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Abstract This is the first in a series of papers, focused on
the development of a biodegradable, controlled, and
potentially targeted drug delivery system. In this paper, we
describe the production of highly porous biodegradable
fibrous structures suitable for biomedical applications and
as a matrix for drug delivery. Two structures are described
below. The first structure is composed of electrospun
poly(lactic acid) (PLA) fibers and is unique due to (1) the
uniformity if its constitute fibers’ diameter, (2) consistent
surface pore dimensions of each fiber, (3) the use of only a
single solvent, (4) interior nano-size porosity throughout
each individual fiber, and (5) the independency of surface
pore dimensions on fiber diameter. The produced matrix will
be further impregnated with cargo loaded nanoparticles—
Red clover necrotic mosaic virus (RCNMV)—to achieve
a controlled drug delivery system (described in Part III)
for cancer treatments. Such a structure can also be used
as tissue engineering scaffolds and filter media. The sec-
ond electrospun structure has enhanced hydrophilicity
compared to PLA matrix and is formed by blending
poly(lactic acid)/poly(ethylene oxide) (PEO) polymers.
The incorporation of PEO in the matrix introduces pref-
erable sites for aqueous compounds to be attached to while
retaining the overall structural integrity and porous mor-
phology. It is hypothesized that the existence of alternative
hydrophilic and hydrophobic segments in the structure may
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reduce post-implantation complications such as platelet
adhesion.

Introduction

Nano/micro-scale polymeric structures are one of the most
promising structures in drug delivery due to their ability to
provide a matrix capable of hosting and protecting drug
carriers and the drugs themselves against chemical and
physiological triggers. Providing that biodegradable com-
ponents are incorporated in the matrix structure, controlled
drug release profile will be achievable by taking advantage
of altering their degradation rate and swelling profile [1, 2].

“Controlled drug delivery” using a polymeric system is
meant to indicate that the release of the drug—in the
polymeric matrix—occurs in a predetermined manner so
that the potential for both under and overdosing is elimi-
nated. The release can be either immediate, or constant, or
cyclic or even triggered by the surrounding environment
[3].

One of the most straightforward and reproducible
methods for making polymeric fibers is electrospinning
[1, 4]. In this process, fibers in the tens of nanometers to
tens of micrometers diameter range are producible.

There are many parameters affecting the morphology of
the electrospun fibers, broadly categorized into polymer
solution parameters, processing, and ambient conditions
[1, 2]. The resultant structure can be made up of beads,
solid fibers, hollow fibers, porous fibers, and so forth
among which, porous fibers are of great interest. Porous
structures, owing to their large specific surface area cou-
pled with high porosity, are believed to facilitate drug
diffusion and improve the structure’s fluid transport. By
controlling the porosity of the matrix and the diameter of



J Mater Sci (2011) 46:2874-2881

2875

individual fibers, a zero-order release profile will be
potentially achieved [5]. Obtaining a steady release of the
drug is advantageous as the release rate will be independent
of the remaining drug in the drug carrier and its compo-
sition [6, 7]. The only driving factor determining the
release rate will thus be the geometry of the fibers and/or
pores and the structure’s surface area. In other words, by
designing a matrix that not only is capable of hosting drug
loaded nanocarriers but also inherits uniform fibers pos-
sessing surface pores with consistent dimensions, con-
trolled release of the impregnated drug will be possible.

The surface area of a fiber can be greatly increased when
its structure is switched from solid to porous. There have
been many approaches in order to produce electrospun
fibers with controllable surface pore dimensions [8]. Two
slightly different approaches have been reported so far for
introducing porosity into the bulk of an electrospun fiber.
One is based on the selective removal of a component from
fibers made of a composite or blend material whereas the
other one involves the use of phase separation of different
polymers or between polymer(s) and solvent(s) during
electrospinning [3, 9-19].

In a different approach, Park et al. investigated the effect
of adding a second solvent to produce porous electrospun
fibers. They have shown that by adding a second solvent
with a higher vapor pressure compared to the primary
solvent, a binary system is created in which the solvent
with higher volatility evaporates rapidly during electros-
pinning process and pores are formed on the fiber surface
[20].

One of the challenges in producing porous fibers is the
degree to which the pore size and distribution can be
controlled without adversely affecting the fiber properties.
It has been shown that there is a direct relationship between
fiber diameter and pore diameter: a smaller fiber will nat-
urally result in smaller pores [4].

In the approach presented below, we will demonstrate
that by incorporating only a single highly volatile solvent,
unique porous fibrous structures are possible in a one-step
process. The distinguishing factor here is the ability to
produce a range of fiber diameters while more or less
maintaining pore dimensions. Fortuitously, the resultant
fibers appear to have porous interiors throughout their
entire length.

Poly(lactic acid) (PLA) is a FDA approved and widely
used material in drug delivery applications due to its bio-
compatibility and biodegradability, adequate mechanical
strength, and thermal stability. As an aliphatic polyester,
PLA contains flexible ester bonds and degrades through the
hydrolysis of the backbone ester group into non-toxic
matter in solutions of various pH levels [21, 22].

PLA is however, rather hydrophobic and needs to be
modified in order to obtain a structure capable of

interacting with aqueous drug compositions while retaining
its unique morphology and structural integrity. Both bulk
and surface modification approaches have been reported
for enhancing PLA hydrophilicity [23, 24]. In bulk modi-
fication, either lactide is co-polymerized with functional
groups and monomers (such as malic acid, PEO, Dextran)
or a hydrophilic polymer (such as PEO), is incorporated
into the electrospinning solution. Note that the there is an
optimal concentration level for PEO with respect to dis-
solution of PEO in presence of an aqueous medium. Also,
the viscosity of the spinning solution decreases consider-
ably which may adversely affect the electrospinning
process.

In surface modification strategies, polar groups (such as
hydroxyl, carboxyl, and other oxygen functional groups)
emerge on the surface. The techniques include radio
frequency (RF) plasma treatment in O,, oxygen radio
frequency glow discharge (RfGD), plasma graft polymer-
ization, UV/Oj irradiation, and so forth [25-28].

Like PLA, PEO is one of the polymers of choice as it is
a biodegradable hydrophilic polymer. It has been demon-
strated that it can be incorporated into the electrospinning
solution. PEO degrades by the hydrolysis of its ester and
amide bonds, it is nontoxic and also it is approved by FDA
(for use as carriers in different pharmaceutical formulations
[29D).

Below, we demonstrate how tunable fiber diameters
with uniform pore dimensions and a porous interior can be
produced by using PLA and PLA/PEO blends. The ability
of producing surface pores dimensionally independent of
the fiber diameter in addition to the existence of interior
nano-size channels throughout the fiber length provide
opportunities in a myriad of critical applications such as
tissue engineering, fluid flow, absorption, and creating a
matrix for hosting therapeutic agents. These unique struc-
tures are obtained in a one-step process using only one
solvent without the need for any post-treatments.

Materials and methods

Poly(lactic acid) (PLA) was obtained from Nature Works
LLC and was used as received. Dichloromethane (DCM)
was obtained from Sigma-Aldrich Co. Solutions of differ-
ent PLA concentrations (0.8, 3, 5, and 10 wt%) dissolved
in DCM were prepared and stirred at room temperature
until a homogenous solution was achieved. Poly(ethylene
glycol) (PEO) (M, 200 K) was purchased from Scientific
Polymer Products INC. Blend solutions (70/30, 80/20, and
90/10 wt%) of PLA and PEO dissolved in DCM (total
polymer concentration of 12 wt%) were prepared and
electrospun in order to produce the hybrid matrices with
enhanced hydrophilicity.
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A variable high voltage supply (Gamma High Voltage
Research, positive polarity) was used for inducing the
charge to the solution contained in a 10 mL syringe which
was pumped (Pump 11, Harvard Apparatus) with a tunable
flow rate. A 5 cm long needle with internal diameter of
0.5 mm was attached to the syringe and it was connected to
the power supply. The collector plate, located at a distance
of 10 cm distance, was grounded and placed in front of the
syringe.

Field emission scanning electron microscopy (SEM
JEOL 6400 F) and focused ion beam (FEI Quanta 200 3D
FIB System) were used to characterize the electrospun
structures. To reduce charging, the samples were coated
with Au prior to taking SEM images. To protect the sample
in FIB, platinum strip was deposited on top of the sample.
The image analysis measurement tool on the JEOL soft-
ware was used for dimension measurements. 10 fibers (five
images) and 30 pores (two images) were used to obtain the
average diameter of the fibers and pore dimensions. Static
water contact angles of the webs were measured according
to the drop method using a zoom lens connected to a CCD
camera. The contact angle between the deionized water
droplet and web surface was measured using Image Soft-
ware developed at The Nonwovens Cooperative Research
Center.

Fig. 2 a, b SEM images of PLA electrospun fibers, scale bars = 5 pm

@ Springer

Surface area measurements (Sggt) were obtained by
using the multi-point BET method. The samples (weighting
at least 0.189 g each) were compressed and held on the
bottom of the sample holder by using a glass rod during
the test. The total pore volume (Vp), pore distribution and
the porosity of the structures were calculated by using
Liquid Extrusion Porosimetry technique.

Results and discussion

All PLA electrospun structures, except for the webs pro-
duced from 10 wt% PLA/DCM solutions, contained
extensive beaded structures (Fig. 1). Interestingly, the
beads were all porous but no preferred pattern was evident.

However, when PLA concentration was set to 10 wt%,
uniform unperturbed networks of porous fibers was
achieved (Fig. 2). Table 1 summarizes the voltage and flow
rate ranges used.

The fibers had uniform diameters and no fiber—fiber
fusion was observed at cross-over points probably because
of the high volatility of the DCM solvent. However, one
may obtain fused (or collapsed) fibers if the gap between
the needle and collector plate is too small which will in
turn prevent complete evaporation of the solvent prior to
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Table 1 Electrospinning conditions for 10 wt% PLA/DCM solutions

Sample number Voltage (kV) Flow rate (mL/min)

A-1 8 0.5
A-2 8 0.7
A-3 8 1
A-4 8 2
A-5 8 3
B-1 10 0.7
B-2 10 1
B-3 10 2
B-4 10 3
C-1 12 0.5
C-2 12 1
C-3 12 2
C-4 12 3

fiber solidification and deposition. The elliptical pores
dimensions were consistent with their major axis elongated
along the fiber axis due to the drawing effect on the fibers
during electrospinning. Table 2 shows the fibers and their
surface pores dimensions for the minimum and maximum
voltage and flow rate used.

Increasing the flow rate results in larger fibers as
expected. Increasing the voltage on the other hand,
decreases the fiber diameter. This is due to the increased

repulsive electrical force which further elongates the fiber.
The dimensions of the pore, however, remain fairly con-
sistent regardless of electrospinning conditions and fiber
size; that is regardless of fiber diameter, the pores possess
consistent diameter both in their major axis and minor axis.
This unique characteristic is most beneficial when consid-
ering the produced structure in fluid flow and cell attach-
ment applications [8]. By changing environment humidity,
electrospinning speed (air flow over the traveling jet), and
needle size, one may be able to alter the pores dimensions.
However, due to the rapid solvent evaporation rate,
increasing the needle size may result in needle clogging
and discontinuity in electrospinning.

Further, it was noted that the interiors of the fibers were
completely porous throughout the thickness in the form a
of nano-size channels elongated through the fiber length
(Fig. 3a). In some cases, what appears to be a hollow cavity
was also observed along the length of the fiber having the
wall thickness of 0.7 um (Fig. 3b).

Below, possible mechanisms responsible for pore for-
mation are discussed. The combination of surface and
interior porosity of the electrospun fibers are unique.

Pore formation mechanisms

Breath figures, the patterns formed when water droplets
condense on a cold surface, is one of the most probable

Table 2 Mean fiber diameter

and pore size Sample Mean fiber
number diameter (pm)
A-1 12
A-5 18
B-1 7
B-4 10
C-1 7
C-4 12

SD Mean pore SD Mean pore SD
major axis (Lm) minor axis (pm)

0.2 0.40 0.06 0.23 0.03
0.8 0.48 0.13 0.25 0.09
1.7 0.41 0.05 0.25 0.04
1.7 0.38 0.03 0.17 0.01
0.3 0.37 0.06 0.17 0.02
0.2 0.37 0.05 0.22 0.02

Fig. 3 a, b PLA electrospun fiber cross-section (images taken using focused ion beam), scale bars = 5 pm
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phenomena occurring during electrospinning jet formation
which leave behind pore on electrospun fibers surface. For
this to happen, there should be a significant temperature
difference between the fiber surface and the surrounding
media. The solvent used for preparing the electrospinning
solution in this study is DCM which is a highly volatile
solvent (melting point: —96.7 °C, boiling point: 40 °C,
vapor pressure: 47 kPa at 20 °C). The fast evaporation rate
further leads to evaporative cooling of the jet/fiber surface
during electrospinning process. As the jet surface cools
down, the nucleation and growth of moisture in the
ambient media is initiated resulting in condensation and
growth of moisture in the form of droplets. As the jet dries
and the solvent evaporates, the water droplets leave behind
imprints on the surface of the fibers in the form of pores
[30, 31].

As it is shown in Table 2, the pores appear to have
uniform dimensions implying that the condensed water
droplets should have been acted as hard spheres on jet
surface without any coalescence. Considering the hydro-
phobic nature of PLA, it can be easily assumed that as
water droplets are condensed on fiber surface, they form a
circular shape—hard spheres—in order to minimize the
interfacial energy between themselves and fiber surface
thus leaving behind uniform pores. Moreover, the air flow
which is created as the jet travels towards the collector,
together with convection currents on the jet surface due
solvent evaporation, can potentially create a film of air
acting as lubricating medium between the droplets and
fiber surface. This can further inhibit the coalescence of
neighboring water droplets on fiber surface. In the case of
highly volatile solvents such as DCM, it can be assumed
that the speed of solvent evaporation is faster than the time
needed for two droplets to interact and coalescence [32].

If viewed from a different perspective, fast evaporation
of the solvent (evaporative cooling) induces thermally
induced phase separation (TIPS) on the fiber surface which
explains the occurrence of pores on fiber surface [33, 34].
TIPS results in the formation of polymer-rich and solvent-

rich phases in the fiber. As the solvent evaporates, solvent-
rich segments leave behind the pores while polymer-rich
segments form the fiber.

On the other hand, radial electrical charge induced on
the jet affects the positioning of pores on fiber surface
[35, 36]. The charge may not only attract polar water
droplets on specified spots on the surface but also aid the
solvent to escape through the fiber surface at the spots
where it is accumulated. The fact that the charge is induced
radially towards the fiber surface may have also influenced
the formation of hollow interior.

In a numerical study by Guenthner et al. [37], it was
found out that the formation of stable hollow fibers by
evaporation takes place only in very small diameter fibers
that are subject to extremely rapid drying—common
characteristics of electrospinning process. It can, however,
be argued that a hollow fiber would either retain its
structure or would collapse potentially due to the mechani-
cal stresses on such a structure.

As the solvent evaporates from the interior of the fiber,
the outer layer would create a negative gauge pressure
(AP) at the interior of the fiber which is related to a
compressive hoop stress (ar) in the outer layer according to
a/r = AP/AR, r being the average radius of the shell and
AR being its thickness. It can be immediately concluded
that when the skin layer is much thinner than the fiber
radius, the stress would be sufficiently large to collapse the
fiber. But, that is not the case in the electrospun PLA fibers
presented here; the PLA fibers have an interior wall
thickness of about 0.7 um which is significant compared to
the fibers size. Thus, we anticipate that there is not going to
be a large barrier increase to solvent evaporation which
may cause a reduction in diffusion coefficient. Therefore,
the wall remains intact and a hollow fiber may be achieved.

Modifying PLA webs hydrophilicity

As it is shown in Fig. 4, the surface morphology of these
hybrid PLA/PEO fibers is different from those of PLA

Fig. 4 SEM images of a 70/30 wt% PLA/PEO, F = 0.3 mL/min, V = 12 kV; b 80/20 wt% PLA/PEO, F = 0.7 mL/min, V = 10 kV; ¢ 90/
10 wt% PLA/PEO, F = 0.7 mL/min, V = 10 kV, scale bars = 2 pm (F = electrospinning solution flow rate, V = electrospinning voltage)
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T:;)le f I\;Izean fiber diameter Sample composition  Mean fiber SD Mean pore SD Mean pore SD
and pore size (wt% PLA/PEO) diameter (Lm) major axis (um) minor axis (pm)
70/30 5.09 086 035 0.09 020 0.02
80/20 6.12 1.39 038 0.15  0.19 0.06
90/10 7.37 1.33 037 0.08 021 0.05

electrospun fibers. As PEO is a hydrophilic polymer,
electrospinning the blend solutions will potentially lead to
the formation of fewer surface pores largely due to the
coalescence of condensed water droplets on those segments
(we hypothesize that the water droplets are absorbed by
hydrophilic PEO and spread on the surface). Increasing the
weight ratio of PEO will thus be expected to lead to fewer
surface pores. Average diameter and surface pore dimen-
sions of 70/30, 80/20 and 90/10 hybrid fibers are presented
in Table 3. Apparent decrease in fiber diameter upon
increasing PEO content may be mostly due to the increased
solution conductivity causing a stronger electrical drag
force thus further elongating the fiber along its length.

Contact angle measurements

Figure 5 shows the change of water contact angle due to
bulk modification of PLA solution. The measured static
contact angle for PLA web is 58.4° while it is 47.71° for
90/10 wt% PLA/PEO webs. 80/20 and 70/30 wt% webs
absorb the droplet within a second even in a thick web. As
it was expected, by adding PEO to the solution, hydro-
philicity of the bulk of the web increases.

Surface area, total pore volume, and porosity

Table 4 summarizes the BET surface area (Sggt), total
pore volume (Vp), and the porosity of PLA and 70/30 wt%
hybrid webs. As previously explained in “Materials and
methods” section, PLA webs were obtained from a 10 wt%
solution of PLA dissolved in DCM while 70/30 wt% PLA/
PEO webs were obtained from a blend solution of PLA

Table 4 BET surface area, total pore volume, and total porosity of
PLA and 70/30 wt% PLA/PEO webs

Sample SBET (mz/g) Vp (cclg) Total
composition porosity (%)
PLA 3.09 30.39 91.18
70/30 wt% PLA/PEO 2.27 29.92 89.78

(70 wt%) and PEO (30 wt%) dissolved in DCM (total
blend solution concentration of 12 wt%). Electrospinning
conditions for both samples were voltage of 10 kV and
0.7 mL/min flow rate.

PLA electrospun webs exhibit a higher surface area
compared to 70/30 wt% PLA/PEO hybrid webs due to their
higher porosity. As mentioned earlier, during the elec-
trospinning process, water droplets present in the envi-
ronment moisture tend to nucleate and condense on fiber
surface. Due to higher hydrophobicity of PLA fibers, these
droplets retain their spherical shape whereas they coalesce
when electrospinning PLA/PEO webs with modified
hydrophilicity. Thus, fewer pores are formed on PLA/PEO
hybrid structures compared to PLA webs. On the other
hand, referring to the total porosity data, one can conclude
that the PLA electrospun structures possess larger pores on
the fibers and in between individual fibers resulting in a
higher total porosity compared to the hybrid structures.
This conclusion is further justified in Figs. 6 and 7 which
represent intra-fiber pore size distribution of the two sam-
ples. As the histograms show, median pore diameter (based
on volume) in the PLA web is 52.11 microns while 70/30
hybrid web exhibits a median pore diameter of 22.33 pm.

Fig. 5 Change in contact angle with the addition of PEO: a PLA electrospun web, b 90/10 wt% PLA/PEO hybrid electrospun web
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Fig. 7 70/30 wt% PLA/PEO hybrid web pore distribution histogram

Conclusion

Porous structures, with their higher surface area, can act as
ideal growth sites of cells and tissues, sites for encapsu-
lating therapeutic agents, pathways for fluid transport and
absorption which can be furthers used in some integral
parts of prosthetics, biological filtering media, and so forth.
Such structures, if used as a matrix and impregnated with
active agents, will also enhance the diffusion of the drug
through the pores.

In this study, in order to directly produce a highly por-
ous fibrous structure intended to be used as a drug delivery
matrix, solutions of poly(lactic acid) (PLA) dissolved in a
highly volatile solvent (dichloromethane (DCM)) were
electrospun. The resulting fibers appear to be uniform in
diameter and possess surface pores with consistent
dimensions as well as porous interior. Fiber diameters of
5-24 pym were produced by altering the electrospinning
conditions. Porous fibers (major axis: 0.4 pm, minor axis:
0.2 pm), with both major and minor axis dimensions
independent of the fiber diameter, were obtained.

@ Springer

Hybrid structures with enhanced hydrophilicity were
also electrospun from blend solutions of PLA and PEO
dissolved in DCM. Contact angle decreased from 58.4° for
PLA webs to 0° for 70/30 wt% hybrid structures. The
produced structures exhibit high porosity values (91.18 and
89.78% for PLA and 70/30 wt% hybrid webs, respectively)
while retaining their structural integrity.

The formation of breath figures on the fiber surface,
thermally induced phase separation phenomenon (TIPS) as
well as the effect of fast solvent evaporation rate, coupled
with the radial electrical charge induced to the droplet all
may have led to the formation of surface pores and hollow
interior in the produced electrospun PLA fibers.

The resultant structures can find applications in drug
delivery, filtration, and cell and tissue culture as well as
many others requiring high surface area and high transport.
In other parts of the series, one such application for drug
delivery for chemotherapy will be presented.
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