane film in the form of solid 
wafers; contain hydroactive particles as sodium carboxymethyl 
cellulose that swells with exudates or forms a gel. Depending on 
the hydrocolloid dressing chosen they can be used in wounds 
with light to heavy exudate, sloughing, or granulating wounds.
For example Dou-DERM. (Figure 16f )

Alginates Calcium alginate which consists of an absorbent fibrous fleece 
with sodium and calcium salts of alginic acid (ratio 80:20). They 
are good for exudating wounds and helps in debridement of 
sloughing wounds. They are not used on low exudating wounds 
as this will cause dryness and scabbing. Dressing should be 
changed daily, e.g. Kaltostat. (Figure 16g)

Collagens Collagens are dressings which come in pads, gels or particles 
and promote deposition of newly formed collagen in wound bed. 
They absorb exudates and provide a moist environment. (Figure 
16h)

Hydrofibers Hydrofibers are soft nonwoven pad or ribbon dressings made 
from sodium carboxymethyl cellulose fibers. They absorb 
exudates and provide a moist environment in a deep wound that 
needs packing, e.g. Aquacel. (Figure 16i)
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Source: Zahedi, P. et al.  "A review on wound dressings with an emphasis on 

Polymers Advanced Technologies

21, (2010): 77-95.

2.3 Electrospun fiber for wound dressing materials

Nowadays electrospun nanofibers have been investigated as wound

dressing materials due to their excellent properties. These properties were 

summarized in Table 8. Only a few polymers such as PCL, PLA, PVA, chitosan, and 

gelatin have been studied in electrospinning process for wound dressing applications 

[92]. Electrospun nanofibers have a potential to develop into a new family of wound 

healing materials. The advantages of a scaffold composed of ultrafine, continuous 

fibers are: oxygen-permeable high porosity, variable pore-size distribution, high 

surface to volume ratio, and most importantly, morphological similarity to natural 

ECM in skin, which promotes cell adhesion migration and proliferation [12]. 

Moveover, electrospun nanofibers can meet requirements such as higher gas 

permeation and protect wound from infection and dehydration. Many of polymers can 

be prepared as nanofiber via the electrospinning process. Since, a wound dressing 

material has to be place in the physiological and biological environment of a wound, 

the use of biopolymer capable of electrospinning process has become inevitable. 

Generally, biocompatible and biodegradable polymer can be used in in vitro and in 

vivo systems. 
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Table 8 Electrospun nanofibers properties for wound healing.

Property Description

Hemostasis Nanofibrous wound dressings with their small holes and high 
effective surface area can promote the hemostasis phase. The 
promotion of this phase is due to nanofibrous structure of the 
dressing material without using any hemostatic agent.

Absorbability Due to the high surface area to volume ratio of the nanofibers, they 
exhibit water absorption of 17.9–213% whereas typical film 
dressings only show water absorption of 2.3%.Therefore, if 
hydrophilic polymers are employed, the nanofibrous dressings will 
be able to absorb wound exudates more efficiently than the film 
dressings.

Semi-
permeability

The porous structure of a nanofiber dressing is excellent for the 
respiration of cells which does not lead the wound to dry up. This 
indicates an appropriate control of a moist environment for the 
wound. Also, the small pore size can effectively protect the wound
from bacterial infection. 

Conformability In the textile industry, it is widely recognized that the 
conformability of a fabric is closely related to the fiber fineness. 
Finer fiber fabrics are easier to fit to complicated 3D contours.
Therefore, dressing materials made of ultra fine fibers can provide 
conformability.

Functional

ability

Multifunctional bioactive nanofibrous dressings are readily 
available because of the ease of incorporating therapeutic 
compounds into the nanofibers via a co-spinning process. 
Depending on the stage of treatment and the intended functionality 
of the drugs, active components including pharmaceutical 
compounds such as antiseptics, antifungal, vasodilators, growth 
factorsand even cells can be integrated into the same nanofibrous 
substrate. Another advantage of using electrospinning is that, unlike 
other commercial dressings, which use multilayer configuration to
attain desired objectives and different functions such as medication, 
growth factors, and so forth, such functionalities can be achieved by 
electrospinning various functional materials into one blended layer 
to obtain an all-in-one wound dressing. This brings an extra benefit 
of reduced frequency in changing dressings which may disturb the 
regeneration of neotissue.

Scar-free From a tissue-engineering point of view, biomimically adopting 
nanofibrous structure has good cell conductivity and can improve 
blood and other tissue fluid compatibility, which will facilitate 
wound healing and skin regeneration.
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Source: Zahedi, P. et al.  "A review on wound dressings with an emphasis on 

Polymers Advanced Technologies

21, (2010): 77-95.

2.4 The evaluations of wound dressing patches

For the evaluation of a wound dressing materials standard test methods 

are usually used and the results need to be confirmed by official compendia such as 

British and US Pharmacopoeia, national test standards such as British Standard and 

American Standards for Testing and accredited laboratories such as the Surgical 

Materials Testing Laboratory (SMTL). These tests are concerned with antibacterial, 

antioxidant and cellular properties such as proliferation, culture, adhesion, healing of 

a wound and quantitative measurement such as histology, wettability, water-uptake 

capacity, and the degree of swelling [92].

2.4.1 Wettability and Swelling degree (water-uptake capacity)

Wettability is a parameter for studies on the rate of fluid 

absorption of wound dressing material especially for exudates wounds. The degree of 

swelling is a parameter that shows the ability of the material to take up fluid. 

Generally, the swelling degree is calculated from different of weigh after uptake fluid 

and dry weight. Opanasopit et al., 2008 reported the swelling degree of PVA 

nanofibers compared with cast film. The results indicated that the nanofibers exhibit a 

higher swelling degree than cast film [101]. The swelling depend on various factor 

such as type of polymer, structure of material etc. The wound dressing material 

should provide good wettability and swelling properties.
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2.4.2 Antioxidant activity of wound dressing materials

In thewound healing process the reactive oxygen species (ROS) 

that are released during the process, can damage cell and delay healing process. 

Therefore, the antioxidant wound dressing materials, accelerate the healing process. 

The antioxidant activity can be determined by various in vitro assays. The chemical is

used for determine antioxidant activity can classified into two categories 1) hydrogen 

atom transfer (HAT) reaction based assays and 2) single electron transfer (SET) and 

other radical scavenging (see in Table 9) [102]. The principle of in vitro antioxidant 

assay is summarized in Table 10. A few reported of the nanofibers to investigate on 

this in vitro antioxidant assay.

Table 9 In vitro antioxidant capacity assay.

Mechnism Assay

Hydrogen atom transfer (HAT)

ROO AH ROOH + A

oxygen radical absorbance capacity (ORAC)

Total peroxyl radical-trapping antioxidant 

parameter (TRAP)

Galvinoxyl radical scavenging 

Single electron transfer (SET)

ROO AH ROO + AH +

AH + + H2O A + H3O+

ROO + H3O+ ROOH + 

H2O

2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl

(DPPH)

2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS)

ferric ion reducing antioxidant parameter 

(FRAP)

Other radical scavenging Superoxide radical scavenging assay

Hydroxyl radical scavenging assay

Metal ion chelating assay

Reducing power
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Table 10 In vitro antioxidant capacity principle.

Assay Principle

Gavinoxyl radical 

scavenging

DPPH assay

ABTS assay

FRAP assay

Superoxide radical 

scavenging

(PMS/NADH/O2) 2

O2 + NBT Blue (560 nm) colorless

Hydroxyl radical 

scavenging  

Fe2
+-EDTA + H2O2 OH + OH + Fe3

+-EDTA 

OH + deoxyribose 

                   colorless

Metal ion 

chelating 

Fe(II)–ferrozine complex

Ferrozine decomplexation

Reducing power Potassium ferricyanide + FeCl3

Potassium ferrocyanide + FeCl2

Scavenging

Scavenging

Chelating

Antioxidant
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2.4.3 Antibacterial activity of wound dressing materials

When the skin is damaged there is the loss of the barrier to 

environment, the bacteria and fungi in atmosphere can easily infect. The wound 

dressing have to protect the wound from the pathogen. Generally the antibacterial 

activity was investigated against Gram positive and Gram negative bacteria. The

example of Gram positive is Staphylococcus aureus, Staphylococcus epidermidis and 

Gram negatitive is Escherichia coli, Pseudomonas aeroginosa. Various methods have 

been used to determined antibacterial activity, such as disc diffusion (clear zone), 

minimum inhibitory concentration (MIC), minimum bactericidal concentration 

(MBC) etc., which can compare the activity against bacteria. Table 11 summarizes

antibacterial activity of electrospun nanofibers.     

Table 11 Antibacterial activity of electrospun nanofiber for wound dressing materials.

Polymer
Antibactirial 

agent
Bacteria Method Ref.

PLGA Fusidic acid S. aureus

P. aeroginosa

MRSA

MIC broth micro dilution

SEM image of bacteria 

colonization

[103]

Cellulose 

acetate

Chlorhexidine S. epidermidis

E. coli

ASTM E2149-01 method 

(dynamic shake flask test)
[104]

QCh/PVP Quaternized 

chitosan

S. aureus

E. coli

MIC serial dilution 

method

Viable cell counting 

method

[15]

PVA Silver

Nanoparticles

S. aureus

K. pneumoniae

Antibacterial activity of 

textiles(KS K 0693:2001)
[105]

Gelatin Silver

Nanoparticles

S. aureus

MRSA

E. coli

P. aeroginosa

Disc diffusion method of 

the US Clinical and 

Laboratory Standards 

Institute (CLSI).

[106]

QCh = Quaternized chitosan, MRSA = Methicillin resistant staphylococcus aureus, PVP = Polyvinyl pyrrolidone
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2.4.4 Cellular cytotoxicity of wound dressing materials

The cellular compatibility of wound dressing materials is very 

important and represents the toxicity of material when applied in a human wound. 

Different in vitro cellular cytotoxicity assays have been used to evaluate the 

biocompatibility and the toxic of materials. Table 12 summarizes the cellular 

cytotoxicity of wound dressing material. The in vitro cytotoxicity assay can classifies

to 3 main mechanisms as 1) viability assays based on metabolism reductase, 2) 

bioluminescent ATP assays and 3) enzyme release-based cytotoxicity assays. 

Generally, the measurement are based on the cell metabolism which is commonly use 

to determine cytotoxicity of electrospun nanofiber patches. These assays are based on

tetrazolium and resazurin reduction. The examples of tetrazolium reduction are (3-

(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide) (MTT), (2,3-bis(2-

methoxy-4-nitro-5-sulphophenyl)-5-carboxanilide-2H-tetrazolium) (XTT), (5-(3-

carboxymethoxyphenyl)-2-(4,5-dimethylthiazoly)-3-(4-sulfophenyl)tetrazolium, inner 

salt) (MTS) and ((4-[3-4-iodophenyl]-2-(4-nitrophenyl)-2H-5-tetrazolio)- 1,3-benzene 

disulfonate) (WST-1). The procedure involves the addition of a small volume of MTT 

contained in phosphate-buffered saline to the cell culture. During 1 – 4 h of 

incubation at 37 ° C, a pool of cellular mitochondrial and cytosolic enzymes reduces 

the dye to its reduced purple formazan form. Cellular reduction of MTT yields an 

aqueous insoluble formazan, with visible crystals contained both in the surrounding 

medium as well as within the cells. For this reason, a second addition containing an 

acid/isopropanol solvent is required to solubilize and disperse the formazan before 

recording absorbance values. As the assay procedure was further scrutinized, it 

became apparent that for many cell lines and protocols, the amount of formazan 

produced and the presence of culture medium serum warranted removal of the culture 

medium and addition of dimethyl sulfoxide (DMSO) to generate maximum 

absorbance [107].
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Table 12 Cellular cytotoxicity of electrospun nanofiber for wound dressing materials.

Polymer Cell type Method Ref.
Chitosan/
collagen

3T3 fibroblast MTT assay of cell viability 
according to ISO 10993-5 [5]

Gelatin/PU Fibroblast cells 
(NIH3T3-cells)

Cell counting kit (CCK-8,
Dojindo, Japan) [108]

PLGA/collagen Human 
fibroblasts

MTT assay
[7]

PCL/gelatin Human dermal
fibroblast

MTS assay (CellTiter 96 ) [109]

Gelatin/PLLA WI-38
human 
embryonic 
fibroblast,

MTT assay

[8]

Chitosan/
Silk fibroin

Fibroblasts 
(L929)

MTT assay
[110]

2.4.5 Wound healing and histology

Along with in vitro situations, the in vivo environment is 

considered to be very important as far as the wound dressing properties affects on

healing and qualitative observations are required. Usually, wound healing tests are 

carried out on an animal model, such as rat and mouse. Histological methods are used 

for qualitative observations of wound tissues. The wound area also was used to 

evaluate the healing activity of a dressing. Many studies had been reported the wound 

healing activity by measuring the wound area at different time point. Table 13

summarizes the wound healing evaluation (in vivo) of electrospun nanofiber patches 

wound dressing. The wound healing activity was compared with standard wound 

dressings such as medical guaze, tulle, gel (tegaderm®). For the histological 

examination, the hematoxylin and eosin stain (H&E stain) is very popular. The 

staining method involves application of hemalum, which is a complex formed from 

aluminum ions and oxidized haematoxylin. This colors nucleus of cells (and a few 

other objects, such as keratohyalin granules), blue. The nuclear staining is followed 

by counterstaining with an aqueous or alcoholic solution of eosin Y, which colors 

other, eosinophilic structures in various shades of red, pink and orange.
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Table 13 Wound healing activity of electrospun nanofiber for wound dressing.

Model Method Ref.

Sprague-Dawley 
(SD) rats

The wound was covered with an equal size of electrospun 
membranes, gauze and a commercial collagen sponge 
wound dressing (Skin Temp II). The area of the wound was 
measured at 3, 7, 10, 14, 17, and 21 day. The percentage of
wound healing is defined as B/A×100%, where A is the 
initial wound area and B is the wound area after a fixed 
time interval.

[5]

Sprague-Dawley 
(SD) rats

The electrospun PLGA (50:50)/collagen nanofibrous 
matrices were then applied to the wounds of each rat, while 
a commercial wound-dressing material (DuoDerm) served 
as a comparison. The same wound was also treated with 
gauze sponge as a control. On the 7th, 14th and 21st

postoperative days, macroscopic photographs of the 
wounds were taken, and the wound area was measured 
using an image analysis program (Optimas). Additionally, 
the wound dressing was removed on the 7th and 21st

postoperative days after the rats are euthanized, for 
histological examination of epithelialization and 
granulation.

[111]

C57BL/6 diabetic 
mouse induce by 
streptozotocin

Burn wounds were made and treated with rhEGF-
nanofibers. After that applying nanofibers sample to the 
burn wounds, a sterilized elastic band was employed to 
wrap the treated animals and a self-adherent wrap was 
employed to fix each sample to the dorsum of the mouse.
After 7 and 14 days, the degree of wound healing was 
determined measuring the area of the wound (multiplying 
the length by the width, cm2). After wound healing 
treatments for 14 days, re-epithelized dorsal skins were 
excised to investigate the expression level of EGF receptor 
by immunohistochemical staining.

[112]

Male Wistar rats After anesthetization, two full-thickness rectangular 
wounds with a surface area of 0.8 cm2 were cut from the 
back of each of rat’s neck. The wound was covered with a 
nanofiber mat equal size to its size, gauze and commercial 
antibacterial gauze dressing.The area of the wound was 
measured every day using the planimetry method until the 
wound completely healed.

[113]
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3. Chitosan electrospun fiber

3.1 Chitosan

Chitosan is a copolymer composed of N-acetyl-D-glucosamine 

(GlcNAc) and D-glucosamine (GlcN) that is produced by alkaline deacetylation of 

chitin. Figure 17 shows the structure of chitosan. The carbohydrate backbone is very 

similar to cellulose, which consists of -1,4-linked D-glucosamine with a variable 

degree of N-acetylation, except that the acetylamino group replaces the hydroxyl

group on the C2 position. Thus, chitosan compose of N-acetyl-2-amino-2-deoxy-d-

gluco pyranose and 2-amino-2-deoxy-d-glucopyranose, where the two types of 

repeating units are linked by (1 4)- -glycosidic bonds [11, 114].

Figure 17 The chemical structure of chitosan.

Chitin is found in the exoskeleton of some anthropods, insects, and some 

fungi. Commercial sources of chitin are the shell wastes of crab, shrimp, lobster, etc.

In the world several millions tons of chitin are harvested annually and hence this 

biopolymer represents a cheap and readily available source. Chitosan is obtained by 

the thermochemical deacetylation of chitin in the presence of alkali and naturally it 

occurs only in certain fungi (Mucoraceae). Chitosan is usually prepared by the 

deacetylation of chitin. The conditions used for deacetylation will determine the 

average molecular weight (MW) and degree of deacetylation (DD). The properties, 

biodegradability, and biological role of chitosan are frequently dependent on the 

relative proportions of N-acetyl-D-glucosamine and D-glucosamine residues. The 

term chitosan is used to describe a series of polymers of different MW and DD, 

defined in terms of the percentage of primary amino groups in the polymer backbone 
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[11]. The DD of typical commercial chitosan is usually between 70 and 95%, and the 

Mw between 10 and 1,000 kDa.

Preparation of chitosan involves four steps: deproteinization, 

demineralization, decoloration, and deacetylation. Deproteinization is carried out by 

alkaline treatment using 3 - 5% NaOH (w/v) aqueous solution at room temperature 

overnight. Other inorganic constituents remaining are removed by treatment with 3 -

5% aqueous HCl (w/v) solution at room temperature for 5 h. The product is again

reacted with 40 - 45% NaOH solution at 120 C for 4 - 5 h. This treatment gives the

crude sample of chitosan. The crude sample is purified by precipitating the chitosan

from its aqueous acetic acid solution to NaOH and washing with distilled water until 

neutralized [115]. Chitosan is a semicrystalline polymer that exhibits polymorphism. 

Chitosan belongs to a series of polymers with different DD and Mw, which are the

two important physicochemical properties of chitosan. DD is defined as of the

percentage of primary amino groups in the polymer backbone. The DD and MW of

chitosan can be altered by changing the reaction conditions during the manufacture of

chitosan from chitin (typical commercial chitosan has a DD of 66 - 95%). Chitosan 

appears as colorless, odorless flakes. It is readily soluble in aqueous acidic solution. 

Figure 18 Schematic illustration of chitosan’s versatility. At low pH (less than about 

6), chitosan’s amine groups are protonated conferring polycationic behavior 

to chitosan. At higher pH (above about 6.5), chitosan’s amines are 

deprontonated and reactive.

Source: Dash, M. et al.  "Chitosan-A versatile semi-synthetic polymer in biomedical 

applications."  Progress in Polymer Science 36, (2011): 981–1014.
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The solubilization occurs through protonation of amino groups on the C2

position of D-glucosamine residues, whereby polysaccharide is converted into

polycation in acidic media. Chitosan has a low solubility at physiological pH of 7.4 as 

it is a weak base (pKa 6.2 - 7). Adjusting solution pH to approximately 7.5 induces 

flocculation due to deprotonation and insolubility of the polymer (see in Figure 18) 

[114, 115]. Chitosans, with the main structural differences being represented by the 

relative proportions of N-acetyl-D-glucosamine and d-glucosamine residues, provide 

specific structural changes. This difference in the structure gives rise to several 

batches of chitosan that are distinguished on the basis of their DD and MW. DD and

MW directly affect the chemical and biological properties of the polymer.

Commercial chitosan as sold by Sigma–Aldrich is available in two grades of high and 

low molecular weight. Low molecular weight chitosan grade is characterized by MW

comprised between 20 kDa and 190 kDa with DD< 75%. The high MW chitosan 

grade is generally characterized by molecular weight comprised between 190 kDa and 

375 kDa with DD> 75% [114].

The chitin is insoluble in most organic solvents; chitosan is clearly soluble 

in dilute acidic solutions pH below 6.0 due to the quaternization of the amine groups 

that have a pKa value of 6.3 making chitosan a water-soluble cationic polyelectrolyte. 

The presence of the amino groups indicates that pH substantially alters the charged 

state and properties of chitosan [116]. At low pH, these amines get protonated and 

become positively charged and that makes chitosan a water-soluble cationic 

polyelectrolyte. On the other hand, as the pH increases above 6, chitosan’s amines

become deprotonated and the polymer loses its charge and becomes insoluble. The 

soluble–insoluble transition occurs at its pKa value around pH between 6 and 6.5. As

the pKa value is highly dependent on the degree of N-deacetylation, the solubility of 

chitosan is dependent on the DD and the method of deacetylation used [117].

The chitin choice and its isolation process are also factors that affect 

chitosan quality in a significant way [118]. Depending on the origin of the polymer 

and its treatment during the extraction process, chitosan shows crystallinity and

polymorphism. Crystallinity is maximum for chitin (i.e. 0% deacetylated) and fully 

deactylated chitosan (i.e. 100% deacetylated) [119]. A linear unbranched structure 

and high molecular chitosan is an excellent viscosity enhancing agent in acidic 
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environments and behaves as a pseudoplastic material demonstrating a decrease in 

viscosity with increasing rates of shear. The viscosity of chitosan solution increases 

with an increase in the concentration of chitosan, decrease in temperature and with 

increasing DD. Viscosity also influences biological properties such as wound-healing 

properties and osteogenesis enhancement as well as biodegradation by lysozyme. The 

understanding and control of the degradation rate of chitin and chitosan-based devices 

is of great interest since degradation is essential in many small and large molecule 

release applications and in functional tissue regeneration applications. Degradation 

has been shown to increase as DD decreases. It has also been observed that the 

degradation kinetics seem to be inversely related to the degree of crystallinity which 

is controlled mainly by the DD. The distribution of acetyl groups also seem to affect 

biodegradability, the arrangement of acetyl groups and their homogeneous 

distribution (random rather than block) results in very low rates of enzymatic 

degradation [120]. However, several studies reported that the degradation rate is 

affected by the length of the chains as well [121]. Tomihata et al., 1997 investigated 

the enzymatic behaviors of various chitosans by observing changes in the viscosity of 

chitosan solution in the presence of lysozyme and found that chitosan with a low DD 

tend to be degraded more rapidly [122]. Differences in degradation due to variations 

in the distribution of acetamide groups in the chitosan molecule have been observed 

[120]. Apparently, different deacetylation conditions can influence the viscosity of the 

chitosan solution by changing the inter- and intramolecular repulsion forces [123].

Very fast degradation rates of chitosan cause an accumulation of amino saccharide

that can produce an inflammatory response. While the lower DD chitosans only 

induce an acute inflammatory response; the higher DD produces aminimal response

due to the lower degradation rate. More specific information on the biodegradability 

of chitosan is provided later in this review. The cytocompatibility of chitosan has been 

observed in vitro with myocardial, endothelial and epithellial cells, fibroblast, 

hepatocytes, condrocytes and keratinocytes [124]. As DD of the polymer increases, 

the interactions between chitosan and the cells increase due to the presence of free 

amino groups, consequently, cell adhesion and proliferation, as well as cell type, 

depend on DD. Other biological properties, such as analgesic, antitumor, haemostatic,

hypocholesterolemic, antimicrobial, and antioxidant properties are also affected by 
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the physical properties of chitosan [114, 119]. The dependence of the various polymer 

properties on the structural parameters are listed in Table 14.

Table 14 Relationship between structural parameters and properties of chitosan.

Property Structure characteristicsa

Solubility DD
Crystallinity DD
Viscosity DD
Biodegradability DD, MW
Biocompatibility DD
Biological
Mucoadhesion DD, MW
Analgesic DD
Antimicrobial DD, MW
Permeation enhancing effect DD
Antioxidant DD, MW
Hemostatic DD

a - Directly propotional to property; - inversely propotional to property.

Source: Dash, M. et al.  "Chitosan-A versatile semi-synthetic polymer in biomedical 

applications."  Progress in Polymer Science 36, (2011): 981–1014.

Chitosan is currently receiving the great deal of interest as regard medical 

and pharmaceutical applications because it have dominant properties that make it 

suitable use in biomedical field, such as biocompatibility, biodegradability and non 

toxic. Moreover, other properties such as analgesic, antitumor, hemostatic, 

hypocholesterolemic, antimicrobian, and antioxidant properties have also been 

reported [115, 119]. Figure 19 shows the biological properties of chitosan. Chitosan 

has been approved as functional food in some Asian countries (Japan and South 

Korea) during the last decade. However, chitosan was not considered in 2003 by the 

Codex Alimentaius Commission it is not currently list in the General Standard for 

Food Additive nor has it been authorized as a food ingredient in the EU. Although 

several studies have shown non-toxic of this compound, no long term studies of 

human safety have been report.   
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Figure 19 Biological properties of chitosan.

Source: Sonia, T.A., and C.P. Sharma.  "Chitosan and its derivatives for drug delivery 

perspective."  Advances in Polymer Science 243, (2011): 23-54.

3.2 Chitosan in wound healing 

For wound healing applications, chitosan is biocompatible, 

biodegradable, antimicrobial, antioxidant, nontoxic and haemostatic agent. Due to 

these excellent properties, it shows positive effect on wound healing. The chitosan 

properties for wound healing summarize in Table 15. Chitosan provides a non-protein 

matrix for 3D tissue growth and activates macrophages. It stimulates cell proliferation 

and histoarchitectural tissue organization. Chitosan is a hemostat, which helps in 

natural blood clotting and blocks nerve endings reducing pain.
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Table 15 The properties of chitosan for wound healing application.

Property Ref.
B

io
de

gr
ad

ab
ili

ty Chitosan can be degraded in vivo by several proteases 
(lysozyme, papain, pepsin). The biodegradation product such 
as glycosaminoglycan and glycosaminoprotein can be 
metabolized and excreted. Degradation has been shown to 
increase as molecule weight and degree of deacetylation 
decrease. 

[123, 125]

B
io

co
m

pa
tib

ili
ty Chitosan show a LD50 around 16g/kg, similar to the salt and 

glucose values in assays on mice. The cytocompatibility of 
chitosan has been proved in vitro with myocardial, endothelial 
and epithelial cells, fibroblast, hepatocytes, condrocytes and 
keratinocytes. When the positive charge of polymer increases, 
the interaction between chitosan and the cells increases too.

[124]

A
nt

ib
ac

te
ria

l 

Two main mechanism
1. Positive charge of chitosan contact with anionic groups on 
bacteria cell surface. 
2. Chitosan can inhibit bacteria RNA and protein synthesis by 
permeation into the cell nucleus.

DD electrostatic binding to membrane and permeation
MW permeation into the cell nucleus

[126, 127]
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Chitosan has shown a significant scavenging capacity on 
DPPH radical, superoxide, hydroxyl and alkyl radical.

DD scavenging effect
MW scavenging effect and ion-chelating potency 

Chitosan sulfate also showed scavenging capacity on
superoxide and hydroxyl radical

[128, 129]
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The anticoagulant activity of chitosan seems to be related to 
its positive charge since red blood cell membranes are 
negatively charged and chitin is less effective than chitosan. 
Therefore chitosan can bind and agglutination of red blood 
cells.

[130]

Chitosan will gradually depolymerize to release N-acetyl- -D-

glucosamine, which initiates fibroblast proliferation, helps in ordered collagen 

deposition and stimulates increased levels of natural hyaluronic acid synthesis at the 

wound site. It helps in faster wound healing and scar prevention [131]. Moreover, 

chitosan can inhibit MMP that degrade extracellular matrix components. Chitosan 
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may prevent and treat several health problems mediated by MMP2 (that can hydrolyse 

the basement membrane collagen IV) such as wound healing and wrinkle formation 

[132]. Chitin and chitosan can be easily processed into hydrogels, membranes, 

nanofibers, beads, microparticle, nanoparticles, scaffolds and sponges for various 

types of biomedical applications such as drug and gene delivery, wound healing and

tissue engineering [12]. Table 16 shows the commercially available of chitin and 

chitosan based wound dressing materials.

Table 16 Commercially available chitin and chitosan and its derivatives based wound 

dressing materials.

Material Trade name Manufacturer
Chitin and its      
derivatives

Syvek-Patch Marine Polymer Technologies
Chitopack C Eisai Co. Japan.
Chitopack S Eisai Co. Japan.
Beschitin Unitika Co. Japan

Chitosan and its   
derivatives

Tegasorb 3M
Tegaderm 3M
HemCon BandageTM HemCon
Chitodine IMS
Trauma DEX Medafor

Source: Brown, M.A., M.R. Daya, and J.A. Worley.  "Experience with chitosan 

dressings in a civilian EMS system."  The Journal of Emergency Medicine 37,

(2009): 1-7.
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3.3 Electrospinning of chitosan

Chitosan electrospun nanofibers have been investigated for use as 

wound healing materials due to advantage of ultrafine fiber properties such as 

oxygen-permeable, the structure similarity to natural ECM. Currently, chitosan 

nanofibers have been successfully generated from the electrospinning of 

homogeneous chitosan, chitosan derivative and chitosan blend with other polymer

[133]. Table 17 summarizes electrospinning of chitosan nanofiber. It is difficult to 

generate chitosan fiber via electrospinning technique because the limitation of 

chitosan solution such as high viscosity at low concentration, the charge on chitosan 

polymer backbone and the high surface tension. Chitosan dissolves well in acid 

solutions and show the positive charge on polymer chain when it is solution. Due to 

the positive charge along polymer backbone chitosan can from hydrogen bond with 

H2O. Therefore the H2O molecule cannot freely move and influence the viscosity of 

solution. This means that the solution has a high viscosity at a low concentration. The 

dilute acid chitosan solution provides high surface tension that disrupts the 

electrospinning process. The electrical force is hardly over than the very high surface 

tension solution. Moveover, chitosan shows positive charge when it is a solution form 

that obstructs the electrospinning process. Figure 20 shows the problem of chitosan 

electrospinning.

Figure 20 Problem and solution of chitosan electrospinning.
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The inherently properties of a chitosan blocked the electrospinning process. 

There are many ways to solve these problems such as to use concentrated acid to 

reduce the surface tension of solution, use chitosan derivatives to change the 

properties and blend with good fiber forming polymer. Nowadays, chitosan has been 

successfully prepared nanofibers via electrospinning process (see Table 17).

Table 17 Electrospun chitosan nanofiber.

Polymer Solvent Fiber diameter (nm) Ref.

Chitosan 90% acetic acid 130 [33]

Chitosan TFA/MC 130 ± 10 [32]

Chitosan Acetic acid 70 ± 75 [134]

Hexanoyl chitosan Choroform 640 - 3930 [17]

Q-chitosan/PVP Water 2440 ± 640 [15]

Q-chitosan/PVA Acetic acid 60 - 200 [16]

Chitosan/PVA Acetic acid 120 - 300 [22]

Chitosan/PVA Acetic acid 20 - 100 [23]

CMC /PVA Water 300 [13]

Chitosan/PEO Acetic acid 20 - 120 [19]

Chitosan/PEO Acetic acid [20]

Chitosan/UHMWPEO Acetic acid/DMSO 102 ± 14 [21]

Chitosan/collagen HFIP/TFA/MC 300 - 500 [26]

Chitosan/silkfibroin Formic acid 130 - 780 [27]

Chitosan/PLA TFA 300 - 1200 [135]

Chitosan/PCL TFA/TFE 405.0 ± 59.8 [136]

Chitosan/Gelatin Acetic acid 220 - 400 [137]

Chitosan/Polyamide 6 Formic acid 300 - 600 [138]

Chitosan/Zein TFA/DCM 320 ± 92.3 [139]

Chitosan/ agarose TFA/DCM 140 - 1760 [30]

Chitosan/Kojac
glucomannan

Acetic acid 180 - 350 [140]

CMC = Carboxymethylchitosan, MC = Methylenechloride, UHMWPEO = Ultra high molecular weight poly ethyleneoxide 
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However, in the production of electrosun chitosan nanofibers is necessary 

to use the toxic solvent, organic solvents or harmful acids such as HFIP, TFA, acetic 

acid and chloroform. Traces of these solvents or acids in electrospun products are 

dangerous when applied to wounded human skin or tissue. To avoid the use of acid 

and organic solvent to dissolve chitosan, there are some of compounds that can help 

improve chitosan water solubility.

HOBt is an organic compound that is often used as a racemization 

suppressor and is popular for its ability to improve yields in peptide synthesis. HOBt-

monohydrate contains about 11.8% water. Figure 21a shows the structure of HOBt. 

An aqueous CS-HOBt solution is prepared by simply mixing the chitosan and the 

HOBt in water without the need for any organic solvent, acid or heat [34]. Due to the 

hydroxy groups present in HOBt, the molecule can form a salt with the amine groups

of chitosan, thus improving chitosan water solubility and allowing chitosan to be

dissolved in water. CS-HOBt was successfully prepared as nucleic acid delivery

TPP is a thiamine derivative. It plays an essential role as a cofactor in key 

reactions in carbohydrate metabolism. It is also involved in the metabolism of 

branched-chain amino acids and may have non-coenzyme (i.e., non-cofactor) roles in 

excitable cells, and is therefore vital to the cell’s energy supply. It is a watersoluble

vitamin, and as such, it is least likely to reach toxic levels. The chemical structure of 

TPP is shown in Figure 21b. Due to the phosphate groups of TPP; the molecule can 

form salt with amine groups of chitosan, helping to improve chitosan water solubility.

CS-TPP was successfully prepared as a novel carrier for siRNA delivery [36].

EDTA is a well-established metal chelator and soluble in alkaline pH. 

EDTA was used to form complex with chitosan due to decrease positive charge of 

chitosan. An important effect of EDTA is its antibacterial activity and enhancement of 

the activities of some antibiotics [141]. Figure 21c shows the structure of EDTA.

Chitosan can be easily soluble in water easily with EDTA due to the carboxyl groups 

in EDTA structure. CS-EDTA conjugate was successfully prepared as a 

nanoparticulate gene delivery system [37] and hydrogel films for transbuccal delivery

[38].
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Figure 21 The chemical structure of hydroxybenzotriazole (a), thiamine 

pyrophosphate (b) and ethylenediaminetetraacetic acid (c).
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4. Garcinia mangostana

Mangosteen is a tropical tree from India, Myanmar, Malaysia, Philippines, 

Sri Lanka, and Thailand. This tree can reach 6 - 25 m and it has leathery, glabrous

leaves and is slow to grow. The mangosteen-fruit is dark purple or reddish, with 

white, soft and juicy edible pulp with a slightly acid and sweet flavor and a pleasant 

aroma. Mangosteen is known as ‘‘the queen of fruits” because it is one of the best 

tasting tropical fruits [39, 40]. The pivture of mangosteen fruit is showed in Figure 22. 

The pericarp of mangosteen-fruit has been used as a medicinal agent by Southeast 

Asians for centuries in the treatment of skin infections and wounds, amoebic 

dysentery, diarrhea, haemorrhoids, food allergies, arthritis, tuberculosis, 

inflammation, ulcer, micosis, affection of the genitor-urinary tracts, gonorrhea, mouth 

aphthae, fever, eczema, acne, thrush, abdominal pain, suppuration, leucorrhoea, 

cholera and convulsants [39, 42].

Figure 22 Fruit of mangosteen.

Source: Osman, M.b., and A.R. Milan. Mangosteen - Garcinia mangostana.

Southampton: Southampton Centre for Underutilised Crops, University of 

Southampton, 2006.
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The GM extracts have antioxidant, antitumoral, antiallergic, anti-

inflammatory, antibacterial and antiviral activities [39]. The chemical compositions of 

GM fruit have been report to contain complex phenolic compounds, such as 

xanthones, tannins, flavonoids and other bioactive compounds. Phenolic compounds 

are commonly found in plants, both edible and inedible. They have been reported to 

have various biological effects such as their well known ability to scavenge free 

radicals, antimutagen, and anticarcinogen. Recent studies showed that many dietary 

polyphenolic constituents derived from plants are more effective antioxidants in vitro

than vitamins E or C, and thus might contribute significantly to the protective effects 

in vivo. Flavonoids as one of the most diverse and widespread group of natural 

compounds, are likely to be the most important natural phenolics with free radical 

scavenging capacity. Tannins are phenolic compound found in GM fruit and 

commonly used as an astringent. Tannins show inhibition of growth of HIV and 

herpes simplex virus, antimicrobial activity and cancer-preventive property [40]. The 

important phenolic compound that find in GM extracts is xanthones. Xanthones have 

been isolated from pericarp, whole fruit, bark, and leaves of GM. Fifty xanthones 

have been isolated from pericarp of GM fruit. -, - and - mangostins, garcinone E, 

8-deoxygartanin and gartanin are the most studied xanthones (the structure show in 

Figure 23). The first of them was -mangostin when it was discover in 1855. It is a 

yellow coloring matter that it can obtain from bark and dried sap of GM [39]. -

mangostin was reported to exhibit the strong antioxidant and antibacterial effect 

[142].

4.1 The medicinal properties of Garcinia mangostana extracts

The medicinal properties of GM extracts summarize in Table 18.

Generally reported, the GM extracts show the antioxidant activity on DPPH and 

ABTS assay. Chomnawang et al., 2007 showed that GM ethanolic extract posseses a 

significant antioxidant activity, measured by DPPH assay (IC50= 6.13 μg/mL) [143].

Haruenkit et al., 2007 showed the antioxidant activity of GM measured with DPPH 

and ABTS assays. They found values of 79.1 and 1268.6 μM trolox equivalents/100 g 

of freash weight for DPPH and ABTS assays, respectively [144].
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Figure 23 Xanthone nucleus with IUPAC numbers of carbons and chemical structure 

of the most studied xanthones. 

Source: Pedraza-Chaverri, J. et al.  “Medicinal properties of mangosteen (Garcinia 

mangostana).” Food and Chemical Toxicology 46, (2008): 3227-3239.
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Table 18 The medicinal properties of Garcinia mangostana extracts.

Effects Ref.
A
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da

nt

Methanolic extract of the edible portion of GM exhibited 
antioxidant activity using DPPH and ABTS assays

[145]

The crude methanol extract of pericarp from GM ameliorated the 
intracellular production of ROS in SKBR3 cells

[43]

Several xanthones showed scavenging ONOO ability in vitro [45]
The ethanolic extract of GM showed antioxidant activity against 
DPPH radicals [143]

Mangosteen-fruit showed antioxidant activity against DPPH and 
ABTS radicals and prevents the decrease in antioxidant activity 
induced by a cholesterol supplemented diet in rats

[144]

-Mangostin showed HO -scavenging activity [146]
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Ethanolic and methanolic extracts of GM showed antiproliferative 
effect on human breast cancer SKBR3 cells [42]

-Mangostin inhibited DMBA-induced preneoplastic lesions in a 
mouse mammary organ culture

[45]

Mangostenone C and D, demethylcalabaxanthone, gartanin, -, -
and -mangosti, mangostinone, garcinone E, D and C
showed cytotoxic effect on the three human cancer cell lines

[147]
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The crude methanol extract of GM hulls blocked the histaminergic 
and serotonergic response in isolated rabbit aorta strips. -
mangostin blocked the histaminergic response and -mangostin 
blocked the serotonergic response

[148]

- and -mangostins inhibited LPS-stimulated citotoxicity, NO
and PGE2 production, and iNOs induction in RAW 264.7 cells. -
mangostin showed a potent inhibition on paw oedema in mice

[47]

- and -mangostins from the crude ethanol extract of fruit hulls 
of GM. It has peripheral and central analgesic effects.

[149]
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-Mangostin strongly inhibited S. aureus, P. aeruginosa, S. 
thypimurium, B. Subillis

[41]

It was showed the antibacterial activity of the - and -mangostins 
in 49 species of methicillin-resistant Staphylococcus aureus 
(MRSA) and the antibacterial activity of -mangostin in 50 
species of MRSA and 13 species of Enterococcus spp.

[150]

- and -mangostins and garcinone B exhibited strong inhibitory 
effect against Mycobacterium tuberculosis

[151]

Extract of GM inhibited the growth of Propionibacterium acnes
and Staphylococcus epidermidis [152]

-mangostin is active against vancomycin resistant Enterococci 
(VRE) and MRSA

[153]
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Chin et al., 2008 studied the HO scavenging activity of several 

xanthones isolated from the fruit powder of GM. Only -mangostin showed 

HO scavenging activity (IC50 = 0.2 μg/mL) [146].

For antitumoral activity, Moongkarndi et al., 2004 tested the 

antiproliferative activity of 9 Thai medicinal plants against SKBR3 human breast 

adenocarcinoma cell line. The extract obtained from GM had the most potent activity 

with an IC50 value of 15.45 ± 0.5 μg/mL [42]. Jung et al., 2006 isolated from 

mangosteen-fruit pericarp two new xanthones (8-hydroxycudraxanthone G and 

mangostinone) as well as 12 known xanthones. They determined their antitumoral

properties in preneoplastic lesions induced by 7,12-dimethylbenz[a]anthracene 

(DMBA) in a mouse mammary organ culture. -mangostin inhibited DMBA-induced 

preneoplastic lesions with an IC50 of 1.0 μg/mL (2.44 μM) [45].

Many studies investigated the anti-inflammatory, anti-allergy and 

analgesic properties of GM extracts. Chairungsrilerd et al., 1998 showed that 0.03–5

μM of -mangostin purified from the GM caused a parallel rightwards shift of the 

concentration/response curve for the contraction elicited by 0.5 mM of 5-

hydroxytryptamine (5-HT) in the rabbit aorta without affecting the contractile 

responses to 30 mM of KCl, 3 μM of phenylephrine or histamine. The perfusion 

pressure response of rat coronary artery to 5-HT2A was reduced concentration 

dependently by -mangostin (IC50 = 0.32 μM). 5-HT amplified, ADP-induced 

aggregation of rabbit platelets was inhibited by -mangostin (IC50 = 0.29 μM). This 

xanthone (5 μM) also affected 5-HT-induced contraction of the guinea-pig ileum (3 

μM of 5-HT3) in the presence of 5-HT1, 5-HT2 and 5-HT4 receptor antagonists and 

inhibited [3H] spiperone binding to cultured rat aortic myocytes (IC50 = 3.5 nM) [148].

Chen et al., 2008 demonstrated that - and -mangostins significantly inhibited 

lipopolysaccharide-stimulated NO production and cytotoxicity to RAW 264.7 cells. 

The amount of NO production at 3 to 25 μM was continously measured, and the IC50

values were 12.4 and 10.1 μM for - and -mangostins. The - and -mangostins also 

significantly reduced PGE2 production in lipopolysaccharide-activated RAW 264.7 

cells with IC50 values of 11.08 and 4.5 μM, respectively. The effects of these 

xanthones were probed by measuring the induction of inducible nitric oxide synthase 
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(iNOS) and COX enzyme expressions. The two xanthones concentration-dependently 

reduced the induction of iNOS. The RAW 264.7 cells were activated with 

lipopolysaccharide (1 μg/mL) for 12 h and the treatment with - or -mangostins (5 

μg/mL) for 24 h weakly inhibited iNOS activity in activated RAW 264.7

macrophages [47].

The antibacterial of GM extract also have demonstrated, Sundaram et 

al., 1983 studied the antibacterial and antifungal properties of -mangostin and four 

of its derivatives. They found that bacteria S. aureus, P. aeruginosa, Salmonella 

typhimurium and Bacillus subtilis were highly susceptible to xanthones, whereas 

Proteus sp., Klebsiella sp. and Escherichia coli were only moderately susceptible to 

them. The minimum inhibitory concentration (MIC, the lowest concentration of an 

antimicrobial that will inhibit the visible growth of a microorganism after overnight 

incubation) of -mangostin was between 12.5 and 50 μg/mL [41]. Suksamrarn et al., 

2003 studied the antituberculosis potential of prenylated xanthones obtained from 

mangosteen-fruit pericarp. Among them -, and -mangostins and garcinone B 

exhibited the most potent inhibitory effect against Mycobacterium tuberculosis, with 

an MIC of 6.25 μg/mL; whereas demethylcalabaxanthone and trapezifolixanthone had 

an MIC value of 12.5 μg/mL and cmangostin, garcinone D, mangostanin, 

mangostenone A and tovophyllin B had an MIC value of 25 μg/mL. The xanthones 

with low antituberculosis potential were mangostenol and mangostanol with MIC 

values of 100 μg/mL and 200 μg/mL, respectively [151]. Chomnawang et al., 2005

evaluated the antibacterial activity of 19 medicinal plants from Thailand against 

Staphylococcus epidermidis and Propionibacterium acnes, which have been 

recognized as pus-forming bacteria triggering an inflammation in acne. Only 13 Thai 

medicinal plants were able to inhibit the growth of both bacteria. Among these, GM

exhibited the most potent inhibitory effect, with an MIC value of 0.039 μg/mL for 

both bacteria [152]. Sakagami et al., 2005 found that -mangostin had inhibitory

activity against vancomycin resistant Enterococci (VRE) and MRSA with MIC values 

of 6.25 and 12.5 μg/mL, respectively. Synergy between -mangostin and gentamicin 

against VRE; and -mangostin and vancomycin hydrochloride against MRSA was 

shown [153].
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4.2 Garcinia mangostana extraction methods

The methods for GM extract are very important to studies the effect of 

extract activity. In hull of GM content various type of active compound therefore the 

extraction method should be concern to obtain the desired activity. The GM extraction 

methods summarize in Table 19.

Table 19 The Garcinia mangostana extraction methods.

Extraction methods Ref.

GM material was dried, moderately powdered and macerated in 

ethanol were filtered. The filtrate was evaporated in vacuum rotary 

evaporator.

[143]

Dried powder of fruit rind of GM was macerated with 95% ethanol 

at room temperature until the extraction was exhausted. Each 

ethanolic extract was combined and filtered. The filtrate was 

concentrated under reduced pressure at 50 C using rotary vacuum 

evaporator.

[40]

The air-dried hulls of GM fruit were extracted with 70% methanol 

(1:10, w/v) for 2 h at 50 C. After filtering of the extract through 

Whatman No.1 paper, the residue was re-extracted and then 

filtered. Filtrates were combined and concentrated using a rotary 

evaporater at 40 C, and then lyophilized in vacuum.

[154]

Fresh fruit hulls of GM were homogenized with 70% acetone. The 

extract was filtered and concentrated in a rotary evaporator to 

remove the acetone, which produced a reddish brown extracts. The 

extract were purified using silica gel column chromatography until 

obtain -mangostin.  

[47]

The small pieces of chopped GM peel were placed in 70 C

distilled water for 15 min (1:4, w/v). The mixtures were boiled 4 

times and filtered. The residues were dried at 40 – 45 C in the hot 

air oven. The dried powder was macerated at room temperature for 

7 days with 50% ethanol.  

[142]



67

4.3 Garcinia mangostana extract Standardization method

Various methods were used to detertermine the bioactive compound in 

GM extract. The content of compounds such as mangostin, phenolic acid, flavonoid 

and tannin were measured with different in vitro method. Table 20 summarizes the 

method for determinates content of bioactive compound in GM extracts. Generally, 

the content of bioactive compound in GM extracts was measure using the 

chromatography base method such as HPLC detect with spectrophotometry. Chemical 

assays for determine group of compound as phenolic, flavonoid or tannin were also 

used including Folin-ciocalteu assay and protein precipitation method. 

Folin-ciocalteu reagent was initially used for the analysis of 

protein taking advantage of the reagent’s activity toward protein tyrosine residue 

[155]. The exact chemical nature of the Folin-ciocalteu reagent is not known, but it is 

believed to contain heteropolyphosphotunstates-molybdates. In essence, it is believed 

that the molybdenum is easier to be reduced in the complex and electron-transfer 

reaction occurs between reductants and Mo (VI): Mo (VI) + e Mo (V). 

Contamination of reductants leads to a green color, and the addition of oxidants such 

as bromine can restore the desired yellow color. Phenolic compounds react with 

Folin-ciocalteu reagent under basic conditions (adjust by a Na2CO3 solution to 

pH 10). Dissociation of a phenolic proton leads to a phenolate anion, which is 

capable of reducing Folin-ciocalteu reagent. This supports the notion that the reaction 

occurs through electrontransfer mechanism. The blue compounds formed between 

phenolate and Folin-ciocalteu reagent are independent of the structure of phenolic 

compounds, therefore ruling out the possibility of coordination complexes form 

between the metal center and the phenolic compounds. [156, 157].

Numerous biochemical methods for measurement based on 

tannin structure or chemical properties have been studied. However, the chemical 

complexity and diversity of tannins restrict use to those based on the protein 

precipitation technique, which serves best to both quantify tannins and assess their 

biological activity. The method of Hagerman and Butler is scaled down, and volumes 

are adjusted to adapt the method to the amount of tannin. After BSA-tannin complex 

precipitation, precipitant was resuspended in a basic detergent buffer, 5% (v/v) 

triethanolamine and 10% (w/v) sodium dodecyl sulfate. The tube is incubated at room 
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temperature for 10 minutes then vortexed. A ferric chloride reagent (10mM FeCl3 in 

0.01 N HCl) is immediately added to the tube. After 10 minutes, the absorbance at 

510nm is determined [158].

Table 20 The Garcinia mangostana bioactive compound determination methods.

Bioactive compound determination methods Ref.

Phenolic acid indentification and quantitation in GM extracts was 

identified using gas chromatographaphy with mass spectroscopy 

(GC-MC) method.

[159]

Phenolic compound was isolated from the GM extraction. These 

compounds were standardized by determination of melting point, 

UV-visible spectrophotometric, IR spectrophotometric analysis, 

mass spectrum and NMR

[154]

Mangostin and xanthone was determinate using HPLC method, 

equipped with an UV-detector set at 319 nm. The chromatographic 

separation was performed at room temperature on an C-18 

analytical column injection volume 20 μL at flow rate 1.5 mL/min

[160]

Quantitative analysis of bioactive compounds content in GM 

extracts was determined by total phenolic compound assay using 

Folin-Ciocalteu method, total flavonoid content using aluminium 

chloride colorimetric method, total tannin content using protein 

precipitation method, -mangostin using HPLC method with UV-

visible detector. 

[40]

Polyphenol was determined by Folin-Ciocalteu method. 

Flavonoids content was measured by UV spectroscopy. The 

content of bioactive compound was analyzed using HPLC with the 

Diode array detection method. 

[144]
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CHAPTER 3

MATERIALS AND METHODS

1. Material

1.1 Electrospinning materials 

Chitosan (degree of deacetylation = 0.85, molecular weight = 110 kDa) 

(Sigma-Aldrich®, St. Louis, MO, USA)

•5 - 99•5 mol%) (Fluka, Buchs, Switzerland)

Hydroxybenzotriazole (HOBt) (Sigma-Aldrich®, St. Louis, MO, USA)

Thiamine pyrophosphate (TPP) (Sigma-Aldrich®, St. Louis, MO, USA)

Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich®, St. Louis, 

MO, USA)

1.2 Cells and bacteria culture reagents

Dulbecco’s modified eagle medium (DMEM medium) (GIBCO™, 

Grand Island, NY, USA)

Fetal bovine serum (FBS) (GIBCO™, Grand Island, NY, USA)

L-Glutamine-200 mM (GIBCO™, Grand Island, NY, USA)

Penicillin G sodium for injection (sterile) (GIBCO™, Grand Island, 

NY, USA)

Sodium Pyruvate 100 mM (GIBCO™, Grand Island, NY, USA)

Sterile water for irrigation (GIBCO™, Grand Island, NY, USA)

Streptomycin sulfate (sterile) (GIBCO™, Grand Island, NY, USA)

Trypan blue stain 0.4% w/v (GIBCO™, Grand Island, NY, USA)

Trypsin-EDTA (0.25%) solution (GIBCO™, Grand Island, NY, USA)

Tryptone soy broth (TSB) (Lab M Limited, Bury, Lancashire, UK)
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1.3 All other chemicals 

2,2-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS) (Sigma-

Aldrich®, St. Louis, MO, USA) 

2,2-diphenyl-1-picryl-hydrazyl(DPPH)(Sigm a-Aldrich®, St. Louis, 

MO, USA)

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) 

(Sigma-Aldrich®, St. Louis, MO, USA)

2,4,6-tripyridyl-s-triazine complex (TPTZ) (Fluka, Buchs, Switzerland)

Acetic acid (Fisher Scientific, UK Limited, UK)

Acetronite HPLC grade (RCI Labscan Limited, Bangkok, Thailand)

Acetone (Sigma-Aldrich®, St. Louis, MO, USA)

Ascorbic acid (Fluka, Buchs, Switzerland)

Bovine serum albumin (BSA) (Sigma-Aldrich®, St. Louis, MO, USA)

Deoxyribose (Sigma-Aldrich®, St. Louis, MO, USA)

Dimethyl sulphoxide (Fisher Scientific, UK Limited, UK)

Ethanol absolute (Scharlau Chemie S.A., Spain)

Ferric Chloride (FeCl3) (Sigma-Aldrich®, St. Louis, MO, USA)

Ferrous Chloride (FeCl2) (Sigma-Aldrich®, St. Louis, MO, USA)

Ferrozine (Sigma-Aldrich®, St. Louis, MO, USA)

Folin-Ciocalteu (Fluka, Buchs, Switzerland)

Gallic acid (Fluka, Buchs, Switzerland)

Hydrochloric acid (Scharlau Chemie S.A., Spain)

Hydrogen peroxide (H2O2) (Merck, Darmstadt, Germany)

Methanol (RCI Labscan Limited, Thailand)

Nicotinamide adenine dinucleotide (NADH) (Sigma-Aldrich®, St. 

Louis, MO, USA)

Nitrotetrazolium blue chloride (NBT) (Fluka, Buchs, Switzerland)

Non-essential amino acids (100X) (Biochrom AG, Berlin, Germany)

Phenazonium methyl sulfate (PMS) (Fluka, Buchs, Switzerland)

Orthophosphoric acid (Fluka, Buchs, Switzerland)

Potassium bromide (IR grade) (Sigma-Aldrich®, St. Louis, MO, USA)
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Potassium chloride monobasic (Ajax Finechem Australia, New 

Zealand)

Potassium ferricyanide (Merck, Darmstadt, Germany)

Potassium persulfate (Fluka, Buchs, Switzerland)

Potassium phosphate (Ajax Finechem Australia, New Zealand)

Sodium bicarbonate (BDH AnalaR®, VWR International Ltd. England)

Sodium chloride (Ajax Finechem Australia, New Zealand)

Sodium dodecylsulfate (Fisher Scientific, UK Limited, UK)

Sodium hydroxide pellet (Ajax chemicals, New South Wales, 

Australia)

Sodium phosphate (Ajax Finechem Australia, New Zealand)

Tannic acid (Merck, Darmstadt, Germany)

Thiobarbituric acid (TBA) (Fluka, Buchs, Switzerland)

Trichloroacetic acid (TCA) (Merck, Darmstadt, Germany)

Triethanolamine (Ajax Finechem Australia, New Zealand)

1.4 Plant materials 

Fresh fruit of mangosteen (Garcinia Mangostana) were selected from 

Tesco Lotus, Nakhonpathom, Thailand in May 2011. 

1.5 Cell line and bacterial

Normal human foreskin fibroblast (NHF) cells were obtained from the 

American Type Culture Collection (ATCC, Rockville, MD, USA). Staphylococcus 

aureus ATCC 6538P and Escherichia coli ATCC 10536 were obtained from 

Department of Biopharmacy, Faculty of Pharmacy, Silpakorn University, 

Nakhonpathom, Thailand.

1.6 Animal model

Male Wistar rat were purchased from National Laboratory Animal 

Center, Mahidol University, Nakhonpathom, Thailand. This study was approved by 

an Investigational Review Board (Animal Studies Ethics Committee, Faculty of 

Pharmacy, Silpakorn University, Approval No. 2-2553).
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2. Equipments 

1.5 mL Eppendorf tubes (CORNING; Corning Incorporated, NY, USA)

15, 50 mL centrifuge tubes-sterile (Biologix Research Company, KS, USA)

2 mL Cryogenic tube (SorensonTM, BioScience, Inc., PA, USA)

25, 75 cm2 tissue culture flask (CORNING; Corning Incorporated, NY, 

USA)

Analytical balance (Sartorius CP224S, Sartorius CP3202S; Scientific 

Promotion Co.,Ltd, Bangkok, Thailand)

Automatic Autoclave (Model: LS-2D; Scientific Promotion Co.,Ltd, 

Bangkok, Thailand)

Brookfield viscometer (Model DV-III ultra, Brookfield Engineering 

Laboratories, Inc., MA, USA)

Beaker (Pyrex, USA)

Centrifuge (HERMLE Z300K: Labnet; Lab Focus Co., Ltd., Bangkok, 

Thailand)

CO2 Incubator (Heraeus HERA Cell 240, Heraeus Holding GmbH.,

Germany)

Conductivity meter (Eutech Instruments Pte Ltd, Ayer Rajah Crescent, 

Singapore)

Cylinder (Pyrex, USA)

Differential Scanning Calorimeter (DSC, Pyris Sapphire DSC, PerkinElmer 

instrument, USA)

Drop shape analyzer (FTA 100, First Ten Angstroms Inc, Portsmount, VA, 

USA)

Flat-bottomed 96-well cell culture plates (Costar; Corning Incorporated,

NY, USA)

Fluorescence 96 well plates (Bottom) (Costar; Corning Incorporated, NY, 

USA)

Fluorescence-UV spectrophotometer (Fusion Universal Microplate 

Analyzer, Model AOPUS01 and A153601, PACKARD Instrument Company, Inc., 

Illinois, USA).
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Fourier Transform Infrared Spectrophotometer (FT-IR, Nicolet 4700, 

Becthai, USA)

Freezer/Refrigerator -20°C, -80°C

Glass Syringe 5 mL

Hemocytometer 0.1 mm deep chamber (BOECO, Germany)

High Performance Liquid Chromatography (HPLC) instrument (Agilent 

1100 series, Agilent Technologies, USA)

High voltage power supply (Gamma High Voltage Research, USA)

Inverted Microscope (ECLIPSE TE 2000-U; Model: T-DH Nikon , Japan)

Laminar air flow (BIO-II-A, Telstar Life Science Solutions, Spain)

Magnetic stirrer and magnetic bar

Measuring pipettes (2, 5, 10 mL)

Micropipettor 2-20 μL, 20- 200 μL, 100-1000 

Multipoint pipettor with 8 channels aspiration manifold 20- 200 (Bio-

Active Co., Ltd., Bangkok, Thailand)

pH Meter (HORIBA compact pH meter B-212, Japan)

Pipette aid (POWERPETTE Plus; Bio-Active Co., Ltd., Bangkok, 

Thailand)

Scanning electron microscopy (SEM, Camscan Mx2000, England)

Shaking Incubator (SHEL LAB, Model: SI4, Gibtahi Co., Ltd., Bangkok, 

Thailand)

Sonics Vibra CellTM (VCX 134 PB, Sonics & Materials Inc., CT, USA)

Syringe and sterilization filter 0.22 μm

Syringe pump (NE-300, New Era Pump Systems, Inc., NY, USA)

Texture analyzer (TA.XT plus, Stable Micro Systems, UK)

UV-Vis spectrophotometer (Agilent model 8453 E, Germany)

Vortex mixer (VX100, Labnet, NJ, USA)

Water bath (HETOFRIG CB60; Heto High Technology of Scandinevia, 

Birkerod, Denmark)
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3. Methods 

3.1 Preparation of electrospinning solutions

Chitosan solutions (2% w/v) were prepared by dissolving chitosan with

HOBt, TPP and EDTA at weight ratios of 1:1, 1:1 and 2:1 or molar ratios of 1:78,206, 

1:28,158 and 1:20,496, respectively. Briefly, HOBt (2 g), TPP (2 g) or EDTA (1 g) 

was dissolved with chitosan (2 g) in 100 mL of distilled water, and the solutions were 

continuously stirred with a magnetic stirrer at ambient temperature until the solutions 

became clear. The PVA solution (10% w/v) was prepared by dissolving PVA in 

distilled water at 80 C and then allowing the solution to stir for 4 h. The 2% CS-

HOBt, 2% CS-TPP and 2% CS-EDTA solutions were mixed with a 10% PVA 

solution at weight ratios of 10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20 and 

90/10. The electrospinning solution viscosity, conductivity, surface tension and pH 

were measured using a Brookfield viscometer, a EUTECH ECtestr11+ conductivity 

meter, a drop shape analyzer and a pH meter, respectively.

3.2 Electrospinning

The electrospinning setup was shown in Figure 25. All of 

electrospinning solution were taken up in a 5 mL glass syringe equipped with a 20-

gauge, stainless steel needle (diameter = 0.9 mm) at the nozzle. The needle was 

connected to the emitting electrode of positive polarity of a Gamma High Voltage 

Research device. The electric potential was fixed at 15 kV. The nanofibers were 

collected as-spun on an aluminum sheet that was wrapped on a rotating collector. The 

speed of rotating collector was fixed at 60 rpm. The solution was electrospun at room 

temperature, and the collection distance was fixed at approximately 20 cm. The 

solution feed was driven by syringe pump, and the feed rate was fixed at 0.25 mL/h. 

The process duration was fixed at 24 h in each different weight ratios that provide a 

thickness approximately 20-30 μm. Electrospinning set up was shown in Figure 24.
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Figure 24 Electrospinning set up.

3.3 Characterizations of chitosan nanofiber patches

3.3.1 Geometrical characterizations

The morphology and diameter of the nanofiber patches was 

determined using scanning electron microscopy (SEM; Camscan Mx2000, England). 

For this process, a small section of the electrospun fiber patches was sputtered with a 

thin layer of gold prior to SEM observation. The accelerating voltage was fixed at 15 

kV. The diameter of nanofibers was measure using software JmicroVision, collect 

100 measurements for each sample. The diameter distribution was plotted using data 

from JmicroVision.

The thermal behavior of the nanofiber patches was evaluated by 

DSC (Pyris Sapphire DSC, PerkinElmer instrument, USA) under an atmosphere of 

nitrogen. DSC traces were recorded from 25 to 250 °C at a heating rate of 5 °C/min. 

3.3.2 Chemical characterization

The chemical structure of the nanofiber patches was

characterized using a FTIR with a wavenumber range of 400 - 4000 cm . 1% w/w of 

the samples was mixed and grinded with potassium bromide and punched to the disc

with 1.2 mm diameter. 
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3.3.3 Mechanical characterizations

The tensile strength of the nanofiber patches was evaluated using 

a texture analyzer with 5 kg load cell equipped with tensile grips holder. The samples 

were cut into a rectangular shape (5 25 mm). The thicknesses of these samples 

ranged from 20 - 30 μm.

3.4 Evaluation of the chitosan nanofiber patches

3.4.1 Swelling study

The swelling degree of the nanofiber patches was investigated in 

phosphate buffer solution pH 7.4 at room temperature for 1 h according to the

equation 1:

Degree of swelling (%) = (M Md )Md  × 100                                    (1)

where M is the weight of each sample after submersion in the buffer solution for 1 h, 

Md is the initial weight of the sample in its dry state.

3.4.2 Antioxidant activity 

3.4.2.1 Superoxide radical scavenging assay

The superoxide scavenging ability of the nanofiber 

patches was investigated by the method of Nishikimi et al., 1972 [161]. The reaction 

mixture, comprising in each case, nanofiber patches solution, Phenazonium methyl 

sulfate (PMS) (30 μM), nicotinamide adenine dinucleotide (NADH) (338 μM) and 

nitrotetrazolium blue chloride (NBT) (72 μM) in phosphate buffer (0.1M pH 7.4), was 

incubated at room temperature for 5 min and the absorbance measured 

spectrophotmetrically at 560 nm using UV-Vis spectrophotometer against a blank

(water). The sample without nanofiber patches was used as a control. Their 

scavenging activity was calculated using equation 2. 

Scavenging activity (%) = 1 Asample  560 nmAcontrol  560 nm  × 100                             (2)

where Asample 560 nm and Acontrol 560 nm are the absorbance of the test sample and 

control, respectively.
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3.4.2.2 Hydroxyl radical scavenging assay 

The hydroxyl radical scavenging of the nanofiber patches 

was investigated by the method of Halliwell et al., 1987 [162]. Nanofiber patches

solutions was incubated with deoxyribose (3.75 mM), H2O2 (1mM), FeCl3 (100 μM), 

EDTA (100 μM) and ascorbic acid (100 μM) in potassium phosphate buffer (20 mM, 

pH 7.4) for 60 min at 37 C in a tube. The reaction was terminated by adding 1 mL of 

thiobarbituric acid (TBA) (1 %w/v) and 1mL of trichloroacetic acid (TCA) (2 %w/v), 

and then heating the mixture in a boiling water bath for 15 min. The contents were 

cooled and the absorbance of the mixture was measured spectrophotometrically at 535 

nm against a blank. The sample without nanofiber patches use as control. Increase in 

the absorbance of the reaction mixture indicates that oxidation of deoxyribose is 

increased.  Scavenging activity was determined as in equation 3. 

Scavenging activity(%) = 1 Asample  535 nmAcontrol  535 nm  × 100 (3)

where Asample 535 nm and Acontrol 535 nm are the absorbance of the test sample and 

control, respectively. 

3.4.2.3 Metal ion chelating assay 

The ferrous ion-chelating potential of the nanofiber 

patches was investigated according to the method of Decker & Welch 1990 [163].

The ferrous ion-chelating ability was monitored by the absorbance of the ferrous iron-

ferrozine complex at 562 nm. Briefly, the reaction mixture comprised of the nanofiber 

patches solution with varying concentrations, FeCl2 (2 mM) and ferrozine (5 mM), 

and adjusted to a total volume of 0.8 mL with water, shaken well and incubated for 10 

min at room temperature. The absorbance was then measured spectrophotometrically 

at 562 nm. The ability of chitosan salts to chelate ferrous ion was calculated using 

equation 4.

 Chelating activity (%) = 1 Asample  562 nmAcontrol  562 nm  × 100                                (4)
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where Asample 562 nm and Acontrol 562 nm are the absorbance of the test sample and 

control, respectively.

3.4.2.4 Evaluation of reducing power

The reducing power of the nanofiber patches was 

determined according to the method of Oyaizu [164]. Each nanofiber patches solution

was mixed with 2.5 mL of 200 mM sodium phosphate buffer (pH 6.6) and 2.5 mL of

1% potassium ferricyanide, and the mixture incubated at 50 C for 20 min. Thereafter, 

2.5 mL of 10% w/v trichloroacetic acid was added and the mixture centrifuged at 200 

g for 10 min. The upper layer (5 mL) was mixed with 5 mL of deionized water and 1 

mL of 0.1 %w/v ferric chloride, and the absorbance measured spectrophotometrically 

at 700 nm against a blank. A higher absorbance indicates a higher reducing power. 

The sample without nanofiber patches was used as a control.  

3.4.3 Antibacterial activity 

The antibacterial activity of nanofiber patches was tested against 

S. aureus and E. coli. For MIC test, S. aureus and E. coli were cultivated in tryptone 

soy broth (TSB) in a shaking incubator at 37 C and 100 rpm for 24 h. The bacterial 

suspension was diluted until the bacterial concentration reached 1 106 CFU/mL and 

was pipetted into a 24-well plate at 1 mL/well. Different amounts of the nanofiber 

patches solutions were placed into wells containing bacterial suspension and were 

incubated at 37 C for 24 h. The MIC was defined as the minimum concentration of 

solutions or patches for which no growth was observed after a 24 h incubation. The 

optical density (OD) at 550 nm was measured using a microplate reader. For the 

determination of MBC, the media mixtures from wells with no growth (100 μL) were 

spread onto agar plates. The MBC was defined as the minimum concentration of 

patches for which no colony growth was observed on agar plates after a 24 h 

incubation at 37 °C. The MIC and MBC determinations were carried out in triplicate. 

Penicillin (1 mg/mL) was used as a positive control.

3.4.4 Cytotoxicity

The cytotoxicity of the nanofiber patches is evaluated based on a 

procedure adapted from the ISO10993-5 standard test method (indirect contact). The 

nanofiber patches were sterilized by UV radiation for 1 h. The patches were then 

immersed in a serum-free medium (SFM; containing DMEM, 1% l-glutamine, 1% 
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lactalbumin and 1% antibiotic and antimycotic formulation) in an incubator for 24 h 

to produce extraction media of varying concentrations. NHF cells were plated in 90 

μL of Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% FBS, 

at a density of 8000 cells/well in 96-well plates. When the cultures reached

confluence (typically 48 h after plating), the tested extraction media at varying 

concentrations were replaced and the cells were re-incubated for 24 h. After 

treatment, the tested extraction solution was removed. Finally, the cells were 

incubated with 100 μL of a MTT-containing medium (1 mg/mL) for 4 h. The medium 

was removed, the cells were rinsed with PBS (pH 7.4), and the formazan crystals 

form in living cells was dissolved in 100 μL DMSO per well. Relative viability (%) 

was calculated based on the absorbance at 550 nm using a microplate reader 

(Universal Microplate Analyzer, Model AOPUS01 and AI53601, Packard 

BioScience, CT, USA). Viability of non-treated control cells was arbitrarily defined 

as 100%.

3.4.5. Wound healing 

Male Wistar rats (240 - 280 g) were used in this study. After 

anesthetization, the neck area of the dorsal of each rat was shaved and wiped with 

70% ethanol. Two wounds were created on the neck area of each rat using a skin 

biopsy punch (wound area of 0.8 cm2). The wound was treated by placing an equal 

size of nanofiber patches, gauze and commercial antibacterial gauze dressing (Sofra-

tulle®, Sanofi Aventis, UK) (n = 6) over it without removing the test material 

throughout the study period. The area of the wound was measured daily using the 

planimetry method until the wound completely healed. The percentage of wound area

is defined as equation 5. 

Wound area (%) = (A/Ai) 100 (5)

where Ai is the initial wound area and A is the wound area after a fixed time interval.
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3.5 Application of chitosan nanofibers as carrier of GM extracts for 

wound dressing

3.5.1 Preparation of GM extracts

The hulls of GM were cut into small pieces and dry in a hot air 

oven at 50 °C for 24 h. the dried samples were milled into powder by blender. Dried 

powder was separately macerated with 70% (v/v) acetone at room temperature until 

the extraction was exhausted. Acetone extract was combined and filtered through a 

Whatman no. 1 filter paper under suction. The filtrate was concentrated on water bath 

and evaporates solvent in rotary evaporator to obtain the dry crude extracts.  

3.5.2 Standardization of GM extracts

-mangostin content in GM extracts

-mangostin was prepared by

dissolving an accurately weighed -mangostin in 10 mL of methanol in a 

volumetric flask. Various concentrations of the standard solution are diluted to obtain 

mL with methanol. The sample

solution was prepared by diluting GM extract in methanol to make a concentration of 

mL.

-

mangostin determined by HPLC. A VertiSep® AQS C18 column (250 mm × 4.6 mm, 

performed according to the method of Pothitirat et al., 2009 with a slight modification 

[40]. The elution was performed using gradient solvent systems that consisted of 

acetonitrile (mobile A) and 0.1% v/v ortho phosphoric acid (mobile B) with a flow 

rate of 1 mL/min at ambient temperature. The gradient program was as follows: 70% 

A for 0–15 min, 70% A to 75% A in 3 min, 75% A to 80% A in 1 min, constant at 

80% A for 6 min, and 80% A to 70% A in 1 min. The wavelength of the UV–visible 

-mangostin was calculated using its 

calibration curve with respect to the dilution factor and was expressed as gram per 

100 g of the extract.

3.5.2.2 Determination of total phenolic content

The amounts of phenolic compounds in the extracts were 

determined using the Folin-Ciocalteu method, which was adapted from Singleton et 
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al., 1999 [156], and gallic acid was used as the standard phenolic compound. Fifty-

microliter aliquots of the extracts (1 mg/mL) were added to a mixture of 2.5 mL of

10% Folin-Ciocalteu reagent and 2 mL of 7.5% Na2CO3. After incubation at 45 ºC for 

30 min., the absorbance was measured at 765 nm. A linear dose-response regression 

curve was generated using the absorbance reading of gallic acid. The content of total 

phenolic compounds in the extract was expressed as grams of gallic acid equivalent 

per 100 gram of dry weight (g GAE/100 g) of extracts.

3.5.2.3 Determination of total tannins content

The total tannins content in the extracts was determined 

using the method that was adapted from Silber et al., 2006 [158]. First, 2 mg of 

bovine serum albumin was mixed with 1 mL of the sample extract at a concentration 

of 1 mg/mL and then maintained at room temperature for 20 min. Then, the mixtures 

were centrifuged, and the sediment was dissolved with 0.1% sodium dodecyl sulfate 

(2 mL), triethanolamine (2 mL) and 10 mM FeCl3 (1 mL). The absorbances of the 

suspensions were measured at 510 nm. The calibration curve was established using 

standard tannic acid. The content of total tannin in the extract was expressed as grams 

of tannic acid equivalent per gram of dry weight (g TAE/100 g) of extracts.

3.5.2.4 Antioxidant activity of the GM extracts

3.5.2.4.1 Free radical scavenging activity for DPPH

) was added to 100 of the GM extract. The extracts were dissolved by their 

solvent and then diluted to the desired concentration with methanol. The mixture was 

held at room temperature for 30 min. The absorbance was measured at 550 nm by a 

Fusion Universal microplate analyzer. The results of the assay were expressed as IC50,

mL) required to inhibit 50% of 

the free radical scavenging activity. The free radical scavenging activity was assessed 

using equation 6:

Inhibition (%) = 1 Asample  550 nmAcontrol  550 nm  × 100                       (6)
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where Asample 550 nm is the absorbance in the presence of the extracts and Acontrol 550

nm is the absorbance of the control. The IC50 values were calculated by linear 

regression of the plots where the x axis represented the various concentrations 

mL) of the GM extracts and the y axis represented the % inhibition.

3.5.2.4.2 Scavenging activity for ABTS radicals

The ABTS solution was prepared by reacting 7 

mM of an ABTS solution with 4.95 mM of potassium persulfate. The mixture was 

kept in the dark at room temperature for 12 - 16 h before use. Before the assay, the 

solution was diluted in a phosphate buffer at a pH of 7 to yield an absorbance of 0.7 ± 

0.02 at 734 nm. Then, 3.9 mL of the working solution was mixed with 0.1 mL of the 

sample. After 10 min at room temperature, the absorbance at 734 nm was measured. 

The percent inhibition was then calculated using equation 7:

Inhibition (%) = 1 Asample  734 nmAcontrol  734 nm  × 100 (7)

where Asample 734 nm is the absorbance in the presence of the extracts and Acontrol 734

nm is the absorbance of the control and the IC50 value was calculated following the 

procedure described for the DPPH assay.

3.5.2.4.3 Ferric reducing/antioxidant potential (FRAP)

The FRAP solution was freshly prepared by 

mixing an acetate buffer at a pH of 3.6 (a), 20 mM of a ferric chloride solution (b) and 

10 mM of a TPTZ solution (c) in a 10:1:1 (a:b:c) ratio. The sample solution (50 μL)

was added to the FRAP reagent (950 μL). The mixture was incubated for 30 min at 

room temperature, and the absorbance was measured at 593 nm. The measurement 

was compared to a standard curve for FeSO4•7H2O solutions and expressed as an EC1

value, which indicates that the concentration of antioxidant in the reactive system has 

a ferric-TPTZ reducing ability equivalent to that of 1 mM of FeSO4•7H2O. 

3.5.2.4.4 Scavenging activity on galvinoxyl radicals

The 1 mM galvinoxyl methanol solution (900 

μL) was added to sample solution (100 μL). The mixture was allowed to react at 37 



83

°C for 20 min and measure absorbance at 420 nm. The inhibition (%) is then 

calculated as follow equation 8:

Inhibition (%) = 1 Asample  420 nmAcontrol  420 nm  × 100      (8)

where Asample 734 nm is the absorbance in the presence of the extracts and Acontrol 734

nm is the absorbance of the control and the IC50 value was calculated following the 

procedure described for the DPPH assay.

3.5.2.5 Antibacterial activity

The antibacterial activity of GM extracts was performed 

against S. aureus and E. coli. The method was described in section 3.4.3.

3.5.3 Electrospinning of GM extracts loaded chitosan nanofiber

GM extracts solutions in methanol were loaded to chitosan 

solution at various concentration and stired for 24 h. The GM extracts loaded were 

prepared nanofiber patches via electrospinning process according described in section 

3.2.

3.5.4 Characterization of GM extracts loaded chitosan nanofiber 

patches

The GM extracts loaded chitosan based nanofiber patches were 

geometrically, chemically and mechanically characterized as described in section 3.3.

3.5.5 GM extracts content in chitosan nanofiber patches

The loading efficacy of the GM extracts into the chitosan based 

nanofiber patches was determined by submerging the patches (5 mg) into 5 mL of an 

acetate buffer (pH 5.5) and methanol (50:50) for 24 h. Then, 1 mL of the solution was 

analyzed using HPLC to deter -mangostin, which is used as a 

maker in the nanofiber patches, as mentioned in -

mangostin was used to calculate the amount of GM extracts in the nanofiber patches.

The % loading efficacy was calculated using equation 9:

Loading efficacy (%) = (La/Lt) 100          (9)
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where La is the amount of the GM extracts that are embedded in the nanofibers and Lt 

is the theoretical amount of GM extracts (obtained from the feeding condition) 

incorporated into the nanofibers.

3.5.6 Release of GM extracts from chitosan nanofiber patches 

The release characteristics of the chitosan based nanofiber 

patches loaded with GM extracts were investigated using Franz’s diffusion cells with 

a water jacket connected to a water bath at 37 C; each cell had a volume of 6.5 mL

and an effective diffusion area of 2.43 cm2. The receiver compartments were filled 

with an acetate buffer (pH 5.5) and methanol (50:50) and stirred with a Teflon 

magnetic stirrer at 600 rpm. The nanofiber patches were cut with an equal diameter 

effective diffusion area and were mounted between two half cells of the diffusion 

cells. At a given time interval, an aliquot (1.0 mL) of the receiver solution was 

withdrawn and replaced with the same volume of fresh medium to maintain a constant 

volume. The amount of GM extracts in the sample solutions was analyzed by HPLC. 

The obtained data were carefully analyzed to determine the cumulative amount of GM 

extracts released from the specimens at each immersion time point. The experiments 

were conducted in triplicate.

3.5.7 Evaluation of GM extracts loaded chitosan nanofiber patches

The GM extracts loaded chitosan based nanofiber patches were 

evaluated for swelling, antioxidant activity, antibacterial activity, cytotoxicity and 

wound healing activity following the method described in section 3.4. The antioxidant 

activity of GM extracts loaded chitosan based nanofiber patches were investigated for

both of antioxidant assays for chitosan and GM extracts.

Moveover, the histological examination of wound were 

investigated. The rats were sacrificed at day 11 after operation. The trauma samples 

were cut and fixed in 10% neutral buffered formalin, embedded in paraffin, and 

rinsed in running tap water, differentiated with 0.3% acid alcohol, rinsed in running 

tap water, stained with eosin for 2 min, then dehydrated, cleared and mounted. The 

hematoxylin-eosin stained sections were observed under a light microscope (Nikon 

Inverted-Eclipse TE2000-U, Japan).



85

3.5.8 Stability of GM extracts loaded chitosan nanofiber patches

The stability of the chitosan based nanofiber patches loaded with 

GM extracts was monitored up to 6 months under stress conditions (45°C 75%RH) 

-mangostin, the 

antioxidant activity (DPPH assay) and tensile strength of the nanofiber patches were 

determined every 1 month. The physical appearance and morphology of the nanofiber 

patches were investigated using SEM every 3 months. The % of GM extracts and the 

tensile strength remaining in the patches was calculated as equation 10.

Remaining GM extracts or tensile strength (%) = (V/Vi) 100 (10)

where Vi is the initial amount of GM extracts or tensile strength and V is the amount 

of GM extracts or tensile strength after a fixed sampling time.

3.6 Statistical analysis

All experimental measurements were collected in triplicate. Data were 

expressed as mean ± standard deviation (SD). Statistical significance of differences 

was examined using one-way analysis of variance (ANOVA) (SPSS version 10.0 for 

Windows (SPSS Inc., USA)). Differences of p < 0.05 are considered statistically 

significant.
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4.7.5 Wound healing and Histological examination

4.8 Stability of GM extracts loaded chitosan nanofiber patches

1. Electrospinning of chitosan nanofiber patches

In a preliminary study, the attempt to prepare a chitosan nanofiber patches 

from a 100% CS-HOBt, CS-TPP and CS-EDTA solution was not successful; instead 

of yielding a fibrous structure, pure chitosan water soluble salts solution gave 

globular, drop-like deposition on the collecting target. Zong et al., 2002 reported that 

the addition of a small amount of salt increased the charge density in the ejected jets. 

The addition of salt was found to greatly change the morphology of the electrospun 

fibers in our experiments as well, changing the fibers from a bead-like structure to a 

uniform structure. Moreover, the diameter of the nanofibers also decreased with the 

addition of salt [51]. Son et al., 2005 reported that the addition of cationic and anionic 

polyelectrolytes increased the conductivity of polymer solutions and resulted in a 

thinner fiber diameter [165]. Jia et al., 2007 prepared the nanofibrous membrane of a 

polyvinyl alcohol /chitosan blend using a solution of acetic acid water as a spinning 

solvent. When the chitosan content was greater than 30%, nanofibers hardly formed. 

Chitosan is a cationic polysaccharide with amino groups at the C2 position that are 

ionizable under acidic or neutral pH conditions. Therefore, the morphology and 

diameter of electrospun fibers were expected to be seriously affected by the weight 

ratio of chitosan/PVA [22]. PVA is a water-soluble, non-toxic, biodegradable, and 

biocompatible synthetic polymer with enhanced fiber-forming ability and it is 

therefore well-suited as a guest polymer in blends with chitosan. Therefore, in this 

study PVA was add to the solution as a guest polymer in the different weight ratio 

blends in aqueous solution without using any toxic acids or organic solvents. The CS-

HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA solution parameter are shown in 

Table 21. The explanation of electrospinning is in the geometrical characterization 

part.  The results showed that nanofiber patches cannot formed, when the chitosan 

content was more than 50 wt% in each salt. This indicated that the aqueous solution of 

chitosan salts was more effective than the chitosan/PVA solution in acetic acid, as 

previously reported [22].
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Table 21 The solution parameter of chitosan at different salts and weight ratios. The 

data are expressed as mean ± SD (n = 3).

Samples
Weight 

Ratio

Viscosity

(mPa s)

Conductivity    

(mS cm-1)

Surface tension

(mN m-1)
pH

Electrospin

ability

CS-HOBt
/PVA

0/100 633.07 ± 2.32 1009.7 ± 1.53 42.74 ± 0.54 5.5 ± 0.0

10/90 531.57 ± 2.08 1036.7 ± 0.58 43.77 ± 1.04 4.9 ± 0.0

20/80 550.23 ± 3.92 1078.0 ± 2.65 43.63 ± 0.44 4.7 ± 0.1

30/70 529.97 ± 1.99 1185.0 ± 3.61 44.57 ± 0.23 4.6 ± 0.0

40/60 510.57 ± 2.96 1268.3 ± 2.52 45.45 ± 0.26 4.5 ± 0.1

50/50 487.20 ± 1.30 1500.3 ± 1.53 46.48 ± 0.41 4.4 ± 0.1

60/40 412.90 ± 2.62 1713.3 ± 3.51 48.33 ± 0.20 4.4 ± 0.0

70/30 385.77 ± 1.50 1895.0 ± 5.00 50.37 ± 0.98 4.4 ± 0.0

80/20 340.50 ± 1.61 2116.7 ± 15.3 51.64 ± 0.42 4.4 ± 0.1

90/10 297.37 ± 0.97 2423.3 ± 5.77 51.98 ± 0.08 4.5 ± 0.1

100/0 220.40 ± 0.70 2740.0 ± 30.0 57.07 ± 0.60 4.4 ± 0.1

CS-TPP
/PVA

0/100 625.01 ± 2.30 995.67 ± 6.66 42.74 ± 0.54 5.5 ± 0.0

10/90 568.04 ± 0.38 1160.7 ± 9.71 46.62 ± 0.37 5.1 ± 0.0

20/80 459.54 ± 2.48 1268.7 ± 6.51 48.62 ± 0.24 5.1 ± 0.1

30/70 346.98 ± 5.29 1573.7 ± 9.02 49.95 ± 0.58 4.9 ± 0.1

40/60 260.45 ± 0.38 1771.3 ± 2.08 51.55 ± 0.22 4.9 ± 0.0

50/50 123.54 ± 0.12 2110.0 ± 10.0 52.61 ± 0.23 4.9 ± 0.1

60/40 70.20 ± 0.38 2370.0 ± 10.0 54.64 ± 0.38 4.9 ± 0.1

70/30 52.95 ± 0.63 2683.3 ± 5.77 56.51 ± 0.23 4.9 ± 0.0

80/20 37.61 ± 0.58 3173.3 ± 15.3 57.02 ± 0.42 4.9 ± 0.1

90/10 36.40 ± 0.38 3740.0 ± 17.3 59.44 ± 0.36 4.9 ± 0.1

100/0 47.52 ± 0.38 4046.7 ± 20.8 69.90 ± 0.49 4.9 ± 0.0

CS-EDTA
/PVA

0/100 628.71 ± 1.51 1009.7 ± 1.53 42.74 ± 0.54 5.5 ± 0.0

10/90 511.43 ± 3.46 1011.7 ± 2.52 46.46 ± 0.36 5.3 ± 0.1

20/80 387.17 ± 1.31 1014.3 ± 3.06 48.47 ± 0.31 5.1 ± 0.0

30/70 254.74 ± 0.76 1022.3 ± 3.79 50.00 ± 0.38 5.1 ± 0.0

40/60 223.67 ± 1.31 1032.0 ± 3.61 51.42 ± 0.83 5.1 ± 0.0

50/50 181.27 ± 0.68 1036.7 ± 1.53 52.07 ± 1.77 5.1 ± 0.1

60/40 153.91 ± 0.75 1043.3 ± 4.16 54.53 ± 0.93 5.1 ± 0.1

70/30 153.67 ± 1.15 1047.3 ± 2.52 55.97 ± 0.36 5.1 ± 0.1

80/20 137.78 ± 0.76 1059.0 ± 5.29 56.09 ± 0.80 5.0 ± 0.1

90/10 117.72 ± 0.76 1054.0 ± 5.29 60.71 ± 0.13 5.0 ± 0.1

100/0 146.06 ± 0.76 1062.7 ± 6.51 69.58 ± 1.74 5.1 ± 0.0
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2. Characterizations of chitosan nanofiber patches

2.1 Geometrical characterization

The SEM images of CS-HOBt/PVA, CS-TPP/PVA and CS-

EDTA/PVA with different weight ratios are shown in Figure 25. When the 

chitosan/PVA weight ratio was increased to 30/70, the SEM micrographs 

demonstrated no beading. However, at chitosan/PVA 40/60, fibers with beads were 

observed. The maximum content of chitosan aqueous salt was 50/50 in the 

electrospinning mixture. When the chitosan content exceeded 50/50, nanofibers were 

unable to be formed; this may have been due to unsuitable solution parameters. Table 

21 shows the solution parameters and the electrospinnability of CS-HOBt/PVA, CS-

TPP/PVA and CS-EDTA/PVA fibers generated at different weight ratios. When the 

content of chitosan salt was increased from 10/90 to 50/50, the average diameter of 

the CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA nanofibers decreased from 

228 ± 37 to 146 ± 33 nm, from 216 ± 34 to 100 ± 19 nm and from 221 ± 34 to 94 ± 20 

nm, respectively (see in Table 22). The diameter distributions are shown in Figure 26.

The PVA nanofibers showed the average diameter of 245 ± 45 nm. This decrease in 

the average fiber diameter was mainly ruled by solution viscosity and conductivity. 

The viscosity of the CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA solutions 

decreased with increasing chitosan salt content (Table 21). The changes in the 

viscosity of the CS-TPP/PVA and CS-EDTA/PVA solutions were greater than those 

of the CS-HOBt/PVA solution, so the average diameters of the CS-TPP/PVA and CS-

EDTA/PVA fibers were smaller than those of the CS-HOBt/PVA nanofibers. The 

reduced viscosity of solutions when the chitosan salt content was higher than 30/70 

affected bead formation. At lower viscosity, the higher amount of solvent molecule 

and fewer chain entanglements will mean that surface tension has a dominant 

influence along the electrospinning jet causing beads to from along the fiber. 

Increases in solution conductivity also contributed to decreases in nanofiber diameter. 

Chitosan is an ionic polyelectrolyte, causing a higher charge density on the surface of 

the ejected jet that is formed during electrospinning. As the charges carried by the jet 

increase, higher elongation forces are imposed on the jet under the electrical field. It is 

known that the overall tension in the fibers depends on the self-repulsion of the excess 

charges on the jet. Thus, as the charge density increases, the diameter of the final 
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fibers becomes smaller. The surface tension increased slightly when the chitosan salt 

content was increased from 10/90 to 50/50. These differences could have been led to 

bead and droplet formation during the electrospinning process. 

Figure 25 The SEM images (5000x) of chitosan/PVA nanofiber patches with different 

salt and weight ratios. 
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Figure 26 Diameter distributions of chitosan/PVA nanofibers of CS-HOBt/PVA ( ),

CS-TPP/PVA ( ) and CS-EDTA/PVA ( ) at weight ratios of 10/90 (a), 

20/80 (b), 30/70 (c), 40/60 (d) and 50/50 (e).
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Table 22 The average diameter of chitosan/PVA nanofiber patches with different salt 

and weight ratios. The data are expressed as mean ± SD (n = 100).

Weight ratios
Average diameter of nanofibers (nm)

CS-HOBt/PVA CS-TPP/PVA CS-EDTA/PVA

10/90 228.06 ± 37.20 216.42 ± 34.45 220.94 ± 34.19

20/80 186.72 ± 32.93 188.66 ± 33.69 184.63 ± 29.13

30/70 179.34 ± 39.36 141.51 ± 29.39 160.93 ± 32.93

40/60 176.46 ± 28.86 126.77 ± 32.46 125.87 ± 37.96

50/50 146.34 ± 33.23 99.91 ± 18.67 94.09 ± 20.27

The beads in patches occurred when the content of chitosan in the 

blended solution increased to 40 wt%. The fibers diameter in patches decreased and 

more beads were formed when the chitosan ratio in the blended solution increased to 

50 wt%. When the chitosan content was more than 60 wt%, fibers could not form a jet 

during the electrospinning process. A similar result was previously reported by Jia et 

al., 2007 [22] and Shalumon et al., 2009 [13]. This indicates that the repulsive forces

between ionic groups in the chitosan backbone obstructed the formation of continuous

fiber during electrospinning [27].

The crystallinity of chitosan/PVA nanofiber patches was determined 

using DSC. Figures 27, 28 and 29 shows the DSC thermograms of the nanofiber 

patches of different weight ratio blends of CS-HOBt/PVA, CS-TPP/PVA and CS-

EDTA/PVA, respectively. Each figure shows the endothermic curves of 0/100 to 

50/50 chitosan/PVA nanofiber patches and chitosan powder. The endothermic curves 

of all of the nanofiber mats were broad and obtuse, indicating that the crystalline 

structure could not be developed in patches. Table 23 shows the thermal properties of 

the nanofiber mats. The results show that when the amount of CS-HOBt, CS-TPP and 

CS-EDTA in the blend increased, the Tm shifted to lower temperatures, from 

approximately 221.4 to 204.8, 221.2 to 198.7 and 221.6 to 215.0 C and the Hm

values also decreased from 25.6 to 17.8, 25.4 to 11.4 and 24.3 to 16.8 J/g. This 

indicated that the chitosan content in the blend resulted in less favorable conditions 

for the crystallization of the nanofiber mats [22].
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Figure 27 DSC thermograms of the CS-HOBt/PVA nanofiber patches with different 

weight ratios of  0/100 (a), 10/90 (b), 30/70 (c), 50/50 (d) and chitosan

powder (e).

Figure 28 DSC thermograms of the CS-TPP/PVA nanofiber patches with different 

weight ratios of 0/100 (a), 10/90 (b), 30/70 (c), 50/50 (d) and chitosan 

powder (e).
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Figure 29 DSC thermograms of the CS-EDTA/PVA nanofiber patches with different 

weight ratios of 0/100 (a), 10/90 (b), 30/70 (c), 50/50 (d) and chitosan 

powder (e).

Table 23 DSC data from the chitosan/PVA nanofiber patches with difference weight 

ratio of CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA.

Samples Weight ratios Tm ( C) Hm (J/g)

CS-HOBt/PVA

0/100 221.4 25.6

10/90 217.0 22.7

30/70 208.1 21.9

50/50 204.8 17.8

CS-TPP/PVA

0/100 221.2 25.4

10/90 216.1 21.1

30/70 204.6 13.5

50/50 198.7 11.4

CS-EDTA/PVA

0/100 221.6 24.3

10/90 218.2 21.5

30/70 216.0 19.0

50/50 215.0 16.8
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2.2 Chemical characterizations

The chemical structure of the chitosan nanofiber patchs were 

investigated using FTIR. FTIR spectrum of CS-HOBt/PVA with different weight 

ratios are shown in Figure 30. The PVA nanofiber patch spectrum showed the 

absorption peaks at 3360, 2940, 1430 and 1095 cm 1, which were attributed to the 

(O–H), s(CH2), (CH–O–H) and (C–O), respectively [22]. All of the different 

weight ratios of CS-HOBt/PVA nanofiber mats also exhibited the same peaks as those 

found in the PVA nanofiber mats. However, when the amount of CS-HOBt in the 

blend increased, the peak at 1655 cm 1, the (C=O) of a primary amide [16], was 

found to be the same as that in the CS-HOBt powder spectrum. The absorption peak 

at 1430 cm 1 of the PVA nanofiber mats also gradually decreased. These data suggest 

the formation of hydrogen bond between the CS-HOBt and PVA molecule. The 

results illustrate that CS-HOBt and PVA were molecularly dispersed in nanofiber 

patches. 

Figure 30 FTIR spectrums of CS-HOBt/PVA of nanofiber patches with different 

weight ratios of 0/100 (a), 10/90 (b), 30/70 (c), 50/50 (d) and CS-HOBt

powder (e).
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Figure 31 FTIR spectrums of CS-TPP/PVA of nanofiber patches with different weight 

ratios of 0/100 (a), 10/90 (b), 30/70 (c), 50/50 (d) and CS-TPP powder (e).

Figure 32 FTIR spectrums of CS-EDTA/PVA of nanofiber patches with different 

weight ratios of 0/100 (a), 10/90 (b), 30/70 (c), 50/50 (d) and CS-EDTA

powder (e).
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Figures 31 and 32 show the FTIR spectrums of CS-TPP/PVA and CS-

EDTA/PVA with different weight ratios. The CS-TPP and CS-EDTA powder also 

show a peak at 1655 cm-1 as found in CS-TPP/PVA and CS-EDTA/PVA blended

nanofibers patches. The results indicated that chitosan and PVA were dispersed in 

nanofiber patches.

2.3 Mechanical characterizations

The mechanical properties of the chitosan nanofiber patchs were 

determined using texture analyzer in terms of tensile strength, strain and Young’s 

modulus. When wound dressings interact with the wound, they must possess 

mechanical properties sufficiently similar to those of skin in order to function 

properly until the wound is healed. The maximum chitosan/PVA weight ratio that 

provided nanofiber patches from the electrospinning process was 50/50. However, the 

tensile strength was only measured for the nanofiber patches that could be peeled off 

from the aluminum foil collector. The 10/90 - 30/70 chitosan/PVA nanofiber patches 

were easily peeled off. As the content of chitosan salt increased to 40/60, the patches 

became difficult to peel. Due to the fiber structure of the 40/60 and 50/50 

chitosan/PVA nanofiber patches, those patches contained many beads with very 

fragile fibers. Table 24 shows the mechanical properties of the chitosan/PVA 

nanofiber patches generated using different weight ratios. The tensile strength of all of 

the 10/90 - 30/70 tested chitosan/PVA nanofibers patches ranged from 5.11 to 8.90 

MPa, whereas the tensile strength of neat PVA nanofiber patches was 12.8 MPa. The 

strain (%) of all of the 10/90 - 30/70 tested chitosan/PVA nanofibers patches ranged 

from 5.59 to 36.76 %, whereas the strain of neat PVA nanofiber patches was 27.51 %. 

The Young’s Modulus of all of the 10/90 - 30/70 tested chitosan/PVA nanofibers 

patches ranged from 44.00 to 149.71 MPa, whereas the strain of neat PVA nanofiber 

patches was 257 MPa. The results indicated that as the content of chitosan salt 

increased, the mechanical properties decreased, the diameter of the nanofibers 

decreased, and bead formation occurred in the patches. These findings demonstrated 

that these chitosan/PVA nanofiber patches possess tensile strength that is nearly equal 

to that of commercial microfibrous dressings, which have tensile strengths on the 

order of 10 MPa [166].
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Table 24 The mechanical properties of chitosan and PVA nanofiber patches. The data 

are express as mean ± SD (n = 3).

Samples Weight ratios
Tensile strength 

(MPa)
Strain (%)

Young     

Modulus (MPa)

PVA - 12.81 ± 1.67 27.51 ± 2.94 257.97 ± 60.71

CS-HOBt/PVA

10/90 8.90 ± 0.30 16.63 ± 0.56 120.60 ± 15.89

20/80 8.61 ± 1.78 19.96 ± 12.6 149.17 ± 33.75

30/70 6.56 ± 1.29 5.59 ± 1.01 147.53 ± 34.47

40/60 1.59 ± 0.44 0.78 ± 0.30 54.20 ± 42.72

50/50 N/A N/A N/A

CS-TPP/PVA

10/90 7.54 ± 0.33 35.77 ± 16.40 49.23 ± 17.09

20/80 7.31 ± 1.35 23.90 ± 5.30 44.33 ± 0.21

30/70 5.46 ± 0.23 6.62 ± 1.38 76.97 ± 24.61

40/60 N/A N/A N/A

50/50 N/A N/A N/A

CS-EDTA/PVA

10/90 7.98 ± 1.79 36.76 ± 8.72 44.00 ± 6.61

20/80 5.57 ± 0.46 10.35 ± 2.36 51.33 ± 3.90

30/70 5.11 ± 0.33 7.06 ± 3.06 60.80 ± 16.02

40/60 N/A N/A N/A

50/50 N/A N/A N/A
N/A = the nanofiber patches cannot peel out off the aluminum foil. 

3. Evaluations of chitosan based nanofiber patches

3.1 Swelling study

The swelling of chitosan is the most important property that

characterizes its use for wound dressing applications. Those represent the absoption 

properties of exudates from wound. Figure 33 shows the degree of swelling of 

chitosan based nanofiber patches with various weight ratios after immersion in a 

phosphate buffer solution (pH 7.4) at room temperature for 1 h. All of the chitosan 

based nanofiber patches demonstrated swelling over 100%, and this effect was 

slightly increased with increases in the chitosan content while PVA nanofiber patch 

showed swelling only 95.6%. The swelling of the 10/90 CS/PVA was approximately 

100%, which increased to approximately 170% when the content of CS salt reached 
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50/50 in the blend. The swelling degree of each chitosan salts did not shows the 

statistically different at every weight ratios. 

Chitosan is a hydrophilic polymer, and water diffuses very rapidly 

through the material before chitosan degradation [167]. The results indicated that 

increases in the degree of nanofiber patch swelling depended on their chitosan salt 

content. This observation is in agreement with Meng et al., 2011, who found that the 

swelling ratio of PLGA/chitosan nanofibers was higher than that of neat PLGA 

nanofibers and increased with chitosan content [168].

Figure 33 Degree of swelling (%) of chitosan/PVA nanofiber patches with different 

weight ratios; ( ) CS-HOBt/PVA, ( ) CS-TPP/PVA and ( ) CS-

EDTA/PVA. The data are expressed as mean ± SD (n = 3).

3.2 Antioxidant activity

The antioxidant activity of chitosan nanofiber patches was performed 

using superoxide radical scavenging assay, hydroxyl radical scavenging assay, metal 

ion chelating assay and reducing power. The patches with chitosan/PVA weight ratios 
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antibacterial and wound healing activity. Figure 34 shows the antioxidant properties 

of chitosan/PVA nanofiber patches compared with PVA neat nanofiber patches. In the 

superoxide radical scavenging assay (Figure 34a), the scavenging of all nanofiber 

patches was not more than 50% when the nanofiber concentration was 10 mg/mL. 

The CS-EDTA/PVA nanofiber patches show the highest effect at 25.48%. Superoxide 

anion radicals are generated by a number of cellular reactions, including various 

enzyme systems, such as lipoxygenases, peroxidase, NADPH oxidase and xanthine 

oxidase. They play an important regulatory role in the formation of other cell 

damaging free radicals, such as hydrogen peroxide, hydroxyl radical, or singlet 

oxygen in living systems [169]. The results indicate that the chitosan/PVA nanofiber 

patches show the lowest scavenging effect on superoxide radicals. This might be due 

to the fact that the amount of chitosan in nanofiber patches was not enough when 

blended with PVA.

The CS-HOBt/PVA nanofiber patches showed the hydroxyl radical 

scavenging (IC50) at 7.53 mg/mL but the others salts and PVA nanofiber patches 

showed a lower scavenging effect around 20% (Figure 34b). Hydroxyl radicals are the 

most reactive free radical and can be formed from superoxide anion and hydrogen 

peroxide in the presence of metal ions such as Cu2+ or Fe2+. However, Cu2+ and Fe2+

do not exist freely in body but they can be bound with albumin, ATP, citrate, DNA 

and membrane lipids [170]. In this study, the hydroxyl radicals produced by the 

reaction of Fe2+-EDTA complex with H2O2 in the presence of ascorbic acid, attacks 

deoxyribose to form products that upon heating with 2-thiobarbituric acid under 

acidic conditions, yield a pink tint. Added hydroxyl radical scavengers compete with 

deoxyribose for the resulting hydroxyl radicals and diminish the tint formation [171].

In this study, CS-HOBt/PVA nanofiber patch showed higher scavenging effect on 

hydroxyl radical. The hydroxyl radical scavenging mechanism of chitosan salt should 

be further investigated.

Only the CS-EDTA/PVA nanofiber patches showed the chelating 

effect on metal ions (IC50 = 1.07 mg/mL). The others chitosan salts and PVA 

nanofiber patches did not show the chelating effect (Figure 34c). Xing et al., 2005 

previously reported that the chelating activity of chitosan sulfate was low; and was 

not greater than 40% at 1 g/mL [172]. These result indicated that the CS-EDTA/PVA 
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had high chelating effect due to the strongly chelating properties of EDTA itself. The 

reducing power of chitosan/PVA and PVA nanofiber patches is shown in Figure 34d,

the CS-TPP/PVA nanofiber patch had the highest reducing power. The result showed 

that the CS-TPP/PVA nanofiber patches had the higher reducing power than chitosan

pure. Zhong et al.,2007 found that reducing power of low molecular weight (MW = 4 

kDa) chitosan was approximately 0.06 at 1 mg/mL [173]. The high reducing power of 

CS-TPP is due to the structure of TPP that can itself act as a reducing agent.

Figure 34 Antioxidant properties (a) superoxide radical scavenging, (b) hydroxyl 

radical scavenging, (c) metal ion chelating and (d) reducing power of ( )

30/70 CS-HOBt/PVA, ( ) 30/70 CS-TPP/PVA, ( ) 30/70 CS-

EDTA/PVA and ( ) PVA nanofiber patches. Difference values * were 

statistically significant (p<0.05) compared with control. The data are 

expressed as mean ± SD (n = 3).
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3.3 Antibacterial activity

The antibacterial mechanism of chitosan is generally attributed to the 

amino group at the C-2 position of the glucosamine residue that is responsible for the 

cationic nature of chitosan in acidic conditions [174]. When the chitosan nanofiber 

patches were immersed in a TSB solution containing the bacterial suspension, the 

chitosan was dissolved and showed cationic charge in solution. Figure 36 shows the 

inhibition of bacteria growth by chitosan based nanofiber patches, compared with 

pure PVA nanofiber patches, after 24 h incubation with S. aureus and E. coli. The 

chitosan nanofiber patches exhibited concentration-dependent antibacterial activity 

against S. aureus and E. coli. The 30/70 CS-EDTA/PVA and 30/70 CS-HOBt/PVA 

nanofiber patches inhibited S. aureus growth at 5 and 7.5 mg/mL, respectively, and 

the 30/70 CS-TPP/PVA almost inhibited S. aureus growth at 10 mg/mL (Figure 35a). 

While the PVA nanofiber patches did not inhibit S. aureus growth at 1 to 10 mg/mL. 

The 30/70 CS-EDTA/PVA and 30/70 CS-HOBt/PVA nanofiber patches also inhibited 

E. coli growth at 5 and 10 mg/mL, respectively, but 30/70 CS-TPP/PVA and PVA

nanofiber patches did not do so (Figure 35b).

The MIC and MBC of the 30/70 chitosan/PVA nanofiber patches are 

summarized in Table 25. The results revealed that the different antibacterial activities 

of the chitosan/PVA nanofiber patches were dependent on the type of chitosan salt 

used. The 30/70 CS-EDTA/PVA nanofiber patches showed the highest antibacterial 

activity at 5 mg/mL, likely due to the intrinsic antibacterial activity of EDTA. Several 

recent publications have indicated that EDTA (alone and in combination with 

antibiotics) was an effective antimicrobial agent, with a spectrum covering both 

Gram-positive and Gram-negative bacteria. The antimicrobial activity of an EDTA–

chitosan acetic acid combination has been tested, and the study revealed that while 

EDTA possessed a weaker bacteriostatic effect than chitosan acetic acid, the 

combination of chitosan acetic acid and EDTA elicited synergistic activity against S. 

aureus [141]. All of the chitosan/PVA nanofiber patches tested at 1 to 10 mg/mL in 

this study showed higher antibacterial activity against Gram-positive bacteria (S.

aureus) than against Gram-negative bacteria (E. coli). The mode of action of 

antimicrobial agents depends on the nature of the target microorganisms, and 

differences between the response of Gram-positive and Gram-negative bacteria to 
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various antibiotics are mainly related to their cell wall structure and the arrangement 

of their outer membrane [175]. Different theories have been proposed to explain 

chitosan’s antimicrobial mode of action. In one mechanism, positively charged 

chitosan molecules interfere with negatively charged residues on the bacterial surface. 

Chitosan could interact with the membrane of the bacteria to alter cell permeability

[126, 176]. Other studies suggested that lower molecular weight chitosan may have 

intracellular targets. Dissociated chitosan molecules in solution could bind with DNA 

and inhibit the synthesis of mRNA and proteins [177]. Xing et al., 2009 investigated 

the antimicrobial mode of oleoyl-chitosan nanoparticles against E. coli and S. aureus

and revealed that the particles achieve their antibacterial activity by damaging the 

structures of the cell membrane and by putative binding to extracellular targets such 

as phosphate groups or to intracellular targets such as DNA and RNA [178, 179].

Figure 35 The growth of (a) S. aureus and (b) E. coli in the presence of ( ) 30/70 CS-

HOBt/PVA, ( ) 30/70 CS-TPP/PVA, ( ) 30/70 CS-EDTA/PVA and ( )

PVA nanofiber patches, after 24 h incubation. The data are expressed as 

mean ± SD (n = 3).
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Table 25 Minimum inhibition concentrations (MIC) and minimum bactericidal 

concentrations (MBC) of 30/70 CS-HOBt/PVA, CS-TPP/PVA and CS-

EDTA/PVA nanofiber patches against S. aureus and E. coli compared with 

PVA nanofiber patches.

Nanofiber patches
MIC (mg/mL) MIC (mg/mL)

S.aureus E.coli S.aureus E.coli
PVA 10.0 10.0 10.0 10.0

30/70 CS-HOBt/PVA 7.5 10.0 7.5 10.0

30/70 CS-TPP/PVA 10.0 10.0 10.0 10.0

30/70 CS-EDTA/PVA 5.0 5.0 5.0 5.0

3.4 Cytotoxicity

Various chitosans in acid solutions and chitosan polymer blends have 

been used to prepare electrospun fiber mats. However, the toxicity of those chitosan 

fiber mats was dependent on the acid solution and polymer blends studied. The 

cytotoxicity of chitosan nanofiber patches was evaluated in human fibroblast cells 

(NHF cells). The indirect cytotoxicity of various concentrations of medium extracts 

from chitosan/PVA nanofiber patches composed of 10/90, 30/70 and 50/50 weight 

ratios compare with PVA patch are shown in Figures 36, 37 and 38. There was no 

significant decrease in cell viability when the NHF cells were incubated with various 

concentrations of the extraction media of CS-HOBt/PVA, CS-TPP/PVA and CS-

EDTA/PVA nanofiber patches when compared with the control (p<0.05). The average 

cell viability decreased slightly when the concentration of the extract increased, but 

these changes were not statistically significant. These result indicated that the salts 

and the solvent used to prepare nanofiber patches did not affect the NHFcells. From 

these data, the CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA nanofiber patches

appear to be non-toxic to NHF cells and have the potential to be developed as wound 

dressings.
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Figure 36 Cell viability in NHF cells at various concentrations of the extract of ( )

PVA nanofiber patches and CS-HOBt/PVA with different weight ratios; 

( ) 10/90, ( ) 30/70 and ( ) 50/50. The data are expressed as mean ± SD 

(n = 5).

Figure 37 Cell viability in NHF cells at various concentrations of the extract of ( )

PVA nanofiber patches and CS-TPP/PVA with different weight ratios; ( )

10/90, ( ) 30/70 and ( ) 50/50. The data are expressed as mean ± SD (n = 

5).

0

20

40

60

80

100

120

control 1.0 2.5 5.0 7.5 10.0

%
 C

el
l v

ia
bi

lit
y

Extract medium concentration (mg/mL)

0

20

40

60

80

100

120

control 1.0 2.5 5.0 7.5 10.0

%
 C

el
l v

ia
bi

lit
y

Extract medium concentration (mg/mL)



106

Figure 38 Cell viability in NHF cells at various concentrations of the extract of ( )

PVA nanofiber patches and CS-EDTA/PVA with different weight ratios; 

( ) 10/90, ( ) 30/70 and ( ) 50/50. The data are expressed as mean ± SD 

(n = 5).

3.5 Wound healing

In the wound healing tests, two full-thickness round wounds with 

surface areas of 0.8 cm2 were created on the ventral neck of each rat. The wound size 

was measured by planimetry method. Figures 39 and 40 shows the images of wound 

area (%) and wound appearances at 1, 4, 7 and 10 days after treatment with PVA,

30/70 CS-HOBt/PVA, 30/70 CS-TPP/PVA, 30/70 CS-EDTA/PVA nanofiber patches,

gauze (negative control) or commercial antibacterial gauze dressing (positive control). 

The picture illustrated the different of wound appearance and size in each treatment. 

The wound areas decreased gradually and reached 2% of the original wound size after 

10 days when treated with the six different wound dressings. Wound closure was 

achieved within 10 days for all treatments. However, at day 1 after the operation, the 

% wound area of wounds treated with PVA, CS-HOBt/PVA, CS-EDTA/PVA 

nanofiber patches and commercial antibacterial gauze dressing was smaller than those 

of the gauze treatment group (p < 0.05). This might be involved with the high surface 

area of the nanofiber patches provided high wound exudates absorption. The wounds 
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treated with nanofiber patches were dry and smaller in wound size than the gauze 

treatment. At 4 days after the operation, wound healing with the CS-EDTA/PVA 

nanofiber patch dressing was the greatest (p < 0.05), and in the first week, the 30/70 

CS-EDTA/PVA nanofiber patches exhibited excellent wound healing activity. This 

result was in accordance with the high antibacterial activity of the CS-EDTA/PVA 

nanofiber patches. N-acetyl-D-glucosamine from chitosan depolymerization is 

reported to enhance wound healing by promoting fibroblast proliferation [132]. The % 

wound area of all the treatments until recovery was similar, which suggests that 

wound healing was progressed by some mechanism of the body that is independent 

from the effects of the treatment. This result is in agreement with a study by Chen et 

al. 2008 on electrospun collagen/chitosan nanofibrous membranes. The wound areas 

decreased gradually and the membranes were found to be better than gauze and 

collagen sponge in promoting wound healing [5].

Figure 39 Wound area (%) at 1, 4, 7 and 10 day after treat with ( ) PVA nanofiber 

patches, ( ) gauze (negative control), ( ) 30/70 CS-HOBt/PVA nanofiber 

patches, ( ) 30/70 CS-TPP/PVA nanofiber patches, ( ) 30/70 CS-

EDTA/PVA nanofiber patches and ( ) commercial antibacterial gauze 

dressing (Sofra-tulle ) (positive control). Difference values * were 
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statistically significant (p<0.05) compared with gauze. The data are 

expressed as mean ± SD (n = 6).

Figure 40 Appearance of wound healings at 1, 4, 7 and 10 day after treat with (a)

gauze (negative control), (b) PVA nanofiber patches, (c) 30/70 CS-

HOBt/PVA nanofiber patches, (d) 30/70 CS-TPP/PVA nanofiber patches, 

(e) 30/70 CS-EDTA/PVA nanofiber patches and (f) commercial 

antibacterial gauze dressing (Sofra-tulle ) (positive control). 
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4. Application of chitosan based nanofibers as carrier of GM extracts for wound 

dressing

4.1 Preparation of GM extracts

The hull of mangosteen was extracted with 70 % v/v acetone. After 

extraction, the crude extract was collected and calculated to % yield. The yield was 

19.79 ± 1.73 %. This result showed that the 70% v/v had good extraction ability.    

4.2 Standardization of GM extracts

The GM extracts were standardized before being loaded into the 30/70 

CS-EDTA/PVA solution (the selected chitosan/PVA nanofiber patches for application 

-mangostin content, total phenolics, and 

total tannins in the GM extracts and the antioxidant and antibacterial activity were 

investigated and were shown in Table 26 -mangostin in the GM 

extracts was 13.20 ± 0.2 % w/w. The total phenolics and total tannins were 26.46 ± 

0.22 g GAE/100 g of extract and 34.05 ± 0.05 g GAE/100 g of extract, respectively. 

The antioxidant activities of the GM extracts solution were determined with DPPH, 

ABTS, FRAP, galvinoxyl radical, superoxide radical, hydroxyl radical and metal ion 

chelating. The IC50 values for the DPPH and ABTS assay were 14.66 ± 0.16 and 1.67 

± 1 value for the FRAP assay was 0.33 ± 0.001 ng/mL. The IC50

values for the superoxide and hydroxyl radical scavenging assay were 4.35 ± 0.03 and 

did not exhibit the scavenging and chelating ability. These results were in agreement 

with Pothitirat et al., 2009, who reported that the total phenolics and total tannins of a 

95% v/v ethanol solution containing GM extracts were 28.88 ± 0.73 g GAE/100 g of 

extract -mangostin 

content in a 95% v/v ethanol solution containing GM extracts was 13.63 ± 0.06 % 

(w/w) [40]. The MIC and MBC of GM extract solution against S. aureus and E. coli

was 62.5 g/mL. This result corresponding to the previous report, Sakagami et al., 

2005 reported that the -mangostin isolated from the stem bark of Garcinia 

mangostana, was found to be active against vancomycin resistant Enterococci and 

methicillin resistant Staphylococcus aureus, with MIC values of 6.25 and 6.25 to 12.5 

g/mL, respectively [153]. These results confirm that the 70% v/v acetone extractions 
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-mangostin, phenolic compounds, tannins, antioxidant and 

antibacterial properties. 

Table 26 The contents of bioactive compounds and antioxidant and antibacterial 

activities of GM extracts. Data are express as mean ± SD (n = 3).

Test GM extracts

-mangostin (% w/w of extract) 13.20 ± 0.20

Total phenolics (g GAE/100 g of extract) 26.46 ± 0.22

Total tannins (g TAE/100 g of extract) 34.05 ± 0.05

Antioxidant 
activities

DPPH IC50 mL) 14.66 ± 0.16

ABTS IC50 mL) 1.67 ± 0.03

FRAP EC1(ng/mL) 0.33 ± 0.001

Galvinoxyl radical IC50(mg/mL) N/A

Superoxide radical IC50(μg/mL) 4.35 ± 0.03

Hydroxyl radical IC50(μg/mL) 6.87 ± 0.01

Metal ion chelating IC50(μg/mL) N/A

Antibacterial 
activities

MIC
S.aureus ( g/mL) 62.5

E.coli ( g/mL) 62.5

MBC
S.aureus ( g/mL) 62.5

E.coli ( g/mL) 62.5
N/A = the inhibition (%) was not reach to 50%

4.3 Electrospinning of GM extracts loaded chitosan nanofiber patches

The 30/70 CS-EDTA/PVA solution containing various amounts of GM 

extracts (con -mangostin to chitosan/PVA polymer) was 

prepared. The viscosity, conductivity and surface tension of the solutions were 

measured and are shown in Table 27. When the amount of GM extracts was greater 

-mangostin, the properties of the solution were poorer with effects, such 

as very low viscosity, and in same case the fiber patches could not be formed. There 

were many beads in the structure, and it became a droplet on the collector. Therefore 

the GM extracts was successfully loaded to the 30/70 CS-EDTA/PVA at 1, 2, and 

3%wt -mangostin to polymer.
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Table 27 Solution parameters before electrospining of chitosan based solution with

and without GM extracts -mangostin to polymer). Data 

are express as mean ± SD (n = 3).

Electrospinning

solution

Viscosity

(mPa s)

Conductivity    

(mS cm-1)

Surface tension

(mN m-1)

-mangostin 254.7 ± 0.76 1006.0 ± 7.55 55.5 ± 0.28

1 -mangostin 252.4 ± 2.39 1035.0 ± 2.65 53.9 ± 0.57

-mangostin 245.9 ± 1.37 1075.7 ± 1.53 52.1 ± 0.31

-mangostin 239.9 ± 1.64 1114.7 ± 8.74 49.3 ± 0.15

4.4 Characterizations of GM extracts loaded chitosan nanofiber 

patches

4.4.1 Geometrical characterizations

Figure 41 shows the SEM image of the CS-EDTA/PVA 

nanofiber patches with and without various amounts of GM extracts. The SEM 

images revealed that all of the fibers were smooth, and did not contain the crystals of 

GM extracts in their structure. This result indicated that the GM extracts were well 

incorporated within the fibers. The diameters of the fiber patches loaded with GM 

extracts were in the nanometer range. The diameter distributions of these fibers are 

shown in Figure 42. The average diameter of the nanofiber slightly increased from 

205.56 to 251.35 nm when the amounts of GM extracts were increased (Table 28).

The solution parameters of the CS-EDTA/PVA solution loaded with GM extracts 

were slightly altered and did not affect the morphology of the fibers (Table 27). This 

result was in accordance with our previous study, which indicated that the 

incorporation of GM extracts into the electrospun PVA did not affect their 

morphology because the surface of the PVA fibers loaded with GM extracts was also 

smooth, and the average diameters of both the bare and the PVA fibers loaded with 

GM extracts ranged between 140.7 and 197.3 nm [101]. In addition, loading the CS-

EDTA/PVA fibers with lysozymes did not affect their morphology, and the average 

diameters were in the range of 143 - 209 nm [113].
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Figure 41 The SEM images (5000x) of the GM extracts loaded CS-EDTA/PVA 

nanofiber patches with diffe -

- - -

mangostin. 

Table 28 The average diameter of the GM extracts (0, -mangostin to 

polymer) loaded 30/70 CS-EDTA/PVA nanofiber patches. Data are express 

as mean ± SD (n = 100).

Nanofiber patches Average diameter of 

nanofiber (nm)

-mangostin 205.5 ± 36.06

-mangostin 207.8 ± 34.30

-mangostin 220.7 ± 36.74

-mangostin 251.3 ± 47.95
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Figure 42 The diameter distribution of the GM extracts loaded CS-EDTA/PVA 

nanofibers -mangostin (b) 

1%wt - - -mangostin.

Figure 43 shows the DSC thermograms of the CS-EDTA/PVA 

nanofiber patches with and without different amoun -

mangostin powder. The endothermic curves of the nanofiber patches indicated that the 

melting point slightly decreased from approximately 216.9 °C to 215.2, 212.4 and 

210.2 °C when the amount of GM extrac -mangostin,

-mangostin powder, the melting point was observed at 

approximately 183.7 °C, which is lower than that of the nanofiber patches. This result 
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indicates that the amount of GM extracts in the fiber patches does not affect their 

thermal behavior.

Figure 43 DSC thermograms of the GM extracts loaded CS-EDTA/PVA nanofiber 

patches with different amount of GM extracts (0, 1, 2 and -

mangostin to poly -mangostin powders.

4.4.2 Chemical characterizations

The FT-IR spectra of the CS-EDTA/PVA nanofiber patches with 

and without different amounts -mangostin powder are shown in 

Figure 44 -mangostin fiber patches exhibited absorption 

peaks at 3360, 2940, 1650, 1430 and 1095 cm-1, which were attributed to the (O-H), 

s(CH2), (C=O), (CH-O-H) and (C-O), respectively. In the spectrum for the pure 

-mangostin powder, the dominant absorption peaks were observed at 3422, 1642 and 

1284 cm-1, which correspond to the phenolic, carbonyl and methoxy groups, 

respectively [180]. The p -mangostin powder was also

-mangostin loaded nanofiber patches.  The 
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results i -mangostin in the GM extracts was well incorporated into the 

nanofiber patches.

Figure 44 FTIR spectrums of the GM extracts loaded CS-EDTA/PVA nanofiber 

patches with different amount of GM extracts -

m -mangostin powders.

4.4.3 Mechanical characterizations

The mechanical properties in terms of the tensile strength, strain 

at the maximum and the Young’s modulus of the CS-EDTA/PVA nanofiber patches

with and without different amounts of GM extracts were characterized, and the results 

are presented in Table 29. The tensile strength of all of the tested nanofibers patches 

was in the range of 4.57 - 5.11 MPa, and the average value was 4.76 MPa. When the 

amount of the GM extracts increased, the tensile strength of the fiber patches slightly 

decreased. The strain at the maximum of all of the tested nanofibers patches was in 

the range of 7.06 - 7.61 MPa, and the average value was 7.34 MPa. The Young’s 

modulus of all of the tested nanofibers patches was in the range of 51.9 - 87.8 MPa, 

and the average value was 67.7 MPa.  The results indicated that the GM extracts in 
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the fiber patches exerted less effects on the mechanical properties of the patches.

These findings illustrated that these CS-EDTA/PVA fiber patches loaded with GM 

extracts have the potential to be developed as a wound dressing.

Table 29 Mechanical properties of the -mangostin to 

polymer) loaded CS-EDTA/PVA nanofiber patches. Data are express as 

mean ± SD (n = 3).

Nanofiber patches Tensile strength

(MPa)
Strain (%)

Young’s modulus

(MPa)

-mangostin 5.11 ± 0.33 7.06 ± 3.06 60.8 ± 16.0

-mangostin 4.77 ± 0.56 7.33 ± 2.97 51.9 ± 0.9

-mangostin 4.59 ± 0.16 7.61 ± 0.45 70.4 ± 36.7

-mangostin 4.57 ± 0.17 7.36 ± 0.55 87.8 ± 34.2

4.5 GM extracts content in chitosan nanofiber patches

The % loading efficacy of the GM extracts in the nanofiber patches

slightly increased from 40.69 to 43.86%, respectively, when the amounts of GM 

extracts were increased (see in Table 30). This result indicates the limited 

incorporation of GM extracts into the nanofiber patches. Due to the GM extracts was 

hydrophobic compound it may be poorly incorporated to hydrophillic CS-EDTA/PVA 

solution. 

Table 30 The % loading efficacy of the GM extracts ( -mangostin to 

polymer) loaded CS-EDTA/PVA nanofiber patches. Data are express as 

mean ± SD (n = 3).

Nanofiber patches Loading efficacy (%)

-mangostin 40.69 ± 2.30

-mangostin 41.97 ± 3.25

-mangostin 43.86 ± 0.11



117

4.6 Release of GM extracts from chitosan nanofiber patches

T -mangostin from the CS-EDTA/PVA nanofiber 

patches loaded with GM extracts was investigated using Franz’s diffusion cells. 

Figure 45 -mangostin release characteristics from the nanofiber patches

with different amounts of GM extrac -mangostin to 

polymer). The re -mangostin is rapidly released. The 

percentage of cu -mangostin release reaches approximately 80% within 60 

min. -mangostin was burst released from the nanofiber 

patches. The maxi -mangostin released from the nanofiber 

patches within 8 h was approximately 90 -mangostin 

could be easily released from the chi -mangostin 

release patterns could be explained by both the mechanism of polymer swelling and 

erosion [181]. The important factor that controls the release of substances from the 

polymer matrix is the swelling behavior. As the chitosan-based matrix began to swell, 

molecules of drug were solvated and practically leached out from the matrix very 

rapidly. Another factor was the erosion of the chitosan-based matrix within the 

medium [78].

Figure 45 -mangostin release profiles from the GM extracts loaded CS-EDTA/PVA 

nanofiber patches with different amounts of GM extract: ( -
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mangostin, ( -mangostin and ( -mangostin. Data are 

express as mean ± SD (n=3).

4.7 Evaluation of GM extracts loaded chitosan based nanofiber patches

4.7.1 Swelling study

Figure 46 shows the degree of swelling of the CS-EDTA/PVA 

nanofiber patches with and without different amounts of GM extracts after immersion 

in a phosphate buffer solution (pH 7.4) at room temperature for 1 h. The bare 

-mangostin to polymer) demonstrated a swelling degree of 

134.53%, which slightly decreased with increasing amounts of the GM extracts. The 

swelling degree of t -mangostin to polymer) loaded 

fiber patches were 111.96, 101.7 and 96.67%, respectively. Chitosan is a hydrophilic 

polymer, and water diffuses very rapidly through this material before its degradation 

[167]. The GM extract is hydrophobic compound; therefore, it might affect the 

swelling properties of the chitosan-based nanofiber patches by increasing the 

hydrophobicity of the patches, which caused the decrease in the swelling degree.

Figure 46 Degree of swelling (%) of the GM extracts loaded CS-EDTA/PVA 

nanofiber patches with different amount of -

mangostin to polymer). Data are express as mean ± SD (n=3).
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4.6.2 Antioxidant activity

The antioxidant activity of the GM extracts (contain 0, 1, 2 and 

-mangostin to polymer) loaded CS-EDTA/PVA nanofiber patches were

investigated using DPPH, ABTS, FRAP, Galvinoxyl radical, superoxide radical 

scavenging, hydroxyl radical scavenging, metal ion chelating and reducing power. 

Table 31 shows the DPPH, ABTS, FRAP and galvinoxyl radical antioxidant 

activities. The patches contained GM extract exhibited the antioxidant activity 

depending on concentration. The IC50 for DPPH, ABTS and FRAP assay decreased 

when the concentration of GM extracts increased. However, the bare nanofiber 

-mangostin to polymer) did not show the activity on DPPH, ABTS 

and FRAP assay. The patches also did not show activity on galvinoxyl radical assay. 

Table 32 shows the superoxide, hydroxyl radical scavenging and metal ion chelating

of the CS-EDTA/PVA nanofiber patches with and without different amounts of GM 

extracts. Initial the 30/70 CS-EDTA/PVA showed the great chelating effect on metal 

ion but poor on superoxide and hydroxyl radical scavenging. However, the GM 

extracts with good scavenging effects still exhibited its activity when loaded into CS-

EDTA/PVA nanofiber patches. The chelating effect of the bare nanofiber patches

maintained in the GM extract loaded nanofiber patches. These result indicated that the 

antioxidant activity of GM extracts still remained under high voltage via 

electrospinning process.

Table 31 The total antioxidant capacity and galvinoxyl radical scavenging of the GM 

-mangostin to polymer) loaded CS-EDTA/PVA 

nanofiber patches. Data are express as mean ± SD (n = 3).

Nanofiber patches Total antioxidant capacity Galvinoxyl 

radical 

IC50(mg/mL)

DPPH

IC50(μg/mL)

ABTS

IC50(μg/mL)

FRAP

EC1(ng/mL)

0% -mangostin N/A N/A N/A N/A

1% -mangostin 677.6 ± 2.89 53.1 ± 0.28 18.9 ± 0.95 N/A

2% -mangostin 371.4 ± 10.11 36.5 ± 0.25 7.6 ± 0.00 N/A

3% -mangostin 260.1 ± 7.42 27.1 ± 0.31 5.9 ± 0.00 N/A
N/A = the inhibition (%) was not reach to 50%
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Table 32 The superoxide, hydroxyl radical scavenging and metal ion chelating of the 

-mangostin to polymer) loaded CS-

EDTA/PVA nanofiber patches. Data are express as mean ± SD (n=3).

Nanofiber patches
Superoxide radical

IC50(μg/mL)

Hydroxyl 

radical

IC50(μg/mL)

Metal ion chelating 

IC50(μg/mL)

0% -mangostin N/A N/A 107.3 ± 0.61
1% -mangostin 149.89 ± 1.43 426.01 ± 2.50 124.3 ± 1.91
2% -mangostin 87.48 ± 0.60 210.74 ± 4.50 109.2 ± 1.06
3% -mangostin 43.68 ± 0.39 92.69 ± 2.60 107.2 ± 1.62

N/A = the inhibition (%) was not reach to 50%

4.6.3 Antibacterial activity

Figure 47 shows the antibacterial activity. The GM extracts 

loaded CS-EDTA/PVA nanofiber patches were submerged in the bacteria suspension 

for 24 h. The fiber patches loaded with GM extracts exhibited concentration 

dependent antibacterial activity -mangostin GM extracts loaded 

fiber patches inhibited S. aureus and E. coli growth at 2, 1 and 0.5 mg/mL, 

-mangostin patches also inhibited bacteria growth at 5 

mg/mL. The MIC and MBC of the CS-EDTA/PVA nanofiber patches loaded with 

GM extracts are shown in Table 33. The results indicated that the strength of the 

antibacterial activities of the fiber patches loaded with GM extracts were dependent 

on the amount of the GM extract. The antibacterial activity concentration of these 

nanofiber patches was less than 5 mg/mL, which is non-toxic to fibroblast cells. This 

result indicated that the GM extract still retained its antibacterial activity when it was 

processed during electrospinning. When the patches containing the GM extracts were 

submerged in the bacteria suspension, the extracts were released from the patches and 

exhibited an antibacterial effect. Furthermore, the patches were corroded, and 

chitosan and EDTA were released into the media. Finally, the antibacterial activity 

was enhanced by the GM extract, chitosan and EDTA. The antibacterial activities of 

the GM extracts have been reported against both gram-positive and gram-negative 

bacteria [41, 142]. -mangostin in GM extracts also has potent inhibitory effect 
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against methicillin-resistant Staphylococcus aureus [182]. The antibacterial 

mechanism of chitosan is generally attributed to the positive charge of the chitosan 

molecule, which interferes with the negative charge on the surface of the bacteria. 

Chitosan could interact with the membrane of the bacteria to alter cell permeability or

could bind with DNA and inhibit the synthesis of mRNA and proteins [176, 177].

Figure 47 The growth of (a) S. aureus and (b) E. coli in the presence of the GM 

extracts loaded CS-EDTA/PVA nanofiber patches with different amounts 

of GM extract: ( ) -mangostin, ( -mangostin, ( ) 2%wt 

-mangostin and ( ) 3 -mangostin, after 24 h incubation. The data 

are expressed as mean ± SD (n = 3)

Table 33 Minimum inhibition concentrations (MIC) and minimum bactericidal 

concentrations (MBC) of GM extracts (0, 1, 2 and -mangostin to 

polymer) loaded CS-EDTA/PVA nanofiber patches against S. aureus and 

E. coli. Data are express as mean ± SD (n=3).

Type of chtosan- based 

nanofiber patches

MIC (mg/mL) MBC (mg/mL)

S. aureus E. coli S. aureus E. coli

-mangostin 5.0 5.0 5.0 5.0

With 1 -mangostin 2.0 2.0 2.0 2.0

With 2 -mangostin 1.0 1.0 1.0 1.0

-mangostin 0.5 0.5 0.5 0.5
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4.6.4 Cytotoxicity

The toxicity of the GM extracts -

mangostin to polymer) loaded CS-EDTA/PVA nanofiber patches were investigated 

on NHF for 24 h using a MTT assay. Figure 48 shows the cell viability of various 

concentrations of the extract medium from the nanofiber patches loaded with GM 

extracts. There was a significant decrease in the cell viability when the NHF cells 

were incubated with higher concentrations (7.5 - 10.0 mg/mL) of the extraction media 

of the CS-EDTA/PVA nanofiber patches contain -

mangostin when compared with the control (p<0.05). This result might be because the 

amount of GM extracts was very high and were toxic to fibroblast cells. However, the 

cell viability was not statistically different from the control in the concentration range 

of 1 - 5 mg/mL of the all GM extracts loaded CS-EDTA/PVA nanofiber patches

extract medium. The results indicated that GM extracts (1, 2 -mangostin) 

loaded CS-EDTA/PVA nanofiber patches were safe at the concentrations of 1 - 5

mg/mL of the patches.

Figure 48 Cell viability in NHF cells at varying concentration of GM extract loaded 

CS-EDTA/PVA nanofiber patches: ( -mangostin ( -

mangostin, ( -mangostin and ( -mangostin at in NHF 

cells. Data are express as mean ± SD (n=5). * Statistically significant 

(P<0.05).
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4.6.5 Wound healing and histological examination

In the wound healing study, two wounds with areas of 0.8 cm2

were produced on the neck area of the dorsal of each rat. Figure 49 and 50 shows the 

images of the wound appearances and the % wound area at 1, 4, 7 and 10 days after 

treatment with gauze (negative control), commercial antibacterial gauze dressing 

(Sofra-tulle ) (positive control), and the GM -mangostin to 

polymer) loaded CS-EDTA/PVA nanofiber patches. The wound areas gradually 

decreased and fully recovered within 11 days for all treatments. At days 1 and 4 after 

the treatment, th -mangostin fiber patches dressing 

was the fastest (p < 0.05); this patches exhibited the lowest % wound area. At the first 

week after the operation -mangostin fiber patches

resulted in faster wound healing than that of gauze and the commercial antibacterial 

gauze dressing treatment. This result might be due to the potential activities, such as 

antioxidant, anti-inflammatory and antibacterial -

mangostin, in fiber patches, which rapidly released from the fibers to assist in the 

acceleration of the healing process [39]. The N-acetyl-D-glucosamine and EDTA 

produced from the degradation of the CS-EDTA/PVA nanofiber patches also 

enhanced the wound healing rate by promoting fibroblast proliferation [12, 131] and 

its antibacterial properties [141]. The % wound area of all of the treatments until 

recovery was similar, which suggests that wound healing was progressed by 

mechanism of the body that is independent from the effects of the treatment. This 

result is related to a previous study, the lysozyme loaded chitosan-based nanofiber 

patches, which exhibited better wound healing activity than gauze at 1 - 4 days after 

treatment [113].

The histological examination images of the skin wounds treated 

with different dressings at 11 days after initial operation by hematoxylin and eosin are 

shown in Figure 51. In normal skin, the bundles of collagenous fibers are loose and 

wavy with few fibroblasts. During wound repair, fibroblasts play an important role 

through karyokinesis and proliferation, and synthesizing and secreting substantive 

collagenous fibers over the first 4 to 6 day, creating acestoma tissue with new 

capillary vessels. This process fills the wound with granulation tissue and provides the 

covering conditions for new epidermis [111]. The wound treated with gauze, 



124

-mangostin nanofiber patches 

-mangostin 

nanofiber patches were completely reepithelialized and almost healed, and the 

granulation tissues were nearly replaced by hair follicles. This result indicated that the 

CS-EDTA/PVA nanofiber patches loaded with GM extracts accelerated the healing 

rate. 

Figure 49 Wound area (%) at 1, 4, 7 and 10 day after treat with ( ) gauze (negative

control), ( ) commercial antibacterial gauze dressing (Sofra-tulle )

(positive control), ( -mangostin and ( -mangostin GM 

extracts loaded CS-EDTA/PVA nanofiber patches. The data are expressed 

as mean ± SD (n=6). * Statistically significant (P<0.05).
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Figure 50 Appearance of wound healings at 1, 4, 7 and 10 day after treat with (a) 

gauze (negative control), (b) commercial antibacterial gauze dressing 

(Sofra-tulle ) (positive control), -mangostin and (d -

mangostin GM extracts loaded CS-EDTA/PVA nanofiber patches.
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Figure 51 Histological images of the wound skins at 11 days after treated with 

different wound dressing (a) control (untreated skins), (b) gauze (negative 

control), (c) commercial antibacterial gauze dressing (Sofra-tulle )

-mangostin -mangostin GM 

extracts loaded CS-EDTA/PVA nanofiber patches.

4.8 Stability of GM extracts loaded chitosan based nanofiber patches

-mangostin nanofiber mat was stored under normal 

conditions (25°C 40%RH) and with a sample stored under stress conditions (45°C 

75%RH) for 6 months. Figure 52 shows the appearance and the SEM images of the 

patches at initial, 3 and 6 months after storage in different conditions. The appearance 

of the patches maintained under the stress condition exhibited more color change 

(dark yellow) than those stored under normal conditions (pale yellow). However, the 

morphology observed using SEM images of the patches maintained under both 

conditions was similar. The fibers were smooth and did not contain crystals of the 

GM extracts in their structure after storage in either condition for 6 months. The 

physical and chemical stability of the patches are shown in Figure 53. The average 

-mangostin (%) in the patches during storage under normal 

and stress conditions were not statistically different. The diameters of the patches

after storing for 3 and 6 months were in the range of 250 – -
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mangostin remaining in the fiber patches was decreased from 90% in the first month 

-mangostin was stable under light, heat and basic 

hydrolysis [183]. Pothitirat et al., 2009 reported that the G. mangostana fruit rind 

extr -mangostin, antiradical and anti-acne when kept at 

different temperature (4 - 8, 25 - 28 and 45 C) for 120 day [184]. This result 

corresponds to current -mangostin in the nanofiber 

patches remained at approximately 90% for 3 months. However, the antioxidant 

activity and the remaining tensile strength (%) of the patches stored under stress 

conditions exhibited worse properties than the patches stored under normal 

conditions. The results obtained from this stability study lead us to assume that the 

better stability of the GM loaded fiber patches is the consequence of the lower 

temperature storage.

Figure 52 The SEM images an -mangostin GM 

extracts loaded CS-EDTA/PVA nanofiber patches when stored under 

normal conditions (a, b and c) (25°C 40%RH) compared with stress 

conditions (d, e and f) (45°C 75%RH) for 0, 3 and 6 months, respectively.
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Figure 53 -mangostin GM extracts loaded CS-EDTA/PVA

nanofiber patches (a) av -mangostin (%), (c) 

IC50 on DPPH assay and (d) remaining tensile strength (%) when stored 

under normal conditions ( ) (25°C 40%RH) compared with stress 

conditions ( ) (45°C 75%RH) for 6 months.
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CHAPTER 5

CONCLUSIONS

1. Development of chitosan-base nanofiber patches

The chitosan with different salts was fabricated to produce nanofibers using

electrospinning techniques. Due to their problem with the chitosan properties, PVA 

was selected as a guest polymer to blend with chitosan salts. The results exhibited that 

CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA were successfully made into 

nanofibers by the electrospinning process. The maximum ratio that could produce

nanofibers without bead in structure was 30/70 chitosan/PVA. The average fiber 

diameters of CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA nanofiber were in 

nanomerter range. The diameter distribution was similar between difference salt at the 

same ratios. The morphology of CS-HOBt/PVA, CS-TPP/PVA and CS-EDTA/PVA 

nanofiber patches were not different. The thermal behaviors of these patches also 

were not different. The chemical characterization indicated that chitosan was 

homogenously in the nanofiber patches. These patches exhibited the suitable 

mechanical properties. For the characterization CS-HOBt/PVA, CS-TPP/PVA and 

CS-EDTA/PVA nanofiber patches, these patches showed the similar characterictics. 

These mats could swell in phosphate buffer over than 100% within 1 h and the 

difference in salts were not observed. The antioxidant activity of these patches was 

determined by various assays. The results showed that the antioxidant activity of these 

patches was different depending on the salt form. The CS-HOBt/PVA patches showed 

the highest activity on hydroxyl radical scavenging assay. The CS-TPP/PVA patches

showed the highest activity on reducing power assay and The CS-EDTA/PVA patches

showed the highest activity on superoxide radical scavenging and metal ion chelating 

assay. These patches were not toxic to human fibroblast cells. The CS-EDTA/PVA 

patches showed the greatest antibacterial activity against both Gram positive and 

Gram negative and the best wound healing activity during the first 4 days after tissue 

damage. The biodegradable, biocompatible and antibacterial CS-EDTA/PVA 

nanofiber patches have immense potential for applied as carrier of GM extract.
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2. Development of GM extracts loaded chitosan-based nanofiber patches

GM extracts (1, 2 and 3 %wt -mangostin) were successfully incorporated 

into CS-EDTA/PVA nanofiber patches using the electrospinning process. The patches 

were in nanometer range and the crystals of extracts were not found. The DSC data 

indicated that the patches were amorphous form. The FTIR peak showed the well 

incorporated of GM extracts in chitosan nanofiber patches. The fiber patches provided 

suitable mechanical and swelling properties. These patches are non- -

mangostin is rapidly released, which retains the antioxidant and antibacterial activity, 

and accelerates the wound healing process. The nanofiber patches maintained 90% of 

-mangostin for 3 months.

These biodegradable, biocompatible and antibacterial electrospun nanofiber 

patches have promising potential for use as effective wound dressings.
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Diameter Measurement

Table 34 The SEM images (5000x) with diameter measurement and diameter data of 

PVA nanofiber patches.

Diameter (PVA nanofiber patch)

142.35 204.09 225.08 238.66 266.83 290.17

162.31 205.61 225.08 239.37 266.83 291.97

173.95 208.40 225.08 242.99 268.16 292.91

173.95 211.47 225.85 245.28 270.15 298.33

176.34 213.12 227.20 246.01 272.12 304.24

186.92 213.12 227.20 246.01 278.58 304.82

188.68 215.13 227.20 248.17 280.37 307.15

188.68 215.13 227.20 253.14 280.37 309.46

188.68 215.13 227.39 256.63 280.49 309.46

190.62 215.13 227.98 256.63 283.65 317.76

192.42 215.13 229.54 256.63 283.65 320.20

194.26 215.13 230.31 260.34 284.70 324.62

194.26 218.78 231.20 262.80 285.52 329.51

196.99 218.78 233.38 262.80 285.52 337.52

200.57 218.78 234.20 264.15 285.93 372.13

200.57 220.04 236.41 264.34 290.17 377.36

203.21 220.84 236.41 264.82 Average 245.55
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Table 35 The SEM images (5000x) with diameter measurement and diameter data of 

10/90 CS-HOBt/PVA nanofiber patches.

Diameter (10/90 CS-HOBt/PVA) 

150.70 195.15 210.95 227.20 242.99 264.34

167.18 195.15 210.95 227.39 242.99 266.83

168.76 195.15 213.47 227.98 242.99 267.62

168.76 196.99 213.47 227.98 245.28 270.15

169.26 196.99 215.13 228.16 245.85 270.15

169.26 198.69 215.13 230.31 245.85 280.49

178.00 201.31 215.13 233.38 248.17 280.49

178.00 201.31 215.13 234.20 249.38 281.00

184.09 202.18 217.98 236.41 249.38 282.86

184.09 203.21 217.98 236.41 251.47 283.65

187.85 204.09 218.78 236.41 254.23 285.52

187.85 205.61 220.04 236.43 256.63 288.62

187.85 207.55 220.84 238.66 259.67 301.39

187.85 207.55 225.08 239.37 259.67 302.48

188.68 208.40 225.08 240.15 261.68 311.18

192.42 208.98 225.85 241.63 262.80 378.01

192.44 208.98 227.20 241.63 Average 228.06
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Table 36 The SEM images (5000x) with diameter measurement and diameter data of 

20/80 CS-HOBt/PVA nanofiber patches.

Diameter (20/80 CS-HOBt/PVA)

119.33 155.59 173.95 188.68 196.99 227.20

126.57 155.59 173.95 188.68 196.99 227.20

133.42 155.59 173.95 188.68 196.99 227.20

133.42 155.59 173.95 188.68 196.99 227.20

136.06 160.10 178.00 188.68 196.99 230.31

143.69 161.21 178.00 189.62 196.99 230.31

143.69 161.21 179.00 189.62 200.57 236.41

143.69 161.21 179.00 189.62 200.57 241.63

143.69 162.31 179.00 192.42 200.57 241.63

147.36 162.31 179.00 192.42 203.21 241.63

150.94 162.31 185.83 192.42 204.09 245.28

150.94 168.76 185.83 192.42 207.55 245.28

152.12 168.76 185.83 194.26 208.40 248.17

152.12 168.76 185.83 194.26 210.95 253.84

152.12 168.76 185.83 194.26 210.95 280.49

152.12 170.86 185.83 196.99 215.13 292.91

152.12 170.86 186.78 196.99 Average 186.72
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Table 37 The SEM images (5000x) with diameter measurement and diameter data of 

30/70 CS-HOBt/PVA nanofiber patches.

Diameter (30/70 CS-HOBt/PVA)

101.61 137.36 160.10 178.00 196.99 215.13

106.73 143.69 162.31 179.00 196.99 220.84

119.33 143.69 162.31 185.83 196.99 226.42

119.33 143.69 162.31 185.83 200.57 227.20

126.57 143.69 168.76 185.83 200.57 227.98

126.57 147.36 168.76 186.78 200.57 227.98

132.08 147.36 168.76 186.78 204.09 229.54

132.08 147.36 168.76 188.68 204.09 230.31

132.08 150.94 168.76 188.68 207.55 230.31

133.42 152.12 169.81 188.68 208.40 233.38

133.42 152.12 170.86 189.62 210.95 233.38

133.42 152.12 173.95 189.62 210.95 236.41

133.42 152.12 173.95 189.62 210.95 245.28

133.42 152.12 173.95 189.62 210.95 248.17

136.06 152.12 173.95 189.62 213.47 287.39

137.36 160.10 178.00 194.26 213.47 340.15

137.36 160.10 178.00 194.26 Average 179.34
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Table 38 The SEM images (5000x) with diameter measurement and diameter data of 

40/60 CS-HOBt/PVA nanofiber patches.

Diameter (40/60 CS-HOBt/PVA)

114.77 152.12 162.74 173.95 188.56 202.48

119.33 152.12 162.74 173.95 188.68 202.48

127.78 152.12 163.85 175.61 189.62 202.48

127.78 152.38 168.76 175.61 190.48 205.15

133.42 152.38 168.76 175.61 191.43 206.03

133.42 152.38 169.81 175.61 192.42 208.40

134.69 153.57 169.81 175.61 194.25 208.40

134.69 155.59 170.37 179.00 194.26 212.96

136.06 155.59 170.37 179.00 196.11 222.13

138.67 160.10 170.37 179.00 196.11 229.36

143.69 160.10 170.86 179.69 196.11 231.72

147.36 161.21 170.86 180.70 196.11 232.51

152.12 161.21 170.86 185.83 198.86 236.41

152.12 161.62 172.48 185.83 200.57 248.35

152.12 162.31 172.48 185.83 200.57 259.08

152.12 162.31 172.48 185.83 200.57 265.30

152.12 162.74 173.95 187.60 Average 176.46
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Table 39 The SEM images (5000x) with diameter measurement and diameter data of 

50/50 CS-HOBt/PVA nanofiber patches.

Diameter (50/50 CS-HOBt/PVA)

75.47 114.77 132.08 147.36 162.31 178.00

75.47 119.33 133.42 147.36 162.31 179.00

80.05 119.33 133.42 147.36 162.31 179.00

94.34 119.33 133.42 147.36 168.76 185.83

94.34 119.33 133.42 152.12 168.76 188.68

94.34 120.81 133.42 152.12 168.76 189.62

94.34 120.81 133.42 152.12 168.76 189.62

101.61 120.81 133.42 152.12 169.81 192.42

101.61 120.81 136.06 152.12 169.81 192.42

106.73 120.81 136.06 152.12 173.95 196.99

110.02 120.81 136.06 152.12 173.95 200.57

110.02 126.57 137.36 155.59 173.95 204.09

110.02 126.57 137.36 155.59 178.00 213.47

113.21 126.57 143.69 160.10 178.00 220.04

114.77 126.57 143.69 160.10 178.00 227.20

114.77 132.08 143.69 161.21 178.00 233.38

114.77 132.08 147.36 161.21 Average 146.34
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Table 40 The SEM images (5000x) with diameter measurement and diameter data of 

10/90 CS-TPP/PVA nanofiber patches.

Diameter (10/90 CS-TPP/PVA)

137.36 185.83 200.57 215.13 233.38 251.73

137.36 186.78 203.21 215.13 233.38 251.73

137.36 188.68 203.21 215.13 233.38 251.73

152.12 188.68 203.21 215.13 236.41 253.14

161.21 189.62 203.21 220.84 236.41 253.14

169.81 189.62 203.21 220.84 236.41 253.84

170.86 192.42 204.09 227.20 236.41 253.84

173.95 192.42 207.55 227.20 238.66 256.63

178.00 194.26 208.40 227.98 238.66 256.63

178.00 194.26 210.95 227.98 240.15 262.80

179.00 196.99 210.95 227.98 241.63 262.80

179.00 196.99 210.95 227.98 245.28 270.15

179.00 196.99 210.95 229.54 245.28 272.12

179.00 196.99 213.47 229.54 245.28 309.46

179.00 200.57 215.13 230.31 246.01 314.02

185.83 200.57 215.13 230.31 246.01 322.97

185.83 200.57 215.13 230.31 Average 216.42
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Table 41 The SEM images (5000x) with diameter measurement and diameter data of 

20/80 CS-TPP/PVA nanofiber patches.

Diameter (20/80 CS-TPP/PVA)

133.42 155.59 170.86 187.85 205.61 225.08

133.42 158.60 172.33 188.68 207.55 227.20

134.79 159.70 173.95 188.68 208.40 227.39

134.79 159.70 173.95 189.62 208.98 227.39

136.08 159.70 176.34 192.42 208.98 227.98

142.35 159.70 176.34 192.44 210.95 230.31

142.35 160.79 177.32 192.44 210.95 236.41

142.35 160.79 179.00 192.44 210.95 238.66

145.99 160.79 179.00 194.26 210.95 238.66

145.99 160.79 184.09 194.26 210.95 242.99

149.53 161.21 184.09 195.15 213.12 253.84

149.53 161.21 185.04 196.99 213.47 254.23

150.70 162.31 185.83 196.99 213.47 256.63

152.12 167.18 185.83 200.57 215.13 260.34

152.12 167.18 186.92 200.57 215.13 268.16

152.12 168.76 186.92 201.31 218.78 290.17

152.12 169.81 186.92 204.09 Average 188.66
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Table 42 The SEM images (5000x) with diameter measurement and diameter data of 

30/70 CS-TPP/PVA nanofiber patches.

Diameter (30/70 CS-TPP/PVA)

68.03 114.77 126.57 143.69 153.57 173.95

80.81 114.77 127.78 143.69 153.57 173.95

95.24 114.77 127.78 145.06 153.57 173.95

95.24 115.86 127.78 145.06 153.57 175.61

95.24 119.33 133.42 147.36 155.59 175.61

97.12 119.33 133.42 147.36 155.59 175.61

101.61 119.33 134.69 147.36 155.59 178.00

101.61 120.47 136.06 147.36 157.07 179.00

102.57 120.47 137.35 147.36 157.07 180.70

102.57 120.47 137.35 148.77 161.62 185.83

106.73 120.81 137.35 148.77 161.62 185.83

106.73 121.96 137.36 152.12 162.74 188.56

107.75 121.96 137.36 152.12 162.74 196.99

111.07 126.57 138.67 152.12 170.37 210.95

114.29 126.57 138.67 152.12 171.43 210.95

114.77 126.57 138.67 153.57 172.48 238.66

114.77 126.57 143.69 153.57 Average 141.51
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Table 43 The SEM images (5000x) with diameter measurement and diameter data of 

40/60 CS-TPP/PVA nanofiber patches.

Diameter (40/60 CS-TPP/PVA)

77.79 95.31 110.02 119.68 132.17 162.31

79.30 95.31 112.15 119.68 136.06 168.76

79.30 96.21 112.15 119.68 137.36 168.76

83.59 96.21 112.15 119.68 142.35 169.81

84.38 100.66 113.21 119.68 145.99 172.33

84.38 100.66 113.21 120.81 145.99 173.95

93.46 100.66 113.21 120.81 147.36 173.95

93.46 105.74 113.70 120.81 149.53 178.00

93.46 105.74 113.70 120.81 149.53 178.00

93.46 105.74 114.77 125.39 149.53 179.00

94.34 105.74 114.77 125.39 152.12 184.09

94.34 106.73 114.77 126.57 160.10 185.04

94.34 106.73 118.22 126.57 160.10 198.69

94.34 106.73 118.22 132.08 160.10 200.57

94.34 108.99 118.22 132.08 162.31 201.31

94.34 108.99 119.33 132.17 162.31 243.71

95.31 110.02 119.68 132.17 Average 126.77
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Table 44 The SEM images (5000x) with diameter measurement and diameter data of 

50/50 CS-TPP/PVA nanofiber patches.

Diameter (50/50 CS-TPP/PVA)

59.11 83.59 93.46 96.21 110.02 119.68

67.39 83.59 94.34 96.21 110.02 120.81

67.39 83.59 94.34 96.21 110.02 120.81

68.03 83.59 94.34 96.21 112.15 120.81

74.77 83.59 94.34 100.66 112.15 120.81

74.77 83.59 94.34 100.66 112.15 120.81

77.07 83.59 94.34 100.66 113.21 120.81

77.07 83.59 94.34 100.66 113.21 125.39

77.07 83.59 95.31 101.61 113.70 126.57

77.07 84.38 95.31 101.61 113.70 132.08

77.79 84.38 95.31 105.74 114.77 136.06

77.79 84.38 95.31 105.74 114.77 136.06

77.79 93.46 95.31 106.73 114.77 136.06

79.30 93.46 95.31 106.73 118.22 136.08

79.30 93.46 96.21 106.73 119.33 137.36

79.30 93.46 96.21 108.99 119.33 161.21

80.05 93.46 96.21 108.99 Average 99.91
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Table 45 The SEM images (5000x) with diameter measurement and diameter data of 

10/90 CS-EDTA/PVA nanofiber patches.

Diameter (10/90 CS-EDTA/PVA)

126.57 189.62 208.40 220.04 238.66 253.14

150.94 192.42 208.40 220.04 238.66 253.14

160.10 192.42 208.40 220.84 240.15 253.84

161.21 194.26 210.95 220.84 240.15 256.63

161.21 196.99 210.95 220.84 241.63 256.63

168.76 196.99 210.95 227.20 245.28 256.63

173.95 196.99 210.95 227.20 246.01 262.80

178.00 200.57 210.95 227.20 246.01 262.80

178.00 200.57 210.95 227.98 246.01 264.15

179.00 200.57 213.47 229.54 246.01 264.15

179.00 203.21 213.47 229.54 246.01 264.15

185.83 203.21 213.47 229.54 246.01 283.65

185.83 203.21 215.13 229.54 248.17 283.65

188.68 203.21 215.13 230.31 251.73 292.91

188.68 204.09 215.13 230.31 251.73 301.89

188.68 204.09 215.13 236.41 251.73 347.91

189.62 207.55 220.04 238.66 Average 220.94
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Table 46 The SEM images (5000x) with diameter measurement and diameter data of 

20/80 CS-EDTA/PVA nanofiber patches.

Diameter (20/80 CS-EDTA/PVA)

119.68 159.70 172.33 185.04 198.69 215.13

125.39 159.70 172.33 185.04 200.57 215.13

126.57 160.79 172.33 185.83 200.57 215.13

133.42 160.79 172.33 185.83 200.57 217.98

136.08 160.79 172.33 186.92 201.31 218.78

136.08 160.79 173.95 186.92 204.09 227.98

143.69 161.21 173.95 187.85 204.09 228.16

143.69 161.21 173.95 187.85 205.61 228.16

147.36 168.22 176.34 188.68 207.55 230.31

149.53 168.76 176.34 188.68 208.40 230.31

150.70 168.76 177.32 189.62 210.95 233.38

150.70 168.76 178.00 190.62 210.95 236.41

150.94 169.26 178.00 194.26 210.95 236.41

154.13 169.81 179.00 195.15 210.95 241.63

155.59 170.86 179.00 195.15 213.12 253.14

158.60 172.33 179.00 195.15 213.12 260.34

158.60 172.33 184.09 198.69 Average 184.63
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Table 47 The SEM images (5000x) with diameter measurement and diameter data of 

30/70 CS-EDTA/PVA nanofiber patches.

Diameter (30/70 CS-EDTA/PVA)

97.12 134.69 145.06 159.70 172.33 190.48

102.57 134.69 148.77 160.79 175.61 190.62

102.57 134.69 148.77 160.79 175.61 196.11

102.57 134.69 149.53 161.62 175.61 205.15

108.99 134.79 150.70 162.74 177.32 206.46

108.99 134.79 150.70 163.85 177.32 206.46

113.70 136.08 150.70 163.85 177.32 208.98

119.68 136.08 153.57 163.85 179.69 211.47

119.68 137.35 153.57 163.85 180.70 211.47

121.96 137.35 153.57 163.85 184.09 212.96

121.96 138.67 153.57 167.18 186.92 215.13

121.96 138.67 154.13 167.18 186.92 222.95

125.39 142.35 154.13 168.22 186.92 229.36

125.39 142.35 154.13 169.26 187.85 234.20

127.78 143.69 158.60 170.37 187.85 251.47

127.78 145.06 158.60 172.33 190.48 259.08

133.33 145.06 158.60 172.33 Average 160.96
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Table 48 The SEM images (5000x) with diameter measurement and diameter data of 

40/60 CS-EDTA/PVA nanofiber patches.

Diameter (40/60 CS-EDTA/PVA)

59.67 94.34 101.61 119.33 133.42 168.76

68.03 94.34 101.61 119.33 133.42 173.95

68.03 94.34 101.61 119.33 136.06 178.00

75.47 94.34 101.61 119.33 143.69 188.68

75.47 94.34 106.73 120.81 143.69 189.62

75.47 94.34 110.02 120.81 143.69 189.62

77.79 96.21 113.21 120.81 147.36 189.62

80.05 96.21 113.21 126.57 150.94 192.42

80.05 96.21 113.21 126.57 152.12 194.26

80.05 96.21 114.77 126.57 155.59 200.57

84.38 96.21 114.77 132.08 155.59 200.57

84.38 96.21 114.77 132.08 160.10 203.21

94.34 101.61 114.77 132.08 161.21 204.09

94.34 101.61 119.33 132.08 161.21 210.95

94.34 101.61 119.33 133.42 161.21 210.95

94.34 101.61 119.33 133.42 162.31 210.95

94.34 101.61 119.33 133.42 Average 125.87
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Table 49 The SEM images (5000x) with diameter measurement and diameter data of 

50/50 CS-EDTA/PVA nanofiber patches.

Diameter (50/50 CS-EDTA/PVA)

56.60 77.79 84.38 94.34 96.21 110.02

56.60 77.79 84.38 94.34 101.61 110.02

59.67 77.79 84.38 94.34 101.61 113.21

68.03 77.79 84.38 94.34 101.61 114.77

68.03 77.79 84.38 94.34 101.61 114.77

68.03 77.79 84.38 94.34 101.61 114.77

68.03 80.05 84.38 94.34 106.73 119.33

68.03 80.05 84.38 94.34 106.73 120.81

75.47 80.05 84.38 94.34 106.73 120.81

75.47 80.05 84.38 96.21 110.02 120.81

75.47 80.05 84.38 96.21 110.02 126.57

77.79 80.05 84.38 96.21 110.02 136.06

77.79 84.38 94.34 96.21 110.02 136.06

77.79 84.38 94.34 96.21 110.02 137.36

77.79 84.38 94.34 96.21 110.02 152.12

77.79 84.38 94.34 96.21 110.02 188.68

77.79 84.38 94.34 96.21 Average 94.09
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Table 50 The SEM images (5000x) with diameter measurement and diameter data of 

0%wt -mangostin in 30/70 CS-EDTA/PVA nanofiber patches.

Diameter (0% -mangostin in 30/70 CS-EDTA/PVA)

121.96 172.48 191.43 205.15 222.95 243.93

121.96 172.48 191.43 206.03 222.95 243.93

127.78 175.61 191.43 206.03 228.57 243.93

145.06 175.61 191.43 206.03 228.57 250.53

152.38 175.61 191.43 206.03 228.57 254.13

153.57 175.61 194.25 210.39 229.36 256.26

153.57 179.69 194.25 210.39 229.36 256.26

153.57 179.69 194.25 210.39 229.36 256.26

157.07 179.69 196.11 210.39 229.36 259.08

162.74 187.60 196.11 212.96 231.72 265.30

162.74 187.60 198.86 212.96 231.72 265.30

162.74 187.60 198.86 212.96 232.51 266.67

162.74 187.60 202.48 212.96 238.67 283.16

170.37 188.56 202.48 212.96 238.67 283.16

170.37 190.48 202.48 217.18 238.67 286.35

170.37 190.48 202.48 217.18 240.94 290.12

171.43 190.48 205.15 217.18 Average 205.56
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Table 51 The SEM images (5000x) with diameter measurement and diameter data of 

1%wt -mangostin in 30/70 CS-EDTA/PVA nanofiber patches.

Diameter (1% -mangostin in 30/70 CS-EDTA/PVA)

138.67 173.95 189.62 205.15 220.84 240.94

147.36 173.95 190.48 206.03 227.20 246.01

152.12 173.95 192.42 208.40 227.98 247.62

153.57 175.61 192.42 209.52 228.57 247.62

162.74 175.61 194.26 210.39 229.36 248.35

162.74 178.00 194.26 210.39 229.36 256.26

168.76 178.00 194.26 210.95 229.54 259.08

169.81 179.69 196.11 210.95 229.54 264.62

170.37 179.69 196.99 210.95 230.15 265.30

170.37 179.69 196.99 210.95 230.31 266.83

170.37 185.83 196.99 212.96 232.51 274.71

170.86 188.68 198.86 212.96 232.51 277.34

170.86 188.68 202.48 212.96 233.38 285.71

172.48 188.68 202.48 213.47 233.38 288.24

172.48 188.68 204.09 215.13 235.61 293.52

172.48 188.68 205.15 215.13 236.41 298.33

173.95 189.62 205.15 217.18 Average 207.81
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Table 52 The SEM images (5000x) with diameter measurement and diameter data of 

2%wt -mangostin in 30/70 CS-EDTA/PVA nanofiber patches.

Diameter (2% -mangostin in 30/70 CS-EDTA/PVA)

153.57 188.56 198.86 217.18 231.72 255.55

170.37 188.56 198.86 217.18 231.72 256.26

170.37 190.48 205.15 222.13 231.72 256.26

172.48 190.48 206.03 222.13 231.72 256.26

175.61 190.48 206.03 222.13 231.72 264.62

175.61 190.48 206.03 222.13 232.51 264.62

175.61 191.43 210.39 222.13 232.51 266.67

175.61 194.25 210.39 222.13 235.61 269.37

179.69 194.25 210.39 222.95 235.61 274.71

180.70 194.25 212.96 222.95 238.67 297.53

180.70 194.25 212.96 222.95 238.67 307.13

180.70 196.11 212.96 222.95 238.67 307.13

180.70 196.11 212.96 228.57 247.62 307.72

180.70 198.86 215.50 229.36 250.53 317.02

187.60 198.86 217.18 230.15 254.13 326.04

187.60 198.86 217.18 230.15 254.13 339.13

187.60 198.86 217.18 230.15 Average 220.72
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Table 53 The SEM images (5000x) with diameter measurement and diameter data of 

3%wt -mangostin in 30/70 CS-EDTA/PVA nanofiber patches.

Diameter (3% -mangostin in 30/70 CS-EDTA/PVA)

137.35 203.21 233.38 251.73 277.34 290.75

147.36 210.95 233.38 253.14 280.49 290.75

162.31 210.95 233.38 253.14 280.49 292.91

173.95 215.13 235.61 253.84 281.23 304.76

175.61 215.13 235.61 255.55 281.23 305.36

175.61 222.13 236.41 255.55 281.23 309.46

180.70 222.13 236.41 256.63 283.02 310.07

186.78 222.13 238.66 259.08 283.16 310.07

187.60 226.42 238.67 259.08 283.16 315.29

189.62 227.20 243.93 259.08 283.65 333.20

190.48 227.20 245.28 262.12 285.71 344.97

191.43 227.20 245.28 266.83 285.71 346.88

192.42 227.20 246.01 268.16 287.39 357.87

194.25 227.20 248.35 272.72 288.01 361.40

194.26 227.98 248.35 272.72 290.12 362.93

194.26 227.98 248.35 272.72 290.12 370.70

196.99 230.15 250.53 274.71 Average 251.35
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Standard curve

Standard: -mangostin

Method: High performance liquid chromatography (HPLC)

Wavelength: 320 nm

Figure 54 Standard curve of -mangostin.

Standard: Gallic acid

Method: UV spectrophotometer

Wavelength: 765 nm

Figure 55 Standard curve of gallic acid.
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Standard: Tannic acid

Method: UV spectrophotometer

Wavelength: 510 nm

Figure 56 Standard curve of tannic acid.

Standard: FRAP (FeSO4)

Method: UV spectrophotometer

Wavelength: 510 nm

Figure 57 Standard curve of FeSO4.
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Standard: S. aureus

Method: UV spectrophotometer

Wavelength: 550 nm

Figure 58 Standard curve of S.aureus.

Standard: E.coli

Method: UV spectrophotometer

Wavelength: 550 nm

Figure 59 Standard curve of E.coli.
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High performance liquid chromatography (HPLC) condition  

Column - 250×4.6 mm C18

Flow rate - 1.00 ml/min

Injection volume  - 20 μL

Detector - UV–vis detector 

Wavelength - 320 nm

Mobile phase - acetonitrile 0.1% v/v ortho-phosphoric acid

Table 54 Volume ratios of acetonitrile and 0.1% v/v ortho-phosphoric acid use as a 
mobile phase for HPLC of -mangostin at different time interval. 

Time (min) Acetonitrile 0.1%v/v Ortho-phosphoric acid

0 70% 30%

15 70% 30%

18 75% 25%

19 80% 20%

25 80% 20%

26 70% 30%

30 70% 30%
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Figure 60 Chromatogram of -mangostin.

Figure 61 Chromatogram of GM extracts.
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Determination of antioxidant activities (IC50)

1. DPPH assay

Table 55 The antioxidant activity of GM extracts and GM extract loaded CS-

EDTA/PVA nanofiber patches with different amount of GM extract (0, 1, 2 

and 3%wt -mangostin to polymer) on DPPH assay. 
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2. ABTS assay

Table 56 The antioxidant activity of GM extracts and GM extract loaded CS-

EDTA/PVA nanofiber patches with different amount of GM extract (0, 1, 2 

and 3%wt -mangostin to polymer) on ABTS assay.
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3. FRAP assay

Table 57 The antioxidant activity of GM extracts and GM extract loaded CS-

EDTA/PVA nanofiber patches with different amount of GM extract (0, 1, 2 

and 3%wt -mangostin to polymer) on FRAP assay.
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4. Superoxide radical scavenging assay

Table 58 The antioxidant activity of GM extracts and GM extract loaded CS-

EDTA/PVA nanofiber patches with different amount of GM extract (0, 1, 2 

and 3%wt -mangostin to polymer) on superoxide radical scavenging 

assay.
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5. Hydroxyl radical scavenging assay

Table 59 The antioxidant activity of GM extracts and GM extract loaded CS-

EDTA/PVA nanofiber patches with different amount of GM extract (0, 1, 2 

and 3%wt -mangostin to polymer) on hydroxyl radical scavenging assay.
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6. Metal ion chelating assay

Table 60 The antioxidant activity of GM extracts and GM extract loaded CS-

EDTA/PVA nanofiber patches with different amount of GM extract (0, 1, 2 

and 3%wt -mangostin to polymer) on metal ion chelating assay.
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7. Galvinoxyl radical scavenging assay

Table 61 The antioxidant activity of GM extracts on galvinoxyl radical scavenging

assay.
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8. Reducing power

Table 62 The antioxidant activity of GM extracts and the CS-EDTA/PVA nanofiber 

patches on reducing power.

n=1 n=2 n=3

G
M

 e
xt

ra
ct

s
0%

w
t 

-m
an

go
sti

n

0

20

40

60

80

100

0 0.25 0.5 0.75 1 1.25

In
hi

bi
tio

n 
(%

)

Concentration (mg/mL)

0

20

40

60

80

100

0 0.25 0.5 0.75 1 1.25
In

hi
bi

tio
n 

(%
)

Concentration (mg/mL)

0

20

40

60

80

100

0 0.25 0.5 0.75 1 1.25

In
hi

bi
tio

n 
(%

)

Concentration (mg/mL)

0

0.1

0.2

0.3

0 2.5 5 7.5 10 12.5

A
bs

or
ba

nc
e 

(A
)

Concentration (mg/mL)

0

0.1

0.2

0.3

0 2.5 5 7.5 10 12.5

A
bs

or
ba

nc
e 

(A
)

Concentration (mg/mL)

0

0.1

0.2

0.3

0 2.5 5 7.5 10 12.5

A
bs

or
ba

nc
e 

(A
)

Concentration (mg/mL)

0

0.1

0.2

0.3

0 2.5 5 7.5 10 12.5

A
bs

or
ba

nc
e 

(A
)

Concentration (mg/mL)

0

0.1

0.2

0.3

0 2.5 5 7.5 10 12.5

A
bs

or
ba

nc
e 

(A
)

Concentration (mg/mL)

0

0.1

0.2

0.3

0 2.5 5 7.5 10 12.5

A
bs

or
ba

nc
e 

(A
)

Concentration (mg/mL)



APPENDIX E



186

Release Data

Table 63 Cumulative release (%) of -mangostin release from 1%wt -mangostin 

loaded CS-EDTA/PVA nanofiber patches. 

Time (min)
% Cumulative release

Average SD
n=1 n=2 n=3

0 0.0000 0.0000 0.0000 0.0000 0.0000
5 45.2887 42.9629 47.5391 45.2636 2.2882
10 54.3648 49.8676 56.3619 53.5314 3.3264
15 62.6332 59.3416 66.3566 62.7771 3.5097
30 69.7740 67.1740 74.2912 70.4131 3.6014
60 76.3278 75.2027 80.6790 77.4032 2.8922

120 84.8394 84.3110 87.7905 85.6470 1.8751
240 90.5160 90.1081 93.8764 91.5002 2.0680
480 94.0960 87.0803 91.1671 90.7811 3.5237

Table 64 Cumulative release (%) of -mangostin release from 2%wt -mangostin 

loaded CS-EDTA/PVA nanofiber patches.

Time (min)
% Cumulative release

Average SD
n=1 n=2 n=3

0 0.0000 0.0000 0.0000 0.0000 0.0000
5 41.5367 43.8174 45.7940 43.7160 2.1305
10 64.5453 66.3977 61.6907 64.2112 2.3712
15 64.2275 72.6896 70.7178 69.2116 4.4275
30 73.4592 78.3815 77.4794 76.4400 2.6206
60 79.1578 83.2691 83.3841 81.9370 2.4075

120 86.6183 88.5987 91.6371 88.9514 2.5279
240 90.3659 93.8127 94.5849 92.9212 2.2464
480 90.7948 93.6010 92.2495 92.2151 1.4034

Table 65 Cumulative release (%) of -mangostin release from 3%wt -mangostin 

loaded CS-EDTA/PVA nanofiber patches.

Time (min)
% Cumulative release

Average SD
n=1 n=2 n=3

0 0.0000 0.0000 0.0000 0.0000 0.0000
5 45.1675 40.2889 35.8703 40.4422 4.6505
10 65.1712 65.0061 61.6030 63.9268 2.0141
15 75.0268 74.9351 61.6030 70.5216 7.7239
30 80.7209 80.8410 73.3604 78.3074 4.2847
60 84.6832 83.8817 78.9364 82.5004 3.1124

120 89.2980 87.1310 84.8849 87.1046 2.2067
240 93.0874 91.7425 88.6078 91.1459 2.2986
480 92.5920 92.3833 88.6200 91.1984 2.2354
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LIST OF ABBREVIATIONS

%w/v Percent weight by volume

%w/w Percent weight by weight

C Degree Celsius

K Degree Kelvin

μg Microgram

μL Microliter

μm Micrometer

μM Micromolar
1H-NMR Proton nuclear magnetic resonance

3D Three dimensions

5-HT 5-hydroxytrypyamine 

ABTS 2,2’-azino-bis (3-ethylbenzothiazoline-6- sulfonic acid)

ADP Adenosine diphosphate 

AFM Atomic force microscopy

ATP Adenosine triphosphate

ATR-FTIR Attenuated total reflectance fourier transform infrared 

spectroscopy

ATR-IR Attenuated total reflectance infrared spectroscopy

BMP-2 Bone morphogenetic protein-2

BSA Bovine serum albumin

CFU Colony-forming unit

cm Centimeter 

CS-EDTA Chitosan-ethylenediaminetetraacetic acid

CS-HOBt Chitosan-hydroxybenzotriazole

CS-TPP Chitosan-thiamine pyrophosphate

COX Cyclooxygenase

DCM Dichloromethane

DD Degree of deacetylation

DPPH 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl

DMAc Dimethylacetamide 
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DMBA 7,12-dimethylbenz[a]anthracene 

DMEM Dulbecco’s modified eagle medium

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DSC Differential scanning calorimeter

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

EDX Energy dispersive X-ray

EGF Epidermal growth factor

ESEM Environment scanning electron microscopy

et al. and others

EtOH Ethanol

FBS Fetal bovine serum

FRAP Ferric ion reducing antioxidant parameter

FTIR Fourier transform infrared

g Gram

GAE Gallic acid equivalent 

GlcN Glucosamine

GlcNAc N-acetyl glucosamine

GM Garcinia mangostana

h Hour(s)

HAT Hydrogen atom transfer

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol

HIV Human immunodeficiency virus 

HOBt Hydroxybenzotriazole

HPLC High Performance Liquid Chromatography  

IC50 The half maximal inhibitory concentration

IL-1beta Interleukine 1 beta

IL-6 Interleukine 6

iNOS Inducible nitric oxide synthase
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IUPAC International Union of Pure and Applied Chemistry

J Joule

kDa Kilodalton

KGF-2 Keratinocyte groeth factor-2

kV Kilovolt

LD50 Median lethal dose

LPS Lipopolysaccharide

m Meter

M Molar

MBC Minimum bactericidal concentration

MC Methylenechloride 

mg Milligram

MIC Minimum inhibitory concentration

min Minute

mm Millimeter

mM Millimolar

MMP Metalloproteinase 

mL Milliliter

mM Millimolar

MRSA Methicillin resistant Staphylococcus aureus

MtOH Methanol

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide

MTS (5-(3-carboxymethoxyphenyl)-2-(4,5-dimethylthiazoly)-3-(4-

sulfophenyl)tetrazolium, inner salt) 

Mw Millijoule/second

MW Molecular weight

NADH Nicotinamide adenine dinucleotide

NBT Nitrotetrazolium blue chloride 

NHF Normal human fibroblast cell

ng Nanogram

nm Nanometer

OD Optical density
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ORAC Oxygen radical absorbance capacity

PBS Phosphate buffer solution

PCL Poly -caprolactone

PEO Poly ethylene oxide

PEVA Poly (ethylene-co-vinyl alcohol)

PGA Poly glycolic acid

PGE2 Prostagradin E2

pH Potentia hydrogenii (lat.)

pKa -log10Ka

PLA Poly lactic acid

PLGA Poly lactide-co-giycolide

PLLA Poly l-lactic acid

PMS Phenazonium methyl sulfate

ppm Parts per million

PS Polystyrene 

PU Polyurethane

PVA Poly vinyl alcohol

PVP Poly vinyl pyrrolidone

RAW 264.7 Mouse leukaemic monocyte macrophage cell 

rhEGF Recombinant human epidermal growth factor

RNA Ribonucleic acid

ROS Reactive oxygen species  

rpm Round per minute

s second

SAXS Small angle X-ray scattering

SD Standard deviation

SEM  Scanning electron microscope

SET Single electron transfer

SFM Serum free medium

siRNA Small interfering ribonucleic acid

SKBR3 Human breast cancer cell

TA Tailing albumin
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TAE Tannic acid equivalence

TBA Thiobarbituric acid

TCA Trichloroacetic acid 

TEM Transmisssion electron microscope

TFA Trifluoroacetic acid

TFE Trifluoroethanol

TGF-beta Tranforming growth factor beta

THF Tetrahydrofuran

TIMP Tissue inhibitor of metalloproteinase 

TNF-alpha Tumor necrosis factor alpha

TNF-beta Tumor necrosis factor beta

TPP Thiamine pyrophosphate

TPTZ Tripyridyl-s-triazine 

TRAP Total peroxyl radical-trapping antioxidant parameter

UHMWPEO Ultra high molecular weight poly ethylene oxide

UV Ultraviolet

WAXD Wide angle X-ray diffraction

WST-1 ((4-[3-4-iodophenyl]-2-(4-nitrophenyl)-2H-5-tetrazolio)- 1,3-

benzene disulfonate).

VRE Vancomycin resistant Enterococci

XPS X-ray photoelectron spectroscopy

XRD X-ray diffractometry

XTT (2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-5-carboxanilide-

2H-tetrazolium)
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