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Abstract
Diabetes mellitus is a chronic metabolic disease associated with long-term multisystem complications, among which are non-
healing diabetic foot ulcers (DFUs). Electrospinning is a sophisticated technique for the preparation of polymeric nanofibers 
impregnated with drugs for wound healing, burns, and diabetic ulcers. This study describes the fabrication and characteriza-
tion of a novel drug-eluting dressing made of core–shell structured hyaluronic acid (HA)–keratin (KR)-polyethylene oxide 
(PEO) and polycaprolactone (PCL) nanofibers to treat diabetic wounds. The core–shell nanofibers produced by the emulsion 
electrospinning technique provide loading of metformin hydrochloride (MH), HA, and KR in the core of nanofibers, which 
in return improves the sustained long term release of the drug and prolongs the bioactivity. Morphological and chemical 
properties of the fibers were examined by SEM, FTIR, and XRD studies. It was observed that the fibers which contain 
HA and KR showed thin fiber structure, greater swelling capacity, fast degradation and increased cumulative drug release 
amount than neat emulsion fibers due to the hydrophilic nature of HA and KR. MH showed a sustained release from all fiber 
samples over 20 days and followed the first-order and Higuchi model kinetics and Fickian diffusion mechanism according 
to kinetic analysis results. In vitro cell culture studies showed that the developed mats exhibited enhanced biocompatibility 
performance with HA and KR incorporation. The results show that HA and KR-based emulsion electrospun fiber mats are 
potentially useful new nanofiber-based biomaterials in their use as drug carriers to treat diabetic wounds.
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1  Introduction

Diabetes mellitus is a metabolic disease characterized by 
elevated serum glucose levels caused by changes in insulin 
secretion, insulin action, or both [1]. The peripheral vascular 

dysfunction, diabetic peripheral neuropathy, and a weakened 
healing cascade that develops in diabetic individuals lead 
to the progression of diabetic foot ulcer (DFU) [2]. Wound 
healing is a complex process that includes hemostasis/
coagulation, inflammation, proliferation (granulation tissue 

 *	 Oguzhan Gunduz 
	 ucemogu@ucl.ac.uk

1	 Center for Nanotechnology and Biomaterials Application 
and Research, Marmara University, 34722 Istanbul, Turkey

2	 Department of Bioengineering, Faculty of Chemical 
and Metallurgical Engineering, Yildiz Technical University, 
34210 Istanbul, Turkey

3	 Department of Metallurgical and Materials Engineering, 
Faculty of Technology, Marmara University, 34722 Istanbul, 
Turkey

4	 Biomedical Devices Technology, Vocational School 
Technical Science, Istanbul University-Cerrahpasa, 
34500 Istanbul, Turkey

5	 Metallurgical and Materials Engineering Department, 
Faculty of Engineering, Atilim University, Incek, 
06830 Ankara, Turkey

6	 Zhejiang Engineering Research Center for Biomedical 
Materials, Cixi Institute of Biomedical Engineering, Ningbo 
Institute of Materials Technology and Engineering, Chinese 
Academy of Sciences, Ningbo 315300, China

7	 Department of Electrical and Electronics Engineering, 
Faculty of Technology, Marmara University, 34722 Istanbul, 
Turkey

http://crossmark.crossref.org/dialog/?doi=10.1007/s42247-022-00418-3&domain=pdf


	 Emergent Materials

1 3

formation), re-epithelialization, and remodelling [3, 4]. In 
diabetic patients, the healing process does not fit this pattern 
but instead is concluded with chronic non-healing wounds 
that pause in one or more of the aforementioned healing 
phases [5]. To improve the healing process, wound care 
comprises standards such as removing dead tissue, cleaning 
the wound area, and dressing [6, 7]. Although an ideal dress-
ing provides a suitable environment for rapid wound healing 
[8], diabetic wounds are more necrotic, more exudative, and 
deeper than normal wounds, requiring sophisticated wound 
care measures [9]. In the wound healing process, local deliv-
ery of drugs is favored due to its advantages such as reduc-
ing the side effects on a tissue, increasing the efficiency of 
drug therapy, alleviating the replacement of dressing, and 
decreasing bacterial resistance [10]. Nowadays, nanofiber 
dressings are especially prominent as a means of delivering 
therapeutic agents to wound areas [11]. In this context, it 
has become highly substantial to develop novel bioactive 
nanofibrous mat/wound dressings compared to conventional 
wound care products for rapid wound healing applications.

Recently, electrospinning (ES) has attracted significant 
attention for producing scaffolds in wound healing appli-
cations. ES is a versatile, straightforward, and robust tech-
nique for producing fibrous scaffolds comprise of various 
polymers with controlled surface morphology and with 
nano- to micrometer range diameters [12]. Electrospun 
nanofibers mimic the natural extracellular matrix (ECM) 
that ensures cell adhesion, migration and proliferation [13, 
14], as well as their high surface-area-to-volume ratio with 
an interconnected porous network, allows oxygen permea-
tion, absorption of wound exudates, protection of the wound 
area from dehydration, prevention of bacterial colonization, 
and exchanging fluids [15, 16]. Moreover, ES enables the 
incorporation of bioactive and/or therapeutic agents (e.g., 
anti-inflammatory drugs, growth factors, antimicrobial, and 
anaesthetics), thereby improving the biological behaviour of 
wound dressings.[14, 15, 16, 17-18]

The versatile nature of the core/shell structured nanofib-
ers provides the desired properties for the drug delivery sys-
tem and tissue-engineered scaffolds [19]. The core part of 
a nanofiber can ensure the appropriate environment for the 
drug, while the shell part can act as a barrier to obstruct the 
early release of the drug in the core [20, 21]. Coaxial ES and 
emulsion ES are among the main techniques for fabricat-
ing core/shell nanofibers [22, 23]. Emulsion ES uses only 
a single nozzle to obtain core/shell nanofibers compared to 
coaxial electrospinning, which uses concentric nozzles [24, 
25]. This technique is based on dissolving a hydrophilic 
drug in water (water phase) and a hydrophobic polymer 
in a solvent (oil phase). As the oil phase vaporizes rapidly 
during the spinning process, a big part of the hydrophilic 
drug is encapsulated within the fibers rather than escaping 
to the fiber surfaces [26], thereby reducing or preventing 

undesired drug burst release [7]. In addition, this technique 
offers lower complexity and higher efficiency and reproduc-
ibility compared to coaxial [27].

Natural polymers have been widely used in developing 
electrospun wound dressings, with their excellent biocom-
patibility, biodegradability, low antigenicity, and bioactiv-
ity that promote cell attachment and proliferation [28, 29]. 
Hyaluronic acid (HA) is a glycosaminoglycan found in the 
ECM of connective tissues and has unique viscoelastic and 
mucoadhesive properties for effective wound dressings [30, 
31]. Besides, HA has crucial roles in various biological pro-
cesses, including wound healing [32]. However, electrospin-
ning of HA is a challenge, even at low concentrations, due 
to its high viscosity and surface tension [30]. HA can blend 
with other polymers to change its viscosity, thus eliminat-
ing the difficulty in electrospinning [32]. Keratin (KR) is a 
fibrous structural protein that forms the outer covers of the 
body, such as wool, feathers, hair, nails, horns, and hooves 
[33, 34]. It is convenient for wound dressing because it sup-
ports the structural durability of tissues and cell differentia-
tion and accelerates wound healing by interacting with the 
proteolytic wound environment [33–35]. The limitation of 
keratin-based nanofibers is their brittleness [36]. To over-
come this, keratin can blend with other polymers, so its spin-
nability can be improved [37].

Poor healing and diabetes-related wounds are the most 
critical complications in the acute phase of skin injuries 
[38]. Metformin hydrochloride (MH), a biguanide deriva-
tive, is one of the first choice antihyperglycemic agents 
worldwide in the treatment of type 2 diabetes [39, 40]. In 
addition to reducing blood glucose, MH is an insulin booster 
and may enhance insulin sensitivity [40, 41]. Lee et al. [42] 
investigated the effect of MH-eluting PLGA nanofibrous 
membranes on treating diabetes-related wounds. Notably, 
the addition of MH highly improved the hydrophilicity and 
water uptake capacity of PLGA. MH-eluting PLGA mem-
branes resulted in faster wound healing and better re-epi-
thelization in diabetic rats. This demonstrated the potential 
of MH for the treatment of diabetic wounds.

In this study, we present the preparation and characteri-
zation of core/shell structured composite nanofibers con-
taining a blend of polyethylene oxide (PEO), keratin (KR), 
hyaluronic acid (HA), and metformin hydrochloride (MH) 
encapsulated with a polycaprolactone (PCL) layer using 
emulsion electrospinning technique. PCL was chosen as the 
shell material to act as a protective barrier due to its hydro-
phobic nature, biocompatibility, non-toxicity, and biodegra-
dability [43]. PEO was used as an aqueous polymeric matrix 
for improving the encapsulation and controlled release of the 
drug and bioactive compounds [44]. The morphological and 
chemical properties of the drug-loaded electrospun nanofib-
ers were characterized by scanning electron microscopy 
(SEM), Fourier transform infrared spectroscopy (FT-IR), 
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and X-ray diffraction (XRD). Moreover, in vitro drug release 
behaviour and kinetics and cytocompatibility of the nanofib-
ers were studied.

2 � Materials and methods

2.1 � Materials

Polycaprolactone (PCL, Mw = 80,000 g/mol) and Tween-
80 (surfactant) were purchased from Sigma-Aldrich, UK. 
Polyethylene oxide (PEO, Mw = 600 g/mol) and metformin 
hydrochloride were obtained from Sigma-Aldrich, USA. 
Dimethylformamide (DMF) and chloroform were purchased 
from Merck KGaA, Germany.

2.2 � Fabrication of drug‑loaded nanofiber mats 
with core/shell structure

Drug-loaded nanofibers were fabricated using the emulsion 
ES technique. The procedure for the extraction of KR and 
HA was explained in detail in our previously published study 
[45]. To prepare emulsion spinning solutions, 8% (w/v) solu-
tion of PCL was dissolved in chloroform:dimethylformamide 
mixture with a ratio of 12:1 (v/v), and 1 wt% emulsifier 
(Tween-80) was added to the solution to form oil phase. 
PEO was dissolved in distilled water to prepare a 4% (w/v) 
solution as the water phase. Then, a certain amount of met-
formin hydrochloride (MH) (10 mg), 2 wt% KR, and 2 wt% 
HA were added separately and together (1 wt% KR:1 wt% 
HA) into the PEO solution (aqueous solution) under constant 
stirring. The aqueous solution was added to the oil solution 
dropwise, and the mixture was stirred at 240 rpm for 2 h to 
obtain uniform emulsions. The emulsion solution was trans-
ferred to a 10 mL syringe pump with a right angle-shaped 
needle diameter of (OD: 1.3 mm, ID: 1.2 mm) attached to 
it. For ES, the solution flow rate was 0.6 to 0.8 mL/h, the 
range of applied positive voltage was 21 to 24 kV, and the 
distance between the needle tip and the grounded collector 
was 19 cm. All ES processes were carried out under ambi-
ent conditions. The details of the core and shell solutions 
were shown in Table 1. Electrospun fibers with an average 
thickness of 0.2 ± 0.01 mm were produced. The schematic 

illustration of the produced core–shell structured nanofibers 
by emulsion electrospinning was presented in Fig. 1.

2.3 � Scanning electron microscopy

The morphology of electrospun nanofibers was studied by 
scanning electron microscope (EVA MA 10, ZEISS, San 
Diego, CA, USA) at an accelerating voltage of 10 kV. First, 
the nanofiber samples on the aluminium foil were coated 
with a thin layer of gold by a sputter coater (SC7620, Quo-
rum, Lewes, UK). The fiber diameter and diameter distribu-
tion were determined by measuring 100 random fibers from 
SEM micrographs using imaging analysis software (Smart-
SEM, Zeiss, San Diego, CA, USA).

2.4 � Fourier transform‑infrared spectroscopy

The chemical structure of nanofiber composites was per-
formed using a Fourier transform infrared spectroscopy 
(FTIR, JASCO-4000). Infrared absorbance spectra of the 
samples were analyzed in the wavelength range of 4000 to 
400 cm−1 at 4 cm−1 resolution.

2.5 � X‑ray diffraction studies

X-ray diffraction (XRD) was used to examine the effect of 
the drug on the crystalline structure of polymer nanofib-
ers. The XRD patterns of HA and KR powders, drug, and 
composite fibers were determined using a diffractometer 
(Shimadzu-6100, Japan).

2.6 � Swelling and degradation studies

The swelling degree and weight loss of the nanofiber mats 
were investigated in a phosphate buffer solution (PBS) 
(pH = 7.4) at certain time intervals. For the swelling test, 

Table 1   Components of core/shell solutions for emulsion ES

Samples Shell Core

MH 8wt% PCL 4wt% PEO + MH
MH-HA 8wt% PCL 4wt% PEO + 2wt% HA + MH
MH-KR 8wt% PCL 4wt% PEO + 2wt% KR + MH
MH-HA + KR 8wt% PCL 4wt% PEO + 1wt% HA + 1wt% 

KR + MH Fig. 1   Schematic illustration of the produced core–shell structured 
nanofibers
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the samples were immersed in PBS medium at 37 °C for 1, 
3, 6, 12, and 24 h. The degree of swelling of the samples was 
calculated using Eq. (1) [46]:

where Md is the weight of the samples before immersion in 
the PBS medium and M is the weight of the samples after 
immersion for specific time intervals (t).

The degradation rate (weight loss %) of the samples was 
determined by drying the samples at ambient conditions 
until reaching a fixed weight and reweighting at 1, 2, 4, 7, 
14, and 21 days. The weight loss of the samples was calcu-
lated according to Eq. (2):

where Md is the weight of the samples before immersion in 
PBS medium and Mi is the weight of the samples after com-
plete dehydration (%). All measurements were performed 
in triplicate (n = 3).

2.7 � In vitro drug release studies

The release profile of MH from electrospun nanofiber mats 
was evaluated by measuring the UV–vis absorption of the 
drug in phosphate buffer solution (PBS, pH = 7.4) at the 
predetermined time intervals. The drug-loaded nanofiber 
mats were first cut into 2 × 2 cm pieces and then immersed 
into tubes containing 2 mL PBS solution individually. Tubes 
containing the samples were incubated in a thermal shaker 
at 37° C and 250 rpm. At specified time points, samples 
were taken out of the PBS solution and placed into a fresh 
buffer solution. The amount of drug released was determined 
from the absorbance at 233 nm by using a calibration curve 
based on simple aqueous standards. The experiments were 
performed in triplicate, and the mean values of the cumu-
lative drug release percentage recorded were plotted as a 
function of time.

2.8 � Drug release kinetics

To investigate the drug release mechanism, the MH release 
profiles from emulsion fibers were fitted to four popular 
mathematical equations such as zero order, first order, Higu-
chi and Korsmeyer-Peppas equations represented as Eqs. (3, 
4, 5, 6).

(1)Degree of swelling (%) =
M −M

d

M
d

× 100

(2)Weight loss (%) =
M

d
−M

i

M
d

× 100

(3)Q = K
0
t

(4)In(1 − Q) = −K
1
t

where Q is the fractional amount of drug release at time t; 
K0, K1, Kh, and K are the kinetic constants for zero order, 
first order, Higuchi, and Korsmeyer-Peppas model, respec-
tively. n is the Korsmeyer-Peppas diffusion exponent, which 
is indicative of the drug release mechanism [47].

2.9 � Cell culture

Cell proliferation on the developed electrospun mats was 
examined by culturing VHF93 human fibroblasts. Cell cul-
ture studies were carried out in 96 well-plate Petri dishes 
for 7 days with a cell seeding concentration of 5 × 103 cells/
well in a growth medium consisting of DMEM + 10% 
FBS + 0.1 mg/mL penicillin/streptomycin, and the biocom-
patibility of the electrospun mats was studied on the 1st, 
3rd, and 7th day. Initially, to ensure sterilization, the mats 
were placed in Petri dishes and exposed to ultraviolet (UV) 
radiation overnight. For optimization purposes, the electro-
spun mats were incubated in a growth medium for an hour 
at 37 °C in a humid 5% CO2 incubator (SANYO). Then, 
the excess medium was discarded, and the electrospun mats 
were collected. This was followed by the initial culturing 
of the electrospun mats with the known amount of cells. 
Finally, the Petri dishes were kept in the incubator at 37 °C 
in humid 5% CO2 for the 7 days of the culture period. To 
compare cell culture performance, a standard tissue culture 
polystyrene (TCPS) plate was used as a control.

To investigate cell viability and cytotoxicity at the given 
time point, a cytotoxicity detection kit (MTT from Glentham 
Life Sciences) was used. The absorbance values were meas-
ured at 560 nm wavelength (690 nm as Ref. Value) in an 
ELISA reader (PerkinElmer, Enspire). Each measurement 
was carried out in triplicate.

The cell attachment on/within the electrospun mats was 
investigated on the 3rd and 7th days of the culture using 
an inverted fluorescence microscope (Leica). For this, the 
growth medium was discarded on the specified days, and 
the electrospun mats were washed with PBS. After that, the 
fixation was performed with 4% formaldehyde for 30 min at 
room temperature, and then the mats were washed with PBS. 
For the staining, 1 μg/mL DAPI was added, and the samples 
were kept for 20 min at room temperature. Finally, the DAPI 
solution was discarded and the samples were placed between 
the slide and coverslip for the imaging.

The cellular morphology of VHF93 human fibroblasts 
on the electrospun mats was evaluated by SEM. The images 
were taken on the 7th day of cell cultivation. Therefore, the 
growth medium was discarded, and the samples with cells 

(5)Q = K
h
t
1∕2

(6)Q = Kt
n
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were fixed with 4% glutaraldehyde. Next, the samples were 
dehydrated through the serial dilutions of ethanol and dried 
in the air. Before the analyses, the samples were sputter-
coated with gold.

2.10 � Statistical analysis

Statistical differences were determined using one-way 
analysis of variance (ANOVA) followed by Tuckey’s test 
using IBM SPSS v24.0 Statistics software. The probabil-
ity of the data was considered statistically significant for p 
values < 0.05, and statistically highly significant for p val-
ues < 0.01. The results were marked with (*) for p < 0.05, 
and (**) for p < 0.01.

3 � Results and discussion

FTIR analysis was performed to characterize the chemical 
constitution of the nanofibers. Figure 2A demonstrates the 
FTIR spectra of electrospun MH, MH-HA, MH-KR, and 
MH-KR + HA fibers. The typical characteristic bands of 
PCL were observed in all composite fibers. The peaks at 
around 2941 cm−1 and 2864 cm−1 were attributed to asym-
metric and symmetric –CH2 stretching vibrations, respec-
tively. Additionally, the intense and sharp peak at 1720 cm−1 
was related to the carbonyl stretching vibration of the ester 
group. The peaks at around 1293 cm−1 and 1238 cm−1 were 
assigned to C-O and C–C stretching and asymmetric C–O–C 
stretching, respectively [48, 49]. According to the findings 
in our previous study on emulsion and coaxial nanofibers, 
the fact that the characteristic peaks of PEO, HA, and KR 
in the inner layer were not visible in FTIR spectra confirms 
that all nanofibers are successfully produced in the core/shell 
structure [45]. Similar results were presented by Liu et al. 
[50]. The pure MH shows typical characteristic peaks such 
as N–H asymmetric stretching (3370 cm−1), N–H symmet-
ric stretching (3296 cm−1 and 3152 cm−1), C = N stretching 
(1661 cm−1), and C-H asymmetric bending (1419.21 cm−1) 

[51]. However, the characteristic peaks of MH were not 
observed in the spectra of all nanofibers. This indicates no 
solid chemical interaction between the drug and the poly-
mer [23–52]. It is also evidence of effective encapsulation 
in core/shell nanofibers.

To demonstrate the crystalline structure and distribution 
of the drug in the nanofibers, XRD was studied. XRD pat-
terns of pure HA, pure KR, pure MH powders, and compos-
ite nanofibers were given in Fig. 2B. The extracted pure HA 
powder (a) has an amorphous structure without a crystalline 
peak, which was reported by Jia et al. [53] and Hamad et al. 
[54]. The extracted pure KR powder (b) shows a broad dif-
fraction peak at about 2θ value of 20.9° corresponded to the 
β-sheet structure [55, 56]. The sharp and intense peaks of 
pure MH (c) at 2θ values of 12.2°, 17.8°, and 24.5° indicate 
its highly crystalline nature, which is the agreement with 
the literature [57].

XRD pattern of MH fiber (d) illustrates two distinct dif-
fraction peaks at 21.6° and 23.9° corresponding to the (110) 
and (200) planes of the crystal structure of PCL [58]. Simi-
larly, the characteristic peaks of PCL were found in the pat-
terns of all core/shell fibers, but the intensity of the peaks 
varied among the fibers. Compared to MH fiber (d), the 
intensity of the two sharp peaks in MH-KR (f) and MH-HA 
(e) fibers decreased. This can be related to the KR and HA 
inhibited crystallization of PCL. Also, MH-KR (f), MH-HA 
(e), and MH-KR-HA (g) fibers show a slight left shift for 
(110) lattice plane ∼0.1°, ∼0.2°, and ∼0.4°, respectively. 
This might be assigned to the interaction between KR and 
HA with PCL. These findings were also in good agreement 
with the literature [59].

Moreover, MH-KR + HA fiber (g) exhibits much higher 
intense peaks than other fibers as the HA and KR content 
was less [60]. It can be seen that the crystalline peaks of MH 
(c) were not detected in the patterns of all core/shell fibers. 
This indicated that MH was highly distributed in the com-
posite fibers [61], all the encapsulated drug was converted 
into an amorphous physical state and the original crystalline 
nature of the drug disappeared [50, 61].

Fig. 2   A FTIR spectra of fiber 
samples, B XRD patterns of 
(a) pure HA, (b) pure KR, (c) 
pure MH, (d) MH, (e)MH-HA, 
(f) MH-KR, (g) MH-KR + HA 
fibers
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The surface morphology and the average diameter of 
electrospun MH, MH-HA, MH-KR, and MH-HA + KR fib-
ers were illustrated in Fig. 3. The SEM images show that all 
core/shell fibers have a smooth surface, bead-free structure, 
and relatively uniform diameters. No drug crystals were 
observed on the surface of the fibers. This demonstrates 
that the MH has successfully loaded into the fibers without 
any defects and that there was good drug-polymers-solvent 
compatibility [52–62]. As can be seen, the average diameter 
of the fibers decreased from 1.62 ± 63 μm to 0.54 ± 0.11 μm 
when the KR and HA were incorporated into the electrospun 
fibers. This phenomenon could be due to the fact that the 
conductivity of the emulsion solutions by the addition of KR 
and HA. Considering that KR is a polar biopolymer [34] and 
the polyanionic property of HA [63], mixing them separately 
and together into the solution will increase the conductiv-
ity of the solution. The higher conductivity of the solution 

can elongate the polymer jet easily and produce thinner and 
more uniform fibers [21–64].

The swelling capacity is a critical property of wound 
dressings because the excess exudate must be removed from 
the wound surface to control moisture balance [65]. It is 
known that the swelling capacity of electrospun mats varies 
according to the properties of the components. As shown in 
Fig. 4A, there is a marked increase in the maximum swell-
ing capacity when HA and KR components are included 
in the fiber structure according to their hydrophilic nature. 
The absorption capability of MH-HA + KR (~ 800%) is at 
least twice that exhibited by the MH core–shell fiber mat 
(~ 350%). A similar result was previously described by a 
recent study which is about the hydrophilic plant (Centella 
Asiatica) that was included in the PCL-PVA nanofiber struc-
ture [66]. Figure 4B demonstrated the degradation of the 
fiber samples in PBS solution over 21 days. MH-HA + KR 

Fig. 3   SEM images and mean 
fiber diameter distributions 
of the fiber samples A MH, 
B MH-HA, C MH-KR, D 
MH-HA + KR (the scale bars in 
all images are 3 μm)

Fig. 4   Characterization of A 
swelling profile and B weight 
loss at pH = 7.4 of the produced 
fiber mats



Emergent Materials	

1 3

had the highest weight loss versus other samples, as 
expected. MH-HA nanofibers degraded at a relatively slower 
rate in comparison to MH-KR. It can be attributed to the 
molecular weight of the produced HA (178.000 kDa) being 
much higher than that of keratin (~ 50 kDa), as reported in 
our previous study [45]. Furthermore, it has been shown that 
extensive chain entanglements occur between HA and PEO 
in a study in which high molecular weight HA is electrospun 
with PEO polymer [67]. The polymers can explain the dif-
ference in swelling and degradation rates between MH-HA 
and MH-KR in the core region of the M-HA sample are 
more tightly and effectively bonded to each other than in 
the other example.

The emulsion ES method, which enables fiber produc-
tion in a core–shell structure, is a suitable technique for sus-
tained drug release from drug-loaded fibers. Drug release 
studies were carried out by a UV spectrometer using a pre-
determined calibration curve at the absorbance of 233 nm. 
The drug release profiles for MH, MH-HA, MH-KR, and 
MH-HA + KR fiber mats are presented in Fig. 5A. All sam-
ples exhibited a two-stage release behaviour with an ini-
tial burst release followed by a sustained release. Further-
more, within the first 5 h, about 23.1 ± 4.4%, 32.4 ± 2.4%, 
42.5 ± 3.23%, and 38.8 ± 5.1% of MH drug released from 

MH, MH-HA, MH-KR, and MH-HA + KR fiber mats, 
respectively (Fig. 5B). The possible reason for the higher 
burst release and total drug release amount in the samples, 
which include HA and KR, maybe due to the hydrophilic 
nature of HA and KR natural polymers as described swelling 
and degradation part. Besides, it was reported in a study that 
there was an inverse correlation between fiber diameter and 
drug release rate. The increased drug release in the presence 
of HA and KR can be attributed to the thinner fiber diam-
eters of these samples [68].

To understand drug release kinetics from fiber mats, 
release data were analyzed according to zero-order, first-
order Higuchi, and Korsmeyer Peppas models and the 
kinetic parameters for each model (K0, K1, KH, n) were listed 
in Table 2, as well as the regression coefficients (R2).

For all samples, first order and Higuchi kinetics showed 
relatively good correlation coefficients, ranging from 0.85 
to 0.95. The drug release mechanism was also analyzed 
according to the Korsmeyer Peppas model to have a deeper 
understanding of the release mechanism of MH drug from 
the emulsion fibers. In this model, the value of n describes 
the mechanism of drug release from a polymeric system. 
For a cylindrical system, 0.45 < n corresponds to a Fickian 
diffusion and 0.45 < n < 1 refers the Non-Fickian diffusion 
[69]. The release of MH drug from all samples followed the 
Fickian diffusion mechanism, as indicated by n values rang-
ing from 0.13 to 0.31. This means that drug release is mainly 
attributed to diffusion or penetration of the drug through 
the shell part (PCL) of the fibers, which is also frequently 
seen in the release of water-soluble drugs [70]. In a pre-
vious study, it was observed that formulations containing 
water-soluble drugs showed higher water uptake and ero-
sion capacity than water-insoluble drugs. This was explained 
by the fact that the water-insoluble drug (as opposed to the 
water-soluble drug) was retarded in penetrating the solvent 
into the matrix, thus delaying swelling and corrosion [71].

The tetrazolium salt, MTT, an assay was carried out to 
determine the cytotoxicity and cell proliferation rate of the 
prepared fibrous mats [72]. MTT assay was performed with 
various time points of 1, 3, and 7 days. Results of the MTT 
assay are correlated with the cell proliferation and cell sur-
vival rate, which can be assessed with a spectrometer. As 
shown in Fig. 6A, no significant cell viability differences 
were observed for each group on the 1st and 3rd days, 

Fig. 5   A The cumulative MH release from MH, MH-HA, MH-KR, 
and MH-HA + KR samples during 21 days and B during the first 5 h

Table 2   Kinetic models 
parameters of drug released 
from the electrospun fiber mats

Sample Zero order First order Higuchi Korsmeyer-Peppas

R2 Ko R2 K1 R2 Kh R2 n

MH 0.7466 0.1266 0.8598  − 0.0011 0.921 3.1046 0.9604 0.3134
MH-HA 0.7901 0.1338 0.9316  − 0.0016 0.9453 3.2322 0.9562 0.1849
MH-KR 0.7992 0.1159 0.9555  − 0.0017 0.9333 2.7818 0.9527 0.1324
MH-HA + KR 0.8117 0.1372 0.9524  − 0.0024 0.9367 3.2896 0.9624 0.1540
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excluding the absorbance increase of MH-KR compared 
to the control group (TCPS) on the 3rd day of the study. 
Also, from this day, cell growth on the control revealed no 
absorbance increase, which indicates that cell cultivation 
on the TCPS plate passed to a stationary phase due to its 
2-D morphology [72]. Contrary to the control, all the elec-
trospun mats exhibited a notable steady increase in absorb-
ance values, indicating no cytotoxicity to VHF93 fibroblasts. 
This increase can be explained by the 3-D structure of the 
electrospun mats, which provides cells with sufficient space 
to increase, particularly during the late stage of cell cultiva-
tion [73].

In terms of absorbance, the most notable differences 
were observed by the 7th day (Fig. 5), whereas the highest 
groups were MH-KR and MH-HA + KR. This result could 
be interpreted as the HA and KR compounds helping the 

fibroblast to proliferate and increase their life span. Also, 
the hydrophilic nature of HA and KR might be responsible 
for this absorbance value increase [74, 75]. Considering 
the electrospun mats containing HA, KR, and HA + KR 
compounds, it was observed that the highest absorbance 
is in the structure containing KR, followed by HA + KR 
and HA, respectively. As these similar results were dis-
cussed in our previous study [45], KR is widely reported 
as a compound that enhances cell viability [75, 76], 
For instance, Xing et al. [77] reported that keratin-PEO 
nanofibers at a weight ratio of 90:10 supported the prolif-
eration of NIH 3T3 fibroblasts. Also, another study by Wu 
et al. demonstrated that cell proliferation was promoted 
when keratin was incorporated into a synthetic polymer, 
PCL [76]. On the other hand, the effect of HA on cellular 
response was reported previously to be dependent on the 

Fig. 6   A Absorbance values of the electrospun mats obtained by 
MTT assay at 540  nm (*p < 0.05, **p < 0.01; data presented are 
mean ± SD, n = 3); B Fluorescence images of the electrospun mats 
at 3rd day (left) and 7th day (right) of cell growth for (a) MH (b) 
MH-HA; (c) MH-KR; (d) MH- HA + KR. Scale markers of 300 μm 

in all cases and C scanning electron microscopy (SEM) images of the 
cultured electrospun mats on the 7th day of cell growth: (a) MH; (b) 
MH-HA; (c) MH-KR; (d) MH-HA + KR. Scale markers of 100 μm in 
all cases
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dosage, inhibiting cell proliferation while promoting cell 
migration [78].

The obtained fluorescence images (Fig. 6B) verified 
sufficient support for cell attachment and proliferation on 
the previously dye stained electrospun mats. Additionally, 
according to the figure, while no significant cell density dif-
ferences were observed, it can be seen that the characteristic 
fibroblast phenotype begins to occur at the end of the 7th of 
the cultivation.

The cell morphology and growth on the cultured elec-
trospun mats were observed on the 7th day by SEM. As it 
can be seen in Fig. 6C, cells proliferated on all developed 
electrospun mats. One can observe that, particularly for the 
7th day, the cells attached to the surface of the electrospun 
mats by their filopodia and exhibited flat morphology com-
pared to the 3rd day.

4 � Conclusion

Novel drug delivery systems based on core–shell fibers 
containing bioactive natural polymers (HA, KR) and a dia-
betic drug (MH) were successfully prepared by emulsion 
ES. SEM results showed that all samples had smooth and 
beadless structures while the HA and KR incorporation 
induced the formation of thinner fibers compared to neat 
core–shell fibers. The absence of characteristic bands of 
core polymers in the FTIR spectra supports the existence of 
core–shell structure. The swelling capacity of fibers contain-
ing KR and MH is at least twice that of neat core–shell fib-
ers. It was observed that the degradation rates of the samples 
varied between 10 and 40% at the end of 21 days with the 
accelerating effect of hydrophilic HA and KR. The kinetic 
results indicated that MH release from all samples followed 
the first order and Higuchi model kinetics. When fitted to 
the Korsmeyer-Peppas, it was observed to follow a Fick-
ian diffusion mechanism (n < 0.45). According to in vitro 
studies, all produced mats did not show any toxic effects 
on VHF93 fibroblasts. Furthermore, cell proliferation was 
higher in electrospun mats with HA and KR inclusion com-
pared to pure mats and the control group. Also, fluorescence 
microscopy analyses and SEM revealed that the produced 
mats provided an appropriate environment for the fibroblast 
cells. MH- KR + HA can be considered the most suitable 
sample as a drug carrier thanks to its finer structure, high 
viability and favorable drug release behavior among oth-
ers. Overall, this study strengthens the idea that HA and 
KR-based core–shell fibers can be a new scaffold as a drug 
carrier system for diabetic wound dressing.
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