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A new generation of hollow polymeric microfibers produced by
gas dissolution foaming

Suset Barroso-Solares®*", Daniel Cuadra-Rodriguez?®, Maria Luz Rodriguez-Mendez®<, Miguel Angel
Rodriguez-Perez®°, and Javier Pinto®""

A new and straightforward route to produce polymeric hollow microfibers is proposed. Polycaprolactone (PCL) hollow fibers
are obtained for the first time by an environmentally friendly gas dissolution foaming approach, overcoming its limitations
to induce porosity on samples on the micrometric range. Different porous morphologies are achieved from solid PCL
microfibers with a well-controlled diameter obtained by conventional electrospinning. The optimization of the foaming
parameters provides two sets of well-defined hollow fibers, one showing smooth surfaces and the other presenting an
enhanced surface porosity. Accordingly, gas dissolution foaming proves to be not only suitable for the production of hollow
polymeric microfibers, but also capable to provide diverse porous morphologies from the same precursor, solid fibers.
Moreover, a preliminary study about the suitability of this new generation of foamed hollow polymeric fibers for drug
delivery is carried out, aiming to take advantage of the enhanced surface area and tunable morphology providing by the
proposed new production method. It is found that the foamed microfibers can be loaded up to 15 wt.% of Ibuprofen while
preserving the morphology of each kind of fibers. Then, foamed PCL fibers presenting a hollow structure and surface porosity
shows a remarkable constant Ibuprofen release for almost one day and a half. In contrast, the original solid fibers do not

present such behavior, releasing all the Ibuprofen in about seven hours.

1-Introduction

Polymeric fibers produced by electrospinning have attracted
significant attention in the last years due to their exceptional
features in terms of their diameter in the micrometric or nanometric
range and their high surface areas.'? The versatility of the production
technique and the wide availability of polymers suitable allowed
successfully employing electrospun polymeric fibers on diverse
applications such as tissue engineering scaffolds and site-specific
drug delivery,® water treatment,»%12 sound absorption, 3
sensors,? and catalysis.?

The large surface area, regarding their volume, of these materials is
mainly related to the diameter of the fibers and the presence of
porosity, which can be limited to the surface of the fibers or their
hole volume. On the one hand, different techniques have been
proposed to enhance the surface porosity, and therefore the surface
area, of electrospun polymer fibers, such as the selective removal of
a component of composite or blend fibers, or the use of a phase
separation approach of different polymers during the
electrospinning process.? Both methods require the use of specific
spinning parameters, not comparable to those of solid fibers.
Another approach is to induce the presence of surface porosity by
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controlling the solvent evaporation or ambient humidity, but without
achieving an accurate control on the formation of this porosity.2 On
the other hand, hollow polymeric fibers have been obtained by
complex procedures of co-electrospinning by using immiscible
blends and then removing selectively one of the phases,?®141> or by
extrusion.'®18 |n both cases, the porosity is achieved by the removal
of one phase once the fiber has been formed, and require the tuning
of the electrospinning parameters or setup. Co-extrusion processes
have also proved to be an efficient route to produce hollow fiber
polymeric membranes for gas separation, providing diverse
porosities or even enhanced surface porosity by modifying the
fabrication parameters.11%20 Therefore, for the same initial
polymer, different electrospinning setups or processing parameters
are required to provide diverse porosities.

On the contrary, foaming techniques are commonly employed to
induce the formation of well-controlled and tunable porosity inside
polymer samples.?
technique is well-known as a cost-efficient and environmentally

In particular, the gas dissolution foaming

friendly technique to produce microporous and nanoporous polymer
foams from a wide range of polymers, both amorphous and
semicrystalline, in which the final features of the porosity can be
controlled by the foaming parameters.?>?* In this procedure,
pressurized CO, or N, is dissolved into a polymer matrix at a
controlled pressure and temperature with the aim to induce the
formation of pores after the pressure release. The thermodynamic
instability induced by the pressure drop promotes the formation of
small nuclei, which can grow into pores if the polymer matrix is
heated up to temperatures near or over the glass transition or
melting temperature of the polymer.?224



However, this technique could not be employed on samples with
dimensions on the micrometric range, such as electrospun polymeric
fibers, as once the pressure is released, the gas can quickly diffuse
out of micrometric samples without inducing the formation of
nuclei.?> Nevertheless, the incorporation of diffusion barriers around
polymeric micro and nano-particles has recently allowed inducing
the formation of porosity on that materials by gas dissolution
foaming. These barriers increased the time required by the gas to
diffuse out the sample, allowing the nucleation and pore growth to
happen.?> Therefore, the use of gas diffusion barriers could
overcome the limitations of the gas dissolution foaming when
applied on polymeric microfibers, allowing a fine an independent
control over their main features, such as diameter and porosity,
never achieved before.

Among other applications, the tailoring of the porosity and structure
of polymeric microfibers has been proposed to improve the drug
delivery capability of such materials.?6-28

Both the dosage and delivery procedure of a therapeutic agent into
our organism are known to be key parameters to provide high-
efficient and safe medical treatments.?®3° However, most of the
widely used conventional delivery systems (e.g., pills, tablets, drops,
injections, etc.) do not fulfill these requirements, as they usually
present a poorly controlled first-order release (i.e., a decreasing
release rate with time). The main drawbacks associated with this kind
of release are the potential toxicity if the dosage released at the
beginning of the treatment is too high, and low efficiency if the total
dosage administrated should be kept low to prevent that potential
initial toxicity.2>3° In particular, the optimization of polymer-based
drug delivery devices has provided systems with promising constant
drug release rates but generally limited to release times below 24
hours.?° Moreover, some of the polymers providing a controlled drug
delivery capability (e.g., polyethylene, polypropylene,
polydimethylsiloxane) are not biodegradable,3! being necessary to
develop new polymer-based systems able to overcome these
drawbacks.®2230,32

Among other treatments, wound-dressing could benefit from the
development of improved polymer-based devices, such as porous
electrospun polymeric fiber mats with drug delivery capability.”=%33:34
The improvement of these devices, for instance, achieving long-
lasting controlled painkiller deliver rates could help millions of
people who are burned severely every year, requiring medical
attention, or suffer from chronic skin ulcers.® Moreover, it has been
proposed that the delivery of anti-inflammatory factor and
painkillers locally by using fibrous dressings can improve the patient’s
comfort while avoiding risks or side effects related to their systemic
delivery.3>36

Herein, a new environmentally-friendly approach to produce hollow
polymeric microfibers with fine control over their final morphology
and porosity is proposed. PCL was selected as the polymeric base of
the electrospun fibers due to its biocompatibility, nontoxicity,
biodegradability, and adequate mechanical properties.34891433:3437
Then, PCL microfibers mats were obtained by conventional
electrospinning and subsequently modified by a gas dissolution
foaming process.?*38 The introduction of a removable gas diffusion
barrier during the foaming procedure allows obtaining for the first
time hollow polymeric microfibers with tunable surface porosity by
a gas dissolution foaming approach. In addition, the adjustment of
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the foaming parameters provides hollow fibers with diverse
morphologies from the same solid precursor fibers, a unique feature
beyond the reach of other hollow fibers manufacturing techniques.
Then, a common anti-inflammatory and painkiller factor such as
Ibuprofen was successfully loaded into a variety of solid and hollow
fibrous mats by supercritical CO, impregnation. Finally, the drug
delivery capability of the different fibers was characterized, finding
that the tuning of the porous structure of the fibers provides a
controlled rather constant delivery rate of the Ibuprofen for almost
40 hours. Therefore, the proposed new production procedure
proved the be a versatile approach with the capability to vary the
morphology of the hollow fibers, to enhance their performance
according to the selected application.

2-Results and discussion
2.1-Electrospun PCL fibers.

First, the morphology solid PCL fiber mats obtained by
electrospinning were studied by SEM (Fig. 1). Fiber mats with a
quite homogeneous thickness distribution, showing an average
value of 6.5 £ 0.7 um, were obtained (Fig. 1.a). Also, close-up
cross-section micrographs of the obtained fiber mats shown
that the individual fibers are solid, and present a quite smooth
surface with scarce surface porosity, produced by the solvent
evaporation during the fibers formation in the electrospinning
process (Fig. 1.b).2 Moreover, the solid PCL fiber mats
presented a BET surface area of 1.696 m?/g.

2.2-Gas dissolution foaming of electrospun PCL fiber mats

Samples of both pristine and PVOH-imbibed electrospun PCL fibers
(see Supporting Information S.I-1) were subjected to the gas
dissolution foaming process using pressurized CO; at 30 MPa and RT
or 45 °C for 24 hours. As expected, pristine PCL fibers did no present
porosity after any of these procedures, as the CO, diffuses out of the
micrometric fibers faster than the mechanisms inducing the
formation of pores (i.e., nucleation and growth). 2>3 On the
contrary, PVOH-imbibed fiber mats successfully foam at both
saturation temperatures, obtaining the first generation of gas
dissolution foamed polymeric microfibers reported in the literature.
Prior to SEM observation of the foamed fiber mats, the surrounding
PVOH was removed immersing the imbibed fibers in an ultrasonic
hot water bath. Once the fibers mats seem free of PVOH, the surface
of individual fibers was studied by microRaman Spectrometry and
compared to those of pristine PCL fibers.

Fig. 1. SEM micrographs of the solid PCL fiber mats obtained by
electrospinning. Thickness histogram of the fibers is shown on an
inset (a).
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It was found that, although the complete absence of small residues
of PVOH within the fiber mats cannot be assured, the surface of the
individual foamed PCL fibers is successfully exposed after the PVOH
removal (see Supporting Information S.1-2).

SEM observation of the foamed fiber mats confirmed the
preservation of the fiber mats, as well as the generation of pores, but
also clearly distinguish features between the fibers foamed at
different temperatures (Fig. 2). On the one hand, fibers processed
using a saturation temperature of 45 °C spontaneously foam after
being extracted of the pressure vessel, presenting a hollow structure
and increased surface porosity regarding the solid precursor PCL
fibers (Fig. 2.a and 2.b, from now on these fibers will be referred as
hollow+porous fibers). The expansion induced by the foaming
procedure is noticed in the thickness distribution of the fibers (see
inset of Fig. 2.a), showing an average thickness of 11.2 + 1.9 um.
Another characteristic feature of these hollow+porous fibers is that
the external walls of the fibers are quite thin, of about hundreds of
nanometers (Fig. 2.b), and present well-defined pores with an
average size about 740 nm. On the other hand, fibers processed
using RT as saturation temperature required to be immersed in a
heated bath at 60 °C for 1 minute to complete the foaming process.
The obtained foamed fibers also present a hollow structure, but no
increased surface porosity (see Fig. 2.c and 2.d, from now on these
fibers will be referred as hollow fibers). As shown by the thickness
distribution of the hollow fibers (see inset of Fig. 2.c), these fibers
also expanded, presenting an average thickness of 11.0 + 1.3 um. In
this case, the walls of the hollow fibers are thicker, with thicknesses
over the micron (Fig. 2.d).

Regarding the processing temperatures and final structures, it is
possible to briefly discuss the mechanisms involved in the
development of the fibers’ porosity. Hollow+porous fibers
spontaneously foam after the pressure release, as the saturation
temperature (45 °C) should be higher than the effective melting point
of PCL, decreased due to the plasticization effect of CO,* tending to
coalescence into the hollow structure due to hydrostatic forces.*°

Fig. 2. SEM micrographs of the hollow+porous (a, b) and hollow (c,
d) PCL fiber mats obtained by gas dissolution foaming. Thickness
histogram of the foamed fibers (a, c) and surface pore size histogram
of the hollow+porous fibers (b) are shown on insets.
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Optimization of the processing parameters allows narrowing the
effective melting point to about 45 °C, as no spontaneous foaming is
found below that saturation temperature, see Supporting
Information S.1-3.

Then, the quick cooling of the samples during the pressure release
and the CO, diffusion out of the samples, slow due to the PVOH
barrier but not negligible, allows the stabilization of the
hollow+porous structure of the fibers. This spontaneous foaming
allows the formation and growth of pores inside the fibers and in
their surfaces (probably promoted by the presence of an interface),*
with the internal pores. On the contrary, hollow fibers require an
additional heating after the pressure release to induce the formation
of the pores (i.e., the effective melting point of the PCL is over the
saturation temperature). This heating step was performed at 60° C
for 1 minute, which means that the plasticized PCL is expected to
become melted entirely during the process. Moreover, during the
time required to extract the samples from the pressure vessel and to
introduce them into the heated bath, there will be some CO;
diffusion out of the external parts of the fibers. 2> Both effects hinder
the formation of pores in the outer surfaces of the fibers and
promote the coalescence of the inner pores into a well-defined
hollow structure.??

SEM micrographs of the foamed fibers (Fig. 2) clearly showed an
increased surface area concerning the initial solid PCL fibers (Fig. 1).
The increased surface area provided by the foaming process was
further confirmed by BET measurements. Hollow fibers presented a
BET surface area of 26.994 m?2/g, whereas hollow+porous fibers had
a slightly higher value of 28.337 m?/g. Therefore, the foaming
process increased the BET surface area of the fibers more than 15
times (see section 2.1).

The obtained hollow PCL fibers, following for the first time a gas
dissolution foaming approach, are comparable, or even better, than
most of the previous works producing hollow polymeric fibers in
terms of the obtention of hollow microfibers with well-controlled
structure. Wang et al.l* obtained hollow PCL fibers by co-
electrospinning with a similar range of diameters, between 8 to 15
pum, but presenting a broader diameters distribution in all cases and
not so well-defined morphologies. He et al.*? produced polyamide-
imide-based hollow fibers also by co-electrospinning with diameters
of hundreds of microns and very thick outer walls. While De Rovere
et al.** presented polypropylene hollow fibers by melt-spun with
diameter ranging between 40 and 60 um. Also, the obtained fibers
are superior in terms of the reduction of their diameter to hollow
polymeric fibers obtained by co-extrusion or extrusion foaming
processes, which typically present diameters of hundreds of microns
or even over 1 mm, while share with co-extrusion processes the
capability to enhance the surface porosity of the fibers.16-20
Therefore, the obtained fibers could extend the range of application
of current hollow fibers obtained by co-extrusion in fields such as gas
separation or even be suitable for new applications.

2.3-lbuprofen impregnation tests

Ibuprofen impregnation tests, assisted by CO, pressurized at 15 MPa
and RT for 3 hours, were carried out using three kinds of PCL fibers,
the pristine electrospun solid PCL fibers, and the foamed
hollow+porous and hollow PCL fibers. The amount of Ibuprofen
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loaded into each kind of fibers was determined by thermogravimetric
analysis (TGA, see Supporting Information S.I-4). The solid and hollow
PCL fibers presented similar Ibuprofen contents of 11.5 + 2.8 wt.%
and 12.6 + 2.0 wt.%, respectively. While hollow+porous fibers
showed a higher Ibuprofen load up to 15.2 + 1.2 wt.%. These results
indicate that perhaps the solid and hollow fibers were not completely
saturated of Ibuprofen, due to the higher thicknesses of the PCL
layers in which the Ibuprofen should be diffused than the
holow+porous fibers (i.e., in the solid and hollow fibers lbuprofen
should diffuse through a PCL thickness respectively of about the
radius of the fibers (~3.3 um) or the external walls (> 1 um), while in
the hollow+porous fibers the thickness is only about hundreds of
nanometers). However, attempts to increase the impregnation time
did not provide evident changes. In all the cases it was proved by SEM
micrographs that the Ibuprofen impregnation procedure did not
induce changes in the structure or morphology of the fibers (see
Supporting Information S.1-4). Also, it was found that the pressurized
air cleaning of the samples avoids the presence of precipitated
Ibuprofen in the surface of the fibers (see Supporting Information S.I-
4).

The drug loading tests provided lbuprofen loads higher than
previously reported values of drug loading in hollow PCL fibers (9
wt.% by blending),'* and in the same order of magnitude than those
previously reported in the literature employing different polymer
(3-30 wt.%)
polyvinylpyrrolidone (10-30 wt.%),**3! polylactic acid films (up to 40

sheets such as polymethylmethacrylate and
wt.%),* or even PCL sheets (3-27 wt.%).*® Particularly, the previous
reports results using PCL sheets may suggest that further
optimization of the lbuprofen impregnation test could provide even
higher Ibuprofen loads.

Moreover, the efficiency of the impregnation process was estimated
by determining the partitioning coefficient K (see Experimental
section), obtaining a value of 27.2. As this coefficient usually ranges
from 1072 (inefficient drug loading, with the drug presenting much
higher affinity by the CO, than the polymer) to 10* (high-efficient
drug loading, with the drug presenting much higher affinity by the
polymer than the CO,), it can be established that the performed
Ibuprofen impregnation showed an intermediate efficiency.3® Also,
an acceptable affinity between the lbuprofen and the PCL matrix is
evidenced by the diffusion of the lbuprofen into the PCL in a
molecular form of forming small crystals (see Supporting Information
S.I-5), which is expected to enhance its solubility in water without
affecting their efficiency as painkiller.*”

An additional advantage of performing this impregnation step using
CO; is that any potential toxic residue of organic solvents from the
electrospinning process will be easily removed, avoiding potential
risks associated to the use of electrospun fibers.®

2.4-lbuprofen delivery tests.

A preliminary study of the drug delivery capability of the produced
fibers was carried out by determining the cumulative lbuprofen
release of the solid, hollow, and hollow+porous PCL fibers in contact
with water for 40 hours using UV-Vis spectroscopy. First, it was
measured the total amount of Ibuprofen released for each kind of
fibers and related to the exact mass of fibers employed on each test.
It was found that the total amount of Ibuprofen released by each kind
of fibers corresponds to the initial lbuprofen load (i.e., about 11-12
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wt.% for solid and hollow fibers and about 15 wt.% for
hollow+porous fibers). Therefore, a complete Ibuprofen release from
the fibers is achieved. This result was further confirmed by analyzing
with TGA the fiber mats after the Ibuprofen release, finding no
presence of lbuprofen remains.

Accordingly, in order to compare the release kinetics of each kind of
fibers, it was calculated the cumulative percentage of lbuprofen
released with time (Fig. 3).

Significant differences were found related to the structure of the
fibers. Solid fibers presented the fastest release, reaching a complete
Ibuprofen release in just 420 minutes, while hollow fibers required
1440 minutes to release their entire Ibuprofen load, and
hollow+porous fibers kept the Ibuprofen release until 2280 minutes.
This behavior can appear to be counterintuitive, as faster release
rates could be expected from higher surface areas. Therefore,
further analysis is
mechanisms.

required to understand the underlying

First, the release profiles of the different fibers were analyzed using
the Korsmeyer-Peppas model (Table 1).284 This model provided a
proper fitting for the lIbuprofen release from both solid and
hollow+porous fibers (e.g., R? values about 0.96), while hollow fibers
are not so well described (R? = 0.85). Regarding the information
provided by this model about the potential release mechanisms,
solid and hollow fibers present n values related to non-Fickian
diffusion. On the contrary, the Ibuprofen delivery of the
hollow+porous fibers can be assimilated to a Fickian diffusion (n ~
0.45). However, as the PCL of the polymer matrices of all these fibers
is not expected to suffer changes, neither are the diffusion
mechanisms of the drug through the polymer.

Moreover, the rather constant release rate of the hollow+porous
fibers cannot be associated with a degradation process of the
biodegradable PCL fibers. It is known that the degradation of the
polymer can lead to a rather constant release of the carried drug, but
this process usually takes several days or even weeks, reaching a
100% drug release when the fibers are almost completely
degraded,®3* which is not the case in this work, as the fibers mats
kept their integrity after the release tests. SEM micrographs of the
fibers collected after the lbuprofen release tests show some
alterations on the external surface of the fibers, but the fibers are
never close to complete degradation (Fig. 4).

100 ~
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Fig. 3. Cumulative Ibuprofen release for 40 hours achieved with solid
PCL fibers, hollow fibers, and hollow+porous fibers.
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Both solid and hollow PCL fibers presented a higher surface porosity
due to the degradation of the outer layer of PCL (Fig.s 4.a and 4.b).
At the same time, the hollow+porous fibers also present some
alterations, but they seem to have suffer less degradation (Fig. 4.c),
which could suggest a lower degree of interaction with the water
during the tests.

Also, it is known that the morphology of the porous structure of a
soluble scaffold or hollow fibers modifies their drug delivery capacity,
by modifying the delivery mechanisms?6-%8, but in this case, the
delivery mechanism does not seem to be altered. As the fiber mats
kept their integrity, and the Ibuprofen is loaded into the PCL and not
stored into the hollow structure or pores, the only delivery
mechanism involved should be the diffusion of the Ibuprofen from
the PCL fibers to the surrounding environment.

Then, in order provide new insights about this behavior, the samples
recovered after the Ibuprofen release tests were subjected again to
the Ibuprofen impregnation procedure, as well as to the lbuprofen
release tests. No significant changes were found in terms of the
Ibuprofen load of the different fibers, but the Ibuprofen delivery
behavior presented some differences (Fig. 5).

Both solid and hollow PCL fibers presented a slower and poorly
controlled release rate, while the hollow+porous PCL fibers present
almost the same constant delivery rate than in the first Ibuprofen
load and delivery cycle (i.e., the hollow+porous fibers could be even
reusable, although reusability is not usually required for wound-
dressing or drug-delivery scaffolds).

Therefore, the features of the outer surface of the fibers seem to be
related to both the lower degradation when exposed to water and
the Ibuprofen delivery behavior.

It is well-know that a roughness increase of a surface modifies its
wetting properties.*® In particular, for hydrophobic materials, such as
PCL, an increasing surface roughness can raise its hydrophobicity.
This phenomenon is explained for the Cassie Model, in which the
roughness promotes the presence of air pockets between the surface
and the water drop, increasing the hydrophobicity of the surface and
decreasing the contact between the water and the surface.”® As the
hollow+porous fibers present a higher outer surface roughness due
to its increased surface porosity, their lower Ibuprofen release rate
and damage associated to the contact with water for 40 hours could
be associated to a higher hydrophobicity of the surface of the
individual fibers. This hypothesis also explains the changes in the
second |buprofen load-release cycle, in which the fibers increasing
their outer porosity/roughness due to the fiber degradation also
decrease their Ibuprofen release rate.

Table 1. Application of the Korsmeyer-Peppas models to the
Ibuprofen delivery of solid, hollow, and hollow+porous PCL fibers.

Korsmeyer-Peppas Model
Samples

K n R?
Solid fibers 0.19 0.84 0.966
Hollow fibers 0.18 0.61 0.855
Hollow+porous fibers 0.25 0.44 0.966

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. SEM micrographs of the solid (a),

hollow (b), and
hollow+porous (c) PCL fibers after the Ibuprofen release tests.

With the aim to confirm this hypothesis the surface roughness of the
solid, hollow, and hollow+porous PCL fibers was determined by
Atomic Force Microscopy (AFM), finding a direct relationship
between the increasing roughness of the fibers from the solid to the
hollow+porous fibers with their decreasing average I|buprofen
release rates (Fig. 6 and Table 2).

As expected, the foaming process increases the ratio of the real
rough surface area to the projected perfectly smooth surface (r),
showing the hollow+porous PCL fibers the highest ratio, in good
agreement with the SEM and AFM micrographs of their surface (Fig.
2 and 6). Regarding the root mean square roughness (R,), both solid
and hollow fibers present rough features of similar sizes on their
surface (~ 9-11 nm), while the hollow+porous fibers present an
increased Rq of about 16 nm. Both roughness parameters are known
to have a remarkable influence on the wetting properties of a
surface, being directly related to the increase of the water contact
angle of hydrophobic materials, such as PCL.°%? Accordingly, the
lower lbuprofen release ratio of the hollow+porous fibers, and their
higher resistance to degradation in contact with water, can be
related to their enhanced surface roughness.

In view of the above results, the developed hollow+porous PCL fibers
could be suitable candidates for advanced wound-dressings with a
controlled drug-delivery rate for almost 40 hours, although further
work should be performed to address their actual application. More
importantly, the new production route proposed for hollow polymer
fibers employs conventional industrial techniques, such as
electrospinning and gas dissolution foaming, being possible to scale-
up their production without requiring specific setups (e.g., co-
electrospinning, co-extrusion). Also, this simple two-step route
provides significant advantages in the tailoring of the hollow fibers,
allowing a potential control of their diameter following conventional
adjustments of the electrospinning process, while the features of the
final porosity can be controlled independently controlled in the
foaming stage.
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Fig. 5. Cumulative Ibuprofen release for 40 hours achieved with solid
PCL fibers, hollow fibers, and hollow+porous fibers for two
consecutive Ibuprofen load and release cycles. Error bars are not
shown to facilitate the reading of the graph.

Fig. 6. Surface roughness profiles of the solid, hollow, and
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hollow+porous PCL fibers measured by AFM (a). AFM topographic
micrographs of the surface of the solid (b), hollow (c), and
hollow+porous PCL fibers(d).
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Table 2. Surface roughness parameters and lbuprofen average
delivery rates of the solid, hollow, and hollow+porous PCL fibers.

Average
Ibuprofen
Sample r Rq(nm) up
release rate

(mg/g-h)
Solid fibers 1.009 + 0.004 11.5+1.1 16.4
Hollow fibers 1.013 £ 0.004 9.2+23 5.3
Hollow+porous fibers  1.033+0.003 16.3+3.0 4.0

Therefore, the proposed new route to produce hollow polymeric
fibers is a promising approach for the development and optimization
of these materials.

3-Experimental

3.1-Materials

Polycaprolactone (PCL) (Mn: 80 000, p = 1.15 g/cm?, melting point
(Tm) = 61 °C) and high purity lbuprofen (>98%) were purchased from
Sigma-Aldrich (USA). Poly (vinyl alcohol) (PVOH) (Mowiflex C17, p =
1.25 g/cm?3, glass transition temperature (Tg) = 60 °C, T = 170 °C) was
gently provided by Kuraray. Chloroform was purchased from
Scharlab (Barcelona, Spain). Deionized water was employed in all the
tests, and a medical-grade of carbon dioxide (CO,) presenting 99.9%
purity was employed in the foaming and gas impregnation processes.

3.2-Fabrication of solid fibers

PCL fibers were fabricated by a conventional electrospinning process.
A PCL solution in Chloroform (10 wt.%) was transferred into a syringe
of 3 mL with a needle 21G. The syringe was placed in a syringe pump
(NE-1000, New Era Pump Systems, Inc.) providing a flow rate of 1
mL-ht. The voltage was fixed at 15 kV, and a copper target covered
with aluminium foil was placed at a distance of 20 cm from the
needle and used as a collector (a scheme of the process can be found
in Figure S11, see Supporting Information). The thickness of the fiber
mats was controlled by adjusting the deposition time, obtaining fiber
mats with thicknesses of about 200 um.

3.3-Gas dissolution foaming

Foaming experiments were performed according to the gas
dissolution foaming process using carbon dioxide (CO;) as a blowing
agent>*%4, In this procedure, the polymeric samples are introduced
into a pressure vessel and subjected to pressurized CO,, at controlled
conditions of pressure and temperature, until the complete gas
saturation of the polymer. Then, the gas pressure is released, and the
samples extracted from the pressure vessel. At this point, the
samples could spontaneously expand due to the formation of pores
if the saturation temperature is higher than the polymer melting
point (Tm) or glass transition temperature (Tg). On the contrary, the
samples are immersed into a heated bath to promote their
temperature over their T, or Ty and initiate the expansion of the
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pores (it should be noticed that the presence of CO, on the polymer
could decrease their effective Tr, or Tg).3® Following the approach
proposed by Orsi et al.?5, some of the fiber mat samples were coated
with PVOH prior to the gas dissolution foaming procedure. This
coating was performed by immersing the samples in a few mL of a
PVOH solution in water (5 wt.%) and then dry overnight at room
temperature, obtaining a solid PVOH film (thickness about 300 um)
in which the fiber mats (with average thickness about 200 um) were
imbibed.

Then, both imbibed and pristine samples were saturated with CO,
within a high-pressure vessel of 1 liter (model PARR 4681) provided
by Parr Instrument Company (Moline, IL, USA). The gas pressure is
supplied and controlled by an accurate pressure pump controller
(model SFT-10) provided by Supercritical Fluid Technologies Inc.
(Newark, DE, USA). The vessel is equipped with a clamp heater of
1200 W, and the temperature of the experiment can be recorded by
a temperature controller (CAL 3300). Saturation pressure was kept
during 24 hours at 30 MPa, while the saturation temperature varied
from RT to 45 °C (these parameters were previously optimized, see
Supporting Information S.I-3). Then, the pressure was released by
using an electro-valve, and the samples were extracted from the
pressure vessel. Samples saturated at RT were immersed into a
thermal bath (J. P. Selecta Model 6000685) at 60 °C for 1 minute to
promote the foaming, while samples saturated at 45 °C foamed
spontaneously after the pressure release. The bath liquid used was
oil to prevent the dissolution of PVOH during foaming (a scheme of
the process can be found in Figure S11, see Supporting Information).

After the foaming procedure, imbibed samples were immersed into
an ultrasonic hot water bath for several cycles until the complete
removal of the PVOH coating.

3.4-Drug loading

Again, CO, was employed for the Ibuprofen impregnation of the
fibers. In this CO, impregnation procedure the CO, diffuses into the
polymer acting as a carrier of the drug, allowing the drug to locate
inside the fibers.3®4445 This procedure to load a polymeric sample
with a drug present significant advantages such as that it can be
carried out at low temperatures, due to the plasticization effect of
the polymer induced by the CO,, preventing damage of thermo-labile
drug molecules; and the absence of solvent residues.3®*” These tests
were performed at 15 MPa and RT for 3 hours. In this case, a small
pressure vessel with a volume about 8 cm? has been employed in
order to minimize the amount of Ibuprofen required, and the
pressurization and depressurization were carried out at a slow pace
to avoid damage of the fibers (see Supporting Information S.I-4).
Samples of each kind of fibers (e.g., solid, hollow, hollow+porous,
when necessary after the removal of the PVOH) of about 1 mg were
introduced into the vessel together with an exceeding amount of
lbuprofen of about 0.2 grams (i.e., a much higher amount than the
required to saturate both the pressurized CO, and the fibers, which
was about 0.05 grams for these experiments). After extracting the
drug-loaded fibers from the vessel, the samples were cleaned with
pressurized air to remove any residue of Ibuprofen which could have
precipitated on the surface of the samples during the pressure
release.3® Finally, the efficiency of the impregnation procedure can
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be evaluated by means of the partitioning coefficient K, which
established the relative affinity of the drug for the CO, and the
polymer at the specific pressure and temperature of the test. This
coefficient can be calculated using equation 1.3¢
K = Cpolymer [1]
Cco,
Where Ccoz and Cpomer are respectively the concentration at the
equilibrium of the drug in the CO; and the polymer phases, given in
g/g. As the experimental Ibuprofen concentration in the CO, could
not be measured in our experiments, it was estimated from the data
provided by Charoenchaitrakool et al.>>.

3.5-Characterization techniques

The structure and morphology of the fibers were studied through
Scanning Electron Microscopy (SEM) (HITACHI FlexSEM 1000) after
being coated with gold, while the surface roughness of the fibers was
analyzed by Atomic Force Microscopy in tapping mode using a
Cypher ES AFM from Asylum Research. The data were acquired using
a standard AC160TS cantilever from Olympus with a spring constant
k of approximately 26 N m™%, a Q factor of 300 and a resonant
frequency of 260 kHz. The Gwyddion software was used for statistical
analyses of surface characteristics and phase in AFM image. In
particular, the ratio of the real rough surface area to the projected
perfectly smooth surface (r), and the root mean square roughness
(Rq) of the surface of the fibers were determined. Details about these
parameters can be found elsewhere.>? The roughness analysis was
performed on 4 pum x 4 um topographic AFM micrographs,
establishing a threshold of 1 um to discriminate the surface
roughness from the waviness and shape of the surface of the fibers.
The surface area of the solid and foamed fibers was measured by BET
using a Surface Area and Porosity Analyzer ASAP 2420 (Micromeritics
Instrument Corp.). The efficiency of the PVOH removal step after the
foaming process was addressed by microRaman Spectrometry
measurements on the surface of the fibers before being imbibed into
the PVOH and after the PVHO removal, using a high-resolution
Horiba-Jobin Yvon LABRAN HR 800 UV equipped with a Olympus
BX41 microscope, a Symphony CCD detector, and A = 532.8 nm. The
amount of lbuprofen loaded into the fibers was determined by
Thermo Gravimetric Analysis (TGA) (SDTA851, Mettler Toledo),
heating the samples from 50 to 400 °C (5 °C/min) in a nitrogen
atmosphere. To ensure the complete degradation of the Ibuprofen,
an isotherm was performed at 220 °C for 2 hours, determining the
Ibuprofen load as the weight loss percentage between about 100 ° C
and the end of the isotherm (see Supporting Information S-1-4). Also,
the lbuprofen-loaded fibers were analyzed by Differential Scanning
Calorimetry (DSC) performed using a Mettler-Toledo model DSC30 to
determine if the loaded lbuprofen is in crystalline or molecular form,
following a heating ramp from -50 to 150 °C at 10 °C/min in a N,
atmosphere.

To study the Ibuprofen release behavior of the drug-loaded fibers,
1 mg samples of each kind of fibers (e.g., solid, hollow,
hollow+porous) were placed in a vial in 10 mL of distilled water and
shaken at a constant rate of 200 rpm. After fixed periods of contact
time (increasing from 5 to 120 minutes, until a total contact time of
2400 minutes) the samples were collected and placed in a new vial,
while the remaining water was analyzed using an UV-visible scanning
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spectrophotometer (UV-2101PC, Shimazu). The concentration of
Ibuprofen in the analyzed water was determined employing the 190
nm peak of the lbuprofen,®® comparing the obtained results (e.g.,
190 nm peak intensity) with a calibration line obtained from stock
solutions of known concentration between 0.39 and 12.5 mg/L. All
the spectra were collected in the range 190-400 nm, using distilled
water as a reference sample. Once the concentration of Ibuprofen
released by the fibers on each period was determined, it was possible
to determine the total lbuprofen load of the fibers, the release
kinetics, the normalized cumulative release, and the average release
rate as the ratio between the amount of Ibuprofen released (mg) per
gram of fibers and the time required to achieve a complete release.
In addition, the Korsmeyer-Peppas model was employed to evaluate
the Ibuprofen release. This model was developed to describe the
drug release from a polymeric system, providing information about
the drug release mechanism when employed to fit the first 60% of
the drug release. This model can be expressed using equation 2.2848
M gem 2]
Moo
Where My/M is the fraction of drug release at time t, K is the release
rate constant, and n is the release exponent. The value of this
exponent might be employed to identify the release mechanisms for
cylindrical shaped matrices (such as polymer fibers). In particular,
values of n = 0.45 correspond to Fickian diffusion, for 0.45 < n < 0.89
non-Fickian transport is expected, and for n = 0.89 the drug delivery
mechanism could be related to polymer swelling. As previously
mentioned, the determination of n should be carried out only for
My/M..< 0.6.2848

Conclusions

This work proposes a new approach, based on the gas dissolution
foaming route, to produce PCL-based hollow microfibers. The use of
an outer PVOH layer acting as a gas diffusion barrier, added after the
production of solid PCL fibers by conventional electrospinning (solid
fibers), allows the foaming of the microfibers by this technique. In
particular, this barrier is able to keep the CO, solved into the PCL
enough time to allow the nucleation and growth of pores inside the
microfibers. Moreover, the barrier is easily removed in hot water
after the foaming procedure. Two different gas dissolution foaming
procedures, usually known as one-step and two-step foaming, were
successfully employed to obtain well-defined hollow fibers, also
inducing significant differences on the morphology of the obtained
hollow fibers. On the one hand, PCL fibers saturated with CO, at 30
MPa and 45 °C spontaneously foamed after being extracted from the
pressure vessel, providing also a remarkable increase of the surface
porosity of the fibers (hollow+porous fibers). On the other hand, PCL
fibers saturated with CO; at 30 MPa and RT required of an additional
foaming step, carried out for 1 minute in a heated bath at 60 °C, to
induce the foaming, showing a hollow structure with thicker walls
and no increase of the surface porosity (hollow fibers). In addition to
the presence of the porous structure, the foamed fibers also
presented higher outer diameters, as a result of the expansion
procedure induced by the foaming procedure, and an increased
surface area.
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As PCL is a biodegradable and biocompatible polymer, it is of great
interest in biomedical applications such as in-situ local drug delivery.
Then, the suitability of the obtained fibers for drug delivery
applications was studied. First, it was proved that all the fibers, solid,
hollow, and hollow+porous, can be loaded with a conventional
painkiller and anti-inflammatory such as Ibuprofen. All the fibers
achieved drug loads about or over 10 wt.% after 4 hours of
impregnation assisted by CO,, presenting the hollow+porous fibers
the higher load (15 wt.%). As the characteristic morphology of each
kind of fibers was not affected by the drug loading, their Ibuprofen
release performance in an aqueous media was studied, expecting to
take advantage of their different morphologies. All the samples were
able to release all the loaded Ibuprofen but presented remarkable
differences on the release rate. Solid PCL fibers presented a non-
constant and fast release rate, achieving the complete release after
7 hours. Hollow fibers also present a non-constant rate but required
of almost one day to release all the Ibuprofen. Finally, hollow+porous
fibers not only achieved a higher Ibuprofen load but also showed a
rather constant and slow release rate, keeping the Ibuprofen release
for one day and a half. These different behaviors seem to be related
to the roughness of the outer surfaces of the fibers, which were
measured by AFM, determining that the hollow+porous fibers
presented the higher roughness. According to their Ibuprofen
release properties, the hollow+porous PCL microfibers obtained
could be suitable candidates for the development of wound-dressing
with a controlled local drug delivery capability.
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