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A B S T R A C T

Ideal artificial tissue scaffolds should provide an in vitro microenvironment comparable to native human skin
tissue to direct cell functions, regulate tissue homeostasis, and promote tissue regeneration. A sandwich-like
composite scaffold consisting of a hydrogel layer and two aligned nanofibre layers was fabricated and applied
as a wound-healing dressing. Gentamicin was preloaded into the hydrogel middle layer and naturally released for
antibacterial activity during the healing period. Nanofibrous layers embedded on the top and bottom surfaces of
the hydrogel improved the tensile strength fivefold (1560 kPa and 465% strain) while serving as a diffusion
barrier to reduce the gentamicin initial burst release (30%–15%). Inspired by the extracellular matrix (ECM), the
surface of nanofibre top layer was patterned with triangular microarrays using micro-moulding approach to
reflect the multidimensional structure of ECM. Biocompatibility of the scaffold is proven from cytotoxicity and
haemolysis studies. Fibroblast cells revealed a highly elongated and consistent alignment modulated by the
micropatterned fibrous layer and directed their migration towards the wound area. Excisional wounds treated
with the scaffold promoted 97.49% wound closure with low inflammation and rapid re-epithelialization and
angiogenesis. This scaffold, with its tailored functionality capable of accelerating wound healing, has high po-
tential in tissue engineering applications.
1. Introduction

Significant effort has been expended on the development of poly-
meric biomaterials that can meet the demands of a wide range of tissue
engineering application. Polymeric biomaterials, either natural or syn-
thetic, can be processed into membranes, nanoparticles, hydrogels, and
fibres to construct artificial scaffolds that resemble the natural tissue
microenvironment and provide mechanical and biological support for
cell growth and subsequent tissue development. Fibre/hydrogel com-
posites, inspired by the extracellular matrix (ECM) structure consisting of
incorporated fibrous protein networks within a gelatinous poly-
saccharide ground substance, have been developed as formulations for
biomimetic scaffolds to achieve true mimicry of the ECM architecture.
Approaches taken for integration of the nanofibres and hydrogels [1,2]
have included combinations of electrospinning and electrospraying
techniques [3,4], blending of nanofibres in a hydrogel solution before
polymerisation [5–7], and layer-by-layer assembly [8–10]. The nano-
fibres act as the reinforcing fillers which can greatly improve the low
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mechanical stability of the hydrogel [11–14]. For instance, fragment
boron nitride nanofibres (BNNFs) prepared by freeze-drying and pyrol-
ysis were dispersed in polyvinyl alcohol (PVA) to form BNNF/PVA
composite hydrogels using a cyclic freezing-thawing treatment [15]. The
compressive and tensile strength of the BNNF/PVA composites were
increased significantly with the addition of even a small weight per-
centage of BNNF nanofibres. Previous work has shown that the addition
of 0.5 wt% BNNFs increased the compressive strength by 252%, and that
1 wt% BNNFs increased the tensile strength by 87.8%. Another study
used random or aligned gelatine nanofibres, infiltrated in an alginate
hydrogel to create a single layer composite structures, as well as stacked
in multilayer laminates with defined fibre orientations [12]. The rein-
forcement of a single, aligned nanofibre layer improved the mechanical
properties by up to two orders of magnitude and showed inherently
anisotropic mechanical behaviour, whereas multilayer laminates stacked
in different fibre orientations doubled the toughness, over the hydrogel
alone. The current recommendation upon integration of nanofibre and
hydrogel is to integrate nanofibres into the hydrogel as laminated
2022
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Fig. 1. Schematic of the composite scaffold fabrication processes. (A) Fabrication of the aligned nanofibre meshes with flat and structural surfaces. A patterned
template with triangular prism gratings was mounted onto the collector of the centrifugal electrospinning machine to generate a triangular prism microarray on the
surface of the nanofibre mesh. A flat template was used to fabricate the flat nanofibre mesh. (B) The hydrogel precursor solution, with or without added gentamicin
sulphate, was casted onto the structural nanofibre mesh, followed by layering a flat nanofibre mesh as a bottom liner. (C) Four types of scaffolds were fabricated: a
pure hydrogel (HSSO), a composite scaffold with flat topography (FCSO), a composite scaffold with structural topography (SCSO) and a gentamicin-loaded composite
scaffold with structural topography (SCSG).
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structures rather than incorporating fragments fibres directly into the
hydrogel, as the laminated structures have greater mechanical strength
due to the transversely isotropic material of the structure [16]. Apart
from serving as a reinforcing agent, the laminated structure also induces
cell signalling components, as the fibres are structurally interconnected
into native ECM [17].

The beneficial properties of combining nanofibres and hydrogels are
particularly noticeable in drug delivery applications. Nanofibres and
hydrogels, by virtue of their high loading efficiencies, are widely used for
the delivery of bioactive molecules. However, as a consequence of
diffusion-based release and the homogeneity of the encapsulated drug,
the drug release mechanism from the nanofibre and hydrogel are difficult
to control [18,19]. By contrast, blended or monolithic matrix materials
can provide extended and sustained release, although burst release is still
difficult to avoid [20,21]. A laminated nanofibre layer can resolve this
issue by serving as an additional diffusion barrier that slows the diffusion
of drug molecules and reduces the burst release from the hydrogel [8,9,
22]. Previous research that examined poly (ethylene glycol)-poly
(ε-caprolactone) diacrylate (PEGPCL) hydrogels sandwiched between
polycaprolactone (PCL) fibre mats reported that the burst release was
reduced from 20% to 7% and that loaded bovine serum albumin (BSA)
showed a linear release and an extended release duration [23]. The
2

release properties of adenosine triphosphate (ATP) from laminated
multilayer PCL-alginate composites suggest that multiple drug release at
different rates and time can be achieved by discrete drug encapsulation in
designated layers [22]. When compared to the release from the deeper
layers in the meshes, ATP contained in the upper layer released at a faster
rate with a significantly higher burst release in a shorter time.

Skin tissue engineering for effective wound healing requires bioma-
terial scaffolds with appropriate biophysical signals that can support
tissue regeneration and provide instructive cues during tissue repair.
During wound healing, biophysical signals activate precise intracellular
signalling pathways that facilitate cell spreading and intrinsic contrac-
tility by regulating cell behaviour [24–27]. Previous research has
demonstrated that generating microstructures provides control over the
initial cell attachment and that these microstructures become the main
focal point for cell growth. The flexibility of the cell cytoskeleton on the
microstructures is limited due to strong geometrical constraints, which
cause the cells to elongate with long filopodial protrusions along the
microstructure rather than to expand [28]. These microstructures are key
parameters that guide cell polarisation, motility [29], and migration;
consequently, these cell-scaffold interactions may accelerate epidermal
wound healing. In addition, the incorporation of bioactive molecules can
induce specific cellular and biological functions to further improve the



Table 1
Configurations of the fabricated scaffolds and their corresponding sample codes.

Sample Configuration Gentamicin (wt%) Sample code

Hydrogel Single layer – HSSO
Flat composite Composite layers – FCSO
Structural composite Composite layers – SCSO
Hydrogel Single layer 0.1 HSSG
Flat composite Composite layers 0.1 FCSG
Structural composite Composite layers 0.1 SCSG
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wound healing process. For example, wound inflammation caused by
biofilm formation and bacterial colonisation at the wound site can be
prevented by incorporating antibacterial compounds, such as gentamicin
[30–32], vancomycin [33,34], and silver nanoparticles, to prevent pro-
longed inflammation that leads to impaired healing.

In the present study, a composite design principle is used to integrate
polycaprolactone (PCL) nanofibres and poly di(ethylene glycol) methyl
ether methacrylate-oligo (ethylene glycol) methyl ether methacrylate
(PMEO2MA-OEGMA) hydrogel to fabricate a composite scaffold for use
as a wound dressing. The composite scaffold was designed as three
layers: a PCL nanofibre top layer, the PMEO2MA-OEGMA hydrogel
middle layer, and a PCL nanofibre bottom layer. The topographic surface
of the nanofibre top layer was further modified with an appropriate
surface microstructure to replicate the 3D hierarchical multiscale
topography of the ECM architecture, as the regulation of cellular
morphology and migration are important features of the wound-healing
process. The hydrogel was endowed with antibacterial activity by
blending gentamicin sulphate into the hydrogel solution prior to poly-
merisation as the gentamicin is commonly used in the treatment of su-
perficial skin infections. The influence of the integrated nanofibres on the
physical, mechanical, and swelling properties of the scaffold were
assessed by comparison with the pure hydrogel. The potential applica-
bility of these composite scaffolds as wound dressings for rapid healing
was also evaluated in vitro and in vivo.

2. Materials and methods

As illustrated in Fig. 1, the nanofibre/hydrogel composite scaffolds
were fabricated by a centrifugal electrospinning and casting technique.
The first fabrication step was direct spinning of the PCL solution onto the
topographically patterned template to generate spatially defined trian-
gular prism microstructure arrays on the nanofibre surface. The struc-
tural integrity of the generated microstructures was maintained in the
second step by casting the hydrogel solution onto the fabricated struc-
tural nanofibre mesh without removing the fibres from the template. The
final step involved layering a flat nanofibre mesh on top of the hydrogel
solution to form a sandwich-like nanofibre/hydrogel composite scaffold.
This design method using a layer-by-layer arrangement allows for ho-
mogeneous dispersion of continuous nanofibre layers during integration
with hydrogel, and the layout can be easily adjusted to match any specific
requirements. Four different types of scaffolds with enhanced bio-
functionalities were fabricated to explore the effects of structural
topography and gentamicin loading on acceleration of the wound-
healing process.

2.1. Fabrication of aligned polycaprolactone (PCL) nanofibre mesh with
structural and flat surface topography

A centrifugal electrospinning machine was utilised to fabricate
nanofibre meshes with a highly aligned fibre arrangement, as cell be-
haviours are more strongly regulated by aligned fibres than by random
fibres [35,36]. PCL-based polyurethane synthesised according to our
previous study [37] was used to fabricate the top and bottom nanofibre
layers. The PCL was dissolved in hexafluoroisopropanol (HFIP, Sigma
Aldrich, Taiwan) at 20% (w/w) and stirred for 24 h to obtain a homo-
geneously dispersed solution. A 2 ml volume of the solution was loaded
into a syringe fitted with a 25-gauge blunt needle (0.26 mm diameter)
and fixed on a rotating stage with a 10 cm vertical distance between the
needle and circular collector. The spinning process was carried out with
8 kV applied voltage and rotation at 1300 rpm. The triangular micro-
structural microarrays on the surface of the nanofibre layer was created
using a template with triangular profile gratings as template collector.
This template was fabricated using a standard microfabrication process
[28] and mounted onto the collector during the spinning process. A
similar template, but with a flat surface, was used to fabricate a nanofibre
layer with a flat surface topography.
3

2.2. Preparation of PMEO2MA-OEGMA hydrogel precursor solution

Briefly, the hydrogel precursor solution was prepared using di(eth-
ylene glycol) methyl ether methacrylate (MEO2MA, Sigma Aldrich,
Taiwan) and oligo (ethylene glycol) methyl ether methacrylate (OEGMA,
Sigma Aldrich, Taiwan) monomers mixed at a 9:1 M ratio to achieve a
lower critical solution temperature near to body temperature (37 �C).
The polymers were cross-linked with di(ethylene glycol) di methacrylate
(DEGDMA, Sigma Aldrich, Taiwan) using water/ethanol (1/1) as the
solvent. Then, ammonium persulphate (APS, Wako Pure Chemical In-
dustries, Japan) and tetramethyl ethylenediamine (TEMED, Wako Pure
Chemical Industries, Japan) were added to initiate and activate the
polymerisation, with all ratios kept at 0.5 wt% of the total polymer
amount. Subsequently, 0.1 wt% of gentamicin sulphate (GS, Sigma
Aldrich, Taiwan) was added to the solution and the mixture was stirred
and sonicated for 3 min to form a homogeneous solution. A similar
hydrogel solution without added gentamicin was also prepared by this
method.

2.3. Fabrication of the nanofibre/hydrogel composite scaffolds

The deposited nanofibre mesh was left on the patterned template to
maintain the structural integrity if the generatedmicrostructures, and the
prepared hydrogel precursor solution was directly poured onto the fibres
until completely infiltrated. A flat nanofibre mesh was then layered as a
bottom liner for the composite scaffold to offer structural support and
dimensional stability [38] and allowed to cross-linked to form a
sandwich-like composite scaffold. The scaffold was cross-linked at 4 �C
for at least 4 h and then washed thoroughly with ultrapure water and
ethanol to remove unreacted materials. The fabricated scaffold was then
dried and kept in a vacuum desiccator until further analysis. Pure
hydrogel scaffold without nanofibre layers was also fabricated to serve as
control in all analyses. Table 1 shows the fabricated scaffold configura-
tions and their respective sample codes used in this study.

2.4. Characterisation: morphological, porosity, swelling degree and
mechanical

The morphology of the fabricated scaffolds was characterised by
scanning electron microscopy (SEM, JSM638, JEOL) under 10 kV
accelerating voltage. All samples were coated with a thin gold layer
before observation. The efficiency of the applied fabrication method was
evaluated using ImageJ software to measure the structural dimensions of
the scaffolds, including the diameter and alignment of the nanofibres and
the size of the replicated structural arrays.

Porosity can influence the mechanical and biological performance of
the fabricated scaffolds thus the porosity measurement of nanofibre
mesh, hydrogel and composite scaffolds were done. The porosity of
nanofibre mesh is calculated using equation (1) [39]:

Porosityð%Þ¼
�
1� ρapparent

ρbulk

�
� 100% (1)

where ρapparent and ρbulk is the density of apparent nanofibre and bulk
material respectively. For the hydrogel and composite scaffold, the
porosity is calculated using liquid displacement method. The fabricated
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scaffold was added to a known volume of ethanol for 24 h to ensure all
pores are completely filled with ethanol. The resulting volume at this
stage was measured. Then, the scaffold was removed, and the remaining
volume was measured. The amount of ethanol lost is equivalent to the
void volume. The porosity of the fabricated scaffold is calculated by
equation (2) [39]:

Porosity ð%Þ ¼ V3

V3 þ V2 þ V1
(2)

where V1, V2, and V3 is the initial volume of ethanol, the volume of
ethanol with scaffold, and the final volume of ethanol after scaffold was
removed.

The swelling degree of the fabricated scaffold was determined by
gravimetric measurement. Dried samples were pre-weighed and
immersed in ultrapure water at 37 �C. The mass of the samples was
recorded at regular intervals throughout the swelling process until
swelling equilibrium was achieved. The swelling ratio (St) was calculated
using equation (3):

St ¼Wt �Wd

Wd
(3)

where Wd and Wt represent the weights of the dry and wet scaffold,
respectively.

The tensile properties of the fabricated scaffolds were measured using
a tensile test bench (FGS-50E-L, Niece-SHIMPO, Japan). The scaffolds
were cut into 5 cm � 1 cm rectangular strips and one end was clamped
onto a translational stage while the other end was clamped to a digital
force meter (FGP, Niece-SHIMPO, Japan). The samples were uniaxially
stretched at 20 mm min�1 until failure. The mechanical characteristics
including tensile strength (δ), percentage of elongation at break (ϵ), yield
strength, and elastic modulus (E) were calculated from the obtained
stress-strain data.
2.5. In vitro cell study

Primary adult human dermal fibroblast cells (HDFs, Bioresource
Collection and Research Centre, Taiwan) were cultured in growth me-
dium prepared using Dulbecco's Modified Eagle's Medium (DMEM,
Sigma Aldrich, Taiwan) supplemented with 10% FBS and 1% penicillin-
streptomycin antibiotics (Pen-Strep, Sigma Aldrich, Taiwan). The cells
were incubated and grown in a 5% humidified CO2 atmosphere at 37 �C
according to standard protocols. The HDFs were washed twice with 1 �
phosphate buffer saline (PBS, Sigma Aldrich, Taiwan) and the growth
medium was replaced every two days until the cells reached 90% con-
fluency. The cells were detached from the culture plate with trypsin-
EDTA (Sigma Aldrich, Taiwan) and subcultured until passage four,
when the cells were harvested for further analysis.

The cytotoxicity of the scaffolds was examined according to the In-
ternational Standard ISO 10993–5:2009 with adaptations using a cell
counting kit-8 (CCK-8, Sigma Aldrich, Taiwan). Before seeding the cell,
the scaffolds were sterilized under ultraviolet light for 1 h and then
sequentially soaked in 70% ethanol, PBS, and culture medium at 37 �C.
The samples were then fitted into 24-well culture plates for cell seeding.
The HDFs were seeded onto the scaffolds at a density of 1 � 104 cells per
well and cultured under standard culture conditions. The cytotoxicity of
the scaffolds was assessed on days 1, 3 and 7 after seeding, by washing
the cell-seeded sample with PBS and further incubation with 500 μl of
growth medium containing 10% CCK-8 reagent. After 2 h, 100 μl of the
medium was withdrawn from each well and transferred to a 96-well
plate. A microplate reader (Bio-Rad 680; Bio-Rad, USA) was used to
determine the optical density of the samples at 450 nm. A blank con-
sisting of medium without the cells and a control containing medium
with only cells without the scaffolds were also prepared. Cytotoxicity was
assessed by determining the cell viability percentage using equation (4):
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Cellviabilityð%Þ : ODtest � ODbg

ODcon � ODbg
� 100 (4)
where ODtest ;ODbg and ODcon represent the absorbance of the test,
background, and control samples, respectively.

Cell-scaffold interactions were determined based on fluorescent im-
ages by staining the HDFs with fluorescein diacetate (FDA, Sigma
Aldrich, Taiwan). The HDFs were washed and incubated in medium
containing FDA for 5 min in a dark environment. The medium was then
aspirated, and the HDFs were observed under fluorescence microscope
(Eclipse Ni–U, Nikon, Japan) equipped with appropriate filters. The cell
morphology, in terms of elongation and orientation, was assessed using
ImageJ software based on closest fitting ellipse method as described in
Ref. [28]. Cell elongation was defined as the ratio of the long and short
axis of the cells and referred to as the aspect ratio. Meanwhile, cell
orientation was identified as the angle of cell long axis and the direction
of the embedded nanofibre.

HDF migration was studied using an in vitro wound healing assay.
This involves the creation of a cell-free gap area within the cell mono-
layer using a 400 μm thick polydimethylsiloxane (PDMS) slab as a
physical barrier [40,41]. Firstly, the sterilized samples were fitted in a
24-well plate. The PDMS slab were then placed perpendicularly to the
microstructural array direction in the centre the sample to prevent cell
attachment at the targeted cell-free gap area, and 1 � 106 of HDFs cells
were seeded per well. The seeded cells seated around the PDMS slab and
were grown until 90% confluence, after which the PDMS slab was
removed with sterile forceps leaving a 400 μm empty region for the cells
to migrate into. After 24 h allowing the cells to grow and migrate into the
empty region, the cells were stained with FDA and observed under
fluorescence microscope. Cell migration in terms of the gap closure area
was measured using ImageJ software.

2.6. Hemolysis study

The hemocompatibility of the fabricated scaffolds was tested using
anticoagulated rat blood (BioLasco, Taiwan) following the method
described in Ref. [42] with slight modification. To begin, 50 mg of the
fabricated scaffold was immersed in 5 ml of 0.9% sodium chloride (NaCl)
solution at 37 �C for 24 h. PBS and 1% Triton X-100 were also prepared as
negative and positive control, respectively. Then, 0.2 ml of the rat blood
was added to each sample extract and incubated at 37 �C for 1 h. After
incubation, the suspension was centrifuged at 1000 rpm for 10 min. The
supernatant (100 μl) was transferred to a 96-well plate and the absor-
bance was measured at 545 nm with a microplate reader. The rate of
hemolysis was calculated using equation (5):

Hemolysis rate ð%Þ¼ ODS � ODNC

ODPC � ODNC
� 100 (5)

whereODS;ODNC; ODPC is the absorbance of the sample, negative control
and positive control group, respectively.

2.7. Gentamicin release from the fabricated composite scaffolds

The drug release kinetics from the fabricated scaffolds were investi-
gated using the Franz diffusion technique and gentamicin as a model
drug. Dried gentamicin-loaded scaffold was cut into a 15mm disc-sample
and mounted on the donor compartment of the diffusion cell, which was
separated from the receptor chamber by a cellulose membrane. The re-
ceptor chamber was filled with 6 ml of phosphate buffer solution (pH
7.4), stirred at 100 rpmwith a magnetic stirrer and thermoregulated with
a water jacket at 37 �C. Periodically, 1 ml aliquot of the release medium
was extracted for sampling and instantly replaced with an equal volume
of fresh PBS (pre-equilibrated at 37 �C).

The amount of gentamicin released was determined using an indirect
spectrometric method and ninhydrin as the derivatising agent since



Fig. 2. (A) SEM images of the fabricated nanofibres with flat and structural topography. Insets indicate the Si template used during the centrifugal electrospinning
process. Scale bar ¼ 100 μm. (B) Quantitative analysis of the fabricated nanofibre diameter and orientation distribution measured from at least 50 individually fibres.
The use of the centrifugal electrospinning machine during nanofibre fabrication produces fibres with consistent diameters and alignments. (C) SEM images of the
fabricated nanofibre/hydrogel composite scaffold at (i) lower magnification, scale bar ¼ 200 μm, (ii) higher magnification, scale bar ¼ 10 μm. Black arrows indicate
the fibre orientation and (iii) cross-sectional view of the fabricated scaffolds. Scale bar ¼ 100 μm. The combination of nanotopography (nanofibre) and micro-
topography (structural microarrays) provides multiscale topographies similar to the extracellular matrix architecture.
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gentamicin poorly absorbs UV and visible light [43]. The reaction be-
tween ninhydrin and the primary and secondary amines in gentamicin
produced purple colour that was easily quantified to establish the
gentamicin content by comparison to a standard calibration curve pre-
pared with five known concentrations of gentamicin. The extracted
sample was mixed with ninhydrin and placed in water bath (95 �C for 10
min) and cooled in ice water bath to stop the reaction. The absorbance of
the samples was measured at 400 nm using UV/Vis spectrophotometer
(UV/Vis V-700, Jasco, Taiwan).

2.8. The antibacterial activity of the gentamicin-loaded scaffolds

The antibacterial activity of the gentamicin-loaded scaffolds was
evaluated using dynamic contact conditions according to ASTM E2149
[40] against Staphylococcus aureus (BCRC 10451, Bioresource Collection
and Research Centre, Taiwan) and Pseudomonas aeruginosa (BCRC 11633,
Bioresource Collection and Research Centre, Taiwan) as representative
gram-positive and gram-negative bacteria, respectively. The bacteria
were grown overnight in tryptic soy broth to acquire isolated colonies,
and then diluted to a viable bacterial suspension containing approxi-
mately 105 colony-forming units per millilitre (CFU ml�1). For each
group, 1 g of sample was added to a flask containing 50 ml of working
bacterial suspension and the flasks were shaken in a wrist action shaker
at 180 rpm. After 1 h, 100 μl of the bacterial suspension was spread onto a
nutrient agar and allowed to grow for another 24 h at 37 �C. The bacteria
viability was measured to determine the antibacterial effect of the
gentamicin loaded scaffolds.
5

2.9. In vivo excisional wound model

In vivo wound healing study was conducted using excisional wound
on a rat model. The experiment was carried out according to protocols
approved by the Institutional Animal Care and Use Committee of Na-
tional Sun Yat-sen University, Kaohsiung, Taiwan (application no:
10,738). This experiment used 17 healthy adult male Wistar rats
weighing around 200–250 g purchased from BioLasco, Taiwan. Before
wounding, the dorsum of each rat was shaved, then the skin was excised
to create two circular 20 mm diameter full-thickness skin wounds on the
back of the rat. The rats were randomly divided into 4 groups, each with
4 rats and one rat remained unwounded was included as control. The
scaffolds were applied to cover the excision wounds with the structural
surface of the composite scaffold facing the wound site and wrapped with
a medical adhesive tape to fix the scaffolds and prevent chewing of the
splints. The scaffolds were changed every three days, and photographic
images of the wounds were captured using a digital camera during the
scaffold-changing process on days 3, 6, 9, 12 and 15 after injury to
monitor the healing progress. Throughout the experiment, the rats were
housed in micro-isolation cages individually and kept under controlled
conditions of humidity (50%–70%), temperature (20 �C–22 �C), light:
dark cycle (12 h:12 h), and free access to food and water. The wound
healing progress was analysed using ImageJ software and calculated
based on the wound reduction area using the following equation (6):

Healing percentage ð%Þ¼
�
WA0 �WAt

WA0

�
� 100 (6)

whereWA0 is the wound area at the wounding day (day 0) andWAt is the
wound area at each respective day.



Fig. 3. (A) Swelling kinetics and (B) equilibrium
swelling ratios of the pure hydrogel (HSSO), flat
composite (FCSO) and structural composite (SCSO)
scaffolds at 37 �C in ultrapure water. The results are
presented as means � SD, n ¼ 5. Mechanical proper-
ties of the fabricated scaffolds. The stress-strain curves
of the fabricated scaffolds at (C) as-prepared (dry) and
(D) equilibrium swelling at 37 �C (hydrate). The dried
scaffolds possessed higher mechanical properties than
that the hydrated scaffolds, and the integration of
nanofibre layers significantly improves the mechani-
cal properties of the composite scaffolds. The results
are presented as means � SD, n ¼ 3, (*p < 0.05 and
**p < 0.01 using one-way ANOVA followed by
Tukey's post hoc test).
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2.10. Histological and immunofluorescent staining

The rats were euthanised at the end of the wound healing study (day
15) and all wound tissues, including the adjacent normal skin (5 mm skin
border), were collected for histological analysis. The dissected tissues
were fixed for 6 h in 4% paraformaldehyde, then sliced through the
widest margin and fixed in the fixing solution overnight [44]. The tissue
samples were then dehydrated, diaphanized, wax infiltrated, and
embedded in paraffin. To assess the status of the newly regenerated tis-
sues in relation to the administered treatment, the paraffin-embedded
tissue samples were sectioned into 5 μm thick sections and stained
with hematoxylin and eosin (H&E). A digital slide scanner (MoticEasy-
Scan, Motic, Hong Kong) was used for microscopic observations during
the qualitative histological study. The histological state was assessed
according to the degree of inflammation, re-epithelialization, and the
formation of granulation tissue in the tissue sections.

Immunofluorescence staining of CD31 was carried out to determine
wound angiogenesis. Briefly, the paraffined-embedded tissue sections
were deparaffinized, rehydrated, and blocked with 5% bovine serum
albumin (BSA, Sigma Aldrich Taiwan). The sections were treated over-
night at 4 �C with the primary anti-CD31 primary antibody, followed by
Alexa Fluor 488 (Sigma Aldrich, Taiwan) secondary antibody for im-
munostaining. The nuclei were counterstained with 4’,6-diamidino-2-
phenylindole dihydro-chloride (DAPI, Sigma Aldrich, Taiwan). Quanti-
tative analysis of wound angiogenesis was done by measuring the area of
neovascular in the tissue sections.
2.11. Statistical analysis

All the experimental data were presented as means � standard de-
viations (SD). One-way analysis of variance (ANOVA) followed by the
Tukey post-hoc test was used for the comparison between all groups.
Significant difference was indicated with ‘*’ and ‘**’ indicating p value<
0.5 and < 0.01, respectively.
6

3. Results and discussions

3.1. Characterisation of the fabricated scaffolds

Various methods for manipulating surface topography factors, such as
size, alignment, and geometry, to control cell behaviour on biomaterial
scaffolds are discussed in the literature. Our previous study demonstrated
that a triangular prism geometry had the strongest guiding effect for cell
filopodia extension along the triangular apex and became the primary
focal point for filopodial protrusion [28]. Accordingly, the surface
topography condition of the composite scaffold was engineered with
triangular prism microstructures to trigger and guide fibroblast migra-
tion to the wound area, thereby accelerate wound closure.

Surface morphology of the fabricated nanofibre meshes and their
respective templates used during the spinning process are shown in
Fig. 2A. We utilised a non-patterned template to fabricate a flat nanofibre
layer and a patterned template with negative triangular prism gratings to
generate structural patterns on the nanofibre surface. All spinning pro-
cedures were carried out for 2 h under the same conditions, producing
nanofibre meshes that were about 600 μm thick. The SEM images showed
that the structural patterns were successfully transferred from the tem-
plate onto the surface of nanofibre mesh with high fidelity. The repli-
cated patterns consisted of triangular prism arrays with structural heights
and spacings of 40–60 μm with a fabrication accuracy of 91.44%.

The use of centrifugal electrospinning for fibre fabrication produces
nanofibre mesh with a uniform fibre diameter and a high degree of fibre
alignment [35]. Fig. 2B shows that the average diameter of the fabricated
nanofibres, regardless of the template used, was around 500–700 nm,
with an average fibre diameter of 502.92 � 166 nm and 523.9 � 100 nm
for flat and structural fibres, respectively, similar to the size of the ECM
protein networks (50–500 nm). The collected nanofibres were densely
packed in a uniaxial arrangement and displayed a narrow orientating
deposition on the flat and structural templates, resulting in 88% and 82%
of the fibres aligned within 10� from the axial direction, respectively.



Table 2
The mechanical characteristics and tensile performance of the hydrogel (HSSO),
flat composite (FSCO), and structural composite (SCSO) scaffolds at as-prepared
(dry) and equilibrium swelling at 37 �C states obtained from their respective
stress-strain curves.

Sample Tensile strength
(kPa)

Elongation at
break (%)

Yield strength
(kPa)

Elastic modulus
(kPa)

Dry Swell Dry Swell Dry Swell Dry Swell

HSSO 309 47 483 80 52 24 155 81
FCSO 1630 1015 454 262 792 673 4991 4517
SCSO 1560 933 465 235 750 583 2994 2615
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To form the composite scaffold, the hydrogel precursor solution was
poured onto the fabricated nanofibre and was cross-linked in situ. During
gel casting, the solution penetrated through the pores in the nanofibre
network and was distributed along the nanofibre surfaces, forming an
interface between the two materials. Significant numbers of nanofibre
were observed spreading across the top surface of both the flat and
structural composite scaffolds, as presented in Fig. 2C(i), confirming the
localisation of the nanofibre top layer. Dehydration of the sample caused
some structural shrinkage and fibre aggregation during scaffold
shrinkage resulted in a rough and wrinkled surface morphology. Direct
hydrogel casting has no effect on the morphology of the fabricated fibres,
and the surface morphology of the composite scaffolds at higher
magnification clearly shows that the fibres maintained in aligned
arrangement, as shown in Fig. 2C(ii). Physical interaction between the
nanofibre surfaces and the hydrogel network during gelation process
produced interlayer adhesion at the interface according to the cross-
sectional images in Fig. 2C(iii), indicating good interfacial compati-
bility was achieved during fabrication. Furthermore, as corroborated
from the SEM images, the fabricated pure hydrogel and composite scaf-
folds was approximately 1 mm thick. Simple linear addition of the
nanofibre layers (600 μm for each layer) and hydrogel (1 mm) thickness
shows that the thickness of composite scaffold is lower than what would
be predicted, indicating an interfaced was formed between these two
phases.

The use of different templates had no effect on the formation of the
intended scaffold, and the combination of nanofibres and structural
patterns produced a nano- and micro-scale topography that resembled
multidimensional ECM architectures. The porosity of the aligned PCL
nanofibre mesh, pure hydrogel and composite scaffolds is around 83.9%,
92.7% and 72.1%, respectively. The porosity of the composite scaffold is
slightly lower in comparison to nanofibre mesh and pure hydrogel scaf-
folds due to the entanglement of nanofibre and hydrogel networks causes
blockage in some pores. Similar trends were reported in previous study
stating that the porosity percentage of scaffolds decreases with presence
of nanofibre in composite scaffold [45].

Appropriate swelling capacity of the scaffold enables the absorption
of wound exudates while maintaining a moist environment around the
wound area. Excessive absorption of wound exudate, on the other hand,
may result in wound dehydration, which can impede wound contraction
and healing. Therefore, determination of the swelling degree is important
when developing a scaffold for wound dressing applications. As shown in
Fig. 3A, the fabricated scaffolds exhibited a general swelling kinetic
pattern characterised by a rapid increase in swelling in the first 24 h,
followed by a plateau indicating that equilibrium had been attained.
Fig. 3B shows that the equilibrium swelling ratios for HSSO, FCSO and
SCSO were calculated as 6.19 � 0.96, 4.69 � 0.52 and 4.55 � 0.36,
respectively. The FCSO and SCSO have lower equilibrium swelling by
about 1.5-fold (p < 0.05) than the HSSO, indicating that the incorpora-
tion of hydrophobic PCL nanofibres on the top and bottom layers of the
composite scaffold limits the scaffold's swelling ability. The entangle-
ment of nanofibres and the hydrogel polymeric network creates physical
cross-linking sites leading to an increase in cross-linking density within
the composite scaffold network [46]. Higher cross-linking density im-
pedes the mobility of the polymer chains and thereby restricts the
volumetric expansion of the composite scaffolds. The integration of
nanofibres also improves the structural integrity of the composite scaf-
fold, preventing dressing fragments from contaminating the wound bed,
as well as avoiding undesired wound bed contraction throughout the first
stage of healing.

A uniaxial tensile test was conducted to evaluate the mechanical
properties of the HSSO, FCSO and SCSO scaffolds in their as-prepared
(dry) and equilibrium swelling at 37 �C (hydrated) states. The samples
were stretched along the direction of the embedded nanofibre layers for
the composite scaffolds. The stress-strain curves of the tested samples are
shown in Fig. 3C and D, and their corresponding mechanical character-
istics such as tensile strength, percent of elongation, yield strength and
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elastic modulus are listed in Table 2. The average tensile strength of the
as-prepared hydrogel scaffold (HSSO) was relatively weak around 309
kPa, and the presence of integrated nanofibre layers significantly
improved the tensile properties of the composite scaffolds, as expected.
The tensile strength of the as-prepared composite scaffolds was fivefold
greater than that of HSSO, at approximately 1630 kPa for FCSO and
1560 kPa for SCSO, respectively. The composite scaffolds were able to
withstand much higher longitudinal stresses, with yield strength
increasing from 52 kPa (HSSO) to 792 kPa (FCSO) and 750 kPa (SCSO),
and elastic modulus increasing from 115 kPa (HSSO) to 4991 kPa (FCSO)
and 2994 kPa (SCSO).

The fabricated scaffolds are more resistant in the dry (as-prepared)
than in the hydrated (equilibrium swelling) state, and their respective
tensile performance decreases in direct proportion to the water content.
High water content in hydrogel network causes the polymer chains to
expand, resulting in poor tensile performance. Nonetheless, in an equi-
librium state, the composite scaffolds showed similar trends and im-
provements in tensile properties due to the presence of nanofibre layers.
Table 2 shows that the composite scaffolds at equilibrium swelling state
had higher tensile strength compared to swelled hydrogel from 47 kPa to
approximately 1000 kPa, and thus their percent of elongation, yield
strength and elastic modulus from 80% to approximately 200%, 24
kPa–600 kPa and from 81 kPa to 4517 kPa for FCSO and 2615 kPa for
SCSO, respectively.

As aforementioned, the integration of nanofibre and hydrogel are
based on the physical interaction between nanofibre surface and the
hydrogel matrix during gelation process. The interfacial bonds occur
through chemical reaction, including hydrogen bond, between the
carboxyl and methylene groups of PCL nanofibres and the hydroxyl
groups of the PEG-based hydrogel [47–49]. The formation of hydrogen
bond between nanofibre surface and hydrogel provides more
point-bonded sites in the polymeric backbone, thus the increase in tensile
strength. When the composite scaffolds were subjected to an axial tensile
load, the load was transferred from the polymer chain to the fibres,
preventing the formation of microcracks [7,11,12,46]. The layered
arrangement also improved the dimensional stability, resulting in a
mechanically stable nanofibre/hydrogel composite network. The overall
mechanical properties of the composite scaffolds were not affected by the
topographymodification from flat to structural, implying that the use of a
patterned template during the fabrication processes have negligible ef-
fects on the original properties of the fabricated scaffolds.
3.2. Human dermal fibroblast cell responses to the scaffold architecture

Wound dressing scaffolds for tissue engineering applications must be
biocompatible and should not exert any toxic effects. CCK-8 reagent
assay was used to assess the in vitro cytotoxicity of the fabricated scaf-
folds by seeding HDF cells directly on the scaffolds and monitoring the
HDFs viability up to day 7. Fig. 4A shows that the cells remained viable in
all groups throughout the experiment, with viability percentages greater
than 80%, indicating that the tested scaffolds were non-toxic to the cells
according to the ISO 10993–5:2009 standard [50]. FCSO and SCSO had
slightly higher viability percentage than for HSSO, suggesting that the



Fig. 4. (A) Result of viability percentage of HDF cells cultured on hydrogel scaffold (HSSO), flat composite scaffold (FCSO) and structural composite scaffold (SCSO)
for 7 days. The results are presented as means � SD, n ¼ 4. Overall HDF cell morphology and orientation when cultured on different composite scaffolds for 7 days. (B)
Fluorescent images of HDF cells stained with fluorescein diacetate (FDA) at days 1, 3 and 7 of culture. Scale bar ¼ 200 μm. On the composite scaffolds, most cells
elongated and showed a preferred alignment along the direction of the incorporated nanofibre. Quantification of the HDF cell (C) elongation index and (D) the scatter
data of cell orientation from at least 30 randomly selected cells. The results are presented as means � SD, n ¼ 30, (*p < 0.05 and **p < 0.01 using one-way ANOVA
followed by Tukey's post hoc test).
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composite scaffolds could promote HDF proliferation. The composite
scaffolds were found to be compatible, therefore suitable for use as
wound dressings in practical applications.

The effect of different topography on HDFs responses was also eval-
uated by fluorescein diacetate (FDA) staining. The overall growth dis-
tribution of the HDFs in tissue culture plate (control) showed high
activity and spread, as shown in Fig. 4B, with visualisation of a typical
spindle shape by day 7. The HDFs cultured on the fabricated scaffolds
showed amorphologically distinct phenotype. HDFs on HSSO exhibited a
lysed and rounded shape from day 1 and retained the rounded
morphology with minimal spreading until day 7. By contrast, HDFs on
the composite scaffolds (FCSO and SCSO) revealed a unidirectional
elongated shape with obvious filopodial formations. The HDFs on the
composite scaffolds also presented a polarised morphology, as the cells
consistently aligning in the direction of the incorporated nanofibres. The
morphological changes induced by the underlying scaffolds were also
quantified based on the elongation and alignment factors, as shown in
Fig. 4C and D.

The average aspect ratio of the cells cultured on HSSO showed a
minimal increase from 2.29� 0.63 to 3.52� 1.25 throughout the culture
period, which could be due to the soft nature or the flat surface of the
hydrogel matrix. On the other hand, continuous elongation was observed
for cells cultured on FCSO and SCSO. Cell extension was fourfold greater
on SCSO than in the control group (p < 0.01) and sixfold greater than on
HSSO (p < 0.01) as early as day 1 of culture, and the highest aspect ratio
of around 30.31� 4.79 was reached on day 7. For cells cultured on FCSO,
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the cell aspect ratios for days 1 and 7 were 7.65� 2.22 and 17.93� 4.32,
respectively.

The relative orientation of the cultured cells was measured to identify
cell alignment on the fabricated scaffolds. We observed that cells on
control and HSSO scaffold were randomly oriented in arbitrary angles,
with the percentage of aligned cells being less than 25%. Cells on the
composite scaffolds, by contrast, showed higher alignment with the di-
rection of the embedded nanofibre layer, with the percentages of aligned
cells of 80% and 93% for FCSO and SCSO, respectively. These findings
suggest that the integration of the nanofibre layer into the composite
scaffold promotes cell–scaffold interactions by providing a greater
number of contact points available for cell growth and extension. More
importantly, engineering the composite scaffold with microstructural
patterns that mimicked the geometric features of the ECM resulted in
predominantly elongated and aligned cells that grew in a unidirectional
manner. The anisotropic morphology of the HDFs on SCSO was a direct
result of the multiscale structural cues provided by the embedded
nanofibres (nanotopography) and the microstructural pattern (micro-
topography), recognised as contact guidance.

Fibroblast cell migration plays an important role for effective wound
healing since the cells generate traction and contractile forces, which
produces ECM proteins for wound contraction. As the HDFs showed
elongated and aligned cell organisation on the composite scaffolds, the
ability of the composite scaffolds to direct the movement and migration
of HDFs was analysed further using an in vitro wound-healing assay (see
Section 2.5. Materials and methods). The rate of cell migration was



Fig. 5. In vitro wound-healing assay. (A)
Fluorescence image of HDF cells on the
hydrogel scaffold (HSSO), flat composite
scaffold (FCSO) and structural composite
scaffold (SCSO) after 1 day. Scale bar ¼ 200
μm. The fluorescence images demonstrated a
greater migration of the HDF cells towards
the cell-free region with the SCSO than with
the control and FCSO scaffolds due to stron-
ger guiding effects provided by the multi-
scale topography of SCSO. (B) Quantitative
analysis of the percentage of gap closure area
after 1 day. The results are presented as
means � SD, n ¼ 3, (*p < 0.05 and **p <

0.01 using one-way ANOVA followed by
Tukey's post hoc test).

Fig. 6. Hemolysis assay of the hydrogel (HSSO), flat composite (FCSO) and structural composite (SCSO) scaffolds using rat blood. (A) Image of red blood cell after
centrifugation. (B) The hemolysis rate after 1 h of incubation at 37 �C. The results are presented as means � SD, n ¼ 3. (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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expressed as the percentage of gap closure and is presented in Fig. 5A.
The cells lining the wound edge actively responded to the newly

accessible gap andmigrated towards the cell-free area as the healing time
progressed. Consistent with the HDF morphology assessment shown in
Fig. 5B, the HDFs on the composite scaffolds elongated in consistent
alignment which determined the direction of cell migration [51–53].
HDFs migrated in a directional one-way migration towards the centre
during the gap closure. This movement was regulated by the contact
guidance from the embedded nanofibres. The HDFs migrated much
further on SCSO after 24 h (p < 0.05) with wound closure of approxi-
mately 33.54 � 1.02% compared to the FCSO (23.52 � 2.06%) and
control (5.57� 2.52%) groups. This suggested that the mechanism of gap
closure on the SCSO is governed by the activation of lamellipodial pro-
trusions in response to mechanical probing along the microstructural
array [53].

Gap closure on SCSO revealed that the cells preferentially crawl and
extend lamellipodia on microstructures and head towards the centre of
the gap. On FCSO, cells protrusion was also observed, however, the
lamellipodial crawling was less prominent and the protrusions were
shorter and smaller. Some of the cells were also not oriented in the same
direction as the embedded nanofibre. The cells in the control group
migrated independently in an uncoordinated manner towards the centre
of the gap, hence a minimal cell sheet advance was observed.
3.3. Blood compatibility of the fabricated scaffolds

Good blood compatibility is another important prerequisite of scaf-
folds as wound dressing since bleeding is inevitable during skin trauma,
thus in vitro hemolysis assay was performed to evaluate the blood
compatibility of the fabricated scaffolds according to the ASTM F756-17
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standard [54]. As observed in Fig. 6A, apparent different in colour were
observed between the positive control group and the fabricated scaffold
groups. The positive control group (Triton X-100) lysed almost all red
blood cells and the supernatant was bright red in colour due to haemo-
globin leakage, whereas the supernatant of all scaffolds groups was
transparent and nearly colourless, similar to that of the negative control
group (PBS). Fig. 6B shows that the hemolysis rate for HSSO, FCSO and
SCSO is 3.22%, 1.18% and 2.09%, respectively. Based on the mentioned
standard, the hemolysis rates for all samples are below the critical safe
value (less than 5%) with HSSO and SCSO showed only slight hemolytic
(hemolysis rate between 2% and 5%). The insignificant hemolytic ac-
tivities of the scaffolds indicate that none of the scaffolds are significantly
toxic to red blood cells and are therefore suitable for practical
application.
3.4. Gentamicin release from the composite scaffolds

Scaffolds with physical cues alone cannot satisfy the requirements of
wound healing. Therefore, to expand the function of the fabricated
scaffolds, we loaded gentamicin sulphate, a commonly used amino-
glycoside antibiotic for the treatment of superficial skin infections.
Gentamicin binds to the bacterial ribosome and inhibits protein synthe-
sis, preventing bacterial growth on wounds and enhancing the thera-
peutic effect during wound healing. Microbial infection is a common
problem in wound management and can lead to delayed healing. Previ-
ous studies have discussed the usage of gentamicin as an antibiotic to
fight or, at least to prevent wound infection and thus promote healing. In
this study, 0.1% gentamicin was loaded into the hydrogel solution and
the release of gentamicin was investigated using the Franz diffusion
system (see Section 2.7. Materials and methods). Fig. 7A shows the



Fig. 7. In vitro gentamicin release from hydrogel (HSSG), flat composite (FCSG) and structural composite (SCSG) scaffolds. (A) The calibration curve for gentamicin
sulphate in phosphate buffer solution (pH 7). Cumulative release profiles of gentamicin sulphate (B) full release profile for 3 days and release profile for the first 6 h.
The results are presented as means � SD, n ¼ 3. (C) The gentamicin release obtained from the experimental data were fitted into different kinetics models, including
zero-order, first-order, Hixon-Crowell, Higuchi and Korsmeyer-Peppas.
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standard calibration of five known concentration of ninhydrin-
gentamicin complex used for determining the amount of gentamicin
release from the composite scaffolds.

Fig. 7B shows that gentamicin release from the hydrogel exhibits a
burst release profile, whereas gentamicin released from the composite
scaffolds exhibits a slightly delayed release with a more linear release
profile. A sharp rise in the cumulative release of gentamicin from HSSG is
evident within the first 6 h, with approximately 33% of the gentamicin
released in a significant burst, followed by a gradual release of another
45% of the gentamicin from 6 h to 72 h. The composite scaffolds, how-
ever, showed a substantially reduced burst effect (about twofold less than
HSSG), with approximately 15% of the gentamicin released within the
first 6 h. Subsequently, approximately 52% and 48% of gentamicin was
Table 3
The kinetics parameters of gentamicin sulphate release from hydrogel (HSSG), flat co

Sample Zero order First order Higuchi

k0 R2 k1 R2 kH

HSSG 1.341 0.956 0.026 0.992 9.501
FCSG 1.120 0.947 0.019 0.986 7.762
SCSG 1.015 0.966 0.016 0.993 6.988
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released in a more linear and sustained manner from the FCSG and SCSG
scaffolds, respectively.

Drug release from the hydrogel matrix is influenced by a swelling-
controlled diffusion mechanism, involving simultaneous absorption of
the release medium into the hydrogel matrix and the diffusion of the drug
through the swollen hydrogel rubbery region into the release medium.
These simultaneous actions result in the initial burst release of the drugs.
In this regard, the presence of a nanofibre layer in the composite scaffolds
acts as the diffusion barrier that controls the mobility of drug molecules
and effectively reduces the initial burst release. The additional nanofibre
layer also reduced the effective diffusion coefficient and impeded the
swelling ability, thereby altering the gentamicin released profile to a
sustained release.
mposite (FCSG) and structural composite (SCSO) scaffolds.

Hixon-Crowell Korsmeyers-Peppas

R2 kHC R2 kKP R2 n

0.998 0.007 0.987 9.123 0.997 0.511
0.984 0.005 0.978 5.019 0.984 0.620
0.993 0.005 0.986 4.202 0.993 0.640



Fig. 8. The in vitro anti-bacterial activity (plots of log 10 CFU ml�1) of the hydrogel (HSSG), flat composite (FCSG) and structural composite (SCSO) scaffolds loaded
with gentamicin sulphate against (A) Staphylococcus aureus and (B) Pseudomonas aeruginosa. (C) The bacteria viability percentage after 1 h treatments with the
scaffolds. The results are presented as means � SD, n ¼ 3. (*p < 0.05; **p < 0.01 using one-way ANOVA followed by Tukey's post hoc test).

Fig. 9. In vivo wound-healing study using a Wistar rat model of excisional wound-healing. (A) Representative macroscopic images of the wound without treatment
(untreated), treatment with a flat composite scaffold, structural composite scaffold and structural composite scaffold loaded with gentamicin at 0, 3, 6-, 9-, 12- and 15-
days of healing. Scale bar ¼ 10 mm. (B) The respective wound traces indicate the healing status during the 15 days of the experiment. Quantitative analysis of (C)
wound area and (D) wound-healing percentage as a function of time and treatments. The results are presented as means � SD, n ¼ 6. (*p < 0.05; **p < 0.01 using one-
way ANOVA followed by Tukey's post hoc test).
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The mechanism of gentamicin release from the hydrogel and the
composite scaffolds was determined by fitting the experimental release
data to five different kinetic models as presented in Fig. 7C. The
regression coefficient value (R2) (Table 3) were calculated to determine
the most appropriate model to explain the release kinetics mechanism of
gentamicin. The experimental data show that gentamicin release from
the hydrogel (HSSG) is best fit to the Korsmeyer-Peppas model (R2 ¼
0.997), whereas the composite scaffolds are best fit to the first-order
release model (R2 ¼ 0.986 for FCSG and R2 ¼ 0.993 for SCSG),
implying that the amount of gentamicin released is proportional to the
amount of gentamicin concentration remaining in the scaffold. The
diffusion exponent (n) according to the Korsmeyer-Peppas model indi-
cated that gentamicin release followed non-Fickian diffusion (0.45< n <
11
0.89). The constant k value of the composite scaffolds was also lower
than that of the hydrogel. As this value is dependent on the diffusion path
length and drug diffusivity, this confirmed that the presence of a nano-
fibre layer affects the diffusion path length and tortuosity for drug release
[9,23].

3.5. Antibacterial activity of the gentamicin-loaded composite scaffolds

The antibacterial activity of the fabricated gentamicin-loaded scaf-
folds was tested using dynamic contact conditions according to ASTM
E2149 against gram-negative Staphylococcus aureus and gram-positive
Pseudomonas aeruginosa bacteria. In this experiment, the bacterial sus-
pensions were treated with the gentamicin-loaded hydrogel (HSSG) and



Fig. 10. The histology of excisional wound sections stained with hematoxylin-eosin (H&E) on day 15 after wounding. (A) Normal tissue (healthy, unwounded rat) as
reference. (B) H&E-stained images of untreated wound or treated with flat composite scaffold (FCSO), structural composite scaffold (SCSO) and gentamicin-loaded
structural composite scaffold (SCSG). Scale bar ¼ 800 μm. The insets indicate the sites of the magnified areas (i) peri-lesion and (ii) intra-lesion. Scale bar ¼ 60
μm. The black dotted lines indicate the wound edge in the healing region. The yellow lines indicate the regenerated epithelial layer. Black and red arrows indicate the
sweat glands and hair follicles, respectively. The black and red triangles indicate the inflammatory cells and the blood vessels in the new tissue. Quantitative analysis of
the (C) epithelial gap, (D) epithelial thickness, (E) granulation tissue gap as well as (F) granulation tissue area. The results are presented as means � SD, n ¼ 6. (*p <

0.05; **p < 0.01 using one-way ANOVA followed by Tukey's post hoc test). (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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composite scaffolds (FCSG and SCSG), and the antibacterial activity
related to the growth reduction of the bacteria was determined. Fig. 8A
and B shows the log reduction of S. aureus and P. aeruginosa growth after
1 h treatment in comparison to a hydrogel scaffold without gentamicin
(HSSO) as a control. No reduction in S. aureus and P. aeruginosa CFUs was
observed in control group, whereas these common pathogen at the
12
wound area were effectively killed with the addition of 0.1% of genta-
micin into the fabricated scaffolds as both bacteria showed reduced
viability when treated with gentamicin-loaded scaffolds as shown in
Fig. 8C. For example, treatment with HSSG reduced S. aureus viability by
about 65% (p < 0.05) and killed 83% (p < 0.01) of P. aeruginosa. SCSG
demonstrated the highest antibacterial activity towards both bacterial
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species, leading to reductions of 75% (p < 0.05) and 96% (p < 0.01) of
the S. aureus and P. aeruginosa bacteria, respectively. Overall, all of the
samples showed good antibacterial effects and reduced bacterial level by
more than 50%, supporting the potential used of gentamicin-loaded
scaffolds as wound dressings. The results also proved that the pharma-
ceutical function and antibacterial activity of gentamicin were retained
when loaded into the scaffolds.

3.6. In vivo excisional wound healing study

A rat excisional wound model was used to evaluate the performance
of the fabricated composite scaffold as an actual wound dressing (see
Section 2.9. Materials and methods). Fig. 9 shows that the application of
composite scaffolds as well as the addition of gentamicin to the com-
posite scaffolds provided therapeutic benefits for wound healing in
comparison to the untreated group. As observed in Fig. 9A, most of the
wounds exhibited an acute inflammatory phase in the early stages of
healing (day 3), during which a localised yellowish slough appeared. The
formation of wound scabs was also observed from day 6 and these began
to detach as the healing process progressed. However, this state was not
evident in the gentamicin-loaded scaffold group (SCSG), primarily due to
the antibacterial activity of gentamicin.

The healing percentage was calculated based on the wound reduction
area at specific time by tracing the wound area from the macroscopic
images using ImageJ software. The wound area for all groups decreased
and contracted towards the centre as the healing time progressed
(Fig. 9B), and the quantitative analysis revealed that the wound closure
accelerated with the scaffold treatment. Fig. 9C and D shows that the
SCSG group shows fastest wound closure and highest healing percentage
from dah 3 to day 15 than the other group. Wound area of the SCSG
group was reduced to 9.06 � 1.83 mm2 from the initial wound area
within the first 6 days of healing, with a remarkable increase in healing
percentage of 57.91% (p < 0.01) compared to the other groups. The
SCSG group had the greatest healing percentage, followed by the un-
treated group at 30% (15.44 � 2.20 mm2), the FCSO group at 21%
(13.58 � 0.75 mm2) and the SCSO group at 12% (11.73 � 2.02 mm2).
After 15 days, the wounds treated with SCSG were almost completely
healed, with highest healing percentage of 97.49% (0.56 � 0.37 mm2),
followed by the SCSO group at 92.38% (1.62 � 0.30 mm2) (SCSG and
SCSO: p < 0.05) the FCSO group at 91.31% (1.85 � 0.13 mm2) (SCSG
and FCSO: p < 0.01) and the untreated group at 89.65% (2.24 � 0.42
mm2) (SCSG and untreated: p < 0.01).

3.7. Histological assessment

Histological assessments were performed by staining the sample tis-
sue sections with hematoxylin-eosin (H&E). Fig. 10A presents the sample
of stained-normal tissue section (unwounded rat) to be used as the
reference. The degree of healing was compared at the growing margin of
the granulation tissue adjoining the normal skin (i-perilesional site) and
the reticular dermal centre of the granulation tissue (ii-intralesional site),
as shown in Fig. 10B. The perilesional site showed an increasing number
of skin appendages, such as sweat glands (black arrows) and hair follicles
(red arrows), in the SCSO and SCSG groups. Few appendages were also
found in the granulation tissue area of the SCSG group, indicating faster
tissue regeneration than the other groups. These findings are remarkable,
as hair follicles are seldom regenerated in the initial stage of healing of a
full-thickness skin wound [55].

The extent of wound healing was evaluated based on the inflamma-
tory response, re-epithelialization, and formation of granulation tissue.
The earliest responses after skin injury are those associated with the in-
flammatory reaction. A greater number of inflammatory cells, such as
neutrophils, lymphocytes, and plasma cells, accumulate at the wound site
during inflammation to fight against invading microorganisms. As the
healing process progresses, the proportion of inflammatory cells at the
wound site gradually decreases. Although all groups exhibited an acute
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inflammatory response characterised by distinct polymorphonuclear
leukocytes at the intralesional site, H&E-stained images revealed that the
wound healing efficacy differed for each group. A higher density of blue-
stained inflammatory cells (black triangles) was found in the untreated
group, indicating that a moderate inflammatory reaction was still pre-
sent. By contrast, the inflammation subsided with the scaffold treatment,
which resulted in less exudate and fewer inflammatory cells. The SCSG
group had the fewest inflammatory traces, possibly due to the anti-
inflammatory effects of gentamicin.

Proliferation occurs after the inflammation recedes and leads to re-
epithelialization, the formation of granulation tissue and restoration of
a vascular network. These restore the structure and function of the
wounded skin by replacing the provisional wound matrix formed during
haemostasis [56]. During re-epithelialization, the epidermal keratino-
cytes from the basal layer of the wound edge proliferate, differentiate,
and migrate towards the wound area, constructing a new epithelial layer
and restoring the skin barrier. The epithelial gap defined as the distance
between the advancing edges of epidermis, and the epithelial thickness
were used to determine the degree of epithelialization. The quantitative
analysis in Fig. 10C indicate that the epidermis in the untreated group
was not fully healed, as the wounds revealed partial epithelialization
with incomplete closure of the epithelial layer, with average epithelial
gap of 3.72 � 0.73 mm. The wounds in the untreated group were left
exposed to the air without treatment causing the cells to dehydrate and
die, forming a scab and crust over the wound which impairs
re-epithelialization. By contrast, the application of microstructural scaf-
folds promoted the regeneration of a new epithelial layer, as evidenced
by the significant reduction of the epithelial gap. The SCSG group had the
smallest average epithelial gap (0.63 � 0.24 mm) compared to the SCSO
group (0.93 � 0.15 mm). The regenerated epithelial layer in SCSG group
is also the thickest (0.10 � 0.02 mm) compared to other groups
(Fig. 10D) with more stratified epithelium indicating better
re-epithelialization.

Granulation tissue maturation is another important indicator of
wound healing; hence, the gap and the area of the produced granulation
tissue were examined. Wounds treated with SCSG had the smallest
average granulation tissue gap (2.48 � 0.46 mm) between the healthy
dermis on both sides of the wounds as presented in Fig. 10E, with gap
differences of 2.03 � 0.29 mm (p < 0.01) from untreated, 0.89 � 0.45
mm from FCSO and 0.49 � 0.10 mm from SCSO. According to Fig. 10F,
the SCSG group also had the smallest unhealed wound area, as measured
by the granulation tissue area, at about 4.05 � 0.93 mm2, significantly
smaller than the untreated group (7.39 � 1.68 mm2) (p < 0.05).
Furthermore, in the scaffold treatment groups, the regenerated collagen
fibres and fibroblasts under the granulation tissue area appeared more
mature, arranged in a horizontal direction in fascicle-to-sheet-like pat-
terns, as opposed to the untreated group, where the fibres and fibroblasts
were arranged in a reticular pattern with vertically and horizontally
mixed orientations.

During the proliferative stage of angiogenesis, the restoration of new
vasculature and capillaries is critical to ensure oxygen and nutrients
supply to the growing tissues required for effective wound healing. New
capillaries grow at a rapid rate during the early stages of wound healing,
resulting in an abundant network of new blood vessels and a vascular bed
with denser capillaries than does normal tissue. Wound angiogenesis
suppressed gradually when tissue hypoxia is restored, as the level of
growth factors in the granulation tissue decreases and the inflammation
subsides. This causes the newly formed capillaries to regress and the
normal vascular density is restored [57]. Therefore, the evaluation of
wound angiogenesis can often be correlated with healing progression.
Compared to the normal tissue (unwounded skin) in Fig. 11A, a higher
blood vessel density was still visible in the granulation tissue area of
wounds in the untreated group (Fig. 11B) at day 15, as reflected by the
high CD31 expression. The density of blood vessels in the scaffold
treatment groups, on the other hand, is comparable to that of normal
tissue, suggesting that the wounds undergo faster healing. Fig. 11C shows



Fig. 11. Expression of the vascular endothelial marker CD31 (green) with nuclei counterstained with DAPI (blue). (A) Normal tissue (healthy, unwounded rat) as
reference. (B) CD31 expression for untreated wound or treated with flat composite scaffold (FCSO), structural composite scaffold (SCSO) and gentamicin-loaded
structural composite scaffold (SCSG). The neovascularisation (yellow arrows) was lowest in the SCSG group compared to the other groups. Scale bar ¼ 800 μm.
The insets indicate the sites of the magnified areas (i) peri-lesion and (ii) intra-lesion. Scale bar ¼ 100 μm. (C) Quantitative analysis of neovascular area measured at
the granulation tissue area. (*p < 0.05; **p < 0.01 using one-way ANOVA followed by Tukey's post hoc test). (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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that the average neovascular area of the scaffold treatment groups is
significantly lower (p< 0.01) than the untreated group. For instance, the
average neovascular area of the SCSG group was approximately 0.27 �
0.07 μm2, or about 12-fold lower at day 15 compared to the untreated
group.

Taken together, the results indicated better healing of a full-thickness
skin wound treated with SCSG at day 15, followed by the SCSO and then
the FCSO groups compared to the untreated group. The healing efficacy
of the SCSG and SCSO scaffolds was attributed to the scaffold structural
topography, which stimulated fibroblast directionality and migration to
potentially accelerate wound closure. The SCSG group had the highest
healing efficacy, it is reasonable to speculate that the combined effects of
structural topography and gentamicin promote wound healing and tissue
regeneration, particularly in the early stages of healing, due largely to the
ability of gentamicin to modulate the wound inflammatory environment.

4. Conclusion

A nanofibre/hydrogel composite scaffold was successfully fabricated
by integrating highly aligned nanofibres on the top and bottom surfaces
of a hydrogel layer intended as a wound dressing. The porosity and the
swelling ability of the composite scaffold decreases with the presence of
nanofibre layers. The composite scaffold showed a significantly higher
tensile strength up to 1560 kPa, 465% of elongation, and a yield strength
of approximately 750 kPa due to the interfacial bonding between the
nanofibre surface and the hydrogel network. Two engineering strategies
were applied to improve the bio-functionality of the composite scaffold
including: generating microstructural arrays on the surface of the nano-
fibre top layer to regulate cell behaviour and loading gentamicin into the
hydrogel middle layer to provide antibacterial activity. The multidi-
mensional surface provided by the structural composite scaffold modu-
lated fibroblast cells to develop longer filopodial protrusions and
achieved the highest aspect ratio of approximately 30.31 compared to a
flat composite scaffold where the cells elongated to 17.93. The in vitro
wound healing study found that consistent alignment of fibroblast cells
on the structural composite scaffold guided cell migration, with the cells
stretching further over the wound site to cover 33.54% of the wound gap,
potentially accelerating wound closure. Hemolysis rate of the structural
composite scaffold is 2.09%, which is lower than the critical value set
according to the standard, proving that the scaffold is safe for practical
applications. Gentamicin-loaded composite scaffolds killed more than
50% of S. aureus and P. aeruginosa bacteria, confirming good antibacterial
activity of the scaffolds. The application of a gentamicin-loaded struc-
tural composite scaffold as an excisional wound treatment resulted in
healing of 97.49% of the wound area, and histological examination
revealed less inflammation, a smaller epithelial gap and granulation
tissue area, indicating faster healing progression. Overall, the findings
provide good insights for the development of multifunctional composite
scaffolds to promote wound healing.
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