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Control of nanostructures in PVA, PVA/chitosan blends and PCL

through electrospinning
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Abstract. Aqueous solutions of polyvinyl alcohol (PVA) were electrospun and its characteristics were studied
as a function of applied potential, tip-target distance and solution flow rate. Solutions of PVA and chitosan
were homogeneously mixed and electrospun to result in blend nanofibres and their properties were investi-
gated. Conditions were revealed under which multiscale bi-modal fibres could be electrospun in a single step,
producing structures that have potential applications in tissue engineering. Electrospun fibres having a bimodal
size distribution of poly(caprolactone) (PCL) were also fabricated using a modified electrospinning setup.
Nanofibrous microporous PVA scaffolds were fabricated using a cryogenic grinding method with subsequent
compaction. Such multiscale porous structures would offer ideal matrices for tissue engineering applications.
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1. Introduction

The emerging field of tissue engineering uses tissue-
specific cells in a three-dimensional organization, pro-
vided by a scaffolding material to simulate the functionality
of any diseased or damaged organ (Mikos and Temenoff
2000). It is generally agreed that a highly porous structure
with interconnected pores and a large surface area is con-
ducive to tissue in-growth provided the appropriate adhesive
and growth factors are present. The structure and size
scale of porosity are also critical. Pores have to be large
enough to allow access to cells (typically of the order of
10-50 um), yet the pore structure must also contain pores
in the nanometer regime (10—100 nm). The latter require-
ment, though not entirely well understood, appears to
result from cell membrane interactions with the material
and provides the basis for cell adhesion and multiplication
(Divyarani et al 2007).

Such a multiscale structural functionality, which we
demonstrate in the following, can be readily achieved in a
one-step electrospinning process. In addition, electro-
spinning can also provide unique chemical functionality
through spinning of blends that can modulate biodegrada-
tion and cell-material interactions (Huang et al 2003).
Apart from structural and chemical functionality, bio-
chemical and mechanical functionality is also critical in
tissue-engineered structures. The scaffold must necessar-
ily possess adequate mechanical properties depending
on the tissue in question. These can be elasticity, shear and
tensile strength and toughness. Electrospinning has
unique advantages in providing mechanical functionality
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and for the production of nanocomposite nanofibres
unlike any other processes (Liao ef al 2006).

At present, electrospinning technique has been used as
an efficient processing method to manufacture nanoscale
fibrous structures for a number of applications (Huang et
al 2003; Liao et al 2006). In the pharmaceutical and
medical fields, for example, this technique can be used to
make wound dressings (Khil e al 2003), drug delivery
materials (Zeng et al 2003) and tissue-engineering scaf-
folds (Jin ef a/ 2002). For tissue scaffold applications, the
morphology of the resulting scaffold should closely re-
semble that of the extracellular matrix (ECM) of native
tissues, which has a nanofibrous structure. These native
ECMs act as a scaffolding to bring cells together in a tis-
sue, to control the tissue structure and to regulate the cell
phenotype (Alberts et al 1994). Recently, it has been
found that the nanofibrous structure will improve the in
vitro regeneration of tissues including bone (Murugan et
al 20006), cartilage (Wang et al 2006), cardiovascular tissue
(Xua et al 2004) and nerve and bladder, because evidence
suggests that human cells can attach and organize well
around fibres with diameters smaller than those of the cells
(Laurencin et al 1999). In this context, electrospinning is
especially advantageous because the nanofibrous scaf-
folds prepared from electrospinning are capable of mimi-
cking the native extracellular matrix.

Fibre diameter is a parameter that can affect a variety
of scaffold properties such as porosity, pore size and sur-
face area. These properties are important in determining
the functionality of scaffolds in tissue engineering appli-
cations. The pore size and porosity are critical features of
a scaffold that affect cell attachment, proliferation, migra-
tion, and/or differentiation (Karageorgiou and Kaplan
2005). Surface topography and structural size-scale are
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additional parameters that have been shown to affect the
orientation and biological function of cells (Flemming et
al 1999). A scaffold possessing two or more pore size
distributions could facilitate the culture of several cell
types to produce multiple interfaces on a single scaffold.
Additionally, a scaffold consisting of a gradient in fibre
diameter (and thus pore size) has been suggested as a
useful model for zonal cartilage tissue engineering (Pham
et al 2000).

Both natural and synthetic materials have been investi-
gated for use as tissue engineering scaffolds for the past
few years (Hutmacher et a/ 2000). However, biodegrad-
able synthetic polymers offer a number of advantages over
conventional materials for developing such scaffolds. The
key advantages include the ability to simultaneously tai-
lor biological and mechanical properties and degradation
kinetics to suit the target tissue. Synthetic polymers are
also attractive because they can be fabricated into various
shapes with desired pore morphologic features that facili-
tate tissue in-growth. A wide variety of polymers have
been electrospun and several applications have been pro-
posed in recent years based on the small fibre diameters
and high porosities (Huang ef al/ 2001; Yoshimoto et al
2003). These include synthetic biodegradable polymers
such as poly(lactic acid) (Kim et al/ 2003a,b; Yang et al
2005), poly(glycolic acid) (Boland et a/ 2001; Li et al 2002),
poly(lactic-co-glycolic acid) (Yoshimoto et al 2003; Tan
et al 2005), poly(caprolactone) (Li et a/ 2005), or natural
ones such as collagen (Matthews et al 2002), gelatin
(Zhang et al 2005a, b), silk (Ohgo et al 2003; Min et al
2005), and chitosan (Min ef al/ 2004; Sangsanoh and
Supaphol 2006).

Poly(vinyl alcohol) (PVA) is a water-soluble, biocom-
patible and biodegradable synthetic polymer that has
been studied intensely because of its good physical pro-
perties, high hydrophilicity, processability, etc (Dinga et al
2004). Electrospinning of PVA solution and its potential
applications in the preparation of ultrafine separation fil-
ters, biodegradable mats, etc have been reported by many
researchers (Yao et al 2003; Koski et a/ 2004). In recent
years, much attention has been focused on the biomedical
applications of PVA hydrogels including contact lenses,
artificial organs and drug delivery systems (Sona et al
2005). By incorporating a second polymer component,
viz. chitosan, to PVA solution, an improvement in bio-
compatibility of the blend system can be achieved. This
can be attributed to the good biocompatibility, antibacte-
rial properties, appropriate biodegradability, excellent
physicochemical properties, and its commercial availabi-
lity at relatively low cost (Huang et al 2005). As candidate
materials, chitosan and PVA have been separately inves-
tigated for sutures and wound dressings. Recently, re-
searchers have investigated electrospinning of polymer
blends for biomedical applications because they provide
an efficient way to fulfill new requirements for material
properties (Jia et al 2006; Lin et al 2006). Chitosan/PVA
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blend nanofibres have not yet been explored for potential
tissue engineering applications. PCL is a biocompatible,
biodegradable polymer that has been successfully elec-
trospun, which is capable of supporting a wide variety of
cell types, including marrow stromal cells (MSCs) (Pham
et al 2006). Due to the complexity of cell behaviour, a
scaffold for tissue engineering should possess two or more
pore size distributions and a gradient in the fibre diameter.

In the present work, we show structural results on elec-
trospun PVA and chitosan/PVA blends. The effects of
electric field, tip—target distance, solution flow rate and
polymer concentration on the morphology of electrospun
fibres were evaluated and the conditions for mutiscale
structural functionality were explored. The effect of addi-
tion of a natural polymer component, viz. chitosan, to
PVA solution on the structure was also investigated. Pore
sizes are typically too small for cells to pass through
when the electrospun fibres are all of nanoscale geometry.
The nature of the structure was investigated for a multi-
scale electrospun mat produced using PVA and PCL. Two
different techniques for producing multi-scale geometry
were adopted here. We also investigated the success of a
cryogenic grinding process for introducing micropores in
a three-dimensional scaffold for cell access.

2. Experimental
2.1 Electrospinning of PVA and chitosan/PVA blends

Poly(vinyl alcohol) (PVA, 99% hydrolyzed, number average
molecular weight, 1,20,000 g/mol), chitosan (medium
molecular weight, 75-85% deacetylated) and acetic acid
were obtained from Aldrich. PVA solutions (8 wt%) were
prepared in distilled water at 80°C with constant stirring
for atleast 2 h and subsequently cooled to ambient tem-
perature before electrospinning. As chitosan is soluble
only in acidic medium, 2 wt% acetic acid solution was
used as its solvent. Both the polymer solutions were

Figure 1.

Multi syringe setup for electrospinning with a sta-
tionary collecting electrode.
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mixed in different proportions by intense stirring, resulting
in homogeneous chitosan/PVA blends.

The electrospinning setup used in the present study is
shown in figure 1. It consists of an assembly of syringes
with metal needles, a syringe pump for controlling feed-
ing rate, a high voltage d.c. power supply and a grounded
flat or cylindrical stainless steel electrode. The polymer
solution taken inside the syringe was delivered using a
KD Scientific infusion syringe pump (Model KDS 220) at
controlled flow rates. A high voltage power supply
(Gamma High Voltage Inc, Model RR30P), which provided
a maximum d.c. voltage of 30 kV at a maximum of 5 mA,
was used as the source for electrospinning. The setup had
provisions for stationary as well as rotating electrodes
(maximum 15000 rpm), both made of stainless steel, on
a vibration free platform for collection of the fibres de-
posited.

In a typical electrospinning experiment, polymer solu-
tion taken in a 20 ml Becton Dickinson syringe was deli-
vered to the tip of the syringe needles (21 gauge) by the
syringe pump at a constant feed rate (0-7 ml/h). A posi-
tive voltage of 15 kV was applied to the polymer solution
via the stainless steel syringe needles. The electrospun poly-
mer fibres were collected on the stationary or rotating
electrode. The typical distance between the tip of the
needles and the electrode was 10 cm.

2.2 Electrospinning of PCL fibres

Poly(caprolactone) (PCL, MW 43,000) obtained from
Polysciences Inc., USA, was used for electrospinning.
Chloroform was used as the solvent for PCL (12 wt%).
The schematic of the electrospinning setup is depicted in
figure 2, which is a modification of the conventional system.
In this case, a stationary cylindrical electrode (10 cm dia,
1 cm width) coaxial with the needle, was introduced be-
yond the needle (0-5 cm away from the tip) for focusing
purposes. Non-woven electrospun mats of PCL were col-
lected on aluminum foils attached to the stationary elec-
trode by applying a positive voltage of 20 kV.
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Figure 2. Schematic representation of the electrospinning
setup with dual electrode. The cylindrical electrode has a di-
ameter of 10 cm and a width of 1 cm. The flow rate (Q =
0-7 ml/h), distance (d= 10 cm), applied voltage (J'=20kV)
and needle gauge (n = 21) are shown.
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2.3 Characterization

The viscosity of the polymer solutions was measured using
a Brookfield viscometer (Model DV-II + Pro). The mor-
phology of electrospun fibres was observed using JEOL
(model JSM-6490 LA) analytical scanning electron mi-
croscope. The samples were coated with platinum using a
JEOL (model JFC-1600) auto fine coater at 10 mA for
2 min, before they were observed under the SEM.

2.4 Scaffold fabrication

Electrospun nonwoven mats of PVA were cryogenically
ground to obtain the material in powdered form. This was
subsequently compacted into a desired geometry using a
hydraulic pellet press by applying a pressure of ~ 50 bar
to obtain a three-dimensional scaffold.

3. Results and discussion
3.1 Chitosan/PVA blend nanofibres

The results of the viscosity of PVA and PVA/chitosan
blend in both aqueous and acetic acid media are shown in
table 1. The viscosity of PVA in acetic acid was approxi-
mately the same as that of the corresponding aqueous
solution of PVA. As chitosan is blended with PVA, there
is a significant increase in viscosity, with both blends having
viscosity values higher than that of aqueous PVA alone.
Table 1 also gives the average fibre diameters determined
from electron micrographs, shown in figure 3.

In the present work, electrospinning of PVA aqueous
solution (8 wt%) resulted in relatively large diameter
fibres (420 £+ 40 nm) as shown in figure 3a. For PVA dis-
solved in acetic acid solution (figure 3b), average diameter
of the fibres reduced to 210 + 40 nm in comparison to
aqueous based PVA. When chitosan was blended with
PVA in different weight ratios of 1: 8 and 2 : 8, but in the
same 2% acetic acid solution, the fibre diameter was re-
duced when compared to that of PVA alone. The reduced
diameter of the blend fibres with the addition of chitosan
can be explained qualitatively as follows. Since chitosan
is an ionic polyelectrolyte, during electrospinning of the
blend sample, a higher charge density on the surface of
ejected jet is formed. As the charges carried by the jet
increase, higher elongation forces are imposed on the jet
under the electric field. This is because the electric field
force is proportional to the charge density on the jet, thus
resulting in decreased fibre diameter with an increase in
charge density. Similar observations have been made by
Lin et al (2006) and Ignatova et a/ (2006), who investi-
gated a series of poly(vinyl alcohol)/chitosan blend nano
fibrous membranes at different weight ratios and found a
decrease in the average diameter of the nano-fibres with
chitosan content.
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Table 1. Measurements for PVA and PVA/chitosan blends at 15 kV
Type of 8 wt% PVA 8 wt% PVA in 1:8 Chitosan: PVA  2:8 Chitosan: PVA
polymer solution in water 2 wt% acetic acid  in 2 wt% acetic acid  in 2 wt % acetic acid
Viscosity (cP) at 25-8°C 528 527 644 1028
Calculated charge from pH (C/L x 107%) 0-89 269 44.25 4777
Average fibre diameter (nm) 420 £ 40 210 £ 40 147 £ 30 120 £ 40

o

20kV  X10,000 1pm

15kV  X10,000 1pm 11 35 SEl

15KV X10,000 1pm

[.

r _ AN
! /
B
\ -

. 4

20kV  X10,000

1um 11 39 SEI

Figure 3. SEM micrographs of nanofibres produced from a. 8 wt% PVA aqueous solution, b. 8 wt%.
PVA 1in 2% acetic acid solution, c. chitosan/PVA blend at 1: 8 and d. chitosan/PVA blend at 2 : 8 (by weight).

The fibre diameter, however, is not only dependent on
the charge, but also on the viscosity of the solution. Typi-
cally, when the viscosity is increased, the diameter in-
creases as well, contrary to what we observed. To explain
the decrease in diameter with increasing viscosity, we
assert that the charge dominated over viscosity. To de-
monstrate this quantitatively we present the following sim-
ple model for the drawing process during electrospinning.
The extension rate during drawing can be expressed in
terms of the force, F, and viscosity, 7, based on a creep
equation as follows

(dL/dty/L = FInA. 1)
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Figure 4. Relationship of fibre diameter squared vs eV/n for
a fixed voltage of 15 kV.
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PVA/chitosan blends and PCL polymers

347

15
(a)
10
5
0
60 80 100 120 140 160 180 200 220
Fiber diameter (nm)
15
(b)
10
5
0
60 80 100 120 140 160 180 200 220
Fiber diameter (nm)
20
(0
15
10
5
0
60 80 100 120 140 160 180 200 220
Fiber diameter (nm)
10
(d)

?

60 80 90 100 10 R0 B0 W0 150 60 70 B0

Fiber diameter (nm)

SEM images of 2:8 chitosan/PVA blend samples showing the variation of fibre diameter

with applied voltages of (a) 10 kV, (b) 15 kV, (¢) 20 kV, and (d) 25 kV at a tip-target distance of 4 cm.

Since the electric field force is proportional to the
charge and is equal to el7h, where 17 is the voltage, / the
tip-target distance and e the charge. Also for constant
volume deformation, AdL = —LdA, so that (1) can be writ-
ten as

—all, @

dA = d(d*) it or d; —d*
n n

where « is a constant and d, a reference diameter (con-
stant). A plot of (2) is shown in figure 4 based on the re-
sults in table 1 for constant voltage, J, which shows that
there is reasonable quantitative agreement with the quali-
tative hypothesis that increase in charge in this case had a
stronger effect than increase in viscosity. Figure 4 shows
that el’/n, in fact, increased and hence the fibre diameter
decreased.
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3.2 Effect of voltage on fibre diameter distribution of
PVA/chitosan blends

The effect of applied voltage on the diameter of elec-
trospun fibres was noted for both PVA and chitosan/PVA
systems. A series of experiments were carried out at fixed
tip to target distance when the applied voltage was varied
from 5 to 25 kV. The dependence of fibre diameter dis-
tribution for chitosan/PVA blend as a function of applied
voltage is shown in figure 5, with their corresponding
SEM images. The average fibre diameter of electrospun
fibres was measured using the software provided with
JEOL SEM. As is evident from the figure, the fibre di-
ameter decreased with increasing voltage. Increasing the
electric field strength resulted in an enhancement in the
electrostatic repulsive force on the fluid jet thus favour-
ing thinner fibre formation. The variation of fibre diame-
ter of electrospun PVA with applied potential, using the
optimal concentration (8 wt% aqueous PVA) is shown
graphically in figure 6, where e and # are constants and
only voltage varied. The results are consistent with the
simple model presented.

3.3 Effect of varying tip—target distance and flow rate

Our experiments reveal that tip—target distance did not
critically influence the electrospun fibre morphology of
chitosan/PVA fibres. The SEM images, shown in figure
7, could not distinguish differences in fibre diameter for
electrospinning carried out at tip—target distances in the
range 4-8 cm. For the tip—target distance variation con-
sidered in the present work, the average fibre diameter
was found to be 100 = 20 nm. Due to the high conductivity
of the polymer solution, the solution jets solidified im-
mediately after they got ejected from the needle tip,
hence obstructing the formation of uniform fibres at tip—
target distances > 8 cm.
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Figure 6. Variation of fibre diameter with applied voltage for

electrospun chitosan/PVA (2 : 8 wt%) fibres at a tip-target dis-
tance of 10 cm.
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3.4 PVA multi-scale fibres

Remarkable variations in the diameter of electrospun
PVA fibres were observed when the flow rate was altered
from the earlier constant rate of 0-7 ml/h. We were suc-
cessful in getting multi-scale fibre geometry for PVA as
well as the blends, which consisted of micro-nano hybrid
fibres. Such kind of a multi-scale geometry can offer a
better tissue-engineered matrix for scaffold preparation.
A typical SEM image of this multi-scale fibre geometry
for PVA is shown in figure 8 with the corresponding fibre
diameter distribution in the range extending from 200 nm
to 1-4 um. An earlier report on sequential fibre spinning
resulting in layered nano and micro scale fibre structure
has been found to aid better cell adhesion and spreading
(Pham et al 2006). However, the present method is able
to provide controlled multiscale structure in a single step
process by varying the flow rate from 0-1 ml/h to 1-3 ml/h
and the voltage from 10 kV to 25 kV. It is well under-
stood that fibre diameter increases with feed rate. Due to
the greater volume of solution drawn from the needle tip,
the jet takes a longer time to dry, resulting in the fibres to
fuse together forming multi-scale fibres.

3.5 Multiscale fibres of PCL

A unique bimodal multiscale fibre geometry has been
obtained by electrospinning PCL using a dual electrode
setup. In the present work, PCL containing needle is
placed at the centre of the cylindrical electrode in such a
way that the macroscopic radial electric field generated
by the cylindrical electrode acts at the splaying region of
the electrospinning jet. In the electrospinning process, with
increasing electric potential, the charged pendent drop of
the polymer solution formed at the tip of the capillary
deformed into a cone known as ‘Taylor cone’ (Reneker et al
2000; Yarin et al 2005). At critical field when the force
due to the electric field overcomes the surface tension forces
holding the droplets, the solution starts flowing into the
form of a charged jet. This jet becomes branched and
generally the direction of the branched jet is perpendicular
to the axis of the primary jet. Soon after this region, the
electrospun jet splits into thousands of components, re-
sulting in the splaying region (Yarin ef al 2001). This is
the region where the bending instability and the chaotic
transit of the jet initiate. SEM pictures of PCL fibres
formed with and without cylindrical dual electrode are
shown in figures 9a and b, with their corresponding fibre
diameter distribution on the right.

In the present study, an electric field is applied at the
region where the bending instability gets started, or at the
splaying region. Since the electric field gradient exerted
on different regions of the jet varies, the electrostatic
force acting on the jet is different. When a conducting jet
is formed, majority of the carriers resides on the surface
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Figure 7. SEM images of chitosan/PVA (2 :8) blend samples showing the variation of fibre diameter
distribution with tip—target distance at (a) 4, (b) 6 and (¢) 8 cm at 15 kV.
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a. SEM image of PCL nanofibres obtained by electrospinning using stationary target and b.

multiscale fibres of PCL using cylindrical electrode. (PCL, 12 wt%; viscosity = 181 cps; electrode dis-

tance, 10 cm from the electrode).

Figure 10.
scaffold.

of jet. When splaying starts, splitting of the charged jet at
certain regions of the fluid jet will be suppressed by the
external electric field. By this process, we have been suc-
cessful in obtaining a range of diameters from 200 nm—
2.5 um, whereas spinning with stationary electrode setup
resulted in 200-500 nm fibres. From the SEM pictures it
is evident that the fibre mat contains nano and micro fi-
bres, which will provide an ideal material for the fabrica-
tion of scaffolds.

10pm 10 50 SEI

10kV
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(a) Digital photograph and (b) cross-sectional SEM image of electrospun PVA nanofibrous

3.6 Three-dimensional scaffold preparation using
electrospun mats

The digital photograph of our nanofibrous microporous 3-
D scaffold is shown in figure 10a, with the cross-sectional
SEM image of the same sample in figure 10b. The SEM
image clearly depicts varied porosities in the sample of
the order of 10-20 microns, which would offer an ideal
situation for cell attachment and proliferation. Further
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studies are underway to evaluate the feasibility of this
product for tissue engineering applications.

4. Conclusions

Electrospinning was used to fabricate nanofibres of PVA,
chitosan/PVA blends and PCL. The effect of processing
parameters such as voltage, tip-target distance and flow
rate on fibre diameter and its morphology has been
evaluated. The results are consistent with a simple exten-
sional creep model for electrospinning. A new approach
has been presented for obtaining multiscale fibres
and also for processing of microporous, but nano-
scale scaffolds that have potential for tissue engineering
purposes.
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