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ARTICLE INFO ABSTRACT

Keywords: Combining a hydrophobic polymer such as polycaprolactone (PCL) with a hydrophilic polymer polyethylene

P?lymer oxide (PEO) in a binary polymer system can enable a range of novel applications in biomedical engineering by

g}]‘)‘ary permitting exceptional therapeutic release, antimicrobial possibilities, and heterogeneous tissue engineering
1ber

scaffolds. In this work, both PCL and PEO were dissolved in chloroform at 15 w/v % at six different ratios to
prepare binary polymer solutions. The rheological properties of the singular and binary polymer solutions were
measured, and fibers were spun using pressurized gyration. The fiber morphologies of the prepared materials
were studied using scanning electron microscopy (SEM). By immersing samples in deionized water, binary
polymeric fibers with varying swelling behaviors were developed and analyzed using optical microscopy. The
results were used to identify an optimum PCL:PEO binary mixture in chloroform. Chemical compositions of
singular/binary polymer composites loaded with ibuprofen (IBP) were characterized by Fourier-transform
infrared spectroscopy (FTIR) and thermal analysis was examined using differential scanning calorimetry
(DSQ). In vitro studies on PEO-IBP exhibited an instant release rate of 90 % in 40 s, whereas PCL-IBP and PCL:
PEO-IBP revealed a sustained release of 87-96 % in 72 h, respectively. The results were used to discuss the

Drug delivery
Pressurized gyration

potential use of binary polymer systems in biomedical applications.

1. Introduction

Polymers have been used as biomaterials in the forms of fibers [1]
and composite tissue engineering scaffolds [2] for a range of biomedical
applications [3,4] such as drug delivery systems [5], tissue engineering
[6] and wound healing [7,8], all of which can improve therapeutic ef-
ficacy by enhancing regeneration [9-15]. The physical characteristics of
the polymers, such as composition and biodegradation, as well as
polymer properties, including size, shape, and surface chemistry, all
have a significant impact on their behavior in biological settings
[16-18].

Polycaprolactone (PCL) is a synthetic biodegradable polymer that
has gained significant attention in the biomedical industry, particularly
in the field of drug delivery, sutures, and implantable devices [19-23].
Its compatibility with a variety of polymers, as well as its formability and
low cost, make it an attractive material for tissue engineering [24]. The
Food and Drug Administration (FDA) approval of PCL has been a sig-
nificant factor attracting biomaterial researchers, which allows for safer
use in humans [25,26]. However, the hydrophobic characteristic of PCL
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is not suitable for cell adhesion, migration, proliferation, and differen-
tiation, limiting its application as a functional scaffold [27]. Due to
PCL’s hydrophobicity, its degradation kinetics are slower, potentially
limiting its applications that require rapid degradation rates. PCL ex-
hibits remarkable potential for blending with different polymers to
achieve specific mechanical and degradation characteristics [28,29].
Polyethylene oxide (PEO) is a hydrophilic, biocompatible polymer that
can be fabricated into a high strength material by obtaining oriented
morphologies [30]. However, PEO possesses limitations such as rapid
dissolubility, making it undesirable for controlled drug delivery appli-
cations. Several researchers have reported the combination of PEO with
natural and synthetic polymers [31,32], thus PEO blends can be utilized
to address the shortcomings of PCL.

Although polymeric drug carriers have demonstrated controlled
release of hydrophilic and hydrophobic drugs over extensive periods
[33], there is an increasing demand for polymeric materials with
tailored characteristics that can be utilized as drug carriers to enhance
drug bioavailability by reducing side effects, improving drug solubility,
and reducing the required dosage frequency [34,35]. The process of
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developing and synthesizing new polymers can be complicated and
expensive [36]. As a result of homogenous integration, it would be
beneficial to combine desired characteristics from respective materials
into binary polymer systems and composites as an effective method for
creating new materials with tailored physicochemical properties
[37-40]. This approach can be used to compromise the hydrophobic
nature of PCL by blending it with a hydrophilic PEO polymer that is
designed to promote water migration to the proximal regions of PCL
chains, thereby speeding up hydrolytic degradation [41-47]. While
electrospun fibers made from PCL-PEO polymer blends have been
extensively studied by Eskitoros-Togay et al. [48], and Darbasizadeh
and co-workers [35], binary polymer systems have yet to be generated
using cutting edge pressurized gyration (PG) with optimized properties.

In a previous publication [49], we reviewed binary polymer systems
for biomedical applications and provided a comparison of PG with other
production methods such as electrospinning and centrifugal spinning.
PG is a relatively novel process that has gained popularity among as-
sociations pursuing large-scale manufacturing [49]. It is utilized in the
single-step fabrication of fibrous materials and polymer blends that
incorporate active pharmaceutical components. As opposed to electro-
spinning, which necessitates a high-voltage operation for fabrication
[50]1, PG provides intriguing prospects by offering nozzle-free, cost-ef-
fective, mass production in rapid time, bypassing the high-voltage
electric field required for fiber fabrication. PG offers ease of produc-
tion, adjustable processing parameters, and controllable fiber
morphology to satisfy function, topography, size, and scale-up re-
quirements, making it an effective approach for mass production of low
micro-nano diameter fibers, particular for drug delivery systems.
Expanding on this approach, this study introduces a novel pressure spun
blend system that uses a scalable approach with optimum working pa-
rameters to obtain an optimized PCL:PEO polymer ratio to present a
novel binary class of material with improved properties for advanced
biomedical engineering applications. The optimized biomaterial was
incorporated with ibuprofen (IBP), resulting in enhanced rate of drug
release that alleviated the limitations of singular polymers. Fiber com-
posites were compared on the basis of their morphology, physical
properties, swelling behavior, chemical compositions, and drug release
profiles.

2. Experimental details
2.1. Materials

Polycaprolactone (PCL, My 80 000 gmoll), polyethylene oxide
(PEO, My 200 000 gmol ™), ibuprofen (IBP, My 206.28 gmol™') and
chloroform (Chl, CAS Number: 67-66-3) were purchased from Sigma
Aldrich, UK. Phosphate buffer saline (PBS, pH = 7.4) was purchased
from Oxoid ThermoFischer, UK.

2.2. Polymer solutions

Primary 15 w/v % PCL and 15 w/v % PEO solutions were prepared
using Chl. Subsequently, six different binary PCL:PEO polymer solutions
were created at increasing PEO ratios (1 w/v % (14:1), 3 w/v % (4:1), 5
w/v % (2:1), 7 w/v % (8:7), 9 w/v % (2:3), and 11 w/v % (1:4)). The
singular polymer solutions and optimized PCL:PEO binary polymer
formulations were then incorporated with 4 wt % IBP. All polymer so-
lutions were mixed under ambient conditions (20-23 °C) with relative
humidity (40-50 %) and stirred for 24 h using a magnetic stirrer.

2.3. Binary fiber composite

Spinning was carried out using pressurized gyration (Fig. 1). The
setup consists of an aluminum cylindrical vessel containing the polymer
solution, measuring 60 mm in diameter with 24 orifices through the
wall, each measuring 0.5 mm. The vessel was connected to nitrogen gas
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Fig. 1. Schematic illustration of binary composite production using pressur-
ized gyration.

supply, allowing applied pressures ranging of 0.1-0.3 MPa. The vessel
was subjected to a constant rotational speed of 10 000 rpm and applied
pressure of 0.1 MPa. All experiments were conducted for 15 s by
inserting 2 mL polymer solution in the vessel at a temperature of
20-23 °C, with relative humidity ranging from 40 to 50 %.

2.4. Characterization

2.4.1. Rheology

Viscosity of the polymer solutions was measured using a calibrated
programmable rheometer (DV-III Ultra, Brookfield Engineering Labo-
ratories INC, Massachusetts, USA) with shear rate values ranging be-
tween 0.04 and 1.77 s}, and shear stress values in the range 0.38-7.34
Pa. For each sample, 14 different measurements were taken, and each
test was repeated three times.

The power law equation was used to define polymer solution
behavior, described in Eq. (1) [51], where o is the shear stress, K is the
constant, y is the shear rate, and n is the flow index of the fluid, which
ranges from 0 — 1. For n = 1, the behavior is Newtonian, n < 1, the fluid
is non-Newtonian, known as a pseudoplastic fluid/shear thinning, and if
n > 1, the fluid is non-Newtonian, or dilatant fluid/shear thickening.

Flow behavior index, n is:
o .
n=logy, (E) / logy,(7) (2)

2.4.2. Surface tension

The Wilhelmy’s plate method was used to determine the surface
tension of the solutions using a calibrated digital tensiometer (Tensi-
ometer K9, Kruss GmbH, Hamburg, Germany). Each test was repeated
five times at ambient temperature of 20-23 °C and a relative humidity of
40-50 %.

2.4.3. Invitro swelling
Six PCL:PEO binary fiber composites with varying PEO ratios
(14:1-1:4) were used to investigate the effect of increasing PEO content
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on swelling and morphological behavior of the fibers. Dry binary fiber
samples were cut at ~50 mm and immersed in 0.3 mL deionized water
within a Petri dish at 15 min intervals, ranging from 15 to 60 min. This
procedure was repeated for all binary composites under ambient con-
ditions, with a temperature of 20-23 °C and relative humidity of 40-50
%. Subsequently, all binary fiber composites were examined using an
optical microscopy.

2.4.4. Optical microscopy

All swelling micrographs were captured using an optical microscope
(KEYENCE Digital Microscope VHX-7000). The microscope was cali-
brated using a standard microscope slide and all samples were placed on
a Petri dish (containing fibers immersed in deionized water) and posi-
tioned on the motorized eucentric stage. The microscope featured a
high-resolution lens at 4K CMOS image sensor. Using the fully integrated
head consisting of the 4-piece motorized revolver, images were observed
utilizing the focus view camera and captured at 20-400 X magnifica-
tions. Images were taken at 15 min intervals for different binary PCL:
PEO polymer compositions.

2.4.5. Scanning electron microscopy (SEM)

The morphology of PEO, PCL, and all binary PCL:PEO as well as IBP-
loaded fibers were examined using scanning electron microscopy
(GeminiSEM 360, Carl Zeiss Microscopy GmbH, Oberkochen, Germany)
with 1-10 kV acceleration voltage. The fiber diameters were measured
using computer-aided image visualization software (ImageJ 1.52a, Na-
tional Institutes of Health, USA). The average and standard deviation
values of the acquired results were statistically projected for each sam-
ple, and frequency graphs of fiber diameters were generated using sta-
tistics software (OriginPro 2021b, OriginLab Corporation). Utilizing the
acquired information, a comparison was made between different sin-
gular/binary polymer formulations.

2.4.6. Fourier-transform infrared spectroscopy (FTIR)

After fiber production, FTIR spectroscopy (Thermo Fisher Scientific,
Nicolet iS50 FTIR) was performed to confirm the implementation of
binary polymers and integrated IBP. Prior to the measurements, 2 mg of
PEO, PCL, optimized PCL:PEO, and drug loaded composites including
IBP, PEO-IBP, PCL-IBP, and optimized PCL:PEO-IBP was positioned on
the ATR crystal and studied over 10 rounds in the range of 4000-1000
cm ! at a resolution of 4 cm ™! to record the measurements.

2.4.7. Differential scanning calorimetry (DSC)

The change in physical properties of PEO-IBP, PCL-IBP, and opti-
mized PCL:PEO-IBP fiber composites were determined by using DSC 3
Mettler Toledo device, Mettler Toledo instrument and STAR® software.
Prior to the measurements, 5 mg of each sample was positioned in
aluminum DSC pans, hermetically sealed, and heated from 0 to 300 °C at
a rate of 10 °C/min under a 50 mL/min gas flow (N3).

2.4.8. Loading of ibuprofen and in vitro release studies

2.4.8.1. IBP encapsulation efficiency. The encapsulation efficiency (EE)
of IBP content in the composites was determined by dissolving 20 mg of
PEO-IBP, PCL-IBP and optimized PCL:PEO-IBP in 20 mL of chloroform.
The samples were stirred at 2000 rpm for 8 h to completely dissolve the
IBP from the composites into the solvent. Subsequently, 2 mL of the
filtered solution’s absorbance was measured at 267 nm using a UV
JENWAY 7315 spectrophotometer. The EE of IBP was calculated using
Eq. (3) [52].

Mass of IBP content in composites (mg)

EE (%) =
(%) Theoretical total mass of IBP (mg)

x 100 % 3)

2.4.8.2. Disintegration. Disintegration of PEO-IBP composites was car-
ried out in 20 mL PBS at 37 °C. Prior to testing, a rectangular section of
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200 mm diameter was cut from the composites and immersed in a Petri
dish. A Canon EOS 1000D video camera was used to capture the disin-
tegration and soaking of the composites at 60 frames per second.

2.4.8.3. Dissolution. The dissolution test was conducted to analyze the
release kinetics of PEO-IBP, PCL-IBP and optimized PCL:PEO-IBP. Prior
to the release experiment, a linear calibration curve was created using a
series of standard solutions with concentrations ranging from 0.003 to
0.3 mg/mL. For the release study, 20 mg from each composite was
immersed into a 20 mL test medium and incubated in a shaker at 37 °C.
Moreover, for PEO-IBP, samples were collected at predetermined in-
tervals of 5, 10, 20, 30, and 40 s, given the hydrophilic nature of the
composites. However, for PCL-IBP and PCL:PEO-IBP, samples were
taken at 2, 4, 6, 8, 24, 48, and 72 h. In each case, 2 mL of supernatant
from the assessment medium was removed and replaced with 2 mL of
new test medium to maintain a sink condition. The removed supernatant
was filtered using a 0.22 pm Millipore and analyzed using a UV spec-
trophotometer. The obtained data collected were used to calculate the
cumulative release percentage using Eq. (6) [52]. All experiments were
carried out in triplicate.

A
IBP release (%) = %
) mg

Where, A, is the amount of IBP released at time t and A; is the maximum
amount of IBP released.

x 100 % @

2.4.9. Mathematical modelling

Two mathematical models were used to describe the release of
ibuprofen from the fibers into solution. The first model assumes a simple
dissolution, as described by Noyes and Whitney [53]. If the rate of
dissolution (mass M per unit time t) from a surface area S is

am
o= aS ®
then for a cylindrical fiber of initial radius r, and density p, the

fractional dissolution is
P (=21 /7= 1/ ©

where the timescale 7 = rg p/a.

The other release model assumes that ibuprofen undergoes Fickian
diffusion through the fiber, with free dissolution at the surface of the
fiber. This is a standard problem in diffusion, and a good fit to the exact
analytic release rate is given by

@rc(t) = @pq, tanh (2>415\/(I /7)), @)

where ¢, is the maximum fractional release and in this case the
timescale is related to the fiber radius ro and the diffusion coefficient D
of the drug in the polymer matrix, v = r2/D. This expression has been
derived by adapting the methods of the appendix of a previous paper
from spherical particles to cylindrical fibers [54]. This form has ad-
vantages over the Korsmeyer-Peppas expression, which is commonly
used, as it can be applied over the whole range of the release from 0 to
100 % and the fitting parameters can be related to the diffusion coeffi-
cient of the drug.

3. Results and discussion
3.1. Physical properties

The fundamental properties of the PG spinning mixture, including
molecular weight, solution concentration, viscosity and surface tension
possess a substantial impact on polymer solution spinnability, fiber
morphology and topography [55]. Among these factors, viscosity and
surface tension have the most significant effect in the spinning system.
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The physical chain interlocking of the polymers increases as the solution
viscosity and concentration increase. This interlocking of polymer
chains functions similarly to chemical cross-links and serves an impor-
tant purpose in stabilizing the polymer jet, which, along with solvent
evaporation, controls the procedures of fiber development in PG [56].
The entanglement of polymer chain restricts jet formation [57], and
within a specific viscosity range, as the viscosity of the polymer mixture
increases up to a critical value, the fiber diameter increases, as does the
relative time required for the elongation of the polymer jet, due to the
incremental amounts of physical entanglement between polymer chains.
When the solution viscosity is excessively high, centrifugal force cannot
overcome surface tension [55]. Even so, post-stretching, the polymer jet
can retain a specific shape and eventually form uniform bead-free fibers
[58,59]. However, if the viscosity is below the critical value, fibers with
bead-on-string structure will develop. Furthermore, as the solvent
(chloroform) evaporates from the polymer jet, the temperature at the
air-liquid interface will decrease rapidly due to the enthalpy of vapor-
ization [55]. However, there have been insufficient studies on complete
chloroform separation, which poses a potential limitation.

The viscosity (Fig. 2) and surface tension (Fig. 3) values varied based
on the ratio of the binary PCL:PEO polymer solutions. In Table 1, the
surface tension values range between 23.2 + 1.2 mN m™! to 44.0 + 2.2
mN m™}, respectively. The viscosity of PEO and PCL were 992 + 10 mPa
s and 325 =+ 5 mPa s, while the surface tension was 43.8 = 2.2 mN m ™!
and 26.2 & 1.3 mN m ™, respectively. However, upon incorporating and
increasing the PEO ratio in the binary polymer system, the viscosity of
the mixtures increased from 337 4 17 mPa s to 984 + 49 mPa s, and the
viscosity reduced to 793 + 40 mPa s as the shear rate increased due to
non-Newtonian shear thinning effects. The findings suggest that PEO
exhibits a higher viscosity and surface tension than PCL. Although the
total polymer concentration was kept at 15 w/v %, when compared to
individual polymer mixtures, the broad data for the binary polymer
solutions can be attributed to an increased PEO ratio in PCL. The in-
crease in the polymer solution properties is associated with polymer
chain entanglement. Hence, a higher viscosity and surface tension can
be an indication of greater polymer entanglement provided by a high
PEO ratio [60].

Fig. 2 shows that at higher shear rates, the viscosity was near sta-
bility, whereas at lower shear rates, there was a greater fluctuation. A
flexible and flowing polymer solution can cause the molecules to stretch
and deform in the flow direction. The slower the molecules recover to
their original shapes, relative to the rate of shear, the more they align
with the flow. Aligned molecules contribute less to the polymer solution
viscosity. In steady shear conditions, the solution viscosity was highest
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Fig. 3. Relationship between surface tension and increase in PEO ratio of PCL:
PEO binary polymer systems.

Table 1
Polymer solution properties for singular and binary PCL:PEO compositions.

Polymer Solution, PCL: Surface Tension Viscosity Flow Behavior
PEO (w/v %) (mN m™?) (mPa s) Index, n

PEO 100 43.8 £ 2.2 992 + 10 0.92

PCL 100 26.2 +1.3 325+5 0.66

14:1 23.2+1.2 346 +£ 17 1.9

4:1 288 £ 1.4 337 £17 1.3

2:1 30.4 £1.5 463 + 23 0.97

8:7 335+1.7 490 + 25 0.88

2:3 38.6 £1.9 984 + 49 1.05

1:4 44.0 +£2.2 793 + 40 0.96

when the shear rate was low, indicating that molecules can realign and
relax to their undisturbed configuration promptly as they move. How-
ever, as shear rate increases, the molecules cannot separate as quickly,
therefore viscosity decreases [61,62].

For all cases in Fig. 2, the relationship of shear stress increased with
shear rate which satisfied the power law. The flow index behavior (n),
gives the flow properties of all polymer solutions, displayed in Table 1.

2000
& 14:1 PCL.PEO
® 41 PCL.PEO
A 2:1 PCL.PEO
| ¥ 87 PCL.PEO
1500 © 2:3PCL:PEO
{ 1:4 PCL:PEO
1000
500 -

0 T T T T T
0.0 0.4 08 1.2 1.6

Shear Rate (s™)

Fig. 2. Graphs showing a) shear rate vs shear stress for the PCL:PEO binary polymer system at ratios 14:1-1:4, and b) viscosity vs shear rate for the PCL:PEO binary

polymer system at ratios 14:1-1:4.
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PCL and PEO polymer mixtures exhibit n values between 0.66 and 0.92,
and binary polymer solutions reveal n values ranging between 0.88 and
1.3, suggesting non-Newtonian fluid flow behavior, where n values < 1
indicate pseudoplastic fluid behavior or shear thinning. Whereas PCL:
PEO in the ratios 14:1, 4:1 and 2:3 demonstrate a dilatant fluid behavior
with n values ranging between 1.05 and 1.9, corresponding to shear
thickening behavior.

3.2. Fiber morphology

In this study, polydispersity index (PDI) is used as a representation to
describe the degree of non-uniformity of all fiber composite size distri-
butions. PDI ranges from 0 to 1.0, where 0 is a perfectly monodisperse
sample, and 1.0 is a highly polydisperse sample [63,64]. In drug delivery
applications, samples with PDI values of 0.3 and below are considered
acceptable and indicate a homogenous population [65]. However,
samples with PDI values greater than 0.7 indicate a broad size distri-
bution which is undesired.

For optimal fiber yield and morphology, 0.1 MPa gas pressure was
applied after reaching critical rotational speed of 10 000 rpm. Fig. 4 (a-
b) shows SEM micrographs of 15 w/v % PEO and PCL composites dis-
solved in Chl, respectively. The resulting fibers were analyzed for their
morphologies owing to differences in the use of polymers. PEO fibers in
Fig. 4 (a) showcase a continuous, smooth surface and almost aligned
orientation, although some entanglement was observed. Average fiber
diameter of PEO was 1.9 pm with a PDI of 47 %. PCL fibers demonstrate
an average diameter of 3.7 pm, PDI 35 %, and an average bead diameter
of 35.9 um, PDI of 33 %, revealing random fiber orientation. The indi-
vidual polymers present a monodisperse distribution.

PEO possessed higher viscosity, indicating that the spinning fluid can
be stretched into fine jets, as suggested earlier in Table 1. PEO’s high
molecular weight determines that the solution concentration meets the
critical value, which corresponds to sufficient chain entanglement to
form continuous spinning jets, resulting in smaller fiber diameters.

N:100
Mean: 1.9 um
SD: 0.9 ym

Frequency (%)

05 10 15 20 25 30 35 40 45
Fiber Diameter (um)

35 N:100
Mean: 3.4 um
SD: 18 um

Frequency (%)

Fiber Diameter (um)

N: 100
Mean: 2.7 um
$D: 12 pm

Frequency (%)

! 5

1 2 3
Fiber Diameter (um)

N: 100
Mean: 1.8 um
SD: 0.5 um

Frequency (%)

10 15 20 25 30
Fiber Diameter (m)
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However, PCL polymer solution demonstrated a lower viscosity, surface
tension, and molecular weight, resulting in bead-on-string formation
with a larger fiber diameter due to reduced chain entanglement. With an
increase in the PEO ratio, the product of PG under the same working
parameters gradually changes from bead-on-string fibers to smooth
bead-free fibers [66].

SEM micrographs in Fig. 4 (c-h) were deployed to characterize the
binary polymer composites (14:1-1:4). At the lowest PEO ratio of 14:1 in
PCL:PEO, fibers were observed with high bead frequency, demon-
strating an average diameter of 31.1 pm, PDI of 41 %, and an average
fiber diameter of 3.4 pum with a PDI of 53 % (Fig. 4 (c)), suggesting a
polydisperse distribution. The PCL:PEO binary composites with higher
PCL ratios retained their bead-on-string morphology, attributing to
PCL’s low surface tension of 26.2 + 1.3 mN m ™" (Table 1), which can
result in irregular ejection of the polymer solution since the polymer can
easily escape vessel orifices even at slower rotational speeds [67]. With
an increase in the PEO ratio, there is a reduced occurrence of beaded
fibers. Furthermore, aligned porous fibers with an average pore diam-
eter of 0.07 = 0.04 pm was observed in PCL:PEO 4:1 followed by an
average fiber diameter of 2.8 pm, PDI 29 % (Fig. 4 (d)), suggesting a
monomodal distribution. Micropores with a diameter of 1-10 pm pro-
mote cell adhesion and facilitate nutrient absorption [68]. In Fig. 4 (e-f)
at 2:1 and 8:7 PCL:PEO compositions, similar observations to Fig. 4 (c)
were detected, revealing an average bead diameter of 34.7 pm, PDI of 58
%, 30.8 um PDI of 42 %, and average fiber diameters of 2.7 pm and 2.6
pm, indicative of PDI of 44 % and 31 %, respectively. At 2:3 PCL:PEO
composition, the average fiber diameter was 1.8 pm, PDI of 28 % (Fig. 4
(). At 1:4 PCL:PEO binary ratio, the average fiber diameter was at its
lowest range of 1.5 pm with a PDI of 27 % (Fig. 4 (h)). When increasing
the PEO ratio, a PDI of 53-27 % was obtained, corresponding to a
monomodal distribution. This finding shows that the generated com-
posites and distributions can be tailored and controlled using the binary
polymer system. Similarly, Mirzaei et al. [28] reported fibrous scaffolds
manufactured through the electrospinning of PEO:PCL blends dissolved

— N: 100
Mean: 3.7 um

=
| e

2 5 & 7
Fiber Diameter (um)

Frequency (%)

N: 100
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10 15 20 25 30 35 40 45
Fiber Diameter (um)

N:100

il

10 15 20 25 30 35 40 45
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Fig. 4. SEM micrographs of: a) 15 w/v % PEO, b) 15 w/v % PCL, ¢) PCL:PEO 14:1, d) PCL:PEO 4:1, e) PCL:PEO 2:1, f) PCL:PEO 8:7, g) PCL:PEO 2:3 and h) PCL:PEO
1:4, respective fiber diameter distributions all spun at 10 000 rpm, 0.1 MPa applied pressure.
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in chloroform. It was demonstrated that the amount of PEO influenced
hydrophilicity, biodegradability, and mechanical properties. The fiber
diameters ranged from 0.9 + 0.1 pm-1.6 + 0.1 pm for PEO:PCL/30:70 —
PEO:PCL/50:50, respectively [28]. In this study, the addition of PEO to
PCL rendered the binary composites from hydrophobic to hydrophilic.

Considering the PDI values, majority of the fiber composites
exhibited pronounced polydispersity. Fibers with diverse size scales may
be appropriate for a variety of applications. Nonetheless, the fibers
generated in this study fall in the micrometer range, making it feasible to
load and deliver small molecule drugs and components, that have the
potential to deliver therapeutic elements [69].

It is further confirmed by Fig. 5 that as the PEO ratio of PCL:PEO
increases, the average fiber diameters decrease from 3.4 to 1.5 pm. This
may be associated to PEO’s high molecular weight, which results in
increased viscosity and polymer chain entanglement [70,71]. Surface
tension must be within an optimum range, otherwise beads will occur. In
this study, surface tension was overcome by chain entanglements,
resulting in smaller fiber diameters.

3.3. Effects of swelling on binary fiber composites

A swelling test was performed to determine the effect of increased
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PEO ratio on fiber composite behavior when immersed in deionized
water for 15-60 min of incubation. The average fiber diameter before
and after immersion was measured to determine the degree of swelling.
Fig. 6 displays the swelling behaviors of all binary polymer composites
at various PEO ratios. The average fiber diameters range between 2.7
and 8.0 pm as shown in the optical micrographs in Fig. 7. In comparison
to the SEM results of dry binary fiber samples in Fig. 4, it can be seen that
after 15 min immersion in deionized water, PCL:PEO 14:1 possess a
decreased average fiber diameter of 2.7 pm, PDI of 19 % (Fig. 7 (a)).
However, at 30 min, it exhibits the highest swelling of 7.7 pm, PDI of 26
% (Fig. 7 (b)). Between 45 and 60 min, the average fiber diameters
decreased to 7.6 and 7.3 pm, with PDI of 32 % and 29 %, respectively
(Fig. 7 (c—d)). However, the swelling remained significant in comparison
to 15 min. At 4:1 PCL:PEO, it was observed that the binary fibers
revealed highest swelling of 4.7 pm, PDI of 40 % in the initial 15 min,
followed by dilation of 4.0-2.8 pm, PDI of 33-32 % at 30-60 min,
respectively (Fig. 7 (e-h)). At PCL:PEO ratio of 2:1, maximal swelling
was detected at 30 min, with an average swelled-binary fiber diameter of
6.1 ym, PDI of 31 % (Fig. 7 (j)). However, during 45-60 min, binary
composites indicate a consistent dilation of 3.2 pm, PDI of 25 % (Fig. 7
(k-1)). When compared to dry binary fibers of the same ratio, an overall
swelling was detected between 15 and 60 min. During 15-30 min for 8:7
PCL:PEO, it was observed that the swelling remained constant at 3.6 pm,
with PDI of 25-36 % (Fig. 7 (m-n)). At 45 min, the binary composites
confirm highest swelling with an average diameter of 5.8 pm, PDI of 31
% (Fig. 7 (0)). The binary fibers dilate to 4.6 pm, PDI of 28 % (Fig. 7 (p))
at 60 min. In comparison to 14:1 PCL:PEO formulation, with increasing
PEO in the binary polymer system 4:1, 2:1 and 8:7, the composites
revealed a higher fiber diameter at 15 min incubation than at 60 min
incubation (Fig. 6), resulting in an initial higher water content absorp-
tion in the fiber composites. This may be attributed to the increased PEO
ratio in the blend mixtures, suggesting that water molecules entered the
fibers at a faster rate when immersed in deionized water, allowing the
binary fibers to swell significantly rapidly during the initial 15 min.
However, during the remaining incubation phases, the hydrogen bonds
restricted the migration of water molecules, which may have slowed
down the swelling of fibers, and preventing them from swelling as much
at 60 min. Whilst dry 2:3 PCL:PEO binary fibers expressed thinner di-
ameters of 1.8 um, PDI 28 %, when immersed in deionized water, the
composites expose continuous swelling between 15 and 60 min, ranging
at 5.2-7.2 pum, PDI of 25-29 % (Fig. 7 (g-t)). Similar observations were
detected in PCL:PEO 1:4 with maximal swelling of 6.0-8.0 pm, PDI
23-33 % (Fig. 7 (u—x)). All binary samples demonstrate a monomodal
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Fig. 6. Influence of increasing PEO ratio and swelling behavior on average
fiber diameter using PCL:PEO binary polymer system at 14:1-1:4, immersed in
deionized water for 15-60 min.
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distribution.

Maximal swelling behavior was achieved with a higher PEO ratio due
to increased polymer chain entanglement (PEO My = 200, 000 gmol™).
This is because PEO expands and swells when submerged in water,
causing a significant enlargement. According to the results, PEO ratio
and swelling duration both influence the properties of the binary poly-
mer composites. Maximum osmotic pressure developed when fibers
were immersed in deionized water, resulting in significant swelling. The
presence of hydrophilic moieties in the polymeric structure of fibers
results from their ability to absorb water and swell. When the rate of
drug diffusion is faster than the rate of polymer swelling, swelling-
controlled drug release occurs. For drug delivery systems, the rate and
capacity of fiber water absorption, as well as the thickness of the com-
posites, are crucial factors; hence, the higher the rate of swelling, the
faster the drug release. PEO demonstrated superior swelling properties
when combined with PCL. Thus, modifying the binary polymer ratio and

the amount of PEO integrated in polymer preparation can enhance the
water absorption and swelling ability of these fiber composites. PEO
becomes hydrated and swollen when in contact with aqueous environ-
ments, forming a layer of hydrogel that controls the subsequent entry of
water and dissolution of any active substance present in the polymer
matrix [72]. As a result, increasing the PEO ratio allows for more water
absorption and swelling. The decrease in physical crosslink density,
which prevents the expansion of the amorphous regions, can be used to
justify the sharp rise in water absorption with higher PEO concentra-
tions [73]. The findings suggest that polymer swelling in aqueous en-
vironments can be regulated by optimized binary polymer systems.
Furthermore, the polymer properties play a significant role in the
diffusion of drugs into and out of the polymer matrix, and hence affects
the release kinetics of the integrated drugs [74].
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Fig. 7. (continued).

3.4. Optimized binary polymer system

After evaluating the physical properties of all polymer solutions,
morphologies, and swelling capabilities, PCL:PEO 4:1 (3 w/v % PEO in
12 w/v % PCL) (Fig. 5 (b)) was determined as the optimal binary
polymer formulation. PEO is known to possess a hydrophilic nature due
to the presence of hydrophilic functional groups in the structure.
Therefore, upon blending PEO with a hydrophobic polymer like PCL, a
significant increase in the hydrophilicity of the blends took place in
formulations 2:1, 8:7, 2:3. 1:4, and an increased swelling behavior
resulted. Also, the increase in PEO ratio in the PCL:PEO compositions
decreased the hydrophobicity of the resulting binary fiber composites.
One goal of this research was to develop a binary polymer system with
balanced hydrophobic and hydrophilic properties. Binary 4:1 PCL:PEO
formulation delivered consistent swelling behavior with desired
rheology beyond the range that can be obtained from singular polymer
systems and binary formulations with increased PEO ratio. Binary
composites with higher PCL ratios (14:1) were anticipated to possess
hydrophobic characteristics like PCL, while composites with higher PEO
ratios (2:3, 1:4) were likely to exhibit hydrophilic properties like PEO.
Although formulations with a higher PEO ratio demonstrated smaller

fiber diameters, offering a larger surface area to volume ratio, they
would possess rapid drug release kinetics [75] which is undesirable for
applications that require controlled/sustained drug release. As a result,
determining the optimal ratio was critical for enabling the appropriate
amount of hydrophilicity, suitable for biomedical applications.

3.5. Effect of ibuprofen

Rheological testing was performed for the optimal binary polymer
formulation incorporated with IBP. The surface tension did not differ
significantly, ranging at 27.3 + 1.3 mN m ™}, however the viscosity was
256.5 + 40 mPa s, with n value of 1.0. While both virgin and IBP-loaded
polymer mixtures suggest a non-Newtonian shear thickening flow, the
viscosity of the virgin optimal solution was higher (337 + 17 mN m™!).
Nonetheless, critical justifications for the influence of IBP on rheological
properties cannot be made since IBP integration was at a low concen-
tration of 4 wt %.

SEM micrographs of PEO-IBP composites (Fig. 8 (a)) reveal contin-
uous fibers, with an average diameter of 1.6 pm and a PDI of 38 %. In
contrast, the PCL-IBP composites (Fig. 8 (b)) showed a larger average
diameter of 3.2 pm, and a PDI of 31 %. Non-beaded fiber formation



A. Afshar et al.

Journal of Drug Delivery Science and Technology 95 (2024) 105582

N: 100
35 Mean: 1.6 pm
/ SD: 0.6 pm

30 4
8254 /
3
£20
3
g
& 154

10

5]

0 —
2 4
Fiber Diameter (um)
304 N: 100
Mean: 3.2 ym

25 SD: 1.0 ym
g
>
2
]
o
13
w

3 4 5
Fiber Diameter (um)

N: 100
35 — Mean: 2.2 ym
SD: 0.8 ym
30 4
£254
g
20 4
]
g
215 —
104
54
0 - ! | =
1 4

Fiber Diameter (um)

Fig. 8. SEM micrographs of IBP loaded fiber composites: a) 15 w/v % PEO 4 wt % IBP, b) 15 w/v % PCL 4 wt % IBP, and c) 4:1 PCL:PEO 4 wt % IBP, all spun at 10

000 rpm and 0.1 MPa applied pressure.

denotes a homogenous dispersion of IBP in the polymer solutions. The
successful formation of continuous bead-free fibers with optimized (4:1)
binary PCL:PEO-IBP (Fig. 8 (c)) achieved an average diameter of 2.2 pm
and a PDI of 36 %. All three polymeric composites exhibit a mono-
disperse distribution. Although the average diameters of IBP-loaded fi-
bers were smaller than those of non-loaded drug fibers, the link between
IBP integration cannot be clearly established. Similar to the rheology
results, this is explained by the incorporation of IBP occurring at a low
concentration. The SEM micrographs do not show a significant differ-
ence in the morphology or topography of the composites, implying that
the IBP was embedded in the polymer matrix.

3.6. Production rate

Scaling up other existing fiber manufacturing techniques, such as
electrospinning, has been an ongoing challenge. To date, binary poly-
meric fibers have been produced in laboratory settings at a low pro-
duction rate [49]. However, PG has proved to overcome this constraint.
It facilitates the manufacture of fibers at substantially higher rates while
retaining a more consistent and uniform fiber morphology by combining
centrifugal force with controlled pressure. The production rates of
PEO-IBP, PCL-IBP and PCL:PEO-IBP were analyzed. As shown in Fig. 9,
PEO-IBP revealed a production rate of 17 g h™! while PCL-IBP demon-
strated a significantly higher yield of 45 g h~. However, PCL:PEO-IBP
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Fig. 9. Production rate of PEO-IBP, PCL-IBP and PCL:PEO-IBP composites
produced by pressurized gyration.
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displayed a slightly lower production rate of 43 g h™! in comparison to
PCL-IBP composites. This is due to the small incorporation of PEO to PCL
in the binary system with a 4:1 ratio, resulting in a reduced fiber
diameter. Variables such as solvent, polymer type, centrifugal force, and
pressure often influence production rate outcomes. During the fabrica-
tion process for this study, the applied pressure, rotational speed, and
solvent were all kept constant. Thus, the polymer molecular weight and
ratios are the fundamental factors that can determine the difference in
the generated fiber composites. Higher molecular weights often result in
more viscous solutions, which may affect processing ease and fiber
production. In this instance, PEO-IBP composites possessed a lower
average diameter than PCL-IBP composites, indicating that the higher
molecular weight of PEO may have resulted in finer fibers under the
specified conditions. Furthermore, the average fiber diameter is pro-
portional to the manufacturing rate. Finer fibers are often created at a
higher rate since they require less material to form. The findings pre-
sented here endorse this general trend, as PEO-IBP composites exhibit
the smallest diameter at 1.6 pm and the lowest production rate, whereas
PCL-IBP fibers possess a larger diameter of 3.2 pm and a higher pro-
duction rate. In contrast, the binary combination of PCL and PEO yields
an intriguing outcome. The PCL:PEO average diameter of 2.2 pm falls
between that of PCL-IBP and PEO-IBP fibers. This suggests that the
combination of PCL and PEO may have an optimal balance of charac-
teristics for this procedure, resulting in a production rate comparable to
PCL-IBP composites.

3.7. Fourier-transform infrared (FTIR) spectral analysis

Chemical compositions of PEO, PCL, optimized PCL:PEO, IBP, PEO-
IBP, PCL-IBP and PCL:PEO-IBP fibers were analyzed using FTIR
(Fig. 10). FTIR spectrum for PEO fibers show an absorption at 2883
em™! corresponding to C-H stretching alkane group. Another peak was
shown at 1466 cm ™! indicative of C-H bending alkane class, methylene
group, followed by an O-H bending at 1342 cm ™. PCL fibers show a
strong absorption at 1722 cm ™! indicating C=0 ester group stretch.
Other prominent bands from this sample include two weak, broad peaks
at 2863-2940 cm ™! corresponding to O-H stretching. All absorption
peaks highlighted in the PEO and PCL composites were identified and
highlighted in Fig. 10 for the binary PCL:PEO spectra. Furthermore, a
strong C—=O stretching band at 1709 cm ™! was detected in IBP, indic-
ative of carboxylic acid followed by a O-H bending at 1342-1418 cm ™.
The PEO peaks displayed at 2883, 1466, and 1342 cm ™' were also
detected in the PEO-IBP fiber spectra, followed by IBP absorption peak
at 1066 cm . Similarly, PCL peaks at 2940, 2863 and 1722 em™! were
identified in the PCL-IBP fibers, as well as IBP peaks at 1418 and 1066
em ™. Lastly, PCL:PEO-IBP spectra detected absorption peaks of both
PEO, and PCL fibers, as well as IBP. The FTIR spectra of PEO, PCL, binary
PCL:PEO, and IBP loaded fibers were compared, and each spectrum
denoted the presence of individual materials. It was demonstrated that
PEO and PCL were successfully compounded and that there was no
chemical interactions during the binary polymer system. Due to the
absence of new chemical bonds, it can be assumed that the binary PCL:
PEO polymer systems are immiscible. As a result, individual spectros-
copy detected characteristics have remained consistent, and each fiber
type has its own FTIR spectrum. This allows for material identification
and differentiation.

3.8. Differential scanning calorimetry (DSC) analysis

The DSC analysis was performed to determine the thermal proper-
ties: glass transition (Ty), crystallization (T.) and melting point (Ty,) of
the composites along with miscibility, and the presence of both poly-
mers in the binary polymer system. To examine the thermal properties of
all materials, a physical mix of PEO-IBP, PCL-IBP, and optimized PCL:
PEO-IBP was utilized. Both PEO and PCL fiber composites exhibit a
well-defined endothermic peak (Fig. 11). In relation to the PCL:PEO

10

Journal of Drug Delivery Science and Technology 95 (2024) 105582

. I . : . 1 . : . 1 .
SR ottt A, o i
W p— °° 'y Ay
— PEO | N F
1342 T
2883 If
1 i 1 . ] " 1 . !
— N VTR e
2863 '(” “‘"s“"ﬁﬂ Iy,
— PCL l i
2940 'J \\
1722—» v
. 1 : 1 N 1 . 1 ) 1 .
N e iy
2007054 "\‘f m‘!ﬂ’"fr I
— PCL:PEO 2883 | 1342” .W,‘ﬂ
X 1722
g . 1 R 1 , ] . 1 i ] ,
[+}]
o
S
= 1BP
g
o . 1 N 1 N 1 . 1 3 1 A
E 1466 —»
- 4 1342
PEO-IBP 2883
R 1 R 1 R 1 R 1 R 1 .
- o 4 ~ 2863 -'l / a \r &
PCL-BP 2040 I I/
|
le 1722 V
. 1 . 1 . ] i 1 R ] ]
2940>" "< 2863 A
PCL:PEO-IBP 2883 n
N 1 " 1 i 1 . 1 " 1 "
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
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nary fibers.

(Fig. 11 (c)), the Ty, of both polymers remain constant. PEO displayed a
melting peak at 64 °C, while PCL demonstrated a melting peak at 59 °C.
The occurrence of a broader and stretched peak in the binary polymer
system is due to the integration of PEO. Further, the incorporation of IBP
was detected in the binary polymer system, indicated at 155 °C, sug-
gesting that the drug was molecularly dispersed within the polymer
matrix. The appearance of distinct peaks in the DSC thermographs
suggest that the binary polymer mixtures were immiscible. Given that
PEO and PCL exhibit similar thermal properties [76], it would be diffi-
cult to determine if the binary polymer systems were miscible, and there
is evidence from FTIR and SEM that suggest they are merely a physical
blend.

3.9. In vitro release studies

3.9.1. Disintegration

The disintegration study demonstrates that PEO-IBP composites
became wet instantly in 0.63 s and completely dissolved in 20.63 s
(Fig. 12). The rapid wetting indicates the high-water affinity of these
fibers, attributed to the hydrophilic nature of PEO within the compos-
ites. Hydrophilic materials have a strong tendency to absorb water
quickly. Furthermore, the complete dissolution of the fibers implies that
PEO is highly soluble in the testing medium (PBS), facilitating the
release and absorption of IBP. Such characteristic can be advantageous
for specific drug delivery applications, as it can lead to a quicker onset of
therapeutic effects, particularly in pain management. Given the fast
disintegration and dissolution properties, these composites can also be
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Fig. 12. Disintegration process of PEO-IBP composites at various time intervals throughout the disintegration study.

suitable for sublingual (under the tongue) and buccal (between the
cheek and gums) drug delivery routes as solid unit dosage forms [77]
such as tablets and capsules, and are considered promising alternatives
to the traditional oral route for drug delivery [78]. For a drug to be
administered sublingually, it must dissolve rapidly [79], a characteristic
achievable with PEO fiber composites. Nevertheless, the sublingual and
buccal routes may cause inconvenience for patients as they involve
technical procedures to maintain the drug in the sublingual or buccal
region for absorption without swallowing the drug. Not all drugs can be
delivered in this manner and generally only small doses can be

11

administered. Several physiological factors that may influence drug
bioavailability, stability, efficacy, and safety should be considered in
drug formulation design and development for effective absorption [78].
Furthermore, the drug must possess a balance of hydrophilic and lipo-
philic characteristics [80]. For the drug to bypass the epithelial barrier
in these regions, it must be soluble in aqueous buccal fluids and should
also have a high lipid solubility, which is usually accomplished by
passive diffusion.

While the rapid wetting and dissolution properties of PEO-IBP
composites provide numerous advantages for specific applications,
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they impose limitations for other drug delivery systems, thereby making
PEO composites undesirable on their own. The quick dissolution may
result in a rapid release of IBP, leading to a short duration of action. Such
behavior may not be desirable in situations requiring sustained drug
release over an extended period of time. Patients may need to take
numerous dosages more frequently, which is inconvenient. Further-
more, when a drug dissolves rapidly, it can be challenging to administer
precise doses, especially for drugs with a narrow therapeutic window.
This rapid dissolution may potentially pose stability challenges for
certain drugs, especially those prone to degradation or hydrolysis in the
presence of moisture. The high moisture absorption capacity of PEO can
exacerbate these issues.

3.9.2. Dissolution

To investigate the release kinetics of IBP in different fiber matrices,
an in vitro dissolution study of PEO-IBP, PCL-IBP, and PCL:PEO-IBP
composites were performed. Fig. 13 (c) indicates that all three com-
posites achieved a high encapsulation efficiency (EE) for IBP. PEO-IBP
revealed a slightly higher EE profile (73 % =+ 3.7) than PCL-IBP (70
%). However, when compared to PCL-IBP, PCL:PEO-IBP displayed a
similar profile (73 % + 3.5) to PEO-IBP. The presence of PEO and its
hydrophilic nature in the binary polymer system can aid in enhanced
encapsulation efficiency.

The PEO-IBP composite shows a rapid release profile, with complete
release in less than 1 min (Fig. 13 (a)). In comparison to PEO-IBP
composites, PCL-IBP fibers reveal a slower and more sustained drug
release profile (Fig. 13 (b)). There was limited drug release during the
initial 2 h, with only 14 % =+ 0.003 release. Due to PCL’s hydrophobicity,
slow degradation rate, and resistance to water penetration, this lag
phase was expected, thus the initial drug release was minimal. At 2-8 h,
there was a steady and continuous rise in drug release, reaching 56 % +
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0.01. This phase exemplifies the controlled release capabilities of PCL; as
the polymer degrades, the IBP diffuses out, resulting in a sustained
profile. In addition, a significant amount of IBP was released between 8
and 72 h, with the release increasing from 56 % + 0.01-87 % =+ 0.003.
The gradual biodegradation of PCL ensured that the IBP was released at
a controlled rate over an extended period, making it appropriate for
long-term therapeutic applications. The rate of drug release appeared to
level off after 72 h, indicating a near-constant release rate. The cumu-
lative release reached 87 % + 0.003, implying that the drug could ul-
timately reach a plateau phase where further release is low. While PCL’s
hydrophobicity and slow degradation rate serve as an appropriate car-
rier for long-term sustained release applications, its lack of hydrophi-
licity makes it an unfavorable substrate for cell adhesion, proliferation,
and wound dressings [81]. Moreover, PCL:PEO-IBP composites
demonstrated a distinct profile; during the initial 8 h, a significant
amount of IBP was released, reaching 85 % + 0.0006. The presence of
PEO in the binary polymer system was attributed to the rapid dissolu-
tion. PEO is recognized for its high-water solubility and rapid dissolution
in aqueous conditions, which was also demonstrated for the PEO-IBP
composites, resulting in immediate drug release. Moreover, there was
a gradual and sustained increase in IBP release at 8-72 h, reaching 96 %
=+ 0.003. The sustained release phase was associated to the properties of
PCL, which is less water-soluble with slow degradation rate. Addition-
ally, PCL-IBP and PCL:PEO-IBP demonstrate comparable sustained
release characteristics; however, PCL:PEO-IBP composites attain a
higher cumulative release of 96.05 % + 0.003 at 72 h as opposed to
PCL-IBP composites with 87.44 % =+ 0.003 at 72 h. But both PCL-IBP and
PCL:PEO-IBP results can be attributed to a mechanism of simple diffu-
sion. Similarly, Alimohammadi and co-workers [82] reported that the
inclusion of PCL in a blend system is essential for sustained drug release
for tissue engineering applications. They fabricated PCL/chitosan (CS)
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Fig. 13. a) IBP released from PEO fibers, b) IBP released from PCL and optimized binary PCL:PEO fibers and c) encapsulation efficiency of IBP in all three composites.
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nanofibrous membranes and achieved a sustained release profile for
more than 25 days for localized drug release applications with a high
risk of infection and inflammation, such as post-surgery tendon adhe-
sion, bone regeneration, and wound healing. Electrospun PCL/gelatin
blend nanofibers were also fabricated by Xue et al. [83] that achieved
sustained drug release over 20 days for guided bone regeneration
membranes.

This binary polymer system exhibits the development of a modified
material by combining the advantages of both PCL and PEO that offer a
balanced release profile with an initial rapid release. Such versatility is
advantageous for drug delivery systems that require both immediate
therapeutic effect and long-term efficacy, for applications such as wound
healing, pain management and anti-inflammation. In light of PEO’s
hydrophilicity, wound exudate can be collected while maintaining an
adequately moist wound environment for cell adhesion and growth
[84]. To reduce the bacterial population at wound sites, early drug
release is required for wound healing. As a result, infection and
inflammation will be eliminated. Due to the hydrophilic qualities
incorporated in the binary polymer system, an initial rapid release is
expected, followed by a sustained drug release as a result of PCL, which
leads to a lower drug dosage over a prolonged period. An effective rate
of wound healing is attributed to pain management and inflammation
[85], which can be achieved with the binary polymer system, as it
permits tailored drug release and a hydrophobic-hydrophilic balance by
modifying polymer ratios. This strategy will provide rapid pain relief,
followed by sustained release to maintain a baseline level of the drug.
Similar findings were reported by Amiri et al. [86] with the blend system
of CS-PEO nanofibers that achieved a sustained drug release of up to 12
days for local antibiotic delivery and wound healing. Cam et al. [87] also
investigated the blend system of polyvinyl-pyrrolidone (PVP)/PCL fibers
and obtained a sustained drug release over 14 days, attributed to the
hydrophobic character of PCL for an effective treatment strategy of
diabetic wound healing.

3.10. Mathematical modelling

For PEO the dissolution is assumed, as described by Eq. 8. Fitting this
form to the experimental results gives 7 = 69 s, with the result shown in
Fig. 14 (a). A similar expression for release fraction pNWp(t) =t/
would apply to dissolution from one surface of a flat pellet, with the
radius ry replaced by the initial pellet thickness hg, and so it is useful to
compare the results here with such an experiment [88] with pellets 2.5
mm thick, a factor of 3125 times the radius here. That would lead to a
time constant of about 60 h, longer than the approximately 12 h that
would be estimated for the pellets, but acceptable agreement given the
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differences in experimental conditions (for example, application of
stirring or static release medium).

For PCL and PCL:PEO fibers the release is well described by the
Fickian diffusion model, Eq. (7). The resulting fits are shown in Fig. 14
(b), and the diffusion coefficients that can be deduced are 1.3 x
10'3 m2s~! for ibuprofen in PCL and 3.6 x 10~'* m?s~! in PCL:PEO.

4. Conclusions

In this study, the influence of various PCL:PEO polymer ratios on the
morphologies of binary fibers were examined. The polymer character-
istics, in particular the PEO ratio, were shown to be strongly correlated
with viscosity, surface tension, fiber diameter and swelling behavior. In
terms of uniformity and physical properties, PCL:PEO 4:1 was found to
be an optimal binary polymer formulation for potential biomedical en-
gineering applications. This binary polymer system can produce
enhanced bead-free aligned fibers, adequate pore formation, and suffi-
cient fiber swelling capabilities. Along with FTIR and DSC analyses, the
presence of both polymers and incorporated IBP were investigated.
Further, in vitro drug release studies confirmed the effectiveness of bi-
nary composites. The pattern of drug release from binary PCL:PEO fibers
proved to be a compromise between PCL and PEO properties. The initial
rapid release was governed by PEO’s fast disintegration, followed by a
continuous release phase, caused by PCL’s controlled degradation. This
mixture enabled a balanced and versatile release profile, or rapid ther-
apeutic action and a steady, sustained release for long-term efficacy.
Therefore, binary PCL:PEO composites would be favorable for drug
delivery applications requiring both instant and long-term drug release.
The work presented here demonstrates that PEO and PCL can success-
fully produce optimized binary polymer systems in different ratios to
form various polymer morphological and physical properties, however,
the choice of total polymer concentration, binary ratio, and solvent
choice to blend the materials can lead to completely different outcomes.
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