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Abstract

The current study aimed to develop a potential wound dressing using vitamin B12-loaded polycaprolacton/gelatin nanofibrous
scaffold. In order to produce wound dressings, 1000 mcg of vitamin B12 was added to polycaprolacton/gelatin solution and
the nanofibrous scaffolds were fabricated through electrospinning method. The obtained scaffolds were studied regarding
their hydrophobicity, microstructure, amount of water absorption, water vapor permeability, tensile strength, release test, and
cellular proliferation assay. In vitro studies revealed that the incorporation of vitamin b12 into polycaprolacton/gelatin scaf-
folds could significantly augment 1.929 cells proliferation at 1 and 3 days post-seeding. However, there was not statistically
significant difference between Vitamin B12-containing and polymer-only scaffolds in tensile strength study, surface wettabil-
ity measurement, water vapor transmission test, the capacity for water absorption, and nanofiber’s diameter. Both vitamin
containing and free dressings were applied on the full-thickness excisional wound in rat model to compare their healing
potential. Our results showed that after 14 days, vitamin B12 containing dressing could significantly enhance wound closure
compared to vitamin B12 free scaffolds (92.27 +6.84% vs. 64.62 +2.96%). Furthermore, histopathological examinations
showed significantly greater epithelial thickness in polycaprolacton/gelatin/vitamin B12 group compared to other experi-
mental groups. This preliminary study suggest potential applicability of the proposed dressing to treat skin wounds in clinic.
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1 Introduction skin wounds involves series of interrelated phases includ-

ing inflammation, proliferation, maturation, and remod-

Skin as the largest organ in the body plays a fundamen-
tal role in body hemostasis. It serves as the first line of
defense against environmental hazards, the source for vita-
min D production, and protects body against dehydration,
and temperature fluctuations [1]. Although this tissue has
an inherent capacity to repair following injury, in case of
extensive skin injuries body mechanisms fail to replace
the damaged tissue and the wound turns into either chronic
non-healing wound or fibrosis tissue [2]. The healing of
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eling. In chronic wounds, a persisting inflammatory
environment is established which contribute to matrix met-
alloproteinases production and remodeling of the existing
matrix. In such cases, the application of a proper wound
dressing can significantly augment the healing process.
Among various wound care products, electrospun nanofi-
brous wound dressings have gained therapeutic appeal
during the past decade [3]. In this method a positive high
voltage is applied to a polymer solution to form a polymer
jet which travels towards the collecting mandrel to produce
nanofibers [4]. The produced scaffolds have a high poten-
tial to be used for engineering of various tissues since the
parameters of fabrication process can be tuned to form
desired fiber diameter and morphology [5]. High surface
to volume ratio, resemblance to extracellular matrix archi-
tecture, high capacity for drug delivery, and stimulation of
skin cells proliferation are possible therapeutic footholds
of electrospun wound dressings in wound healing [6, 7].
To prepare an ideal wound dressing, material selection and
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optimization is a key step [8]. Polymer blend of polycap-
rolacton (PCL) and gelatin has been successfully utilized
in different biomedical fields [9, 10]. Both polymers are
biocompatible, biodegradable, and non-immunogenic [11].
The reason why polymer blend of PCL and gelatin is more
favorable compared to individual use of each polymer is
that PCL lacks cell recognition sites and has a high surface
hydrophobicity. On the other hand, gelatin provides suffi-
cient cytocompatiblity and suitable surface wettability but
it has rapid degradation rate and low mechanical strength.
By combining PCL and gelatin we can take advantages of
both polymers and produce a new biomaterial with higher
potential for biomedical applications [12, 13]. Despite
having several benefits, nanofibrous scaffolds produced
from PCL and gelatin does not have sufficient bioactivity
for a successful wound healing. Therefore, in this study
we hypothesized adding vitamin B12 into the scaffolds
to enhance healing activity. Vitamin B12 also knowns as
cobalamin is involved in DNA, protein, and fatty acids
metabolism in every cell [14]. Depletion of this vitamin
contributes to hyperpigmentation and psoriasis disease. It
can enhance skin cells proliferation and can aid in angio-
genesis phase of wound healing [15, 16]. The aim of the
current study is to produce a vitamin B12 loaded PCL/
gelatin nanofibrous scaffold in order to produce a potential
wound care product.

2 Methods and materials
2.1 Materials

The materials and solvents were purchased from Sigma-
Aldrich (St. Louis, USA) and Merck (Darmstadt, Ger-
many), respectively unless otherwise noted.

3 Preparation of vitamin B12 loaded PCL/
gelatin scaffolds

Firstly PCL (Mw 70,000) at the final concentration of 12%
was added to HFIP solvent and dissolved at room tempera-
ture for 24 h. Then gelatin (type A) at weight ratio of 20:80
was added to PCL solution and stirred at room temperature
for 6 h. After preparing the polymer solution, 1000 mcg
of vitamin B12 was added to PCL/gelatin solution. For
electrospinning the polymer samples were transferred to
disposable syringes and fixed in the feeding pump of elec-
trospinning device. The feeding rate was set at 1 ml/h and
20 kV voltage was applied to the tip of the syringe. Needle
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to mandrel distance was 15 cm and the turning rate of the
mandrel fluctuated between 550 and 600 rpm.

4 Scanning electron microscopy analysis
of the scaffolds

To evaluate the microstructure of the scaffold they were
imaged under a scanning electron microscope (SEM; DSM
960A, Zeiss, Germany) at 15 kV after coating with gold for
250 s using a sputter coater (SCD 004, Balzers, Germany).

5 Tensile strength analysis

The mechanical strength of the samples was studied on dry
rectangular specimens (80 mm X 10 mm) by using an Instron
5566 universal testing machine (Instron, MA) at a strain rate
of 10 mm/min.

6 Contact angle measurement

To evaluate the surface wettability of the scaffolds they
were studied using a contact angle measuring device (G10,
KRUSS, and Germany).

7 Water vapor permeability (WVP)

The capacity of the dressings to let water vapor passage was
analyzed using the flexible bottles permeation technique.
10 ml of water was poured into the bottles and their open-
ing was covered with different scaffolds. The bottles were
kept in a shaker incubator for 12 h and weight loss of water
was measured as the function of time. The rate of WVP was
determined using the following equation:
WVP = W
AT

where w stands for the water weight loss, A is the area
(1.18 cm?), and T is the exposure time.

8 Water uptake capacity

For the assessment of the capacity of the samples to uptake
water, they were immersed into the water for 24 h and then
taken out and immediately weighted. Water uptake capacity
was calculated using the following equation.
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Water uptake capacity (%) =
where w0 is the initial weight of dry scaffolds and w1 is the
weight of samples after taking out of water.

9 Cellular proliferation assay

In vitro cytotoxicity of the samples on L.929 cells was eval-
uated using MTT assay. After proper sizing, the scaffolds
were put into the wells of 96-well plate. The samples were
first incubated with 70% ethanol then ethanol was discarded
and the samples were dried under sterile condition followed
by UV radiation for 15 min. After sterilizing, 10,000 L929
cells were seeded onto the scaffolds and cultured for 3 days
in an incubator. MTT assay was performed 1 and 3 days
after cell seeding. At each time step, supernatant in the wells
was removed and cell-scaffold construct was washed with
PBS three times. Then MTT solution in PBS was added to
each well and incubated for 4 h. After 4 h, the MTT solution
was discarded and DMSO was added to dissolve any formed
formazan crystals. The absorption value of each sample was
read at 570 nm using a microplate reader.

10 Microbial penetration

The ability of the dressings to deter microbial invasion was
assessed by placing the scaffold on an open container filled
with 5 ml of Brain heart infusion (BHI) broth (Merck, Ger-
many) (test area: 0.8 cm?). Containers closed by cotton and
open vials served as negative and positive controls respec-
tively. The samples were maintained in room temperature
for 7 days. The cloudiness of the media as the reflection of
microbial invasion was studied at 3 and 7 days time-steps in
which the absorbance values of the samples was determined
by a microplate spectrophotometer at 600 nm.

11 Release study

Vitamin B12-loaded scaffolds were cut and put in the beaker
containing 10 ml of distilled water and kept on a vertex
shaker. At predetermined time intervals 1 ml of samples
was taken out and replaced with an equal amount of dis-
tilled water. The absorbance of the collected samples was
measured using a UV visible spectrophotometer at a wave-
length of 372 nm. Vitamin B12 concentrations were studied
according to absorbance values of pre-calibrated data from
known concentrations.

12 Invivo study

A full thickness excisional wound model was exploited to
assess the healing capacity of the fabricated dressings. Nine
male Wistar rats were purchased from Pasteur institute and
kept at standard conditions at the time of study. For the
wound model creation, the animals were anesthetized by
intraperitoneal injection of Ketamine 100 mg/kg/Xylazine
10 mg/kg. The skin in the back of the animals was shaved
and disinfected using povidone iodine and 1.5% 1.5 cm? of
their skin was removed. The rats were divided into three
groups including PCL/gelatin group, PCL/gelatin/Vit B12
group, and control group (in which the wounds were cov-
ered by sterile gauze). After 7 and 14 days post-surgery,
the macroscopic changes in the wounds were studied by
imaging using a digital camera. The wound size reduction
was calculated using an image analysis software (Digimizer,
Ostend, Belgium) from the corresponding images using the
following equation:

open wound area

Wound closure (%) =1 — x 100

initial wound area

After 14 days, the rats were humanely killed and the
wound samples were harvested for histopathological exami-
nations. The specimens were fixed in 10% buffered formalin
and then processed and embedded in paraffin. The samples
were then cut and stained with hematoxylin-eosin (H&E)
and visualized under a light microscope.

12.1 Statistical analysis

The results were statistically analyzed by Graph pad prism
version 5 software using Student’s t-test and the data were
expressed as the mean + standard deviation (SD). All experi-
ments were performed at least three times and in all evalua-
tions, p < 0.05 was considered as the statistically significant.

13 Results
13.1 Characterization of the scaffolds

The results of SEM imaging (Fig. 1) showed that the scaf-
fold had randomly-oriented fibers with smooth morphol-
ogy. 30 random fibers were selected for size measurement
using image analysis software and the results showed
that there is no statistically significant difference between
vitamin B12 containing and vitamin B12 free scaffolds
(673.68 +11.64 nm vs. 710.19+9.70 nm, for PCL/gelatin
and PCL/gelatin/Vit B12 scaffolds respectively). Tensile
strength plays a vital role in the easy applicability of the
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Fig. 1 SEM micrographs of (a)
PCL/gelatin nanofibrous scaf-
fold s and (b) PCL/gelatin/Vit
B12 scaffolds

wound dressings. Our data showed that tensile strength
for PCL/ gelatin and PCL/gelatin/Vit B12 scaffolds was
2.67+0.29 Mpa and 2.80 +0.96 Mpa respectively. Statisti-
cally no significant difference was observed between groups.
Surface wettability of the dressings is a determining factor
for a successful wound healing since it affects the ability of
the dressing to absorb wound exudates and maintaining the
wet environment of the wound. The contact angle measure-
ment for PCL/gelatin and PCL/gelatin/ Vit B12 scaffolds
showed that there was no statistically significant difference
between two dressings (59.08 +£2.37° vs. 60.93+4.51°). The
ability of the dressing to allow for gas exchange can have
a profound impact in wound healing. Higher WVP causes
rapid dehydration which results in scar tissue formation
while on the other hand low WVP results in accumulation
of wound exudates and predispose the wound for infections
[17]. Our results showed that the WVP for PCL/gelatin and
PCL/gelatin/ Vit B12 scaffolds was 13.98 +3.41 mg/cm?
and 12.97 +2.38 mg/cm? respectively. The differences were
not statistically significant. The capacity of the scaffolds to

Fig.2 Histogram compar-

ing the viability of L.929 cells
cultured on the PCL/gelatin and
PCL/gelatin/Vit B12 scaffolds
obtained by MTT assay 1 day
and 3 day after cell seeding
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absorb water was measured since it reflects the ability of
the wound dressing to regulate wound exudate [18]. The
results showed that water-uptake capacity of the PCL/gelatin
and PCL/gelatin/Vit B12 scaffolds was 11.32 +1.09% and
12.06 +2.13% respectively. The differences were not statis-
tically significant. MTT assay was performed to evaluate
the toxicity of the dressings towards L.929 cells. As shown
in Fig. 2 the absorbance values for PCL/gelatin/Vit B12
scaffolds was significantly higher compared to PCL/gela-
tin scaffolds in 1 and 3 day after cell seeding implying that
vitamin B12 incorporation has augmented L929 cells pro-
liferation. Wound dressings should prevent wound infection
by stopping the bacteria from migration to the wound bed.
This ability was assessed by microbial penetration test. The
results (Fig. 3) showed that microbial contamination of the
bottles that ware capped by PCL/gelatin or PCL/gelatin/Vit
B12 scaffolds was comparable with negative control group in
which the container was sealed with airtight cap. This find-
ing implies that the produced dressings have considerably
prevented microbial penetration. The absorbance values for
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Fig.3 The extent of microbial
penetration in different groups
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Fig.4 Cumulative release profile of the vitamin B12 from PCL/gela-
tin scaffolds

positive control group was significantly higher than negative
control group and both scaffolds. There was not statistically
significant difference between vitamin-loaded or vitamin-
free scaffolds indicating that Vitamin B12 had no effect on
bacterial migration through the dressing. The release study
(Fig. 4) showed that the scaffolds displayed an initial burst
release of 26% within the 24 h and a relatively slower release
which was sustained after 120 h. The initial burst release can
be due to presence of Vitamin B12 on nanofiber’s surface
while the sustained release could be due to gradual degrada-
tion of gelatin within the incubation period [19].

14 Invivo study

To quantify the wound healing process wound size reduc-
tion was determined according to macroscopic images.
Data showed that wounds treated with PCL/gelatin/Vit
B 12 scaffold had 92.27 + 6.84% of wound closure at 14
days post-surgery while wounds covered with PCL/gela-
tin group had 64.62 +2.96% of wound size reduction. At 7

days post-surgery PCL/gelatin/Vit B12 group could reach
to 59.38 +3.37% of wound closure while PCL/gelatin group
could close the wounds for about 42.18 +2.69% at this time
step. Statistical analysis showed that there was a statisti-
cally significant difference at both time steps between Vita-
min B12-containing and Vitamin B 12-free groups. Sterile
gauze group had 19.38 +2.98% and 42.34 +1.87% of wound
closure at 7 days and 14 days post-surgery. H8E staining
(Fig. 5) showed that the wounds treated with PCL/gelatin/
Vit B12 dressing had significantly higher epithelial thick-
ness compared to PCL/gelatin group (39.31+2.09 um vs.
24.18 +3.65 um). This value for negative control group was
7.21 +1.38 um. These results signifies better re-epitheliali-
zation process in the PCL/gelatin/Vit B12 group.

15 Discussion

Vitamins are of paramount importance in skin care and
wound healing. Therefore, they have been supplemented
with various cosmetic products. However, due to fast oxi-
dation process their bioavailability is rather low [20, 21].
Therefore, the use of an efficient drug delivery vehicle
which releases these agents in a sustained manner can cir-
cumvent vitamins low bioavailability. A variety of drug
delivery vehicles have been devised for vitamins delivery
[22, 23]. However, the way these delivery vehicles can be
exploited to produce a wound dressing is an intense area of
research. In a previous study conducted by Li et al. Vita-
min A and E were successfully incorporated into gelatin
nanofiber by electrospinning technique in order to pro-
duce a potential wound dressing. The scaffolds loaded
with vitamins exhibited a sustained release over 2 months.
Antibacterial studies revealed that vitamin E-loaded
dressings could successfully inhibit the growth of E. coli
and S. aureus. Cell culture studies showed that the scaf-
fold s could enhance the proliferation of fibroblasts and
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Fig.5 Hematoxylin-eosin (H&E) stained images of the wound tissue at the end of 14th day post-surgery. (a) PCL/gelatin group, (b) PCL/gela-
tin/Vit B12 group, and (c¢) Negative control group. Asterisk indicates epithelial tissue formation

significantly improve the expression of collagen-related
genes. In vivo analysis confirmed higher healing poten-
tial of vitamin loaded dressings compared to vitamin-free
ones [24]. In another study Najafi et al. loaded vitamin
C in a core shell system of polyvinyl alcohol/chitosan
nanofibers to fabricate a nanofibrous wound dressing.
Encapsulation is an efficient method that inhibits rapid
oxidation of vitamin C hence increase its bioavailability
[25]. Madhaiyan et al. fabricated a transdermal delivery
system based on PCL for vitamin B12. They produced the
scaffolds using electrospinng method. The physicochemi-
cal and biological properties of the scaffolds were studied.
To reduce the high hydrophobicity of PCL plasma treat-
ment was exploited. High surface to volume ration and
high drug encapsulation efficacy have added to nanofiber-
based drug delivery vehicles biomedical application [26].
Abubakr et al. investigated the effects of encapsulation
process parameters of calcium alginate beads on Vitamin
B12 drug release kinetics. They produced the beads by
ionotropic gelation method followed by oven air drying.
Among various parameters, thermal effects were found to
play the major role in tuning the release profile of Vitamin
B12 from the alginate beads [27]. In the current study we
successfully fabricated an electrospun PCL/gelatin wound
dressing for sustained delivery of Vitamin B12 into the
wound bed. This delivery vehicle could significantly aug-
ment L929 cells proliferation which was evidenced by
MTT assay. This is in accordance with previous studies
that have reported proliferative effects of this vitamin
on various cell lines [28, 29]. Various physicochemical
analysis were performed in this study and they proved that
this dressing is not cytotoxic and has suitable mechanical
properties for easy application on the wound site. Fur-
thermore, surface wettability study was performed since
this feature determines the adhesiveness of the dressing
to the wound site which is unfavorable and can reopen the
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closed wound upon wound dressing’s removal [17]. Poly-
mer blend of PCL and gelatin provided a suitable surface
wettability that did not adhere to the wound bed. Generally
synthetic biomaterials are more hydrophobic compared to
naturally-derived materials and this hampers their tissue
engineering applications. One of the most effective strate-
gies to improve their surface wettability is to use a hybrid
material of synthetic and natural polymers. In the current
study we used a polymer blend of PCL and gelatin to fab-
ricate the nanofibers and the produced scaffold s exhibited
an optimal surface hydrophilicity. WVP and capacity for
water uptake studies was performed to evaluate the ability
of the dressings to absorb wound exudates and keeping the
wound wet. In addition, ease of nutrients diffusion through
the wound dressing to the cells which have been seeded on
them in the culture system would be facilitated by proper
water holding capacity which will prevent water loss in the
wound site. The MTT assay confirmed that the scaffolds
could supply cultured L929 cells. In vivo study proved
that the proposed wound dressing could successfully regu-
late wound exudate and protected the wound from infec-
tion. In vivo study was conducted to compare the healing
potential of Vitamin B12-loaded wound dressings with
the same scaffold but without Vitamin. All in all, wound
closure study and histopathological examinations showed
that vitamin-containing dressings outperformed the poly-
mer only scaffold. This could be because of the following
reasons. Firstly, Vitamin B12 may have increased the pro-
liferation of resident fibroblast cells and keratinocytes as
its proliferative effects on various cell lines have been well
documented in other studies [30, 31]. Secondly, this agent
can enhance the protein production and metabolism there-
fore it is expectable that Vitamin B12 has increased the
collagen synthesis which plays an integral role in wound
closure [32]. Finally, vitamin B12 is heavily involved in
angiogenesis therefore it can aid in granulation tissue
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formation which is one of the important phases of wound
healing [33]. This preliminary results provide evidence
suggesting the potential applicability of proposed wound
dressing to treat skin injuries in clinic.

16 Conclusions

In summary, Vitamin B12 was incorporated into polycap-
rolacton/gelatin nanofibers in order to fabricate a potential
wound dressing. The addition of Vitamin B12 significantly
enhanced 1.929 cells proliferation. Macroscopic and histo-
pathological examinations proved that Vitamin B12-loaded
dressings had higher healing potential compared to polymer-
only scaffolds.
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