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In order to provide more effective treatment strategies for the rapid healing
of diabetic wounds, novel therapeutic approaches need to be developed.
The therapeutic potential of peroxisome proliferator-activated receptor-γ
(PPAR-γ) agonist pioglitazone hydrochloride (PHR) in two different release
kinetic scenarios, burst release and sustained release, was investigated
and compared with in vitro and in vivo tests as potential wound healing dres-
sings. PHR-loaded fibrous mats were successfully fabricated using
polyvinyl-pyrrolidone and polycaprolactone by scalable pressurized gyra-
tion. The results indicated that PHR-loaded fibrous mats expedited
diabetic wound healing in type-1 diabetic rats and did not show any cyto-
toxic effect on NIH/3T3 (mouse embryo fibroblast) cells, albeit with
different release kinetics and efficacies. The wound healing effects of fibrous
mats are presented with histological and biochemical evaluations. PHR-
loaded fibrous mats improved neutrophil infiltration, oedema, and inflam-
mation and increased epidermal regeneration and fibroblast proliferation,
but the formation of hair follicles and completely improved oedema were
observed only in the sustained release form. Thus, topical administration
of PPAR-γ agonist in sustained release form has high potential for the treat-
ment of diabetic wounds in inflammatory and proliferative phases of healing
with high bioavailability and fewer systemic side effects.
1. Background
Diabetesmellitus (DM) is a group ofmetabolic disorders, which occurs as a result
of hyperglycaemia following insulin resistance and/or deficiency in insulin
secretion [1]. Wounds associated with diabetes and poor healing are one of the
most common serious complications, and may cause severe infections, potential
amputation and poor quality of life [2]. Therefore, novel therapeutic approaches
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need to be developed alongside the development of technology
to regulate reactive oxygen species to improve the treatment of
diabetic wounds.

In recent years, the study of controlled release of drugs
and bioactive agents from polymeric materials has attracted
the attention of many researchers from around the world [3].
Controlled drug delivery applications include both sustained
delivery over days/weeks/months/years and targeted deliv-
ery on a single or sustained basis [4]. Controlled release
formulations can be used to reduce the amount of drug necess-
ary to provide the same therapeutic effect in patients. Another
undoubted advantage is improved patient compliance. In
many of the controlled release formulations, immediately
upon placement in the release medium, an initial large bolus
of drug is released before the release rate reaches a stable pro-
file. This phenomenon is called ‘burst release’ and it leads to
higher initial drug delivery and also reduces the effective life-
time of the device. Burst release has been used to deliver
drugs at high release rates as part of the drug administration
strategy [4,5]. Burst release may be the optimal mechanism of
delivery in several instances. It has been shown that many
drugs need to be administered at varying rates, and for some
drugs, such as those used at the beginning ofwound treatment,
an initial burst provides immediate relief followed by pro-
longed release to promote gradual healing [6]. In order to
ensure burst release, the matrix type (monolithic) controlled
drug release system, which is a diffusion-controlled system,
was createdwith polyvinylpyrrolidone (PVP) at three different
polymer ratios. To compare burst release with sustained
release, sustained release dosage form of pioglitazone hydro-
chloride (PHR) was successfully achieved using fibres
blended with polycaprolactone (PCL). However, novel press-
urized gyration (PG) was used to make the fibres (mats) [7,8].

PG process technique plays a crucial role in the mass pro-
duction of fine fibres since it brings together controlled gas
pressure and chamber rotation speed simultaneously [9]. The
PG system consists of a rotary cribriform chamber which
spins at 12 000–36 000 r.p.m. and 1 × 105–3 × 105 Pa of pressur-
ized gas (nitrogen) applied inside the top of the chamber [10].

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors of the nuclear hormone
receptor superfamily comprising the following three
subtypes: PPAR-α, PPAR-γ and PPAR-β/δ. In skin wound
healing, PPAR-α participates in the control of the early inflam-
mation phase of the healing, PPAR-β regulates keratinocyte
proliferation, adhesion and migration, and PPAR-δ promotes
fibroblast proliferation. However, the role of PPAR-γ in
wound healing is not well elucidated [11]. PPAR-γ has been
studied especially in diabetes and obesity due to its role in reg-
ulating glucosemetabolism, adipocyte differentiation and lipid
metabolism. PPAR-γ has been recognized as playing a funda-
mentally important role in the immune response through
its ability to inhibit the expression of inflammatory cytokines
and to direct the differentiation of immune cells toward
anti-inflammatory phenotypes [12]. It has been shown that
PPAR-γ efficiencydelays skinwoundhealing through impairing
apoptotic cell clearance in mice [13]. Thus, it is theoretically
possible that, in the future, tissue repair or fibrotic responses
might be controlled by thiazolidinediones or similar drugs that
modulate PPAR-γ activity. Synthetic PPAR-γ agonists such as
thiazolidinediones (e.g. troglitazone, pioglitazone and rosiglita-
zone) are in clinical use to treat type 2 DM. In our study, PHR
was chosen and loaded into PVP and PVP/PCL fibrous mats.
The novelty of this work is summarized as fibrous mats are
used for the treatment of wound healing with two different
release kinetics, burst release and sustained release. Both
release kinetics are used as a treatment strategy for wound
healing but there is no investigation for a comparison of
these release kinetics in the same research with in vivo tests
and further investigations with biochemical and histological
analysis at specific time intervals. There is no literature on
which release kinetics of drug-loaded fibrous mats will be
more effective in which wound healing phase. However,
there are a few reports investigating the in vivo biological out-
comes of drug delivery systems with different release kinetic
profiles. In this study, we examine the biological impact of
different release kinetics of PHR-loaded fibres in a 14-day
wound healing test in diabetic rats; also neutrophil infiltration,
oedema, inflammation, epidermal regeneration and fibroblast
proliferation were histologically and biochemically investi-
gated at the wound site. Besides, morphology, physical and
chemical composition, thermal properties, drug release
behaviours, and in vitro cytotoxicity of PHR-loaded PVP
fibres, PHR-loaded PVP/PCL fibres, and pure fibres were
investigated.
2. Methods
Materials and methods for preparation and characterization of
solutions, preparation and characterization of fibrous mats,
scanning electron microscopy (SEM), attenuated total reflection-
Fourier transform infrared spectroscopy (ATR-FTIR), X-ray
powder diffraction (XRD), drug encapsulation efficiency, in vitro
PHR release kinetic assay, tensile test of fibrous mats, methylthia-
zolydiphenyltetrazolium bromide (MTT) viability assay, in vivo
wound healing experiments, biochemical analysis, histopatho-
logical analysis and statistical analysis are given in electronic
supplementary material, information S1.
3. Results and discussion
3.1. Preparation of fibrous mats
Different solutions were prepared in order to fabricate fibrous
mats using PG. Solution viscosity affects fibre size and mor-
phology [14]. There is a direct correlation between viscosity
and fibre quality. Also, the surface tension has a key role in
influencing the PG process of polymer solutions. Fibres can
be beaded or may not form due to high surface tension
[15]. A lower surface tension promotes greater fibre stretching
as less force is required to overcome the surface tension [16].
The surface tensions of pure PVP solutions were 11.5, 12.0,
12.9, 13.9 and 15.0 mN m−1 for 10%, 12%, 15%, 18% and
20% (w/v) PVP, respectively (figure 1a). At the same time,
viscosities of pure PVP solutions were 231.6, 386.1, 830.0,
1158.0 and 2727.0 mPa s, respectively (figure 1b). By the
adding PHR (12 mg ml−1) to the solutions, surface tension
and viscosity increased (12.1 versus 12.0 mNm−1 and 440.2
versus 386.1 mPa s for 12% (w/v) PVP solutions; 13.0 versus
12.9 mNm−1 and 894.5 versus 830.0 mPa s for 15% (w/v)
PVP solutions; and 14.0 versus 13.9 mNm−1 and 1676.0
versus 1158.0 mPa s for 18% (w/v) PVP solutions, respect-
ively). For pure PVP/PCL blended solutions, the surface
tensions were measured as 14.7, 15.2 and 16.2 mNm−1; and
viscosities were measured as 610.4, 618.2 and 627.4 mPa s for
the three different ratios (wPVP/wPCL = 6/4, 7/3 and 8/2,
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Figure 1. The key physical properties of all solutions used in the experiments: (a) surface tension and (b) viscosity. (c) The production yield of all fibrous mat
samples. (Online version in colour.)
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respectively). By adding PHR to the solution, surface tension
and viscosity decreased (13.1 versus 14.7 mNm−1 and 601.0
versus 610.4 mPa s, respectively). All PHR solutions were tai-
lored to have suitable properties and therefore bead-free
fibrous mats were produced with 12%, 15% and 18% (w/v)
PVP and 12% (w/v) PVP/PCL solutions.

In the PG process, there are several important parameters
such as working pressure and rotational speed. The gas
pressure affects the yield of fibres fabricated by PG. The pro-
duction yields per millilitre for each sample were calculated
(figure 1c). 36 000 r.p.m. and 1 × 105 Pa were chosen for the
experiments. Ideal fibre morphologies and required pro-
duction yield were not obtained at lower rotational speed
and higher gas pressures.
3.2. Morphological characterization of fibrous mats
The change in the fibre size and morphology of pure PVP and
PVP/PCL fibrous mats and also PHR-loaded PVP and PVP/
PCL fibrousmats produced via PG in different polymer concen-
trations were investigated using SEM. Firstly, in order to
determine the optimized PVP concentrations, pure fibrous
mats in five different PVP concentrations (10%, 12%, 15%,
18%, 20%, w/v) were fabricated using PG. According to the
results obtained, three different polymer ratios (12%, 15% and
18%, w/v) were chosen to fabricate PHR-loaded PVP fibres
(figure 2).

Under the same PG conditions, fibres had greater diameter
with increasing polymer concentration. At the lowest polymer
concentration (10%, w/v), PVP fibres were of diameter w =
1512.62 ± 455.02 nm, and it increased to w = 1532.26 ± 519.19,
w = 1539.47 ± 677.15, w = 2031.96 ± 893.54 and w = 3216.92 ±
1699.42 nm for 12%, 15%, 18% and 20% (w/v), respectively
(electronic supplementary material, figure S1). Although the
lowest fibre diameter belongs to 10% PVP fibres, the lowest fre-
quency (approx. 20%) and the lowest production yield
(12.4 mg ml−1) were also obtained at that ratio. Besides, 12%
PVP fibres had similar diameter but the production yield
(17 mg ml−1) was higher than 10% PVP fibres. Therefore,
10% PVP concentration was not preferred for further studies.
On the other hand, 20% PVP concentration was not chosen
due to larger diameter fibres and beaded morphology, com-
pared to other ratios. The production yields of pure PVP
fibres from the lowest concentration to highest were 12.4,
17.0, 24.4, 26.6 and 30.4 mg ml−1 solution, respectively.

When we examine the PHR-loaded PVP fibres, production
of those fibres with 12%, 15% and 18% PVP solutions caused
fibres to be homogeneously dispersed and distributed within
the polymer matrices. The diameter of fibres decreased con-
siderably by adding PHR compared to their pure forms. The
diameters of PHR-loaded 12%, 15% and 18% PVP fibres were
w = 603.24 ± 163.50, w = 1093.47 ± 335.98 and w = 1118.10 ±
454.44 nm, respectively (electronic supplementary material,
figure S1). However, the production yields of PHR-loaded
fibrous mats were lower than pure PVP fibrous mats in the
same polymer ratios: 15.8, 22.4 and 25.0 mg ml−1 solution at
12%, 15% and 18% polymer ratios, respectively.

The same strategywas pursued to determine the optimized
PVP/PCL ratios and pure fibrous mats of the three different
PVP/PCL concentrations (wPVP/wPCL = 6/4, 7/3 and 8/2;
12%, w/v) were fabricated using PG. According to the results
obtained, PHR-loaded PVP/PCL fibre was fabricated with
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the optimized polymer ratio (wPVP/wPCL = 6/4, 12%, w/v)
(figure 2). It was observed that the diameter of fibres increased
with the increase of PCL ratio in PVP/PCL fibrous mats.
The diameter of fibres for pure PVP/PCL (wPVP/wPCL = 8/2)
fibres was w = 677.40 ± 230.89 nm and it increased to w =
805.62 ± 350.98 and w = 812.17 ± 345.36 nm at wPVP/wPCL =
7/3 and wPVP/wPCL = 6/4 polymer ratios, respectively
(electronic supplementary material, figure S2).

The fibre diameter is one of the variables that can be con-
trolled to arrange the rate of fibre dissolution and alter drug
release. In brief, fibre of higher diameter has lower surface
area and would lead to a delayed release compared to smaller
diameter fibre. In this study, since we have focused on drug
release differences and we aim to reveal these differences
in the clearest way, fibre with the highest PCL ratio (wPVP/
wPCL = 6/4) was chosen to load PHR for further studies. Fur-
thermore, the fact that its homogeneity was quite similar to
the other two fibre ratios was another advantage that led to
the selection of ratio (wPVP/wPCL = 6/4). The production
yields of pure PVP/PCL fibres were 13.52, 14.00 and
18.36 mg ml−1 solution for wPVP/wPCL = 6/4, 7/3 and 8/2,
respectively. The diameter of fibres increased due to adding
PHR (w = 900.67 ± 390.98) compared to the pure form (electro-
nic supplementary material, figure S2). Additionally, the
production yield of PHR-loaded fibrous mats (12.00 mg ml−1)
was lower than pure PVP fibrous mats.
3.3. Fibre composition
ATR-FTIR was used to analyse molecular contents of fibrous
mats and it was confirmed that PHR was encapsulated success-
fully into the PVP and PVP/PCL fibrous mats. The molecular
structures of pure PVP, pure PCL, pure PHR and all PHR-
loaded fibrous mats fabricated by PG are shown in figure 3
and spectra of pure fibrous mats are given in electronic sup-
plementary material, figure S3, which shows the characteristic
C=O stretching peak for the crystalline component at 1720 cm−1,
CH2 asymmetric and symmetric stretching bands at 2945
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and 2866 cm−1, respectively; C–H group bending at 1471 and
1417 cm−1, O–Hbending at 1396 and 1364 cm−1; C–O stretching
band in the crystalline phase at 1293 cm−1, C–O–C asymmetric
and symmetric stretching bands at 1238 and 1165 cm−1 all
belong to PCL. The latter is the amorphous phase of PCL. For
pure PVP, the O–H stretching vibration band at 3439 cm−1 is
caused by amide–iminol tautomerism, C–H asymmetric stretch-
ing band at 2944 cm−1, characteristic amide C=O stretching
vibration, the most intensive absorption band, at 1655 cm−1 are
found. CH2 scissoring at 1492 cm−1, C–N stretching vibrations
at 1459 and 1419 cm−1, C–H bending bands at 1371 and
1314 cm−1, the characteristic absorption bands of C–N stretching
at 1282 and 1268 cm−1, and CH2 twist bands at 1226 and
1166 cm−1 are also observed [7,8].

FTIR spectra of PHR pure drug shows peaks at 2925 and
2740 cm–1 due to aliphatic C–H asymmetric and symmetric
stretching [17]. The characteristic bands are amide C=O
stretching at 1741 cm−1, C=N stretching at 1509 cm−1 and
C–O stretching at 1242 cm−1. Besides, C=C stretching at
1607 cm−1, ring C–N stretching at 1461 cm−1, aliphatic C–O–
C at 1109 cm−1 and C–S stretching at 659 cm−1 were observed
[18]. Compared with the pure PVP and PCL absorption spec-
tra, new peaks at 1741, 1509 and 1242 cm−1 belonging to
PHR were observed in all PHR-loaded fibrous mats. For the
PCL/PVP composite system, peaks at 2945, 2866 and
1720 cm−1 belong to PCL and the peaks at 1655 and
1282 cm−1 belong to PVP. These results indicate successful for-
mulation anddrug encapsulation. Besides, itwas observed that
there was no polymer–drug interaction.

3.4. X-ray powder diffraction
XRD studies were carried out on all PHR-loaded samples to
confirm the encapsulated PHR in the PVP and PVP/PCL
fibrous mats and pure samples to confirm accurate production
(figure 4 and electronic supplementary material, figure S4,
respectively). The XRD pattern of PHR is characterized by
major peaks at 12.9, 20.0, 22.7, 26.1 and 28.1 2θ. The diffraction
peaks of PVP were found at 11.9 and 20.9 2θ [19,20]. XRD
results confirm that existing compounds were found in PHR-
loaded PVP fibrous mats. PCL is characterized by a sharp
peak at 21.0 2θ and a relatively low-intensity peak at 23.5 2θ
and these peaks show the crystalline nature of PCL in pure
and PHR-loaded PVP/PCL fibrous mats [21]. The halo diffrac-
tion pattern sighted between 10 and 40 2θ is the characteristic
amorphous material showing a degree of amorphous charac-
teristic in the drug-loaded fibrous mats, which is most
probably related to the polymeric carrier [22].

3.5. Tensile properties of fibrous mats
Tensile strength and strain at break are shown in figure 5a,b,
respectively. These results show that pure fibrous mats have
greater tensile strength than PHR-loaded fibrous mats at the
same polymer ratios (0.274 ± 0.114 versus 0.244 ± 0.146 MPa
for PVP 12%; 0.796 ± 0.277 versus 0.274 ± 0.220 MPa for PVP
15%; 0.805 ± 0.287 versus 0.389 ± 0.212 MPa for PVP 18%;
0.677 ± 0.253 versus 0.321 ± 0.105 for PVP/PCL 12%). Besides,
PVP/PCL composite fibres have better tensile strength com-
pared to PVP fibres in the same polymer ratio (12%, w/v).
We observed similar outputs from the results of strain at
break. It is clearly seen that the tensile strength increases as
the fibre diameter increases.

3.6. Melting behaviour of fibrous mats
The melting temperatures (Tm) of the PVP/PCL composites
were close to the value of 60°C normally found for pure
PCL. The Tm of pure PVP/PCL and PHR-loaded PVP/PCL
fibrous mats were 61.45°C and 60.95°C, respectively. The
addition of PHR to the polymer composite slightly decreased
the Tm. The Tm could not be seen in PVP samples due to the
amorphous structure (electronic supplementary material,
figure S5).

3.7. In vitro drug release
In vitro drug release kinetic assays for PHR-loaded fibrous
mats were performed according to the first-order model. Pri-
marily, the UV spectra were obtained with the concentration
range of PHR from 2 to 10 µg ml−1 and a linear standard cali-
bration curve was drawn from PHR absorption values (R2 =
0.99925) obtained for the quantitative determination of drug
release (figure 6a). The released PHR was determined from
UV absorbance measured at 216 nm. Besides, the encapsula-
tion efficiencies within the PHR-loaded fibres were calculated
and they are relatively high (figure 6b). The highest
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encapsulation efficiency for PHR-loaded fibres belongs to
PHR-loaded PVP (12%) with 97.59 ± 1.23%. Afterwards, in
vitro release studies were performed over a period of 14
days for PHR-loaded PVP/PCL fibres and for 1 h for PHR-
loaded PVP fibres in order to determine the release kinetics
of encapsulated PHR. The release profiles of PHR-loaded
fibres were measured in phosphate-buffered saline of pH
7.4 and a controlled temperature of 37°C to mimic the
physiological conditions of living organisms.

As shown in figure 6c, all of the PHR-loaded PVP fibres
showed a burst drug release in approximately 60 min, which
is attributed to the highly water soluble nature of PVP. How-
ever, PHR release rates were different for various polymer
ratios. PHR release rate reached 69.1% in PVP (12%) fibres,
while drug release from the two other fibres reached 67.8%
and 65.3% for PVP (15%) and PVP (18%) ratios, respectively.
When the polymer ratio increased in PHR-loaded PVP fibres
from 12% to 18%, the released PHR ratio in the first 5 min
decreased from 69.1% to 65.3%.

On the contrary, PHR-loaded PVP/PCL fibres showed a
sustained drug release over 14 days, which is attributed to
the hydrophobic character of PCL (figure 6d ). PHR was
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released in a controlled manner until the last day of the test
and peaked on 14th day. In total, 93% of encapsulated PHR
was released within 14 days for PVP/PCL fibre. As a
result, PHR was released from PVP and PVP/PCL fibres suc-
cessfully but PVP/PCL fibres demonstrated a much slower
rate compared to PVP fibres. Besides, the biological effects
of different drug release kinetics for PHR were observed in
diabetic wound healing in rats.

3.8. Evaluation of cell viability
The cytotoxicity of the fibrous mats was evaluated by the
MTT assay. The cytotoxicity test indicated that PHR-loaded
fibrous mats had no cytotoxic effect compared to control at
72 h (figure 7). In pure fibrous mats, only two different con-
centrations (12% and 18%, w/v) of PVP fibres showed
cytotoxic effects ( p < 0.05) compared to control group (3T3).
Therefore, these PVP fibres were not applied as a control
group in animal trials. As a result, the biocompatibility test
demonstrated that PHR-loaded fibrous mats have suitable
cytocompatibility, and can be recommended for the further
development of biomedical applications.

3.9. Evaluation of wound healing ability
The in vivo tests consist of four different groups. The exper-
imental design of wound healing experiments is shown in
detail in electronic supplementary material, figure S6. PVP/
PCL (12%, w/v) fibres were chosen as the pure fibre group
because they did not show any cytotoxic effects compared to
pure PVP fibres and also PHR-loaded PVP (12%, w/v) fibres
were chosen for burst release investigations because they had
better morphology and smaller diameter compared to the
other PHR-loaded PVP fibres.Wound areas of diabetic animals
were monitored during the healing process. Representative
illustrations from an animal belonging to each group (control,
pure PVP/PCL fibres, PHR-loaded PVP fibres, PHR-loaded
PVP/PCL fibres) on days 0, 3, 7, 14 following wound creation
are given in figure 8a. Although there were no significant
macroscopic alterations on the first 3 days, wound closures in
C and D groups on 7th day were visibly faster than those
in A and B groups. Especially, it can be clearly observed that
D group displayed a faster healing process on day 7. The
changes in the wound areas on several days reflect different
parts of the healing process (figure 8b).
On day 3, the animals treated with both PHR-loaded PVP
( p < 0.01) and PVP/PCL fibres ( p < 0.001) showed a signifi-
cant fall in wound area compared to those in control and
pure PVP/PCL groups. Thus, the means of the wounded
area with PHR-loaded PVP and PHR-loaded PVP/PCL
fibres decreased to 66.3 ± 5.1% and 69.7 ± 3.8%, respectively,
when control animals decreased to 82.5 ± 4.9%. PHR-loaded
PVP fibre group showed a better improvement (p < 0.05) in
wound closure than PHR-loaded PVP/PCL fibre group on
day 3. This reversion could be attributed to burst release
of PHR from PVP fibres on day 3 because it provides more
PHR concentration in the wound environment compared
with PVP/PCL fibres. Conversely, on day 7, animals treated
with PHR-loaded PVP/PCL fibres displayed a better recovery
( p < 0.05) than those with PHR-loaded PVP fibres. It can be
said that for day 7, due to the decrease in the amount of PHR
release from PVP fibre, the healing effect was less. However,
the sustained release of PHR from PVP/PCL fibres probably
provided a more effective drug concentration than those
affected by burst release in the wound area on day 7. Hence,
the curative effect of burst release was inferior to those of sus-
tained release at this time point. After that, there is no
significant difference between PHR-loaded fibre groups on
days 10, 12 and 14.

Whenwe consider the 12th and 14th day, there is no signifi-
cant difference in wound closure among treatment groups;
considered to be the normal wound healing process. Besides,
no remarkable differences were observed between groups
macroscopically in figure 8a. Although animals with pure
PVP/PCL fibres healed faster than control animals, they
showed slower wound healing than PHR-loaded fibres at
each time point except on days 12 and 14. These results are con-
sistent with our previous estimations about diabetic wound
healing, which are the burst release of PHR from PVP fibre,
reaching high concentration and showing a better prognosis
than other fibre groups did on day 3. Then, on day 7, PHR-
loaded PVP/PCL fibre groups showed significant improve-
ment in wound closure compared to PHR-loaded PVP fibre
groups due to the sustained release of PHR.

Wound healing is a process that includes four stages occur-
ring in synchrony, namely haemostasis, inflammation,
proliferation and remodelling. Broadly, the inflammatory
phase lasts around 6 days following an injury and several leu-
cocytes like macrophages migrate into the wound area. The
proliferative phase involves the proliferation of fibroblasts
and keratinocytes and happens between days 4 and 10 follow-
ing wound creation. The fourth phase, remodelling, begins
around day 7. During this phase, the formation of extracellular
matrix and collagen fibres increases. In diabetes, the healing
process is not well orchestrated due to excessive inflammatory
reactions so chronic ulcerations develop. As a PPAR-γ agonist,
PHR shows potential anti-inflammatory properties. In some
studies, it is claimed that PPAR-γ plays a key role in suppres-
sing the fibrogenic response by antagonizing TGF-β activity
on wound healing [23]. In this study, we ascertained this
claim to be the opposite and we observed that PHR led to a
faster wound healing in diabetic conditions. It is also found
that the healing effect of PHR began from day 3 and lasted to
day 14. The beneficial effects of PHR on days 3 and 10 were
stronger than those of other days. Hence, we hypothesize
that PHR has curative properties in diabetic wound healing
especially for inflammatory and proliferative phases, and
these effects come from its anti-inflammatory actions.
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3.10. Evaluation of histological outcomes
The wounded tissues were stained with haematoxylin and
eosin (H&E), and their histopathology was investigated and
scored on days 3, 7 and 14 (figure 9 and table 1). Histological
images of skin wounds from each of the four groups are
shown in figure 9a. On day 3, neutrophil infiltration and
oedema were evident in all groups with scab formation and
few disorganized collagen fibres and fibroblasts. Besides,
decreased neutrophil infiltration was observed only in PHR-
loaded PVP fibres due to burst release kinetics of PHR. On
day 7, decreased oedema and neutrophil infiltration, and
increased epidermal regeneration and fibroblast proliferation
in both PHR-loaded fibre groups were observed compared to
the other groups. However, PHR-loaded PVP/PCL fibres
showed stronger effects on decreasing oedema and neutrophil
infiltration, and increasing epidermal regeneration. On day 14,
PHR-loaded fibre groups showed clearly developed epithelia-
lization, and increased fibroblast proliferation compared to
the other groups. No neutrophil infiltration was observed in
both PHR-loaded fibre groups but oedema was improved
completely only in PHR-loaded PVP/PCL group (table 1). In
addition to this, the formation of hair follicles was observed
only in the PHR-loaded PVP/PCL fibre groups. Wound length
measurements were made in rats of all four groups (figure 9b).
On day 3, no significant difference between groups was
observed; however, on days 7 and 14, both PHR-loaded PVP
and PHR-loaded PVP/PCL fibre groups revealed decreased
wound length (p< 0.05) in comparison to controls. The PHR-
loaded PVP/PCL fibre group had significantly lower wound
length compared to the PHR-loaded PVP fibre group on both
days 7 and 14 (p< 0.05). The indexes mentioned in electronic
supplementary material, table S1, were used for the scoring.
3.11. Evaluation of biochemical analysis
The concentration of a pro-inflammatory cytokine, TNF-α, in
the wound areas on day 14 was measured according to the
manufacturer’s instruction using an ELISA kit (figure 10).
On the last day of the experiment the expression level of
TNF-α was significantly lower in PHR-loaded PVP fibres



Table 1. Histological scoring on days 3, 7 and 14. H&E stained sections (n = 6 in each group) were scored as none (−), mild (+), moderate (++) and severe
(+++).
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Figure 10. The level of tumour necrosis factor-alpha (TNF-α) in the
wounded area of all groups on day 14 after surgical incision. The statistical
analyses were carried out with ANOVA test and Bonferroni’s post hoc test.
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0.001. (Online version in colour.)
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( p < 0.05) and PHR-loaded PVP/PCL fibres ( p < 0.001) treat-
ment groups compared to control group. Moreover, the
decrease of TNF-α level in the PVP/PVL fibres group was
statistically more than those in PVP fibres group (p < 0.05)
and pure fibre group ( p < 0.01).

Inflammation is the first response by the body when sub-
jected to a skin injury and subsides in less than 5 days [24].
Adequate production of pro-inflammatory mediators is essen-
tial to recruit neutrophils and macrophages into the injured
site and also to remove bacteria and concomitants from there
[25]. However, the sustained expression of these cytokines
might lead to more and more inflammatory cell infiltration
[24]. Hence, a prolonged inflammatory stage is observed
after the end of 5 days, which is known as the late inflamma-
tory phase which might last up to 7 days [26]. In several
metabolic diseases such as hyperglycaemia and oxidative
stress, this situation is the main responsible factor behind
delayed-wound healing [27]. The proliferative and remodel-
ling phases come later and it can be expected that at the end
of day 14, wounds are fully covered with neodermis [28].

IL-1β, IL-6 and TNF-α are the primary pro-inflammatory
cytokines participating in the migration of immune cells and
play a major part in the inflammatory phase. Conversely,
IL-10 inhibits pro-inflammatory cytokines and assists wound
healing [29]. Previous studies have reported that the expression
of TNF-α as well as inflammatory cells was higher in chronic
wounds [30,31]. In the present study, the diabetic animals
showed a significantly elevated level of TNF-α compared to
fibre-treated groups at the end of day 14, which is coherent
with the histological findings in that neutrophil infiltration
and oedema were still abundant at the same time. Moreover,
the PVP/PCL fibre groups had a relatively better healing
effect compared to the control group due to long-lasting prop-
erties. In addition, TNF-α might prevent the cutaneous step of
wound healing through inhibiting the fibroblast actions stimu-
lated by transforming growth factor (TGF-β) and type-1
collagen production [32,33].

Another contribution leading to the prolonged inflamma-
tory phase is considered to be impaired macrophage
recruitment. Macrophages are classified into two main groups
associated with their metabolism and secretory mediators
called M1 and M2. While M1 cells (pro-inflammatory) activate
the inflammatory pathways by enhancing the expression of
inflammatory mediators such as TNF-α, IL-1 and IL-6, M2
cells (pro-resolution) are capable of alleviating inflammation
by producing anti-inflammatory mediators like IL-10 [34–36].
In healthy conditions, there is a balance between the subtypes
of macrophages recruited over time, which helps wound heal-
ing in a systematic way. In early phases, M1 cells are
dominant in the wounded site. As the proliferative phase
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emerges, the shift fromM1 to M2macrophages occurs and res-
olution of inflammation hastens [37]. However, in diabetes,
there is a predominance of M1 macrophage type, which
encourages the production of inflammatory cytokines and
blocks inflammation resolution [26,38].

A PPAR-γ agonist, pioglitazone, binds specific DNA
sequences, which in return exhibit intense anti-inflammatory
properties either by activating pro-resolving genes, or by inhi-
biting pro-inflammatory gene transcription or both [39,40].
It has been demonstrated that PPAR-γ activation diminishes
the expression of pro-inflammatory proteins and genes
including TNF-α [41,42]. Moreover, PPAR-γ activity induces
the resolution of inflammation by decreasing M1 cells and
increasing M2 cells [38,43,44]. Hence, faster wound healing is
achieved. In our study, we observed that both fibre-treated
groups showed a better healing process compared to non-
treated diabetic animals. It is concluded that these curative
effects were provided by anti-inflammatory actions mediated
by PPAR-γ activation. It is also shown that our ideas are sup-
ported by the decrease of TNF-α levels in fibre-treated
animals and PPARγ-mediated M2 macrophage differentiation
may accompany anti-inflammatory mechanisms.

On the other hand, TGF-β plays an important role inwound
healing by leading to the transition of fibroblasts to myofibro-
blasts within granulation tissue, enhancing the expression of
extracellular matrix components [45]. However, some studies
have suggested that when a high level of TGF-β induces the
extracellularmatrix components, it also impairs the vasculariza-
tion process [46,47]. Regarding the histological findings in our
study, it is concluded that the fibroblast proliferation was
higher in both fibre groups than control groups on days 7 and
14. In the light of several previous studies [48,49] showing
that PPAR-γ activation increases TGF-β generation, healing
effects of fibres may arise from TGF-β induction in fibroblasts.
3.12. Clinical perspectives
In terms of the clinical context of this work, it has the poten-
tial to provide a novel and much needed solution to many
clinical conundrums. Namely, poor slow-healing chronic
ulceration, patient drug compliance, high dosage associated
side-effects, poor oral absorption, erratic glycaemic control
and therefore a reduction in the morbidity and mortality of
diabetes—a condition that has a rising incidence.

Diabetes is a global pandemic affecting 422 million world-
wide—quadruple the number since 1980. The cost of diabetes
to the UK National Health Service is over £1.5 million an hour,
which equates to over £25 000 being spent on diabetes every
minute and an annual estimated spend of £14 billion, with
the cost of treating complications representing a much higher
cost. It has micro- and macrovascular complications that can
have a devastating impact on patient quality of life, ranging
from fulminant renal failure requiring dialysis to blindness in
the extreme. Diabetes-related foot complications have been
identified as the single most common cause of morbidity
among diabetic patients. Diabetic foot ulcers are a common
complication of long-term diabetes, with around 20% of
people with diabetes developing them. Foot ulcers can lead
to lengthy hospital stays and potentially amputations. The
complicating factor of underlying peripheral vascular disease
renders the majority of diabetic foot ulcers asymptomatic
until the progression to non-healing ulcers. Therefore,
aggressive and novel treatment strategies are critical.
The key to its successful treatment is, therefore, tight control
of blood glucose and promotion of the healing process. Piogli-
tazone is awidely used existing oral drug treatment and has an
absolute bioavailability of 83%. Its mechanism of action is as a
PPAR-γ agonist; it increases transcription of insulin-responsive
genes. It increases insulin sensitivity in target tissues and
decreases hepatic gluconeogenesis. It does, however, have a
significant side effect profile via oral administration including
exacerbation of heart failure, increased risk of fractures,
higher risk of bladder cancer and hypoglycaemia. The use of
pioglitazone in this capacity offers higher bioavailability, tar-
geted entry to the wound site and reduced systemic side
effects. The prospect of sustained release treatment could
mean reduced frequency of medication needed as well.

Wound closure by primary intention involves key stages:
haemostasis, inflammation, proliferation and remodelling.
Timing is critically important to wound healing. Most signifi-
cantly, the timing of wound re-epithelialization can decide
the outcome of the healing. This mechanism is dysregulated
in a diabetic patient. However, this research has shown that
treatment with PHR-loaded fibrous mats decreased neutro-
phil infiltration, oedema, and inflammation and increased
epidermal regeneration and fibroblast proliferation. These
findings are supported by other research that PPAR-γ modu-
lates the immune response and expression of inflammatory
cytokines in the healing process.

Ideal treatments share many qualities found in these
fibrous mats. For example, the biodegradability and bioavail-
ability of the PCL and the PG technique and its capacity for
mass production [10]. The lack of cytotoxic effects also is
encouraging. Most notably is the faster healing promotion.
This research has extensively tested the theories hypothesized
on both a histopathological and biochemical level on animal
subjects. The promise of targeted treatment on the wound
surface as routine and mass market application of diabetic
ulcers is an exciting one and further research is needed to
translate this vision to humans.
4. Conclusions
In this study, biodegradable PHR-loaded fibrous mats with
two different release kinetics were successfully fabricated
and compared for their efficiency in diabetic wound healing
with in vitro and in vivo tests. It was clearly shown that PHR-
loaded fibrous mats accelerated diabetic wound healing with
no cytotoxicity, albeit with different release kinetics and effica-
cies but the sustained release was significantly more effective
according to histological and biochemical evaluations. Treat-
ment with PHR-loaded fibrous mats decreased neutrophil
infiltration, oedema, and inflammation and increased epider-
mal regeneration and fibroblast proliferation compared to
pure fibre but the formation of hair follicles and completely
improved oedemawere observed only in the sustained release
form. Besides, the tensile strength of the PVP/PCL fibrous
mats was superior than that of PVP only. Moreover, the effec-
tiveness of sustained release in this study was again
established. One of the most important key points is the pro-
duction of fibres by the PG technique, which is a suitable
technique for mass production. The experimental results
herein suggest that topical administration of sustained
released PPAR-γ agonist inside fibrousmats has high potential
for the treatment of diabetic wounds especially during the
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inflammatory and proliferative phases of healing with high
bioavailability and fewer systemic side effects.
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