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ARTICLE INFO ABSTRACT

Keywords: In recent years, there has been a surge of interest in the design, processing, and use of core-sheath fibres,
Core-sheath especially in the production of wound healing bandages and drug delivery. In this research, a novel core-sheath
PO]ymeF . pressurised gyration technique was utilised to create antibacterial fibre patches (tetracycline hydrochloride,
Ilz;:::unsed gyration TEHCL) using polyvinyl pyrrolidone (PVP) and polycaprolactone (PCL). Antibiotic patches showed uniform fi-

bres with a porous surface giving rise to a biphasic delivery system, which provided an initial burst of 30-48%
drug release in the first 24 h followed by a constant rate of release throughout the course of 168 h, suitable for
wound-dressings application. The effect of operating parameters on fibre morphology, the influence of the core-
sheath structure and drug loading as well as a mathematical modelling was investigated and analysed. Fourier-
transform infrared spectroscopy, and differential scanning calorimetry results demonstrated successful TEHCL
encapsulation as well as the presence of both polymers in the core-sheath fibres. The surface morphology of the
fibres was studied using scanning electron microscopy and the core-sheath structure was verified using confocal
scanning microscopy. Therefore, the core-sheath pressurised gyration method offers an exciting chance to
customise fibre patches in a hybrid polymeric system. These advancements are crucial in the world of healthcare
to meet demands where antibacterial dressings cannot be produced rapidly or when a personalised approach is

Drug delivery
Wound healing

necessary.

1. Introduction

The management of wounds exerts a significant strain on healthcare
resources [1]. There are many available options for wound dressings
varying from basic gauze to complex dressings with various absorptive
characteristics including foams, hydrocolloids, and alginates [2-4].
Although there are many dressing products available on the market,
there is not enough evidence to support the effectiveness of these
products [5]. Generally, antibacterial dressings are more expensive to
purchase [6]. A study that was carried out in 2019 on the use of anti-
bacterial wound dressings in England suggested a rise of over £28
million in expenditure between 1997 and 2016 [7].

Technological advancements in wound dressing, various chronic
diseases, accident cases and the increase in the size of the elderly pop-
ulation, who are more prone to injuries, due to lack of cell multiplication
are expected to fuel the market during the forecasted years [8,9].
However, concerns about the high costs associated with antibacterial
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wound dressings, which eventually raises the overall treatment costs to
the patients, are anticipated to prevent the market growth. Through the
years, researchers have carried out significant work on the production of
both synthetic and natural antibacterial dressings. Nevertheless, there is
still a huge gap in the market for antibacterial dressings that can be
made on a large scale at a low cost.

Antibacterial dressings are vital in the treatment and prevention of
soft tissue and skin infections during wound care [10]. They are used to
protect wounds from infections and pathogens that can worsen the
wound, leading to increased cost of treatment [11]. Antibacterial
dressings can be used to treat acute wounds like abrasions, lacerations,
cuts, and burns. They are also used for chronic wounds like surgical
wounds, leg ulcers and pressure ulcers [12].

Injuries that break and damage the body tissues or the skin traverse
through a wound healing process. An ordinary wound healing process is
achieved in the human body through four accurate stages: haemostasis,
inflammation, proliferation, and remodelling [13]. Nevertheless, the
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process of wound healing can be detained by numerous systemic and
local factors such as body type, age, chronic disease, hormones and
infection that results in impaired tissue repair [14,15].

The effectiveness of these antibacterial wound dressings depends on
their mechanical properties and drug delivery system. Fibres are very
popular in the world of healthcare applications. This is owing to their
distinct characteristics, which include a high surface area to volume
ratio [16,17]. In order to produce fibres, a vast range of natural and
synthetic polymers can be used [18]. Polymeric fibres can be made in
several different forms, such as porous-surface, core-sheath, multilayer,
side-by-side and hollow structures [19-23]. All these different structures
are incredibly beneficial in a broad spectrum of modern applications,
including filtration, wound healing, tissue engineering, and drug de-
livery systems [24]. There have been many different fibre production
methods that have been used in both research and industrial settings
[25]. The polymer material properties and the end application of the
fibres will determine the suitable method of production [26]. There are
numerous techniques such as coaxial -electrospinning, coaxial
wet-spinning, coaxial centrifugal spinning, coaxial solution blowing,
and novel core-sheath pressurised gyration that have been developed for
the formation of core-sheath fibres [27-30].

Coaxial electrospinning is perhaps the most often used
manufacturing process to produce core-sheath fibres, in comparison to
other methods due to its versatility and easy to use aspect. However, this
technique’s versatility is arguable due to its distinct limitations such as
the use of high voltage, material selection, the requirement for speci-
alised equipment, electrically conductive targets, and low yield [31-33].

Novel core-sheath pressurised gyration technique is an electric field-
free manufacturing process that produces core-sheath structure fibres
with two different polymers [34]. This fibre spinning method operates
by loading the polymer solutions into a specially designed rotating
vessel which forces the solution to be extruded via concentric nozzles as
a result of combining pressure and rotational force [35]. This method
has several advantages, one of which is the outstanding ability to
mass-produce core-sheath polymeric fibres [36].

Throughout the years, numerous adjustments and remodelling have
been applied to various spinning techniques to fabricate more advanced
fibre structures with superior performances [37]. Fibres with
core-sheath structures are considered to be some of the most advanced
forms of fibres [38], due to their superior mechanical properties for
healthcare applications [39]. The structure of these fibres consists of two
layers of polymeric fibres, where the sheath polymer with a particular
characteristic surrounds the core polymer, therefore, capitalising from
unique features of both polymers [40].

Core-sheath fibres have a strong resemblance to the extracellular
matrix, which can support the enhancement of cell adhesion, migration
and proliferation making them suitable candidates for wound healing,
tissue engineering and antimicrobial filtration [41]. Whilst core-sheath
fibres can be used in many healthcare applications, research has shown
their remarkable benefits in drug delivery systems, as having a shell
coating on the fibres will adequately control the release profile of the
drugs encapsulated in the core of the fibres [42]. In addition,
core-sheath fibres have the ability to load more than one drug in the
same fibre where their release rate can be regulated, leading to a better
therapeutic effect whilst reducing toxicity [43].

Typically, in a single-liquid fibre spinning process, a slow dissolving
or hydrophobic polymer is used to extend the time of the drug release
from a polymeric fibre. Nevertheless, a huge setback is that a significant
proportion of the incorporated drug is found at the fibre surface [44],
which typically leads to a burst release (where a high amount of the drug
is released immediately followed by a decrease in the rate of release)
[45]. Consequently, this becomes a significant problem if modified
release systems are required. Core-sheath structures provide one feasible
approach to this problem by creating a two-compartment fibre, with the
sheath consisting of a protective polymer layer whilst the drug is only
encapsulated in the core of the fibre. However, to ensure the desired
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fibres are generated, careful study of the polymer selection, solvent and
enhancement of the interface compatibility are crucial [46].

Polycaprolactone (PCL) is an excellent hydrophobic polymer used in a
multitude of biomedical applications, attributing to its biodegradability,
biocompatibility, chemical and thermal stability as well as significant
mechanical and physical properties [47]. PCL polymer has shown much
promise in tissue engineering and drug delivery systems because of its
porous surface morphology which can act as a blueprint for cell adhesion,
growth and differentiation as well as controlled release for wound dressing
materials [48]. Polyvinylpyrrolidone (PVP) is a hydrophilic polymer that
is identified for its adhesion features, complexion, physiological compat-
ibility, and little chemical toxicity that can be used in drug delivery sys-
tems for fast-dissolving drug matrices [49]. Tetracycline hydrochloride
(TEHCL) is a popular antibiotic with antimicrobial and anti-inflammatory
properties which works by slowing down the growth of bacteria that can
cause infection and reduce swelling [50]. TEHCL is often prescribed as a
higher dose in the initial stage of the treatment to prevent infection and
then tapered down to a lower dose to control the infection. Additionally,
the incorporation of TEHCL could encourage the regeneration of fibro-
blasts to promote adequate wound healing by modulating its release from
the core-sheath fibres [51].

In this study, novel core-sheath antibacterial fibre patches loaded
with the drug were produced using the core-sheath pressurised gyration.
The aim was to design a biphasic delivery system in a novel core-sheath
structure that would release the drug at two different periods of time
(burst/sustained), which provides an initial burst of drug followed by a
steady rate of release over a defined period, suitable for wound-dressing
applications. Therefore, in this work, core-sheath antibacterial fibres
containing polycaprolactone (PCL), polyvinyl pyrrolidone (PVP) and
tetracycline hydrochloride (TEHCL) were prepared. Four samples were
tested for drug release analysis to show a more effective drug delivery
system that can be made via a novel mass production technique such as
core-sheath pressurised gyration. Additionally, a comparison of release
between core-sheath PCL:PVP(TEHCL) and PCL:TEHCL fibres was car-
ried out over a 168-h period in-vitro (Fig. 1). The drug was embedded in
a hydrophilic polymer (PVP) as the core of the fibre and surrounded by a
hydrophobic polymer (PCL) as the sheath. The results obtained were
then compared with the case when the drug was encapsulated in PCL
fibres alone. Furthermore, to find the optimal manufacturing process
two different pressures were applied during the fibre fabrication
manufacturing and the effect of process parameters on fibre diameter
and morphology were analysed.

2. Materials and methods
2.1. Materials

PVP powder (MW 1.3 x 10° g mol™1), PCL pellets (MW 8 x 10* g
mol’l), Rhodamine B, Acriflavine hydrochloride, chloroform and
ethanol were acquired from Sigma Aldrich, UK. TEHCL was obtained
from TOKU-E (Bakerview Spur Bellingham, USA). Phosphate buffer sa-
line (PBS, pH = 7.4) was purchased from Oxoid ThermoFischer, UK.

2.2. Solution preparation

Core-sheath fibres: The polymer solution for the core of the fibres
involved dissolving PVP powder into ethanol to make a concentration of
10 wt %. The polymer solution prepared for the sheath layer of the fibres
involved mixing PCL pellets into chloroform to make a concentration of
10 wt %. The PVP solution was then mixed with TEHCL drug at a con-
centration of 2 wt %. All solutions were magnetically stirred for 24 h at
an ambient temperature of 19-23 °C.

PCL fibres: The polymer solution prepared involved mixing PCL pellets
into chloroform to make a concentration of 10 wt %. The PCL solution was
then mixed with TEHCL drug at a concentration of 2 wt %. It was then
magnetically stirred for 24 h at an ambient temperature of 19-23 °C.
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Fig. 1. Schematic view illustrating [1]: encapsulation of TEHCL drug in a core-sheath fibre structure [2], sustained release of the drug through the sheath of the fibre
[3], final product: core-sheath antibacterial dressing [4], the use of the dressing for wound healing application.

2.3. Core-sheath pressurised gyration

The core-sheath pressurised gyration device shown in (Fig. 2) was
used to fabricate core-sheath fibres. The equipment design consists of an
aluminium twin-reservoir spherical pot with 100 mm outer diameter
and 80 mm inner diameter. Both internal and external pot material
volume capacity is 20 mL. Furthermore, the capillaries connected to the
vessel have an external diameter of 1.6 mm and an internal diameter of
0.8 mm, additionally, once closed forms a total of 2 concentric orifices.
The top of the vessel is attached to a pressurised gas (N2) that can pro-
vide 0.1-0.3 MPa flow pressure. The bottom of the vessel is also attached
to a DC motor which provides a maximum rotational speed of 6000 rpm.
The polymer solutions were fed into the vessels through the inlet and
outlet at the top of the vessel.

2.4. Fibre preparation

2.4.1. Core-sheath PCL:PVP(TEHCL)
The fabrication of core-sheath fibres involved loading a 3 mL volume
of 10 wt % PVP (TEHCL) in the inner vessel to serve as the core of the

fibres and a 3 mL volume of 10 wt % PCL in the outer vessel to serve as
the sheath of the fibres. The solutions were spun for 60 s at two pressures
(0.1 MPa and 0.2 MPa) and a constant rotational speed of 6000 rpm
under ambient conditions (19.3 °C and 46-55% relative humidity) to
form fibrous patches. The experiments were repeated three times. The
centrifugal force which was created by the high speed of the rotation
movement and flow pressure, pushed the polymer solutions through
both capillaries of the vessel. Throughout this procedure, the solvent in
the solution evaporates, resulting in the formation of a fibre patch.

2.4.2. PCL:TEHCL

The fabrication of PCL:TEHCL fibres involved loading a 3 mL volume
of 10 wt % PCL:TEHCL in the inner vessel of the gyrator device and the
outer vessel of the gyrator was left empty. The solution was spun for 60 s
at two pressures (0.1 MPa and 0.2 MPa) and a constant rotational speed
of 6000 rpm under ambient conditions (19.3 °C and 46-55% relative
humidity) to form fibrous patches.

The experiments were performed in triplicate.

4———— Collector Cabinet

0 0

Core-Sheath Fibresv\

e Nitrogen Gas

Orifices

Outer Reservoir
Inner Reservoir

DC Motor

ﬂ <«<— Rotating Speed Controller

Fig. 2. Core-sheath pressurised gyration.
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Fig. 3. SEM images and size distribution graphs of: A) PVP (0.1 MPa), B) PVP (0.2 MPa), C) PCL:PVP(TEHCL) (0.1 MPa), D) PCL:PVP(TEHCL) (0.2 MPa), E) PCL:
TEHCL (0.1 MPa), F) PCL:TEHCL (0.2 MPa), G) PCL:PVP(TEHCL). The dips seen in the size distributions are not significant as established by the Hartigan’s dip test

and hence unimodal distributions are presented.
2.5. Fibre characterisation

2.5.1. Scanning electron microscopy (SEM)

The surface morphology of the PVP, Core-Sheath PCL:PVP(TEHCL)
and PCL:TEHCL fibres were analysed using a scanning electron micro-
scope (SEM) (Hitachi S-3400n) at an accelerating voltage of 5 kV. The
surface of the samples was gold sputter-coated for 90 s using (Q150R ES,
Quorum Technologies). The micrographs obtained from SEM imaging
were analysed using Image J software to calculate the average fibre
diameter and size distribution. For this study, 100 strands of fibres from
each study were selected at random for size measurements. The average
fibre diameter was calculated and plotted using Origin Pro software. A
comparative analysis between two applied pressures (0.1 and 0.2 MPa)
was carried out using the fibre diameter data.

2.5.2. Confocal microscopy (CM)

To observe the structure of the core-sheath fibres two different
fluorescent dyes, rhodamine B (excitation at 543 nm) in the sheath and
acriflavine hydrochloride (excitation at 490 nm) in the core were

dissolved at a concentration of 1 wt % into the respective PCL and PVP
solutions. The spun fibre samples were collected on a glass slide for
imaging using confocal microscopy (Zeiss LSM 710) and the fluores-
cence of the fibres was studied using a 10 x oil immersion objective. The
images captured were then analysed using ZEN 2012 software.

2.5.3. Differential scanning calorimetry (DSC)

The change in physical properties of PCL:PVP:TEHCL physical mix,
PCL:TEHCL, PVP, Core-Sheath PCL:PVP:TEHCL fibres and pure TEHCL
samples was determined by using (DSC Q2000) device and (TA Instru-
ment) software. Prior to the measurements, 5 mg of each sample were
positioned in aluminium DSC pans, hermetically sealed, and heated
from 0 to 250 °C at a rate of 10 °C/min under a 50 mL/min gas flow (N2).

2.5.4. Fourier transform infrared spectroscopy (FTIR)

The interaction between the drug, polymers and chemical reaction
within the produced fibres were analysed using FTIR spectroscopy (Per-
kinElmer Spectrum 100). Prior to the measurement, 2 mg of each sample
(PCL, PVP, Core-Sheath PCL:PVP, TEHCL, PCL:TEHCL, Core-Sheath PCL:
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PVP(TEHCL)) were positioned on the ATR crystal and studied over 10
rounds in the range of 4000-500 cm ™! at a resolution of 4 cm L.

2.5.5. Loading of TEHCL and in-vitro release study

Encapsulation Efficiency (EE) of TEHCL investigation were carried
out by dissolving 20 mg of both core-sheath and PCL fibres in chloro-
form. The concentration of TEHCL in chloroform was then determined
using Cary UV-Vis spectroscopy at 363 nm.

Furthermore, PBS (pH = 7.4) was employed as the test medium for
in-vitro TEHCL release testing of core-sheath and PCL fibres. The con-
centration of TEHCL in PBS was determined using UV-Vis spectroscopy
at 363 nm. Preliminary to the release experiment, a linear calibration
curve was created using a series of standard solutions with concentra-
tions ranging from 5 to 40 g/mL. The release study was carried out by
placing 20 mg of drug-loaded core-sheath and PCL fibrous patches into a
10 mL test medium, incubated in a shaker at 37 °C. Moreover, at 2, 4, 6,
8, 24, 48, 72, 96, 120, 144 and 168 h predetermined intervals, 2 mL of
supernatant from each assessment media was removed and restored
with 2 mL of new test medium to maintain sink condition. The removed
supernatant was filtered using a 0.45 pm Millipore and analysed using a
UV spectrophotometer. Obtained data collected was used to calculate
the cumulative release percentage. The experiments were carried out in
triplicate.

2.5.6. Mathematical modelling

The model for diffusive release from a cylinder with immediate
transport of the dissolved diffusing species away from the surface is
covered in detail by Crank where the underlying assumption is that the
concentration outside the cylinder is zero [52].

In the case of a cylinder of radius b, in which the initial concentration
iscgin 0 <r <aand c; ina < r < b and the diffusion coefficient is D, the
release fraction can be conveniently expressed in terms of y = co/c1, p =
a/b and a scaled time t = Dt/b? as:

- 4 o 1
PpO)=1-2 e P |1 -
;szwm P

where the B, are the solutions of:
Jo(4,)=0

and Jo and J; are the Bessel functions of the first kind of order 0 and 1.
A further development of the model allows for concentrations cg in 0
<r <pb,c;in pb <r <obandcpinob <r <b, in which case the

Sheath: PCL

Fig. 4. Confocal microscopy image of core-sheath PCL:PVP(TEHCL) fibre,
Rhodamine B (grey) illustrating the sheath and Acriflavine hydrochloride
(purple) illustrating the core. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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where the pn are as before, and y = co/ca, & = ¢1/co. This is applicable to
a core-sheath structure with different initial concentrations in the core
and sheath as well as an extra surface layer, but with the assumption of
equal diffusion coefficients in the core and sheath [53].

It was also important to consider how distribution of the diffusing
species might evolve during storage. Here the assumption was that
diffusion may occur within the cylinder, but that no material leaves the
cylinder. In this case, the concentration at a scaled radius r = ob at scaled
time 7 is given by:

C(D‘,T):l + (Zﬁ 1)/)2
€1
23 e o) (e,
— =14 n
n=1 °°nj0(°°n)2

where the o, are the solutions of

J]((Xn):()
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Fig. 7. TEHCL released from fibre patches of PCL:PVP(TEHCL) and PCL:TEHCL
samples fabricated at 0.1 & 0.2 MPa.

In the results reported below, we have truncated the infinite sums
over n at n = 100.

Finally, we considered the possibility of “burst release”, assuming that
a fraction f of the content of each fibre is available for immediate release
and is dissolved at a rate governed by diffusion through a stagnant layer of
fluid around the particle, whilst the remaining (1 — f) is released after
diffusing through the solid particle. This results in a release:

p(t) =fe™ + (1= F)g,, (1)

where @s0](t) represents the release by solid-state diffusion [52].
3. Results and discussion
3.1. Scanning electron microscopy

Fig. 3 shows the scanning electron micrographs of PVP, PCL:TEHCL
and Core-Sheath PCL:PVP(TEHCL) fibres fabricated at a working pres-
sure of 0.1 MPa and 0.2 MPa at a constant rotational speed of 6000 rpm.
PVP fibres fabricated at a working pressure of 0.1 MPa showed an
average diameter of 2.8 pm + 0.9 pm (Fig. 3A). The fibres had a smooth,
bead-free surface and were well aligned. Additionally, PVP fibres ob-
tained at 0.2 MPa had a mean diameter of 2 pm + 0.5 pm (Fig. 3B). PCL:
TEHCL fibres produced at 0.1 MPa had an average diameter of 3.1 pm +
0.9 pm (Fig. 3C). Whereas the fibres produced at 0.2 MPa had an average
diameter of 1.7 pm =+ 0.4 pm (Fig. 3D). It is clear that an increase in the
pressure applied leads to a decrease in the fibre diameter in comparison
to the PCL: TEHCL fibres produced at 0.1 MPa. The surface morphology
of the fibres was nano-porous which is a result of rapid solvent evapo-
ration [54]. This can be a great advantage for a burst release drug de-
livery system. This is due to the fact that the pores on the fibre surface
will control the amount of substances that can travel through the fibre
patch and the diffusion rate across the fibre mat [55]. Therefore, the
porosity of the fibre surface will influence the drug release profile
observed, as discussed later. Furthermore, surface porosity of the fibre
makes it suitable for wound dressing as their porosity enables them to
soak any fluid released from the wound, while their interconnected form
promotes cell growth [56].

Core-sheath PCL:PVP(TEHCL) were successfully produced using the
combination of the two materials. The core-sheath fibres obtained at 0.1
MPa had an average diameter of 5 ym + 1.4 pm (Fig. 3E). Higher
pressure of 0.2 MPa applied decreased the fibre diameter in comparison
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to 0.1 MPa, as an average diameter of 4.1 pm + 1.1 pm was shown
(Fig. 3F). The surface of the core-sheath fibres was also nano-porous, and
this is due to having PCL in the sheath and PVP in the core as the solvent
used in the sheath of the fibre is a volatile compound (chloroform). This
occurs as a result of chloroform rapidly evaporating which generates a
temperature variation on the surface of the fibre. Additionally, it causes
condensation of droplets that EC evaporarate and result in pores [54].
The average diameter of these nano-pores was 164 + 42 nm (Fig. 3G).
The pores can raise the useful surface area to volume ratio of the patches
and facilitate for the natural flow exchange of fluid exiting the patches,
which is a required feature of antibacterial dressings [57]. In addition,
the pores on the fibre surface allow the drug to diffuse out easily, which
can lead to a rapid burst release [58]. It is also concluded that as the
applied pressure increases during fibre production, the diameter of the
fibres decreases. This is due to the introduction of more air into the
solution during the processing, accelerating the evaporation of solvent
by diffusion of solvent out of polymers to the surface, leading to the
production of thinner fibres. Furthermore, core-sheath fibres had an
increase in fibre diameter in contrast with PCL:TEHCL and PVP.

3.2. Confocal microscopy

Confocal microscopy was used to visualise the structure of the core-
sheath fibres. The images obtained, confirmed the presence of a core-
sheath structure, where the sheath is homogeneously distributed across
the core of the fibre as shown in (Fig. 4). The grey colour represents PCL in
the sheath and the purple colour represents PVP:TEHCL in the core. The
visual evidence of a core-sheath fibre produced by this novel electric field-
free technique launches innovative opportunities for various hybrid
polymeric systems in drug delivery and wound healing applications.

3.3. Fourier transform infrared spectroscopy

FTIR analysis was carried out to validate the existence of components
and probable interactions between them in all of the fibre patches. Fig. 5
illustrates the FTIR absorbance of PVP, PCL, Core-Sheath PCL:PVP,
TEHCL, PCL:TEHCL and Core-Sheath PCL:PVP(TEHCL) fibre patches.
The PVP peaks at 1652 em™! confirmed the presence of asymmetric
stretching of CHy and stretching of C-O. The C-H bending and CH,
wagging occur at 1423 cm™! and 1288 cm™! [59]. The peaks at 1018
em™! and 568 cm™! can be branded as the CHj rocking mode and
N-C=0 bending [60]. The PVP peaks displayed at 3428 cm™!, 1652
em ! and 1341 cm™! were also indicated in Core-Sheath PCL:PVP as
well as Core-Sheath PCL:PVP(TEHCL).The sharp PCL peaks were the
prominent C=O0 stretch at 1723 em !, CH, (alkane) medium numerous
ring stretch at 2942 cm~! and at 2865 cm~! [61] were also demon-
strated in the Core-Sheath PCL:PVP, Core-Sheath PCL:PVP(TEHCL) and
PCL:TEHCL patches. Characteristic peaks for TEHCL were indicated at
1674 cm ™! for G=0, 1614 cm ™! for C=C (conjugated alkene) stretching,
1475 ecm™! for C-C stretching of an aromatic ring, C-N stretching in the
spectrum of 1250-1200 cm™}, and two mild N-H stretching peaks
(dominant amide) at 3300 cm ™! and 3361 cm ™! [62]. The TEHCL drug
peaks present at 1475 cm ™! and 1005 cm ™! were also identified in the
Core-Sheath PCL:PVP(TEHCL) and PCL:TEHCL patches. Therefore, the
existence of the TEHCL drug in the fibre patches can be confirmed.
Furthermore, the results indicate no chemical binding between the drug
and the polymers have taken place and all their individual spectroscopy
detected characteristics have remained the same.

3.4. Differential scanning calorimetry

DSC analysis was carried out to analyse the thermal properties: glass
transition (Tg), crystallisation (T.) and melting temperature (Ty,) of the
fibre patches along with miscibility, and the presence of both polymers
in the core-sheath patches. Initially, a physical mix of pure PCL, PVP and
TEHCL was used to analyse the raw materials thermal properties as
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shown in (Fig. 6A). As illustrated in the DSC thermograms (Fig. 6B), an
endothermic peak matching to the melting point of PCL:TEHCL fibres
was indicated at 60 °C. Amorphous PVP fibres alone showed a broad
endothermic transition at 100 °C (Fig. 6C) which is ascribed to its glass
transition [63,64]. This is due to the hydroscopic nature of PVP and
moisture build-up during the gyration process. The small curve around
150 °C is linked to its melting point, which is attributed to the molecular
weight and concentration of the polymer as it is proven that higher MW
and concentration affects the Ty, T. and Ty of the fibres [65]. The
core-sheath fibres DSC thermograms (Fig. 6D) confirmed the presence of
PVP and PCL polymers as there are two endothermic peaks of 60 °C PCL
and 100 °C PVP which were also present in PCL and PVP thermographs
(Fig. 6B and C). Additionally, the same small curve at 150 °C can be seen
which also appeared in PVP fibres alone. The absence of TEHCL in the
drug loaded core-sheath and PCL fibres thermographs was due to the
drug being molecularly dispersed within the polymeric fibres in an
amorphous phase [66]. This can be the result of a rapid solvent evapo-
ration during the gyration process, which inhibited TEHCL crystal for-
mation. Moreover, pure TEHCL drug thermograms (Fig. 6E) revealed a
sharp exothermic peak at 220 °C which is in close agreement with the
thermal behaviour of TEHCL [67].

3.5. Loading of TEHCL and in-vitro release study

Core-sheath pressurised gyration process provides an efficient
method to encapsulate bioactive substances inside nano to macro-scale
fibres. Encapsulation efficiencies of the core-sheath PCL:PVP(TEHCL)
fibres obtained at 0.1 MPa was 45% and 0.2 MPa was 51%. The PCL:
TEHCL fibres generated at 0.1 MPa showed 60% encapsulation effi-
ciencies and 66% at 0.2 MPa. It can be seen that the higher applied
pressure for both samples showed promising results with higher
encapsulation efficiencies.

The drug release profile of the core-sheath fibre patches has been
examined in this study. Cumulative release of TEHCL from two different
types of fibre patches (Core-sheath PCL:PVP(TEHCL) and PCL:TEHCL)
made at two different applied pressures (0.1 and 0.2 MPa) were tested
during a 168 h incubation period. All four patches showed an initial
release of 10-13% in the first hour. However, there was a burst release of
30-48% in the first 24 h. This is a well-known behaviour of drug loaded
fibres which is a result of drug accumulation on the fibre surface [51].

Release (%)
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Nevertheless, the rate of release slowed down with a sustained release
profile after 24 h. In the overall duration of 168 h, the core-sheath fibres
obtained at 0.1 MPa had a maximum drug release of 35% and the fibres
obtained at 0.2 MPa had a maximum release of 36%. Additionally the
PCL:TEHCL fibres showed a higher release profile of 54% at 0.1 MPa and
65% at 0.2 MPa in the duration of 168 h. The trend of release was similar
for all four patches. Furthermore, both patches also showed a higher
release profile at a higher pressure of 0.2 MPa. In comparison the fibre
structures PCL:TEHCL showed a faster release profile than PCL:PVP
(TEHCL) fibres in the duration of 168 h (Fig. 7). From the results ob-
tained it can be confirmed that the core-sheath structure produced from
the core-sheath gyration technique allowed the drug to be encapsulated
in a hydrophilic polymer (PVP) as the core has the protection of a hy-
drophobic polymer PCL as the sheath. This composition showed a
similar release profile as the hydrophobic polymeric (PCL) fibre con-
taining the drug alone, meaning that core-sheath pressurised gyration
technique opens a vast opportunity of using hydrophilic polymers in a
core-sheath structure to attain sustained drug delivery system. Lastly the
study of core-sheath fibres showed an initial burst release which was
then followed by a sustained release.

Even though it is usually preferable to minimise an initial burst
release for a sustained drug delivery system, such rapid release in the
initial stage of dissolution can be beneficial for wound healing appli-
cations [68]. This is because of the fact that it can offer a loading dose,
promptly boosting the drug’s blood plasma concentration into the
therapeutic window [69]. Following a slow release, a therapeutic con-
centration can be preserved throughout a period of time [70]. It can be
confirmed by this study that the prospective of only using a hydrophobic
fibre shell in a core-sheath structure and a drug encapsulated core does
not always prohibit a burst release. Another important factor is the
control of the pressurised gyration parameters to maintain a minimum
porosity of the sheath layer as the loaded drug can diffuse through the
pores on the surface of the sheath layer. More pores lead to a much faster
rate of diffusion and therefore a faster release rate. Although some
biomedical applications necessitate highly porous surfaces, which can
mimic the biological environment they tend to interact with, in order to
improve biocompatibility [71].

® Core-Sheath Fibres (0.1 MPa)
Core-Sheath Fibres (0.2 MPa)
® PCL Fibres (0.1 MPa)
PCL Fibres (0.2 MPa)

50 100

o Time (h)

Fig. 8. The release percentage of TEHCL escaping from cylindrical fibres in the second series of experiments, showing the agreement of the experimental mea-

surements (points) and the theoretical model (lines).

Table 1

Values of diffusion coefficient D and surface concentration factor 1/y deduced from fitting the model to the data from the second set of experiments. The uncertainties

in D are caused by the uncertainties in the fibre diameters.

Diameter pm

D m2s! 7

Core-Sheath PCL:PVP(TEHCL) (0.1 MPa) 54 +14
Core-Sheath PCL:PVP(TEHCL) (0.2 MPa) 47 +1.4
PCL:TEHCL (0.1 MPa) 31+£1.1
PCL:TEHCL (0.2 MPa) 1.5+03

(1.3+£0.7) x 10720 28
(9+6)x 1072 30
(33£1.9)x 1071 14
(10+4) x 10720 15
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3.6. Mathematical modelling

To account for the rapid release at early times from all the fibre
formulations, initial calculations were made using a model in which the
drug is initially uniformly distributed except for a higher concentration
by a factor y in the region outside 0.99 times the fibre radius. The
diffusion coefficient D and the concentration factor y were adjusted to
obtain the best fit to the experimental release data, and the results are
shown in (Fig. 8).

Using the measured fibre radii, it is possible to deduce the diffusion
constant for the drug in the polymer, D. The results from the set of ex-
periments, together with the values of y, are given in Table 1. It is
notable that the values of D and of y are quite similar for PCL:PVP
(TEHCL) obtained at 0.1 MPa and 0.2 MPa, with different values for PCL:
TEHCL obtained at 0.1 MPa and 0.2 MPa.

The diffusion coefficients deduced for the core-sheath fibres with a
PVP core are much less than those for the PCL:TEHCL fibres. The model
assumed that the diffusion coefficients in the core and the sheath were
equal and attempts to improve the fits using different core and sheath
diffusions coefficients were inconclusive.

It is worth noting that the fibres were typically stored for about one
day between production and release measurements. During this time,
there could have been some diffusive redistribution of TEHCL within the
core sheath fibres. Assuming a uniform diffusion coefficient, then the
concentration profile in the core-sheath fibre assuming an initial non-
zero concentration in the core and zero concentration in the sheath
can be computed. Fig. 9 shows how the profile would evolve with a
diffusion coefficient typical of the homogeneous fibres. With the much
smaller diffusion coefficient, typical of the core-sheath fibres, a much
slower evolution is expected of the concentration profile during storage,
as shown in (Fig. 10). In this case the storage has little effect on the

Concentration
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concentration profile.

An alternative approach is the explicit “burst release” model
described above, and we have applied this to the experimental results.
Fig. 11 shows the results of calculations when the drug is assumed to be
uniformly distributed throughout the fibres in all cases, whereas
(Fig. 12) is for the designed core-sheath distributions. The correspond-
ing fitting parameters are given in Tables 2 and 3 respectively: there is
very little difference in the quality of the fit between the uniform and
core-sheath assumptions, but in all cases the “burst release” model fits
the experiments better than the purely diffusive models. It is worth
noting that the fraction of the loading associated with the burst release is
very similar to the fraction which was included in the outer region of the
fibres in our initial calculations and that quite similar drug diffusion
coefficients are obtained in both models. Therefore, this model fits the
experiments better than the purely diffusive models.

It can be noted that when the designed core-sheath drug concen-
tration profile is assumed the burst release fraction is larger than for a
uniform profile. This is to be expected and compensates for the delay in
the drug in the core reaching the surface of the fibre.

4. Conclusions

For the first time, the core-sheath pressurised gyration technique has
been used successfully to produce drug loaded antibacterial core-sheath
fibres. The effect of manufacturing parameters on the fibre morphology
was determined, leading to process optimisation. The results demon-
strated that by applying a higher pressure, smaller fibre diameter was
obtained and better encapsulation efficiency was shown. Antibacterial
fibre patches were fabricated at micrometre-scale and with inter-fibrous
pore size which led to a better biocompatibility as a wound dressing.
Furthermore, characterisation data analysis of FTIR and DSC results
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Time = 10. hours

e Time = 100. hours
e Time = 1000 hours
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0.4F
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Fig. 9. Evolution of the concentration profile in a core-shell fibre with storage time, with a diffusion coefficient typical of those found for the homogeneous

PCL fibres.
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Fig. 10. Evolution of the concentration profile in a core-shell fibre with storage time, with a diffusion coefficient typical of those found for the PVP-PCL fibres.
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- Time (hours)

Fig. 11. The release percentage of TEHCL escaping from cylindrical fibres, showing the agreement of the experimental measurements (points) and the theoretical
model including burst release (lines): the drug is assumed to be uniformly distributed in all the samples.
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Fig. 12. The release percentage of TEHCL escaping from cylindrical fibres, showing the agreement of the experimental measurements (points) and the theoretical
model including burst release (lines): this differs from Fig. 11 in that samples Core-Sheath 0.1 MPa and Core-Sheath 0.2 MPa use the core-sheath model.

Table 2

Values of diffusion coefficient D, burst release fraction and burst release rate
constant k assuming a uniform drug concentration in all fibres. The uncertainties
in D are caused by the uncertainties in the fibre diameters.

Diameter D m2s! f ks!
pm
Core-Sheath PCL:PVP 54 +1.4 (20+0.5) x 0.29  0.000062
(TEHCL) (0.1 MPa) 1020
Core-Sheath PCL:PVP 47 +1.4 (1.6+0.5) x 0.30  0.000061
(TEHCL) (0.2 MPa) 1020
PCL:TEHCL (0.1 MPa) 3.1+1.1 (1.1440.33) x 0.36  0.000056
10—19
PCL:TEHCL (0.2 MPa) 1.5+0.3 (4.2+0.8) x 0.40  0.000057
10—20

Table 3

Values of diffusion coefficient D, burst release fraction and burst release rate
constant k assuming the designed drug concentrations in all fibres. The un-
certainties in D are caused by the uncertainties in the fibre diameters.

Diameter D m2s! f ks!
pm
Core-Sheath PCL:PVP 54 +1.4 (2.0+0.5) x 0.29  0.000062
(TEHCL) (0.1 MPa) 1020
Core-Sheath PCL:PVP 47 +1.4 (1.6+0.5) x 0.30  0.000061
(TEHCL) (0.2 MPa) 1020
PCL:TEHCL (0.1 MPa) 3.1+1.1 (3.340.9) x 0.44  0.000049
10—19
PCL:TEHCL (0.2 MPa) 1.5+0.3 (7.941.6) x 0.51  0.000051
10—20

10

confirmed the presence of both polymers in the core-sheath patches and
that the drug was molecularly dispersed within the fibre matrix. Addi-
tionally, there was no interaction between the drug and polymer com-
ponents in the fabricated fibres. Confocal microscopy analysis
successfully confirmed the structure of the core-sheath fibre patches.
The release profiles of antibacterial drug TEHCL over 168 h period in
vitro were measured which demonstrated an initial burst release char-
acteristic followed by a stable sustained release. The mathematical
modelling of the experimental data confirmed that a burst release model
fits the experiment better than a purely diffusive model. Core-sheath
structures fabricated using this novel electric field free technique pro-
vides greater opportunities to encapsulate or coat numerous growth
factors, drugs and peptides in a more precisely time-programmed
manner; increasing access to mass-scale production and cost-effective
treatment.
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