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Abstract
In this study, cinnamon (cin) was loaded into poly(ε-caprolactone)/gelatin (PCL/Gel) nanofibrous matrices in order to fab-
ricate an appropriate mat to improve wound healing. Mats were fabricated from PCL/COLL [1:1 (w/w)] solution with 1, 5 
and 25% (w/v) of cinnamon. Prepared mats were characterized with regard to their microstructure, mechanical properties, 
porosity, surface wettability, water-uptake capacity, water vapor permeability, blood compatibility, microbial penetration and 
cellular response. The fabricated mats with and without cinnamon were used to treat the full-thickness excisional wounds in 
Wistar rats. The results indicated that the amount of cinnamon had a direct effect on porosity, mechanical properties, water 
uptake capacity, water contact angle, water vapor transmission rate and cell proliferation. In addition, the results of in vivo 
study indicated that after 14 days, the wounds which were treated with PCL/Gel 5%cin had better wound closure (98%) 
among other groups. Our results suggest that the cinnamon can be used as a suitable material for wound healing.
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1  Introduction

It is as clear as crystal that skin is the largest organ in 
mammals and serves as a protective obstacle between the 
human body and the surrounding environment. It protects 
the underlying organs and guards the body as contrary to 
pathogens and microorganisms [1]. Wounds disrupt the 
skin function that may lead to water loss and fatal infec-
tions. Even though, the inherent healing ability of skin can 
regenerate a large area of this tissue. However in the vast 
injuries case, without appropriate treatment, satisfactory 
wound closure cannot be achieved [2]. A suitable wound 
dressing should provide appropriate properties such as 
maintain a moist environment in wound site, allow gas 
exchange between environment and wounded tissue and 
enhance epidermal migration [3].

Various types of wound dressings from decellularized 
membranes to hydrogels, foams, and sponges are used to 
treat wounds in clinic [4, 5]. Recently, nanofibrous struc-
tures because of their beneficial effects on the regeneration 
of different tissues have widely used [6, 7]. The nanofibers 
have high similarity to native extracellular matrix struc-
ture. Among different biomaterials were used for fabrica-
tion nanofibers, Polycaprolactone (PCL), because of its 
properties like non-toxic nature, high tensile strength, low 
melting point, and biodegradability are widely used for 
biomedical applications [8]. However, using PCL in tis-
sue engineering is limited because of high hydrophobicity, 
lack of functional groups and neutral charge [9]. So, blend-
ing with other polymers with desired characteristics can 
decrease disadvantages of PCL. Gelatin is a protein that 
contains high contents of proline, glycine, and hydroxy-
proline [10]. Gelatin has been widely used as a wound 
dressing and as an absorbent pad during surgery [11]. The 
PCL/Gel scaffold has appropriate mechanical strength 
because of PCL, and good cell attachment, proliferation, 
and biodegradation because of gelatin [12, 13].

To improve wound healing process, researchers incor-
poration different kinds of bioactive agents in wound 
dressing. Cinnamon (Cin) has been used for a long time 
as a spice [14] and it was derived from a Greek word that 
means sweet wood, achieves from the inner bark of tropi-
cal evergreen cinnamon trees [15]. Cinnamon shows differ-
ent biological functions such as anti-oxidant, anti-diabetic, 
anti-inflammatory, antibacterial, and anti-tumor effects. In 
addition, cinnamon is rich in essential oils and tannins 
which decrease microbial growth [16, 17].

All in all, previous studies indicated that due to favora-
ble properties of PCL/gelatin mentioned above, it is 
widely used as a wound dressing [13, 18]. But to the best 
of our knowledge, we couldn’t find electrospun nanofibers 
loaded with cinnamon for treating full thickness wound. 

Therefore, PCL/Gel nanofibers loaded with cinnamon 
might be unique for wound healing application. In this 
study, the PCL/Gel nanofibrous mat containing different 
concentrations of cinnamon were developed by the elec-
trospinning method and its properties were evaluated with 
different in vivo tests and the effect of them on the healing 
of skin injury in a rat model was evaluated.

2 � Materials and methods

2.1 � Chemicals

The materials and solvents were bought from Merck (Darm-
stadt, Germany) and Sigma-Aldrich (St. Louis, USA) respec-
tively unless otherwise noted.

2.2 � Fabrication of PCL/gelatin fibrous mats 
containing cinnamon via electrospinning

Poly(ε-caprolactone) [PCL; Mw = 48–90 kDa] and gelatin 
(bovine skin, type B) with the same concentrations of 10% 
(w/v) were dissolved in acetic acid. The gelatin solution 
and the PCL solution were combined at the weight ratio 
of 1:1 and stirred for 24 h. The cinnamon (Sigma-Aldrich, 
W229210) was added into the PCL/Gel solution at the con-
centrations of 1, 5 and 25% weight of polymers and stirred 
at room temperature for 6 h. The solution was shifted to a 
10 mL disposable syringe ending to an 18-gauge stainless 
steel needle. The syringe was placed into a syringe pump 
(Fanavaran Nano-Meghyas, Tehran, Iran) and the solution 
was fed at the rate of 0.4 mL/h. Electrospinning was started 
by applying a positive high voltage (20 kV) through a high 
voltage source (Fanavaran Nano-Meghyas, Tehran, Iran) 
between the mandrel and the needle. Modified 15 cm gap 
between collector and the needle tip was set at. For cross-
linking fabricated mats, vapor of 10% (w/v) glutaraldehyde 
(Sigma-Aldrich, St. Louis, USA) was used for 16 h and 
after that completely washed with distilled water and dried 
at room temperature.

2.3 � Characterization of fabricated mats

2.3.1 � Scanning electron microscopy

The microstructures of the prepared mats were observed 
under a scanning electron microscope (SEM). For the begin-
ning, a sputter coater (KYKY Technology Development, 
Beijing, China) was used to coat mats with gold for 250 s 
and then the coated mats were observed with SEM (KYKY 
Technology Development, Beijing, China) at an accelerating 
voltage of 30 kV.
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2.3.2 � Mechanical test

The tensile strength of the mats was investigated via a uni-
axial tensile testing device (Santam, Karaj, Iran) with a 10 N 
load cell and extension rate of 1 mm/min. For this test, the 
samples were cut into 1 cm in width and 4 cm in length.

2.3.3 � Porosity assessment

To calculate the percentage of the porosity of the fabricated 
mats, the liquid displacement technique and Eq. 1 was used 
[19];

In this formula, V1 and V2 are the initial volume of ethanol 
(96%) and the volume after immersing the mat respectively. 
In addition, V3 is the volume of the ethanol after the mat 
removed (after 10 min).

2.3.4 � Water uptake capacity

Equation 2 was used to investigate the water-uptake capacity 
of the mats [20].

In Eq. 2, W0 is the weight of dry samples and W1 is the 
weight of samples after immersion in distilled water at room 
temperature for 24 h. The average value of three samples for 
each dressing was reported.

2.3.5 � Water vapour permeability (WVP)

To measure WVP of the fabricated mats, the flexible bot-
tles permeation test (Systech, UK) was used. The bottles 
were capped with the dressings and incubated at 37 °C for 
12 h and the mass of water lost through the dressing was 
measured. WVP was calculated at steady-state using Eq. 3;

Where W indicates the mass of water lost, A stands for the 
area (1.18 cm2) and T is the exposure time [20].

2.3.6 � Contact angle measurement

The contact angle test was used to evaluate the degree of 
hydrophilicity of fabricated mats. For this purpose, a static 
contact angle measuring device (KRUSS, Hamburg, Ger-
many) was used and a water droplet was poured onto 3 parts 

(1)Porosity (%) =
v1 − v3

v2 − v3
× 100

(2)Water Uptake (%) =
W1 −W0

W0
× 100

(3)WVP =
W

AT

of each sample and the amount of angle formed between the 
water droplet and the surface of each dressing was averaged 
and reported.

2.3.7 � Weight loss measurement

For weight loss measurement, the samples were cut into 
square shape with dimension of 2 × 2 × 5  cm and were 
immersed in 10 mL distilled water. The weight loss was 
calculated by using Eq. 4 [21].

In the above formula, W0 and W1 are the initial weight of 
samples and the dry weight after removing from the media, 
respectively.

2.3.8 � FTIR analysis

FTIR spectroscopy was used to characterize the presence 
of Cinnamon in the fabricated mats. For this purpose, FTIR 
spectrometer (ABB Bomem, Quebec, Canada) was used and 
IR spectra were recorded in the 400–4000 cm−1 range with 
a resolution of 4 cm−1.

2.3.9 � Blood compatibility or hemolysis assay

Human blood was used to evaluate the compatibility of the 
mats. Whole human blood was anticoagulated and diluted 
with normal saline. 200 µl of blood samples were poured 
onto the mats and incubated at 37 °C for 60 min and after 
that centrifuged at 1500 rpm for 10 min. The supernatants 
were transferred to a 96-well plate and a BioTek Synergy 
2 Multi-Mode Microplate Reader at 545 nm was used to 
read the absorbance values of each samples. Blood diluted 
in deionized water was considered as positive control while 
blood diluted in normal saline was considered as negative 
control. Hemolysis degree was calculated as Eq. 5 [22]:

where Dt indicates the absorbance of the sample, Dnc is the 
absorbance of the negative control, Dpc is the absorbance 
of the positive control.

2.3.10 � Microbial penetration

To evaluate capability of the mats to withstand against 
microbial penetration, each dressing was placed in 10 ml 
vials consisted 5 ml of Brain heart infusion (BHI) broth 
(Merck, Germany) (test area: 0.8 cm2). Bottles covered 
with the cotton ball consider as negative control and open 

(4)Weight loss =
W0 −W1

W0
× 100

(5)Hemolysis% =
Dt − Dnc

Dpc − Dnc
× 100



152	 Biomedical Engineering Letters (2020) 10:149–161

1 3

vials served as positive control. The tested vials were kept 
at ambient conditions for 3 and 7 days. The cloudiness 
of the mixture in any vial was indicative of microbial 
contamination. Spectrophotometric measurements were 
obtained at 600 nm in a microplate spectrophotometer 
(n = 3).

2.3.11 � Cell culture studies

The 3T3 mouse fibroblast cell line was cultured in the Dul-
becco’s modified Eagle’s medium: nutrient mixture F-12 
(DMEM/F12; Gibco, Grand Island, USA) supplemented 
with 10% (v/v) fetal bovine serum (FBS; Gibco, Grand 
Island, USA), 100 unit/mL of penicillin and 100 µg/mL of 
streptomycin in a humidified incubator at 37 °C with 5% 
CO2. The media was refreshed every 24 h. The mats were 
cut into appropriate sizes and then put into each well of a 
96-well plate. The ultraviolet light (254 nm) irradiation was 
used for 30 min to sterilize both side of prepared mats in a 
laminar flow hood. The mats washed twice with PBS and 
once with DMEM/F12 and then 1 × 104 of 3T3 mouse fibro-
blast cell line seeded. To quantitatively assess the activity 
of cells cultured on the mats, the 3-(4,5-Dimethylthiazol-
2-yl)-2, 5-Diphenyltetrazolium Bromide (MTT) according 
to a method as described previously was used [23]. The 
microplate-reader (Palm City, USA) at 570 nm was used to 
read the absorbance values of each samples (n = 3).

2.3.12 � In vivo wound healing study

A full-thickness excisional wound model was used to evalu-
ate the healing capability of the fabricated mats. Animal 
experiments were approved by the ethics committee of Shah-
roud University of Medical Sciences and were carried out in 
accordance with the university’s guidelines. Thirty healthy 
adult male Wistar rats (3 months old, weighing 250–270 g) 
were bought from Pasteur Institute, Tehran, Iran. For wound 
model creation, the animals were anesthetized by intraperi-
toneally injection of Ketamine 5%/Xylazine 2% (70 mg 
ketamine and 6 mg Xylazine/1 kg body weight). Their back 
was shaved and disinfected with ethanol and a full-thickness 
1.5 × 1.5 cm2 was excised using a scalpel blade (Fig. 1). The 
animals were divided into five groups (6 rats per group) and 
the wounds were treated with the PCL/Gel, PCL/Gel/1%cin, 
PCL/Gel/5%cin and PCL/Gel/25%cin, and the sterile gauze 
as the negative control. The macroscopic changes in the 
wound site were recorded by a digital camera (Canon Inc., 
Tokyo, Japan) at 7 and 14 days post-wounding to evaluate 
the extent of wound closure. The pictures evaluated by using 
an image analyzing program (Digimizer, Ostend, Belgium). 
Wound closure was calculated by using Eq. 6 [24].

14 days after post-wounding day, the animals were sacrificed 
by ketamine overdose injection and the wound tissue was har-
vested and fixed in 10% buffered formalin. For histopathologi-
cal examinations, the specimens were processed and embed-
ded in paraffin, sectioned, and stained with hematoxylin–eosin 
(H&E) and Masson’s trichrome (MT). The prepared samples 
were examined under a light microscope (Carl Zeiss, Thorn-
wood, USA) with a digital camera (Olympus, Tokyo, Japan) 
and photographed at × 40, × 100 and × 400 magnifications.

2.4 � Statistical analysis

The Origin Pro software (Version9, OriginLab, Northampton, 
MA) using a statistic on rows and two-sample t test on rows 
was used to statistically analyze the results and the data were 
expressed as a mean ± standard deviation. In all of the evalua-
tions, p < .05 was considered statistically significant.

3 � Results

3.1 � Morphology

Figure 2 shows the SEM micrographs of the fabricated 
mats. The nanofibers in all groups were dispersive manner, 

(6)

Wound Closure (%) =

(

1 −
open wound area

Initial wound area

)

× 100

Fig. 1   A full-thickness 1.5 × 1.5  cm2 wound healing on the back of 
the Wistar rat
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oriented randomly and forming a non-woven porous struc-
ture. The fibers diameter was evaluated by using Fiji/
ImageJ (National Institutes of Health, Bethesda, USA) 
by analyzing 20 random points per image and the results 
were indicated in Table 1. Adding cinnamon significantly 
(p < 0.005) increased the average diameter of fibers from 
891 ± 64 nm to 984 ± 97 nm.

3.2 � Tensile strength

Enough tensile strength is necessary for wound mats to tol-
erate forces exerted during application [25]. Table 1 indi-
cated that by increasing the concentration of cinnamon, the 

ultimate tensile strength decreased. The tensile strength of 
PCL/Gel was 2.83 ± 0.8 MPa while it was 2.23 ± 0.6 MPa 
for PCL/Gel/25%cin. The results indicated that the val-
ues of the ultimate tensile strength were not statistically 
significant.

3.3 � Porosity

The porosity of the different groups was evaluated based on 
the liquid displacement method and the results were indi-
cated in Table 1. The results showed that the porosity of all 
mats is high enough (> 65%) to be used as a wound dress-
ing [26]. Moreover, Table 1 revealed that by increasing the 

Fig. 2   Morphology of the wound dressings; a PCL/Gel, b PCL/Gel/1%cin, c PCL/Gel/5%cin and d PCL/Gel/25%cin
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percentage of cinnamon, the porosity increased too. How-
ever, the differences between porosity values are not statisti-
cally significant.

3.3.1 � Water uptake capacity and WVP

The water uptake capacity shows the capacity of the mat to 
absorb wound exudates [27]. The results of water-uptake 
capacity of the fabricated mats were demonstrated in 
Table 1. The PCL/Gel mat showed the water-uptake capac-
ity of 12.86 ± 0.32% and by adding cinnamon to the mat, the 
water-uptake capacity was increased. For PCL/Gel/1%cin, 
PCL/Gel/5%cin and PCL/Gel/25%cin the water uptake 
capacity was 13.63 ± 0.15%, 13.91 ± 0.5%, 14.42 ± 0.6%.

Previous study indicated that an appropriate wound 
dressing should have ability to control the gas exchange to 
improve wound healing process. High WVP increasing the 
speed of dehydration in the wound site and consequently 
causes scar formation [28]. On the other hand, the low WVP 
makes the deposition of exudates and it makes delays to 
wound healing process and therefore, predisposes the wound 
for infection [29]. As can be seen from Table 1, by adding 

cinnamon to the mats, WVP increased. It is due to the per-
centage of porosity in the mat containing cinnamon. The 
differences between the values of Water uptake capacity and 
WVP of the mats were not statistically significant.

3.4 � Wettability

The water contact angles for the PCL/Gel and PCL/
Gel/25%cin mats were 53.19 ± 4.06° and 58.73 ± 2.16 
respectively (Table 1). As Cinnamon is a hydrophobicity 
material, by adding it to the fabricated mats, the contact 
angle increased [30]. The differences between the contact 
angle results were not statistically significant.

3.5 � Degradation studies

The weight loss results over the period of 2 weeks experi-
ment are reported in Table 1. As cinnamon is a degradable 
material [31], by increasing the amount of cinnamon in the 
prepared mats, the degradation rates increased but differ-
ences were not statistically significant.

Table 1   Characterization of fabricated mats

Samples Fiber diameter 
(nm)

Tensile 
strength 
(MPa)

Porosity (%) Water uptake 
capacity (%)

WVP (mg/
cm2 h)

Contact angle (°) Weight loss 
(after 2 weeks)

PCL/Gel 891 ± 64 2.83 ± 0.8 71.16 ± 1.04 12.86 ± 0.32% 9.23 ± 1.03% 53.19 ± 4.06 35.11 ± 2.36%

PCL/Gel/1in 914 ± 62 2.74 ± 0.1 73.2 ± 3.2 13.63 ± 0.15% 10.07 ± 3.01% 56.18 ± 2.03 36.2 ± 1.34%
PCL/Gel/5%cin 943 ± 116 2.67 ± 0.4 75.6 ± 5.4 13.91 ± 0.5% 11.2 ± 1. 5% 57.33 ± 1.12 36.93 ± 1.09%
PCL/Gel/25%cin 984 ± 97 2.23 ± 0.6 76.8 ± 3.1 14.42 ± 0.6% 12. 3 ± 3.8% 58.73 ± 1.16 38.89 ± 3.69%

Open container 29.76 ± 4.01%

Fig. 3   FTIR spectra of a PCL/Gel and b PCL/Gel/25%cin
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3.6 � Microstructure characterization of prepared 
mat

Figure 3 shows the FTIR spectra of fabricated mat. The 
band observed at 2951 cm−1 (asymmetric CH2 stretching), 
2868 cm−1 (symmetric CH2 stretching), 1732 cm−1 (car-
bonyl stretching), 1294 cm−1 (C–O and C–C stretching) 
and 1240 cm−1 (asymmetric COC stretching) [32]. Com-
mon bands of protein appeared at approximately 1647 cm−1 
(amide I) and 1545 cm−1 (amide II), corresponding to the 
stretching vibrations of C=O bond, and coupling of bending 
of N–H bond and stretching of C–N bonds, respectively. The 
amide I band at 1647 cm−1 was attributable to both a random 
coil and a-helix conformation of gelatin [33]. The peaks at 
1171 cm−1 and 1105 cm−1 are attributed to the stretching 
vibrations of C–O and the C–OH deformation vibration. The 
peak at 960 cm−1 is assigned to the C-H bending vibration 
absorption, and the peak at 733 cm−1 is assigned to benzene 
rings CH vibration absorption. The peak at 1456 cm−1 is 
very characteristic for an alcohol C–OH within the bending 
vibration absorption. The peak at 1456.1419 and 584 cm−1 
corresponds to the vibration absorption of alkenes.

3.7 � Blood compatibility or hemolysis assay

Hemolysis directly related to the blood compatibility of 
materials and it shows the release of hemoglobin into plasma 
due to damage of erythrocytes. Hemolysis rate of all mats 
were less than positive control, and this difference is signifi-
cant (Fig. 4a). The hemolysis rate was increased by adding 
cinnamon to the fabricated mat but the differences were not 
significant.

3.8 � Microbial penetration through the wound 
dressings

The antimicrobial nature of the wound dressing prevents 
wound site from wound infection. The results of micro-
bial penetration through the mats are shown in Fig. 4b. 
In the test tubes containing BHI broth that was capped 
with the mats containing cinnamon, the optical density of 
the microbial contamination was higher but not significant 

than PCL/Gel mat and lower than negative control (BHI 
broth in a glass test tube sealed with an airtight cap) after 
3 and 7 days of starting experiment. The optical densities 
of the BHI broth in the positive control was significantly 
higher than all mats and negative control (p < 0.05).

3.9 � In vitro and in vivo study

The MTT assay was performed to assess the cytocompat-
ibility of mats towards the 3T3 cells and the results are 
shown in Fig. 4c. PCL/Gel/5%cin had higher absorbance 
values among other groups after 24 h and 72 h. While 
PCL/Gel/25%cin, because of the hydrophobicity and cyto-
toxicity of the cinnamon, the absorbance decreased signifi-
cantly (p < 0.05).

Figure 5a demonstrates the macroscopic appearance 
of the wounds covered with the sterile gauze (negative 
control), PCL/Gel, PCL/Gel/1%cin, PCL/Gel/5%cin and 
PCL/Gel/25%cin mats 7 and 14 days after surgery. The 
photographic evaluation indicated that there was a sign 
of inflammation in the negative group while, there was 
no sign of inflammation or infection in other groups. 
Moreover, after 2 weeks, the wound site in the control 
group were still hemorrhagic whereas the groups covered 
with mats specially PCL/Gel/5%cin became better at the 
same time. In addition, to quantify the wound-healing pro-
cess, the wound closure was determined (Fig. 5b). The 
negative control had the wound closure of 30.1 ± 2.47% 
and 53.4 ± 2.29 at 7 and 14 days after wounding, respec-
tively. By covering wounds with mats, the wound closure 
increase. These values for PCL/Gel, PCL/Gel/1%cin, 
PCL/Gel/5%cin and PCL/Gel/25%cin after 7 days were 
41.06 ± 4.32, 45.5 ± 1.66, 70.12 ± 6.21 and 65.54 ± 2.78 
and after 14  days were 57.2 ± 0.47, 63.16 ± 3.14, 
98.13 ± 2.35 and 79.38 ± 4.11 respectively. The wound 
size reduction in PCL/Gel/5%cin group was significantly 
higher than other mats and the control group in each time 
interval (p < 0.05).

Fig. 4   a Blood compatibility histogram of the mats, b the extent of microbial penetration through the mats and c MTT assay histogram after 24 
and 72 h of cell seeding
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3.10 � Histopathological results

Histopathological findings of positive and negative control 
groups are illustrated in Fig. 6. In the PCL/gelatin treated 
group, a thick layer of crusty scab covered the wound 
(Fig. 6, asteroid), and several PMN cells infiltrated to the 
wound area (Fig. 6, thin arrows). PCL/Gel/1%cin treated 
group showed the initiation of epidermal proliferation 
(Fig. 7, thick arrow). The regeneration of wounds in PCL/
Gel/25%cin treated animals was better than those of PCL/
gelatin and PCL/Gel/1%cin treated groups, the epidermal 
layer was completely formed and remodeled (Fig. 6, thick 
arrow). Among all groups, PCL/Gel/5%cin group showed 
more resemblance to normal skin tissue (positive control) 
with a rejuvenation of hair follicles, sebaceous glands and 
typical epidermis (Fig. 6, thick arrow).

The histological findings of Masson’s trichrome (MT) 
stained sections indicated that PCL/Gel/1%cin group had the 
greatest collagen fiber synthesis, maturation, and arrange-
ment among other groups (Fig. 7). On the other hand, the 
minimum rate of collagen fiber synthesis and deposition was 
in PCL/gelatin and negative control groups.

3.11 � Histomorphometric analysis

Histomorphometric assessment for experimental groups 
has been presented in Fig. 8. PCL/Gel/5%cin group had the 
best re-epithelialization (p < 0.01). Blood vessels in PCL/
Gel/1%cin group treated animals were significantly higher 
than the negative control, PCL/gelatin, and PCL/Gel/25%cin 
groups (p < 0.05). Moreover, the best results for regeneration 
was observed in the PCL/gelatin/5%cin.

4 � Discussion

In the current study, PCL/Gel mats were fabricated by elec-
trospinning method with different amounts of cinnamon for 
wound healing. Wound healing is a biological process which 
contains four sequential stages after the wound occurred: 
hemostasis, inflammation, proliferation and maturation 
[34]. Various studies evaluated different wound dressings 
to improve this process. The selection of wound dressings 
depends on the type of wound and on the patient’s need for 
recovery; hence, different types of wound dressings have 
emerged. As an ideal wound dressing should have a structure 
that resembles the natural skin’s structure, and nanofibers 
have ability to mimic a natural nanometer dimension of the 
tissue, due to their physical features, are able to mimic the 
healthy extracellular matrix network found in the skin [35]. 
In general, using nanofiber as wound dressing has several 
advantages; As nanofibers has appropriate biologically fea-
tures, some physical features such as small interstices and a 
large surface area to volume ratio, allow for enhanced hemo-
stasis at the injury site, and therefore, this mat may substi-
tute for the addition of hemostatic agents which would have 
adverse effects in the body [36]. Moreover, nanofiber mats 
can not only absorption of exudates from the wound but 
also keep the wound site moisty [37]. In addition, different 
drugs can be loaded in nanofibers to improve wound healing. 
Previous study indicated that the PCL/Gel have capability 
to overcome the shortage of natural and synthetic polymers. 
It is an appropriate biomaterial with good biocompatibility, 
physical and chemical properties [38].

Porosity and mechanical properties are two important 
factors that should consider in designing and fabricating a 
suitable wound dressing [39]. Porosity is critical for oxygen 

Fig. 5   In vivo wound-healing results: a macroscopic appearances of 
the wounds treated with the sterile gauze, PCL/Gel, PCL/Gel/1%cin, 
PCL/Gel/5%cin, PCL/Gel/25%cin mat 7 and 14 post-wounding and b 

histogram comparing the wound closure percentages of experimental 
groups at the end of 7th and 14th days post-wounding
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and nutrient transport into the wound site, and the mechani-
cal properties are necessary for the mats to tolerate the forces 
during surgical operations, physiological activities etc. [40, 
41]. The best range for the porosity of wound dressing is 
60–90% [42]. However, the porosity of fabricated PCL/

Gel nanofibrous mats in this study is around 70–80%. The 
mechanical strength of mat are completely related to the 
porosity and the formation of fibers [43]. So, the high poros-
ity and random fibers made very low mechanical proper-
ties [44]. By increasing cinnamon content from 1 to 25%, 

Fig. 6   H&E stained microscopic sections of healed incisions in rats at 14 days, D defect
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Fig. 7   MT stained microscopic sections of healed incisions in rats at 14 days, D defect
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the mechanical properties declined as a result of improved 
porosity and the fibers became random instead of align.

Wettability of wound dressing indicated the tendency of 
dressing to attach to the wound bed and its ability to absorb 
wound exudates [45]. The hydrophobicity nature of cinna-
mon should decrease the wettability, and consequently, the 
water uptake capacity of the mats. But, based on the previ-
ous study, by increasing percentage of porosity, the amount 
of water uptake capacity and WVP increased too [46]. In this 
study, by increasing concentration of cinnamon, the porosity 
of scaffolds was increased and therefore, water uptake capac-
ity and WVP increased too. Regarding contact angle results, 
the values for all fabricated mats in this study and values 
obtained from commercial non-adhesive wound dressings 
produced by Coloplast (Biatain) and Smith & Nephew 
(ALLEVYN) were almost the same [47].

Base on the blood compatibility results, the mats contain-
ing cinnamon are better than other groups. It due to cinna-
mon properties that can decrease platelet aggregation [48]. 
The results of microbial penetration showed the ability of 
PCL/Gel mat containing cinnamon to stop bacterial invasion 
through electrostatic interactions between PCL/Gel/Cin and 
surface negative charge of bacteria. It can be attribute to the 
antibacterial properties of cinnamon [49].

The MTT assay results indicated that all fabricated mats 
were non-toxic for the wound-healing applications. Previous 
study indicated the antiapoptotic and proliferative effect of 
cinnamon on the fibroblasts cells [50]. It is confirmed by our 
study specially PCL/Gel/5%cin mat showed the highest cell 
viability in the MTT assay among other groups. By increas-
ing amount of cinnamon, as it is a hydrophobic material, the 
cell cannot attach to the mats very well and consequently, the 
cell proliferation decreases. Based on it, the MTT results for 
PCL/Gel/25%cin is lower than other mats.

The in vivo evaluation showed that the efficacy of cinna-
mon on wound healing. The PCL/Gel/5%cin mat had higher 
wound closure among other mats and it is significantly better 
than the gauze-treated wound. Based on the previous stud-
ies, cinnamon is an anti-oxidant material which is widely 

used for the treatment of many diseases such as diabetes, 
hypertension, and cardiovascular diseases [14, 51]. Anti-
oxidants materials have ability to reduce the ROS-induced 
damages and consequently improve the wound healing by 
[52]. 80% of Cinnamon composition includes eugenol, cin-
namaldehyde, and linalool [53]. Eugenol effects on inflam-
mation through the reducing prostaglandin biosynthesis. 
Cinnamaldehyde has anti-inflammatory properties [54]. 
Indeed, Cinnamaldehyde has antibacterial activity against 
Gram-positive and Gram-negative bacteria [49]. Linalool’s 
decreases nitric oxide and activating analgesic paths of cho-
linergic and glutamatergic compounds and therefore it has 
analgesic and anti-inflammatory effects [55, 56]. All in all, 
antioxidant, anti-inflammation, and antimicrobial of the cin-
namon accelerate wound healing. On the other hand, PCL/
Gel/25%cin group showed the negative effect of cinnamon 
in in vivo and in vitro study. It is due to the toxicity of high 
doses of cinnamon which is concluded by Adawiyah Ahmad 
etc. [57]..

Various studies used nanofiber mats as wound dressing 
to improve wound healing process. For instance, Samadian 
etc. used electrospun cellulose acetate/gelatin/hydroxyapa-
tite mats to improve wound healing. Their results indicated 
that after 14 days, about 90% of wound was healed [58]. 
Other studies which was used PCL/collagen mat containing 
insulin-chitosan nanoparticles reported that about 95% of 
crated wound healed after 14 days in rat model [28]. Frazam-
far etc. reported that Taurine-loaded poly(ε-caprolactone)/
gelatin electrospun mat could improve wound healing pro-
cess and about 92% of the wound in rat model was healed 
after 14 days [59]. The results of the current study indicated 
that about 98% of wound was healed.

5 � Conclusion

In this study, PCL/Gel mat with different concentration of 
cinnamon was fabricated and examined for healing of full-
thickness excisional wound. The results indicated that the 

Fig. 8   a Histomorphometric study: angiogenesis and b histomorphometric study: epithelialization
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PCL/Gel/5%cin mat had the highest cell proliferation among 
other groups. The in vivo study results showed the favorable 
wound-healing efficacy of the prepared mats especially PCL/
Gel/5%cin. Therefore, our results provide evidence support-
ing the applicability of using cinnamon for wound healing.
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