
CHAPTER II
LITERATURE REVIEW

2.1 Electrospinning

Electrospinning is a fiber spinning technique that produces polymer fibers 
of nanometer to micrometer range in diameters. In the electrospinning process, a 
polymer solution held by its surface tension at the end of a capillary tube is subjected 
to an electric field. Charge is induced on the liquid surface by an electric field. 
Mutual charge repulsion causes a force directly opposite to the surface tension. As 
the intensity of the electric field is increased, the hemispherical surface of the 
solution at the tip of the capillary tube elongates to form a conical shape known as 
the Taylor cone. When the electric field reaches a critical value at which the 
repulsive electric force overcomes the surface tension force, a charged jet of the 
solution is ejected from the tip of the Taylor cone. Since this jet is charged, its 
trajectory can be controlled by an electric field. As the jet travels in air, the solvent 
evaporates, leaving behind a charged polymer fiber which lays itself randomly on a 
collecting metal screen. Thus, continuous fibers are laid to form a non-woven fabric 
(Doshi, 1995).

The formation of fibers from this spinning process can be divided into two
parts:

2.1.1 The Initiation of the Jet
Before the electric field is applied to the polymer solutions, and when 

the capillary tube are in a vertical position and carries a drop at the tip of nozzle, the 
relation between the surface tension and the height of the column of liquid under 
equilibrium conditions is given by

2y(l/R + 1/r) = pgh (1)

where y is the surface tension of the liquid of density P, h is the height of the 
column of liquid above the lowest surface of the drop, R is the radius of curvature of



หอสบุ«กทาง สำนักงๅนวิทยทรัพยากร 
ชุพาลงกรtuJJVtnyttnàg 5

the liquid at the upper liquid surface and r is the radius of curvature of the liquid at 
the lower surface of the liquid (Michelson, 1990).

Consider a droplet of polymer solutions that is applied to a high 
electric field. Charges that flow onto liquid surface repel each other. The repulsion 
forces are opposed to the forces from surface tension. The polymer droplet becomes 
unstable when the charge distributed on the surface overcomes the surface tension. 
The conditions that are necessary for a charged surface to become unstable are 
described by considering the equilibrium equation,

V* = (4 7tir)1/2 (2)

where V» is the critical potential, r is the droplet radius, and Y is the surface tension 
of the solutions (Koombhongse, 2001), For the droplets subjects to a higher potential, 
V > V», the droplet elongates into a cone-like shape that was described 
mathematically by Taylor and often referred to as a Taylor cone (Taylor, 1969).

As the potential is increased, which obtain the maximum instability of 
the liquid surface, a jet of liquid ejected from the tip of the cone. Taylor (1969) 
showed that the critical voltage Vc (expressed in kilovolts) at which the maximum 
instability develops is given by

Vc2 = 4H2/L2 (ln2L/R -  1.5)(0.117:tRy) (3)

where H is the distance between the electrodes, L and R are the length and radius of 
the capillary, respectively, and Y is the surface tension.

2.1.2 The Continuous Flow of the Jet
The mechanism of the appearance of a stable electrospinning jet is 

evidently established by the observation of the jet formation through the high speed 
electronic camera which recorded up to 2000 frames per second with a time 
resolution of approximately 0.0125 ms (Reneker, 2000).
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There are two kinds of electrical forces that act on the jet: the external 
field that tries to pull the jet toward collector and the self-repulsion between the 
charges carried by adjacent segments of the jet that try to push each other apart. The 
self-repulsion can also cause different types instability such as bending instability 
and splitting instability.

In bending instability, or whipping instability, the jet rotates in a 
conical region, whose vertex is the end of the straight jet. The other end of the jet, 
which is highly stretched, and reduced in diameter, is deposited on the collector as a 
result of the fast whipping motions (Shin, 2001).

After some time, segment of a loop suddenly developed a new 
bending instability, but at a smaller scale than the first. Each cycle of bending 
instability can be described in three steps (Reneker, 2000).

Step (1) A smooth segment that was straight or slightly curved 
suddenly developed an array of bends.

Step (2) The segment of the jet in each bend elongated and the array 
of bends became a series of spiraling loops with growing diameters.

Step (3) As the perimeter of the loops increased, the cross-sectional 
diameter of the jet forming the loop grew smaller; the conditions for step (1) were 
established on a smaller scale, and the next cycle of bending instability began.

The schematic drawing of the electrospinning process is shown in
Figure 2.1.
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Taylor Cone

Figure 2.1 Schematic drawing of the electrospinning process.

The other instability of the charged jet is the splitting instability. It 
occurs when the charge density of the charged jet increases as the solvent evaporates. 
The charged jet can reduce its charge per unit surface area by ejecting a smaller jet 
from the surface of the primary jet, or by splitting apart to form two smaller jets 
(Koombhongse, 2001).

2.1.3 Biomedical Applications of Electrospun Fibers
Due to the high surface area to volume or mass ratio, high porosity, 

and light weight of the electrospun fibrous mats, the potential for use of these fibrous 
materials in biomedical applications is in areas such tissue engineering, drug 
delivery, and wound healing.

2.1.3.1 Scaffolds for Tissue Engineering
Use of electrospun fibers and fiber meshes in tissue 

engineering applications often involves several considerations, including choice of 
material, fiber orientation, porosity, surface modification and tissue application. 
Choices in materials include both natural and synthetic (biodegradable and non- 
biodegradable) materials, as well as hybrid blends of the two, which can provide an 
optimal combination of mechanical and biomimetic properties. Almost all of the
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human tissues and organs have fibrous network to provide mechanical integrity to 
them. These tissues and organs are, for examples, bone, dentin, collagen, cartilage, 
and skin. For the treatment of injured or defective tissues or organs, biocompatible 
materials are designed and fabricated to form structure that mimic the structure and 
biological functions of extracellular matrix (ECM). Fluman cells can attach and 
organize well around the fivers that are smaller them. As a result, nanometer or sub­
micrometer fibrous scaffolds could be suitable template for cell seeding, migrating, 
and proliferating. It has been reported that scaffolds having high surface area to 
mass ratio (ranging from 5 to 100 m2/g) is efficient for fluid absorption and dermal 
delivery (Haung, 2003).

2.1.3.2 Drug Delivery System
Electrospinning affords great flexibility in selecting materials 

for drug delivery applications. Controlled delivery systems are used to improve 
therapeutic efficiency and safety of drugs by delivering them a rate dictated by the 
need of the physiological environment over a period of treatment to the site of action 
(Kenawy, 2002). A wide variety of polymeric materials, either biodegradable or non- 
biodegradable with biocompatible, can be used as delivery matrices to control 
whether drug release occurs via diffusion alone or diffusion and material 
degradation, for example; poly(lactide-co-glycolide) (PLGA) (Kim, 2004), poly(L- 
lactic acid)(PLLA) fibers (Zeng, 2003), Hydroxypropyl methylcellulose (HPMC) 
(Verreck, 2003) and poly (ethylene-co-vinylacetate) (PEVA) (Kenawy, 2002). 
Additionally, due to the flexibility in material selection a number of drugs can be 
delivered including: antibiotics, anticancer drugs, proteins, and DNA. The 
advantages of the electrospun fibers over the convention cast film are the electrospun 
fiber has higher surface area and high porosity than film resulting in minimization of 
the initial burst release of drug and higher amount of drug release was obtained. 
Moreover, the electrospinnning process is the better alternative compare to the melt 
processing which is especially important for heat-sensitive drugs.

2.1.3.3 Wound Dressing
Wound dressing from electrospun nano fibrous membranes 

potentially offers many advantages over conventional processes. With its high 
surface area and microporous structure, the nanofibrous membranes could quickly
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start signaling pathway and attract fibroblast to the derma layer, which can excrete 
important extracellular matrix components such as collagen and several cytokines, to 
repair damaged tissue. Moreover, the nanofibrous membranes should not only serve 
as a substrate of tissue regeneration, but also may deliver suitable bioactive agents, 
including drugs (e g. antibiotic agent), within a controlled manner during healing. In 
2004, Min et al. have prepared silk fibroin (SF) electrospun scaffolds with fiber 
diameters of around 80 nm. They found that normal human kératinocytes and 
fibroblast seeded on SF nanofibers were able to attach and grow, indicating that SF 
nanofibers may be a good candidate for wound dressing. A collagen nanofibrous 
matrix produced by the electrospinning process was also used for the application of 
wound dressing (Rho, 2006). A composite nanofibrous membrane composed of 
collagen and chitosan was found to promote wound healing and induce cell 
migration and proliferation. From animal studies, the nanofibrous membrane was 
better than gauze and commercial collagen sponge in wound healing (Chen, 2008).

2.2 Drug Delivery System

2.2.1 Mechanisms of Drug Delivery System
There are three primary mechanisms by which active agents can be 

released from a delivery system: diffusion, degradation, and swelling followed by 
diffusion (Peppas, 1997). Any or all of these mechanisms may occur in a given 
release system. Diffusion occurs when a drug or other active agent passes through 
the polymer that forms the controlled-release device. The diffusion can occur on a 
macroscopic scale—as through pores in the polymer matrix—or on a molecular 
level, by passing between polymer chains. Examples of diffusion-release systems are 
shown in Figures 2.2 and 2.3. In Figure 2.2, a polymer and active agent have been 
mixed to form a homogeneous system, also referred to as a matrix system. Diffusion 
occurs when the drug passes from the polymer matrix into the external environment. 
As the release continues, its rate normally decreases with this type of system, since 
the active agent has a progressively longer distance to travel and therefore requires a 
longer diffusion time to release.
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Figure 2.2 Drug delivery from a typical matrix drug delivery system.

For the reservoir systems shown in Figures 2.3a and 2.3b, the drug 
delivery rate can remain fairly constant. In this design, a reservoir—whether solid 
drug, dilute solution, or highly concentrated drug solution within a polymer matrix— 
is surrounded by a film or membrane of a rate-controlling material. The only 
structure effectively limiting the release of the drug is the polymer layer surrounding 
the reservoir. Since this polymer coating is essentially uniform and of a non­
changing thickness, the diffusion rate of the active agent can be kept fairly stable 
throughout the lifetime of the delivery system. The system shown in Figure 2.3a is 
representative of an implantable or oral reservoir delivery system, whereas the 
system shown in Figure 2.3b illustrates a transdermal drug delivery system, in which 
only one side of the device will actually be delivering the drug.
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Figure 2.3 Drug delivery from typical reservoir devices: (a) implantable or oral 
systems, and (b) transdermal systems.

Once the active agent has been released into the external environment, 
one might assume that any structural control over drug delivery has been 
relinquished. However, this is not always the case. For transdermal drug delivery, 
the penetration of the drug through the skin constitutes an additional series of 
diffusional and active transport steps, as shown schematically in Figure 2.4.
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Figure 2.4 Transport processes in transdermal drug delivery (Ishihara, 1983).

For the diffusion-controlled systems described thus far, the drug 
delivery device is fundamentally stable in the biological environment and does not 
change its size either through swelling or degradation. In these systems, the 
combinations of polymer matrices and bioactive agents chosen must allow for the 
drug to diffuse through the pores or macromolecular structure of the polymer upon 
introduction of the delivery system into the biological environment without inducing 
any change in the polymer itself.

2.2.2 Electrospun Fibers Used in Drug Delivery System
Electrospinning affords great flexibility in selecting materials for drug 

delivery applications. Either biodegradable or non-degradable materials can be used 
to control whether drug release occurs via diffusion alone or diffusion and scaffold 
degradation. Additionally, due to the flexibility in material selection a number of 
drugs can be delivered including: antibiotics, anticancer drugs, protein, and DNA.

Release of tetracycline from electrospun mats of poly (ethylene-co­
vinylacetate) (PEVA), poly(lactic acid) (PLA) and their blend was studied by 
Kenawy et al. (2002). Electrospinning was carried out using 14% w/v solution of 
PEVA, PLA and a 50/50 blend in chloroform. The concentration of tetracycline 
hydrochloride was 5 wt%. It was found that release of tetracycline hydrochloride 
from electrospun mats of PEVA, PLA and 50/50 PLA/PEVA gave relatively smooth 
release of drug over about 5 days. Moreover, electrospun PEVA showed a higher 
release rate than the mats derived from blend or PLA. For comparison purpose, cast
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film with equal amount of drug were prepared and tested. The results showed that the 
total percent released from the cast film were lower than that of the electrospun mats, 
as would be expected due to the much lower surface area of film samples.

Hydroxypropyl methylcellulose (HPMC), a water-soluble polymer, 
was selected to electrospun in the presence of itraconazole (poorly water-soluble 
drug) by Verreck et al. (2003). When a 40:60, itraconazole:HPMC ratio was used, 
the diameter of obtained fiber was about 1-4 pm (applied voltage =16 kV) and 300- 
500 nm (applied voltage =24 kV). They concluded that there were a number of 
potential applications of electrospun fibers in drug delivery based on the following 
observations: 1) complete release of highly poorly water-soluble drugs can be 
achieved and 2) the rate of drug release can be tailored by a variety of parameters: 
for example, the drug/polymer ratio and the diameter of electrospun fibers.

The successful incorporation and sustained release of a hydrophilic 
antibiotic drug (Mefoxin®, cefoxitin sodium) from electrospun poly(lactide-co- 
glycolide) (PLGA)-based nanofibrous scaffolds without the loss of structure and 
bioactivity was demonstrated by Kim et al. (2004). PLGA or its mixture 
(PLGA/PEG-b-PLA diblock copolymer/PLA = 80:15:5 by wt.%) was dissolved in
3.5 g of AA-dimethyl formamide (DMF) solvent to produce a 33 wt.% solution. The 
antibiotic drug (cefoxitin sodium) in the mass range between 10 and 90 mg was 
dissolved in 0.11 g of Milli-Q water and then was added to polymer solution. When 
cefoxitin sodium was added, the morphology of electrospun PLGA/PLA/PEG-b-PLA 
scaffolds changed from bead-and-string to a completely fibrous structure. In 
addition, the average fiber diameter and the fiber diameter distribution decreased 
from 360 ± 220 nm (without drug) to 260 ± 90 (with 5 wt.% of drug). The 
introduction of PEG-b-PLA block copolymer in the polymer matrix reduced the 
cumulative amount of the released drug at earlier time points and sustained the drug 
release profile to longer time (up to 1 week).

Xu et al. (2006) examined the incorporation of the anticancer drug 
l,3-bis(2-chloroethyl)-l-nitrosourea (BCNU) into electrosun poly(ethylene glycol)-- 
poly(L-lactic acid) (PEG-PLLA) diblock copolymer fiber mats. Both the polymer 
and the BCNU were dissolved in chloroform and electrospun, giving BCNU
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embedded in the PEG-PLLA fibers. The average fiber diameters depended on drug 
loading with values ranging from 690 to 1350 nm for drug loading of 5 and 30 wt.%, 
respectively. Both the release rate and the initial burst release increased with 
increasing BCNU loading. The effect of BCNU release from electrospun PEG- 
PLLAmats on the growth of rat Glioma C6 cells was also examined. BCNU loaded 
PRG-PLLA mats exhibited anticancer activity over a period of 72 h, while free 
BNCU began to lose its anticancer activity after 48 h. Thus, by embedding the drug 
in the polymer fiber were able to protect it from degradation and preserve its 
anticancer activity.

Heparin was incorporated into electrospun poly(e-caprolactone) (PCL) 
fiber mats for assessment as a controlled delivery device by Luong-Van et al. (2006). 
Fibers with smooth surfaces and no bead defects could be spun from polymer 
solutions with 8%w/v PCL in 7:3 dichloromethane:methanol. A significant decrease 
in fiber diameter was observed with increasing heparin concentration. Assessment of 
drug loading and imaging of fluorescently labeled heparin showed homogenous 
distribution of heparin throughout the fiber mats. A total of approximately half of the 
encapsulated heparin was released by diffusional control from the heparin/PCL fibers 
after 14 days. The fibers did not induce an inflammatory response in macrophage 
cells in vitro and the released heparin was effective in preventing the proliferation of 
VSMCs in culture. These results suggest that electrospun PCL fibers are a promising 
candidate for delivery of heparin to the site of vascular injury.

In 2006, Taepaiboon et al. have been studied the electrospun 
poly(vinyl alcohol) (PVA) fiber mats as carriers of drugs for a transdermal drug 
delivery system. Four types of non-steroidal anti-inflammatory drug with varying 
water solubility property, i.e. sodium salicylate (freely soluble in water), diclofenac 
sodium (sparingly soluble in water), naproxen (NAP), and indomethacin (IND) (both 
insoluble in water), were selected as model drugs. PVA powder was dissolved in 
distilled water at 80 °c to prepare a PVA at a fixed concentration of 10% w/v. The 
drugs were loaded at either 10 or 20 wt.% (based on the weight of PVA powder). 
The drug-loaded polymer solutions were electrospun at an electrical potential of 15 
k v  and collective distance of 15 cm. The morphological appearance of the drug- 
loaded electrospun PVA mats depended on the nature of the model drugs. The
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molecular weight of the model drugs played a major role on both the rate and the 
total amount of drugs released from the as-prepared drug-loaded electrospun PVA 
mats, with the rate and the total amount of drugs released decreasing with increasing 
molecular weight of the drugs. Lastly, the drug-loaded electrospun PVA mats 
exhibited much better release characteristics of the model drugs than drug-loaded as- 
cast films.

2.3 Wound Dressing

2.3.1 Wound Healing Process
Wound healing is a specific biological process related to the general 

phenomenon of growth and tissue regeneration. It is a complex biological process 
involving haemostasis and inflammation, migration, proliferation, and maturation 
Debra, 1998).

2.3.I.1 Haemostasis and Inflammation
Bleeding usually occurs when the skin is injured and serves to 

flush out bacteria and/or antigens from the wound. In addition, bleeding activates 
haemostasis which is initiated by exudate compounds such as clotting factors. 
Fibrinogen in the exudates elicits the clotting mechanism resulting in coagulation of 
the exudates (blood without cells and platelets) and, together with the formation of 
fibrin network, produces a clot in the wound causing bleeding to stop. The clot dries 
to form a scab and provides strength and support to the injured tissue. Flaemostasis 
therefore, plays a protective role as well as contributing to successful wound healing.

The inflammatory phase occurs almost simultaneously with 
haemostasis, sometimes from within a few minutes of injury to 24 h and lasts for 
about 3 days. It involves both cellular and vascular responses. The release of protein- 
rich exudates into the wound causes vasodilation through release of histamine and 
serotonin, allows phagocytes to enter the wound and engulf dead cells (necrotic 
tissue). Necrotic tissue which is hard is liquefied by enzymatic action to produce a 
yellowish coloured mass described as sloughy. Platelets liberated from damaged 
blood vessels become activated as they come into contact with mature collagen and 
form aggregates as part of the clotting mechamism.
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2 . 3 . 1 . 2  M i g r a t i o n

The m igration phase in v o lv es  the m ovem en t o f  ep ithelia l c e lls  
and fibroblasts to the injured area to replace dam aged and lo st tissue, T h ese ce lls  
regenerate from the margins, rapidly grow ing over the w ound under the dried scab  
(c lo t) accom panied by epithelial thickening.

2 . 3 . 1 . 3  P r o l i f e r a t i o n

The proliferative phase occurs alm ost sim u ltan eously  or just  
after the m igration phase (D ay  3 onw ards) and basal cell proliferation, w h ich  lasts  
for b etw een  2  and 3 days. Granulation tissu e is form ed by the in -grow th  o f  cap illaries  
and lym phatic v e s se ls  into the w ound and co llagen  is syn th esized  by fibroblasts  
g iv in g  the skin strength and form . B y  the fifth  day, m axim um  form ation o f  b lood  
v e sse ls  and granulation tissu e has occurred. Further ep ithelia l th ickening takes p lace  
until co lla gen  bridges the w ound. The fibroblast proliferation and co llagen  syn thesis  
con tin u es for up to  2  w eek s b y  w hich  tim e b lood  v esse ls  decrease and oed em a  
recedes.

2 . 3 . 1 . 4  M a t u r a t i o n

This phase (also called the “rem od elin g phase”) in v o lv es  the  
form ation o f  cellu lar con n ective  tissue and strengthening o f  the new  epithelium  w ich  
determ ines the nature o f  the final scar. C ellular granular tissu e is changed to an 
acellu lar m ass from  several m onths up to about 2  years.

2 .3 .2  T ypes and Properties o f  W ound D ressing
Skin p lays an im portant role in h aem ostasis and the prevention  o f  

in vasion  by m icroorganism s. Skin  generally  needs to be covered  w ith  a d ressing  
im m ed iately  after it is dam aged. A n ideal dressing should  m aintain a m oist  
environm ent at the w ound interface, a llo w  ga seou s exch an ge, act as a barrier to  
m icroorganism s and rem ove e x c e ss  exudates. It should a lso  be n on -tox ic , non- 
allergenic, non-adherent and ea sily  rem oved w ithout trauma, and it should b e m ade  
from  a readily availab le biom aterial that requires m inim al processin g , p o sse sse s  
antim icrobial properties and prom otes w ound healing. A t present, there are three  
categories o f  w ou nd  dressing: b io log ic , synthetic and b io lo g ic -sy n th etic . A llo sk in  
and p igsk in  are b io lo g ic  d ressin gs com m on ly  used  clin ica lly , but they have som e  
disadvantages, such  as lim ited supplies, high antigenicity, p oor ad h esiven ess and risk
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o f  crosscontam ination . Synthetic dressings h ave long sh e lf  life , induce m inim al 
inflam m atory reaction  and carry alm ost no risk o f  pathogen  transm ission. . In recent 
years, researchers have focu sed  on b io lo g ic -sy n th etic  d ressin gs (Suzuki, 1990; 
M atsuda, 1990), w hich  are bilayered and con sist o f  high p olym er and b io lo g ic  
materials.

W ound dressing and d ev ices  form  an im portant segm ent o f  the  
m edical and pharm aceutical w ound care market w orldw ide. In the past traditional 
dressing such as natural or synthetic bandages, cotton  w ool, lint and gau zes all w ith  
varying degree o f  absorbency w ere used  for the m anagem ent o f  w ounds. Their  
primary function  w a s to  keep the w ou nd  dry by a llow in g  evaporation  o f  w ou nd  
exudates and preventing entry o f  harmful bacteria into the w ou n d . E ffective  w ou nd  
m anagem ent depends on understanding a number o f  different factors such as the type  
o f  w ound being treated, the healing process, patient con d ition s in term s o f  health  
(e g. d iabetes), environm ent and socia l setting, and the physical chem ical properties 
o f  the availab le dressing (M organ, 2 0 0 2 ). In addition, recent ad van ces in dressings  
are d iscu ssed  w ith in  the con text o f  the form ulations for delivery therapeutic agen ts to  
m oist w ou nd  surfaces. Finally , general physical characterization o f  topical dressings, 
for application  to  w ounds, in terms o f  their fluid affin ity w ater uptake, rheological 
properties (gel and ten sile  strength, elasticity), com p ressive  and b ioad h esive  
properties are sp ecifica lly  d iscussed . There are tw o  op p osite  requirem ents for w ound  
dressing to  meet: it should prevent lo ss  o f  fluids, e lectro lytes and other b io m olecu les  
from the w ound and obstruct bacterial entry, but it should a lso  be perm eable en ou gh  
to a llow  the p assage o f  d ischarge through pores or cuts. It addition it should be able  
to adhere to  the w ou n d  surface, and be easy to p eel from  the skin w ith o u t disturbing  
new  tissu e  growth.

2 .3 .3  E lectrospun Fibers U sed  in W ound D ressing
W ound dressing w ith  electrospun nanofibrous m em brane can m eet the  

requirem ents such as h igher gas perm eation and protection  o f  w ou nd  from  in fection  
and dehydration. T he go a l o f  w ound dressing is  the production  o f  an ideal structure 
that g iv e s  higher p orosity  and a g o o d  barrier. T o reach this go a l, w ou nd -d ressin g  
m aterials m ust be se lected  carefully, and the structure must be controlled  to confirm  
that it had go od  barrier properties and o x y g en  perm eability.
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A  co lla g en  nanofibrous matrix produced by e lectrosp in n in g process  
w as introduced for application o f  w ound dressing by R ho e t a t. (2 0 0 6 ). The co lla gen  
nanofibrous matrix w a s ch em ica lly  cross-linked  by glutaraldehyde vapor w ith  a 
saturated aqueous so lu tion  and then treated w ith  aqueous 0.1 M  g ly c in e  to b lock  
unreacted aldehyde groups. E ffec ts  on cytocom p atib ility , cell behavior, ce ll and 
collagen  nanofiber interactions, and open  w ound healing in rats w ere exam ined. 
R elatively  lo w  cell adhesion  w as observed  on uncoated  co llagen  nanofibers, w hereas  
collagen  nanofibrous m atrices treated w ith  type I co llagen  or lam inin w ere  
functionally  active in responses in normal hum an kératinocytes. C ollagen  
nanofibrous m atrices w ere  very e ffec tiv e  as w ou nd -h ealin g  accelerators in early- 
stage w ound healing. T he cross-linked  co llagen  nanofibers coated  w ith  EC M  protein, 
particularly type I co llagen , may be a go od  candidate for b iom edical application such  
as w ound dressing and scaffo ld s for tissu e engineering.

D u e to  silver (A g ) ion  and A g  conpounds have b een  w id e ly  u sed  in 
various b iom ed ica l applications, such as w ound dressing m aterials, b od y w a ll 
repairs, t issu e scaffo ld s, antim icrobial filters, and so  on. Thus, H on g e t al. (2 0 0 6 )  
have prepared a n ovel w ound dressing m aterials by electrosp in n in g p o ly (v in y l 
alcoh ol) (P V A )/A g N 0 3  aqueous solution  into n on w oven  mats and then treating the 
m ats by heat or u v  radiation. It w as found that heat treatm ent as w e ll as u v  
radiation red u ces the A g + ions in the electrospun P V A /A g N 0 3  fib er m ats in to the A g  
nanoparticles. A lso  the heat treatm ent im proved the crystallin ity  o f  the electrospun  
P V A  fiber m ats and so  it m ade the m ats u n so lved  in m oistu re environm ent. 
Therefore, it w as con clud ed  that the on ly  treated electrospun P V A /A gN C E  fiber mat 
w as a go od  material as w ound dressing b ecau se it had structural stab ility in m oisture  
environm ent as w ell as ex ce llen t antim icrobial ab ility  and quick  and con tin u ou s  
release o f  the e ffectiven ess.

In 20 07 , H an e t a l. have investigated  a b io log ica l w ou n d  d ressing that 
im proves early-stage w ou n d  healin g  and a technique that reduces the tim e b etw een  
preparation and patient use. T o ach ieve effic ien t w ou nd  d ressing that contain  
proliferative ce lls , w e  cocultured dermal sheath (D S ) and ep ithelia l outer root sheath  
(O R S ) ce lls  on p oly (3 -h yd roxyb u tyra te-co-3-h yd roxyva lera te) (P H B V )-b ased  
nanofiber m atrices o f  varying hydrophilicities. T h ey  found that cocultured
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hydrophobic P H B V  had the m ost p ositive  effect on  w ou nd  closure and re- 
ep ith elization . In contranst, hydrophilic P H B V /co llag en  sets regenerated little  o f  the 
epiderm al layer, a lthough they found faster ce ll attachm ent and better extracellular  
m atrix (E C M ) production.

T he b est b iom aterials for w ou nd  dressin g shou ld  be b iocom patib le  
and prom ote the grow th  o f  derm is and ep iderm is layers. C hen e t al. (2 0 0 8 )  have 
su ccessfu lly  produced  a com p o site  nanofibrous m em brane com p o sed  o f  co lla gen  and 
ch itosan , w h ich  are k n ow n  for their b en efic ia l e ffec ts  on w ound h ealin g. The 
m em brane w as found to prom ote w ound healing and induce ce ll m igration  and 
proliferation. From  anim al stu d ies, the nanofibrous m em brane w a s better than gauze  
and com m ercial co lla g en  sp on ge in  w ound healing.

2.4 Cellulose Acetate

2.4.1 Properties o f  C ellu lo se  A cetate
C e llu lo se  acetate (C A ) is the acetate ester o f  ce llu lo se , the primary 

structural com p on en t o f  the ce ll w a ll o f  green plants and is  on e o f  the m ost com m on  
b iopolym ers on  earth (A n on ym o u s, 2006). C A  is prepared from  ce llu lo se  by a 
so lu tion  p rocess em p lo y in g  sulfuric acid as the catalyst w ith  acetic  anhydride in an 
acetic  acid so lven t. The acetylation  reaction is h eterogen eou s and top och em ical 
(M ark, 1985). G eneral properties o f  C A  are sh ow n  in T able 2.1 .
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Table 2.1 G eneral properties o f  ce llu lo se  acetate (40.4%  acetyl con ten t) (M ark, 
1985)

Properties Details

C hem ical structure

0

ÇH2OOCW3

\

'  OH '' ท1

M elting p oint (°C) 30 6
Char point (°C ) 315
D en sity  (g /m l) 1.28
T en sile  strength (M Pa) 7 1 .6

The properties o f  ce llu lo se  acetate are affected  by the num ber o f  
acetyl groups per anhydroglucose unit o f  ce llu lo se  and the degree o f  polym erization . 
F ew er acetyl groups per anhydroglucose unit (increased  hydroxyl content) increase  
the solub ility  in polar so lven t and decrease m oisture resistance (M ark, 1985).

S olub ility  characteristics o f  ce llu lo se  acetates w ith  various acetyl 
contents are g iven  in T able 2.2.

Table 2 .2  S olub ility  characteristics o f  ce llu lo se  acetate (M ark, 1985)

Acetyl, % Soluble in Insoluble in
4 3 .0 -4 4 .8 D ich lorom ethane A ce to n e

3 7 -4 2 A ceton e d ich lorom ethane
2 4 -3 2 2 -m ethoxym ethanol A ce to n e
15-20 W ater 2 -m eth oxym ethan ol
<13 N o n e o f  the above A ll o f  the above
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C ellu lo se  acetate is u sed  in tex tile  fibers, p la stics, film , sh eetin g  and 
lacquers. In b iom edical application, ce llu lo se  acetate had been used  as a 
sem iperm eable coating on tablets (M akhija, 2003; Lu, 2 0 0 3 ), esp ecia lly  on  osm otic  
pum p-type tab lets and im plants, w h ich  a llo w s for controlled , extended release  o f  
actives (Santus, 1995).

2 .4 .2  E lectrospinning o f  C ellu lo se  A cetate
Liu and H sieh  (2 0 0 2 )  reported the preparation o f  ultra-fine C A  fiber 

m ats as w e ll as regenerated ce llu lo se  m em branes by e lectrosp inn ing . Three so lven ts  
(acetone, acetic  acid, and d im ethylacetam ide (D M A c)) w ere  u sed  electrosp in n in g o f  
ce llu lo se  acetate. Their results sh ow ed  that none o f  these so lv en ts  alone can produce  
fibers. A n im provem ent in the electrosp inn ing o f  C A  w a s  ach ieved  w h en  2:1 v /v  
aceton e/d im eth ylacetam ide (D M A c) w as used  as the so lven t system . T his m ixture  
allow ed  the resu lting C A  solutions w ith  concentration in the range o f  12 .5 -2 0  wt.%  
to b e continuously  spun into fibers w ith  diam eters ranging b etw een  - 1 0 0  nm and ~ 1  

pm.
E lectrospun ultrafine fibers o f  C A  w ere su ccessfu lly  prepared by  

u sin g a m ixture o f  acetone/w ater w ith  the w ater content in the range o f  10-15  wt.% . 
M oreover, Son e t al. (2 0 0 4 ) found that the e lectrosp inn ing o f  a C A  so lu tion  in 
acetone/w ater in an acid ic condition  produced larger fibers, w h ile  that o f  the solution  
in a b asic condition  produced m uch finer ones.

In 20 05 , M a e t al. h ave prepared the affin ity  C A  fibrous m em branes 
from  ce llu lo se  acetate (C A ) solution  ( 0 .16g/m l) in m ixture so lven t o f  3:1:1 v /v /v  
aceton e/d im eth ylform am id e (D M F )/triflu oroeth ylen e (T F E ) by e lectrosp in n in g  
(applied  electrical potential =  25  kV; co llection  d istance =  15 cm; p olarity o f  
em itting e lectrod e = positive; so lu tion  flow  rate =  4 ml h '1). T he C A  nanofiber m esh  
(fiber diam eter ranging from  200 nm  to  1 pm ) w a s  heat treated under 208  °c  for 1 h 
to im p rove structural integrity and m echanical strength, and then treated in 0.1 M  
N aO H  solution  in ELO/ethanol (4 :1 ) for 24 h to obtain regenerated  c e llu lo se  (R C ) 
nanofiber m esh, in w h ich  C ibacron B lu e F 3G A , a su lfonated  triazine dye, w as  
coupled  on  their surface.

Son  e t al. (2 0 0 6 ) prepared the antim icrobial C A  fibrous m em branes 
from  10 wt.%  C A  (acetyl content =  39.8% ; M w =  30  0 0 0  D a) so lu tion  in 8 0 :2 0  พ /พ
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acetone/w ater containing A gN C >3 in the am ount o f  0.5%  (based on  the w eigh t o f  C A ) 
by electrosp in n in g  (applied electrical potential =  17 kV; co llec tio n  d istance = 10 cm; 
polarity o f  em ittin g  e lectrod e =  p ositive; so lution  flo w  rate =  3 ml h '1). A g +  ion s  
w ere photoreduced  into A g  nanoparticles, an active antim icrobial agent, by  
irradiating the as-spun fibers (average diam eters =  6 1 0 -1 9 1 0  nm ) w ith  u v  light (the 
m axim um  w a v elen g th  =  24 5  or 365  nm ) that resulted in the A g  nanoparticles w ith  
the average d iam eters ranging b etw een  3 and 21 nm.

A  n ew  so lven t system  for the electrosp inn ing o f  c e llu lo se  acetate (C A ) 
nanofibers w a s  studied by H an e t al. (2 0 0 8 ). The C A  so lu tion s w ere  electrospun at a 
p ositive  v o lta g e  o f  25 kV , a tip -to -co llector  distance o f  10 cm , and a solution  flo w  
rate o f  3 m L/h. L ong uniform  C A  nanofibers w ith  an average diam eter o f  180 nm  
w ere electrosp u n  from  a 17 wt.%  C A  solution  in m ixed  so lven t contain ing acetic  
acid/w ater at a ratio o f  75:25  by w eigh t. The average diam eters o f  the C A  nanofibers  
could be controlled  from  160 nm to  1280 nm by changing the com p o sition  o f  the 
m ixed  solvent.

2 .4 .3  B iom ed ica l A p p lication s o f  C ellu lose  A cetate
2 .4 .2 .1  D r u g  D e liv e ry  S ystem

C ellu lo se  acetate is a w id e ly  use and in vestigated  m aterial both  
in the industry and in research. H ow ever , ce llu lo se  acetate, w h en  u sed  as rate 
controlling m em brane m aterial for transderm al drug delivery system s, gen era lly  
requires p lastic izers to  im prove its m echanica l property. A  p lasticizer is supposed  to  
w eak en  the interm olecular forces b etw een  the p olym er chains resu lting in a soften ed  
and flex ib le  p o lym er matrix. Thus, drug perm eability through the m em branes m ay  
also  be a ffected  by the addition o f  p lasticizer. The com m on ly  u sed  p lastic izers in  
m em brane form ulations in clud e phthalate ester, phosphate ester, fatty acid and g ly c o l  
derivatives (R am a R ao and D iw an, 1997). P o lyeth y len e g ly c o l (P E G , M W  6 0 0 ) w as  
used  as a p lastic izer  as w e ll as a pore-form ing agent and incorporated into ce llu lo se  
m em branes. D u e  to  its hydrophilicity , PE G  can be ea sily  rem oved  by putting the  
m em branes in to  an aqueous solution  before they are assem b led  into transderm al 
patches. The in vitro release  rates o f  scop o lam in e base as a m odel drug through the 
m em branes w ere  evaluated in phosphate buffer solution  (P B S , pH  7 .4 ) at 32 °c. It 
w as observed that no drug flux from  the ce llu lo se  acetate m em branes prepared
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w ith out PEG  and the drag perm eation through the ce llu lo se  acetate m em branes w as 
affected  by the incorporated PEG  content and form ed m em brane m orp h ology  (W ang,
2002).

C ellu lose  acetate w as se lected  as hydrophobic coatin g  to 
entrap the h ydrophilic  ch itosan  m icrocores. D uring the preparation o f  
ch itosan /ce llu lo se  acetate m ultim icropheres (C C A M ), no chem ical crosslin k in g  w as  
used. M od el drugs w ith  different hydrophilicity  w ere se lected  to in v estig ate  the 
d elivery  system . W ith  the increasing o f  hydrophobicity o f  drug, the h o les in the h oles  
in th e appearance o f  m icrospheres b ecam e sm aller and the load in g  e ffic ien cy  
increased. The load in g  e ffic ien cy  o f  different m odel drugs increased w ith  the 
increasing o f  hydrophobicity  o f  drug (Zhou, 2006).

2 .4 .3 .2  W ound D re ss in g
C ellu lose  acetate (C A ), an acetylated derivative o f  ce llu lo se  

polym er, is a g o o d  candidate, b ecau se this p o lym er is n on -tox ic , b iodegradable, and 
ren ew ab le w ith  g o o d  p rocessability  (D in g , 20 0 4 ). A  unique fabric w ith  non-adherent 
characteristics m aking it suitable for use as a w ound dressing, and particularly as a 
dressing for burn, is d isclosed . The fabric com p rises ce llu lo se  acetate fibers and a 
siloxa n e fin ish in g  on the fibers. In a preferred em bodim ent, the d ressing com p rises  
ce llu lo se  acetate fibers, ce llu lo se  acetate fiber having an an ti-b io log ic  incorporated  
into the fiber resin, and a siloxan e fin ish in g  on  the fibers. T he fabric o f  the in vention  
w as found to be le ss  adherent to burn than d ressing m ade from  cotton  or hav in g  a 
n ylon  net (C hen and Soden, 20 0 2 ). In 2008 , L u on g e t a l. d evelop ed  an appropriate 
co -so lv en t system  to  be u sed  for the d evelop m en t o f  a ce llu lo se  acetate nanofibrillar  
aerogel structure, w h ich  g iv e s  h ighly  branched continuous nanofibrils. T h is structure 
provides a h igh ly-p orou s and self-su sta in in g  robust structure w ith  a large surface  
area, w h ich  is essen tia l for the fac ile  incorporation o f  the silver ion s in  the 
m etallization  p rocess to g iv e  a h igh  loading content o f  silver. The C A  nanoporous 
structure acted as an e ffec tiv e  nanoreactor for the in situ syn thesis o f  silver  
nanoparticles. T h is m ethod d evelop ed  herein cou ld  be u sed  for various b iom ed ica l 
applications, esp ec ia lly  antim icrobial m em branes.
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2.5 Herbal Substances

2.5.1 Curcum in
Curcum in (se e  chem ical structure in F igure 2 .5a) is a naturally- 

occuring com pound found in the plant C u rcu m a lo n g g a  L. Its major constituents are 
curcum inoids, w h ich  are p o lyp h en o ls norm ally ex ist in at least tw o  tautom eric form s, 
k eto and enoal. The enol form  is m ore energetica lly  stab le, both in the solid  phase  
and in  solution  (A n on ym ou s, 2007). Curcum in is w id e ly  k n ow n  for its anti-tum or, 
antioxidant, and anti-inflam m atory properties (Sharm a, 20 05 ; Jayaprakasha, 20 05 ;  
Jayaprakasha, 2006; M aheshw ari, 20 06 ).

W ound h ealin g is a com p lex  m ultifactiorial p rocess that results in th e  
contraction and closure o f  the w ound and restoration o f  a functional barrier (H unt,
2 0 0 0 ). W ound related n on -p h agocytic  ce lls  a lso  generate free radicals by in v o lv in g  
n on -p h agocytic  N A D (P )H  ox id ase m echanism  (G riendling, 20 0 0 ). Thus, the w ou nd  
site is rich in both  ox yg en  and nitrogen centered reactive sp ecies a lon g  w ith  their 
derivatives. T he presence o f  these radicals w ill results in ox id ativ e  stress lead in g  to  
lip id  peroxidation, D N A  breakage, and en zym e inactivation, includ ing free radical 
scaven ger en zym es (W isem an, 1996).

D u e  to curcum in has been sh ow n  to  p o ssess antioxidant (free radical 
scaven gin g  activ ity) Thus, it can enhance cutaneous w ou nd  healin g  in rats and 
gu inea  p igs. Sidhu e t al. (1 9 9 9 )  have evaluated  the e ffica cy  o f  curcum in treatm ent by  
oral and top ica l app lications on im paired w ound h ea lin g  in d iabetic rats and 
g en etica lly  d iabetic  m ice  u sin g  a fiill-th ick n esss cutaneous punch w ou nd  m odel. 
W ou n d s o f  the anim als treated w ith  curcum in sh ow ed  early re-ep ith elia lization , 
im proved  n eovascu la tization , increased m igratory activ ity  o f  various ce lls  in clu d in g  
derm al m yofibrob lasts, fibroblasts, and m acropages into the w ound bed, and a h igher  
co llagen  content. The w ou nd  healing process in v o lv es  ex ten siv e  ox id a tiv e  stress to  
the system , w h ich  gen erally  inhibits tissu e rem odeling.

In 2 0 0 4  G opinath et al. have im proved the quality o f  w ou nd  h ealin g  
by s lo w  d elivery  o f  antioxidants like curcum in from  co llagen , w h ich  also  acts as a 
supportive m atrix for the regenerative tissue. T hey found that the p resen ce o f  
curcum in helped  increase w ou n d  reduction, enhance ce ll proliferation, and provide
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effic ien t free radical scav en g in g  activ ity. Panchatcharam  e t a l. (20 0 6 ) have  
determ ines the ro le  o f  curcum in on  changes in  co lla g en  characteristics and 
antioxidant property during cutaneous w ound h ea lin g  in rats. Full th ickness ex c is io n  
w ou nd s w ere m ad e o n  the back  o f  rat and curcum in w as adm inistered  top ica lly . T h ey  
found that curcum in  increase cellu lar proliferation and co lla g en  syn thesis at the 
w ound sits, as ev id en ced  by increase in  D N A , total protein  and type III co llagen  
content o f  w ou nd  tissu es.

2 .5 .2  C e n te lla  A s ia tic a  and A sia ticosid e
C e n te lla  a s ia tic a  (L .) Urban, a lso  k n ow n  as A sia tic  P ennyw ort or 

B uabok (in  T hai), is  a poorly  w ater-solub le drug. It has been  reported to heal 
w ou nd s, b um , and u lcerou s abnorm alities o f  the skin , cure stom ach  and duodenal 
ulcers, and are e ffe c t iv e  in  the treatm ent o f  leprosy, lupus, scleroderm a, and d isea ses  
o f  the v e in s  (K artnig, 1988). A m o n g  the four m ajor triterpenoid com ponents o f  c. 

asiatica ( i.e ., asiatic  acid , asiaticoside , m ad ecassic  acid  and m ad eassosid e), 
asiaticosid e (see  ch em ica l structure in  Figure 2 .5 b ), a trisaccharide triterpene, is 
su p p osed ly  the m o st active  com pound associated  w ith  the h ea lin g  o f  w ou nd s in  rats 
(Shukla, 1999), the ob served  increase in  the proliferation and the production o f  type I 
and III p ro -co llag en  m R N A  and protein lev els  o f  hum an derm al fibroblast (M aquart, 
1990; Sh im , 1996), and the stim ulation  o f  extracellular m atrix accum ulation  in rat 
experim ental w ou n d  (Suguna, 1996; M aquart, 1999) in resp on se to  the presence o f  
this substance. M oreover, C heng e t al. (20 0 3 ) have in vestigated  the h ealin g  e ffec ts  o f  
C en te lla  a s ia tic a  w ater extract and asiaticoside o n  acetic  acid  induced  gastric u lcers  
(k issin g  u lcers) in  rats. T h ey  found that these herbs can reduce the s ize  o f  the u lcer  
and a lso  prom ote ep ith elia l ce ll proliferation and an g iog en esis .
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(a)

(b)

Figure 2 .5  C hem ical structures o f  (a) curcum in (keto  form ) and (b) asiaticosid e  
(A C ).
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