
Contents lists available at ScienceDirect

Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

Wound healing with alginate/chitosan hydrogel containing hesperidin in rat
model

Zohreh Baghera,1, Arian Ehteramib,c,1, Mohammad Hossein Safdeld, Hossein Khastare,
Hossein Semiarif, Azadeh Asefnejadg, Seyed Mohammad Davachih, Mehdi Mirzaiii,
Majid Salehij,k,∗

a ENT and Head & Neck Research Center and Department, The Five Senses Institute, Hazrat Rasoul Akram Hospital, Iran University of Medical Sciences (IUMS), Tehran,
Iran
b Skull Base Research Center, The Five Senses Institute, Hazrat Rasoul Akram Hospital, Iran University of Medical Sciences (IUMS), Tehran, Iran
c Department of Mechanical Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran
d Faculty of Tissue Engineering, Department of Biomedical Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran
e School of Medicine, Shahroud University of Medical Sciences, Shahroud, Iran
fDoctor of Dental Surgery, Faculty of Dentistry, Shahed University, Tehran, Iran
g Department of Biomedical Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran
hDepartment of Food Science, College of Agriculture and Life Sciences, Cornell University, Ithaca, NY, USA
iDepartment of Microbiology, School of Medicine, Shahroud University of Medical Sciences, Shahroud, Iran
jDepartment of Tissue Engineering, School of Medicine, Shahroud University of Medical Sciences, Shahroud, Iran
k Tissue Engineering and Stem Cells Research Center, Shahroud University of Medical Sciences, Shahroud, Iran

A R T I C L E I N F O

Keywords:
Alginate
Chitosan
Hydrogel
Hesperidin
Wound healing

A B S T R A C T

Skin damages have always been considered as one of the most common physical injuries. Therefore, many
researches have been conducted to find an efficient method for wound healing. Since hydrogels have suitable
characteristics, they are widely used for this purpose. In this study, based on the high efficiency of alginate and
chitosan hydrogels in the wound healing, different concentrations of hesperidin were loaded to alginate and
chitosan hydrogels followed by evaluating their morphology, swelling properties, release, weight loss, hemo-
and cytocompatibility, antibacterial and toxicity properties. Finally, the therapeutic function of the prepared
hydrogels was evaluated in the full-thickness dermal wound in a rat model. Our results indicated that the hy-
drogels have appropriate porosity (91.2 ± 5.33%) with the interconnected pores. Biodegradability of the
prepared hydrogel was confirmed with weight loss assessment (almost 80% after 14 days). Moreover, the time-
kill assay showed the antibacterial properties of hydrogels, and MTT assay revealed the positive effect of hy-
drogels on cell proliferation, and they have no toxicity effect on cells. Also, the in vivo results indicated that the
prepared hydrogels had better wound closure than the gauze-treated wound (the control group), and the highest
wound closure percentage was observed for the alginate/chitosan/10% hesperidin group. All in all, this study
shows that alginate/chitosan hydrogels loaded with 10% of hesperidin can be used to treat skin injuries in
humans.

1. Introduction

Skin, as the most significant human organ, is able to maintain the
skin integrity following injury; however, multiple factors can lead to
interrupt the wound healing [1–3]. In the United States, it has been
estimated that more than 6.5 million people suffer from chronic and

non-healing wounds, the cost of which exceeds $25 billion per year [4].
Over the last two decades, several new dressings and drug therapies
have been developed to improve normal wound healing [5,6]. Ideally,
the wound dressing should prepare a moist environment, protect the
wound from infection, and also contribute to accelerate the wound
healing process [7]. Therefore, since hydrogels provide most of the
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desirable characteristics of an ideal dressing, they have been widely
used for wound healing [8,9]. They are versatile, reducing the pain by
promoting moisture and cooling the wound surface, and also, exhibit a
wide range of mechanical properties [10,11]. They can be fabricated
from naturally occurring materials, synthetic polymers, or their hybrids
[12,13]. Using natural materials such as chitosan has many advantages
due to its biocompatibility, biodegradability, and hemostatic feature
but it has not enough flexibility leading to be easily broken into smaller
pieces [14,15]. The poor mechanical properties of chitosan could be
improved by addition of alginate, which also has the advantage of
biodegradability, biocompatibility, ability to absorb large amounts of
fluid, and as a polyanionic polymer, its carboxyl group can interact with
the amino group of chitosan [16,17]. Although hydrogels can guide the
healing process to heal the wounds, much attention is needed to sti-
mulate the proper healing of dermal wounded.

Hesperidin, flavonoids present in fruits and vegetables, have wide-
spread biological features such as anti-inflammatory, antibacterial,
antioxidant, angiogenic effects, which indicates that hesperidin may be
a therapeutical drug in skin diseases [18–20]. Several more recent de-
velopments in wound dressings have focused on the localized drug
delivery of wound healing due to the unwanted adverse effects of sys-
temic drug delivery, such as harmful side-effects into target tissues and
less predictable drug delivery to the target tissue [21–23]. Due to their
tunable physical properties such as swelling and degradability, hydro-
gels are capable of controlling the drug release rate making them a
beneficial drug delivery system for clinical use [10,11]. A previous
study showed alginate-chitosan hydrogel contributed to the accelera-
tion of wound repair due to its intrinsic antimicrobial activity [24].
Given the beneficial effect of hesperidin to improve the synthesis of
collagen, it prevents haemorrhages and infection, antioxidants, and
anti-inflammatory effects, and thus, we hypothesize that the combina-
tion of hydrogel and hesperidin could have a synergetic effect to ac-
celerate the wound healing [25,26]. To the best of our knowledge, the
effect of topical application of hesperidin-loaded hydrogel has not been
studied in wound healing studies yet. Therefore, in the present study,
the effect of different doses of hesperidin-loaded hydrogel on the
healing of skin injury in a rat model was evaluated.

2. Materials and methods

2.1. Materials

Sodium alginate (Pharmaceutical grade, molecular weight 120000),
chitosan (Pharmaceutical grade medium molecular weight 162.16),
hesperidin, penicillin, streptomycin, calcium chloride (CaCl2), and
glutaraldehyde were all purchased from Sigma-Aldrich (St. Louis, USA).
3-(4, 5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT),
Dulbecco's modified Eagle's medium: nutrient mixture F-12 (DMEM/
F12), and fetal bovine serum (FBS) were purchased from Gibco, BRL
(Eggenstein, Germany).

2.2. Hydrogel preparation

To prepare alginate/chitosan/hesperidin (Alg/Chit/Hes) hydrogel,
first sodium alginate (2% w/v) was dissolved in deionized water. Then
chitosan (2% w/v) was dispersed in acetic acid (0.5% v/v) and gently
stirred for 24 h at 40 °C to dissolve completely. The sodium alginate and
chitosan solutions mixed with ratio of 2:1 v/v. Next, the various con-
centrations of hesperidin (0, 1, 10% weight of polymer Alg/Chit) was
added to the Alg/Chit solution. Afterward, in order to initiate gelation,
calcium chloride 50 mM (CaCl2) and 10 μl glutaraldehyde with NaOH
1 M were added to crosslink the alginate and chitosan, respectively.
Finally, the prepared solution was mixed and vortexed for 1 h.

2.3. Lyophilization

The prepared solutions were first frozen for 16 h at −80 °C. To
prepare the porous hydrogels, the frozen gels were lyophilized using a
freeze drier (Telstar, Terrassa, Spain) for 48 h at −54 °C.

2.4. Hydrogel characterization

2.4.1. Morphological properties
The sample was freeze-dried, and the dry sample cut in the diameter

of 7 mm. The ultrastructure of Alg/Chit/1%Hes gel was analyzed by
scanning electron microscope (SEM AIS2100, Seron Technology, South
Korea) after sputter coating with gold for 250 s by a sputter coater
(SC7620, Quorum Technologies, England) at an accelerating voltage of
20 kV. The average diameters of pores were statistically calculated by
using the Image J (National Institutes of Health, Bethesda, USA) and
Origin Pro 2015 software (Origin Lab, Northampton, USA) by analyzing
a total of 20 random points per image.

2.4.2. Swelling studies
It is well-established that the swelling behavior should be con-

sidered when biodegradable materials for drug delivery applications
are evaluated [27]. The phosphate-buffered saline (PBS) solution
(pH = 7.4), at ambient temperature, was used to evaluate the swelling
behavior of Alg/Chit hydrogels, and Equation (1) was used to calculate
its amount [28]:

= − ×m m
m

Equilibrium mass swelling 1001 0

0 (1)

where m0 is the dried mass and m1 is the swollen mass of the hydrogel.
The Alg/Chit hydrogel was lyophilized by using a freeze drier until a
constant weight of the gel was reached. Then, a specific amount of
hydrogel (4 ml) was immersed in 20 ml of PBS and kept at room
temperature for three days. During that period and at the specific time
intervals, the specimens were removed from the PBS and quickly
weighed. The measurements were performed, and equilibrium mass
swelling percentages were calculated from the abovementioned equa-
tion.

2.4.3. Weight loss analysis
The degradation rate of the prepared hydrogels was evaluated from

their mass loss. Therefore, each dried hydrogel disk was weighed, and
equal-weight samples were placed in a falcon tube containing PBS at
37 °C, and the weight loss measurement was performed at 7 and 14
days. At indicated time intervals, triplicate specimens for each group
were taken out and dried. Equation (2) was used to determine the de-
gree of degradation in which W0 is the primary weight of hydrogels and
W1 is the dry weight after removal from water [29].

= − ×W W
W

Weight loss % 0 1
0

100 (2)

2.4.4. Release of hesperidin
The UV–visible spectroscopy was used to evaluate the release of

hesperidin from Alg/Chit hydrogel. Alg/Chit/Hes hydrogels (1 mL)
were loaded in simulated body fluid (SBF) (5 mL), and the samples were
shaken in an incubator shaker under 37 °C at 40 rpm. At various time
intervals, the supernatants were extracted and centrifuged, and to de-
termine the amount of released hesperidin, the absorption intensity of
supernatants was recorded at 285 nm [30].

2.4.5. Blood compatibility
In this test, 2 ml of human fresh anticoagulated blood diluted with

2.5 ml of normal saline. Next, 0.2 ml of the diluted blood was added to
the samples. The mixture worked for 60 min at 37 °C, and then the
samples were centrifuged at 1500 rpm for 10 min. The created
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supernatants were transferred to a 96-well plate, and the Anthos 2020
(Biochrom, Berlin, Germany) microplate reader was used to measure
the absorbance of samples at 545 nm.

In this test, the negative control was 0.2 ml diluted blood in 10 ml
normal saline, while the positive control consisted of 0.2 ml diluted
blood in 10 ml deionized water. Eventually, hemolysis degree was
calculated using Equation (3) [31]:

= −
−

×Dt Dnc
Dpc Dnc

Hemolysis % 100
(3)

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

2.4.6. Antibacterial assay
The antibacterial properties of the prepared hydrogels against two

bacterial species (Staphylococcus aureus and Pseudomonas aeruginosa)
were analyzed by a time-kill assay based on the previous studies
[32–34]. Briefly, a bacterial suspension was adjusted to 1 × 107 CFU/
ml. The hydrogels were added to the suspension at concentrations of 1/
2-fold of the minimum inhibition concentrations (MIC). The suspension
(0.5 mL) was incubated at 37 °C with gentle agitation in a shaking water
bath. After 24 h of incubation, 10 μL of the suspension was serially-
diluted and inoculated on agar plates. After 1, 2, 4, and 24 h of aerobic
incubation at 37 °C, the number of viable bacteria colonies was
counted. The bacterial growth assays were done in triplicates.

2.5. Cell viability studies

The MTT assay was used to quantitatively assess the viability of cells
cultured into the hydrogels. 3T3 murine fibroblast cell line was cultured
at the density of 1 × 104 cells on hydrogel in DMEM/F12 supplemented
with 10% (v/v) FBS, 100 unit/ml of penicillin and 100 μg/ml of
streptomycin in a humidified incubator at 37 °C with 5% CO2. 1 and 3
days after cells seeding, the culture medium was removed from the 96-
well plate and 150 μl of MTT (0.5 mg/ml) was added to each well.
Afterward, the cells were incubated at 37 ̊C for 3–4 h in a dark place,
and then, the solution was removed, and 0.1 ml DMSO was added to
each well. The formed purple formazan crystals were dissolved in
DMSO, and the absorption was measured at a wavelength of 570 nm
utilizing a microplate reader Anthos 2020 (Biochrom, Berlin,
Germany). The positive control was the cells cultured on the tissue
culture plate (TCP). All experiments were repeated three times.

2.6. In vivo wound healing study

A full-thickness excisional wound model was used to evaluate the
ability of the hydrogels with and without hesperidin in wound healing.
Thirty healthy adult male Wistar rats (200–220 g) of 2 months of age
were purchased from Pasteur Institute (Tehran, Iran). Animal experi-
ments were approved by the ethics committee of the Iran University of
Medical Sciences (ethical code: IR.IUMS.REC.1398.432) and were car-
ried out in accordance with the university's guidelines. Moreover, all
animal experiments comply with the National Institutes of Health guide
for the care and use of laboratory animals (NIH Publications No. 8023,
revised 1978). General anesthesia was induced by intraperitoneal in-
jection of the mixture of ketamine (Alfasan, Woerden, The Netherlands;
100 mg/1 kg body weight) and xylazine (Alfasan, Woerden, The
Netherlands; 10 mg/1 kg body weight). Afterward, a 1.50 × 1.50 cm2

full-thickness wound was excised using a scalpel blade on the back skin
of rats near the neck posterior surface. The animals were then randomly
divided into five groups (6 rats in each group), and the wounds were
treated with alginate/chitosan hydrogel without hesperidin, alginate/
chitosan/1% hesperidin, alginate/chitosan/10% hesperidin, and sterile
gauze as the negative control. The hydrogels were then embedded on
the injury site using an elastic adhesive bandage.

A digital camera (Canon Inc., Tokyo, Japan) at the 7- and 14-days

post-surgery was used to evaluate the rate of wound closure by re-
cording the reduction of the wound size. The image analyzing program
(Digimizer, Ostend, Belgium) was used to measure the wound area.
Finally, the wound closure was calculated via Equation (4) [35]:

= ⎛
⎝

− ⎞
⎠

×
Open wound

Initial wound area
Wound closure (%) 1  

   area
100

(4)

2.6.1. Histopathology study
Six animals from each group were euthanized 14 days post-treat-

ment, and the skin tissues were harvested and immediately fixed in the
10% neutral buffered formalin (PH. 7.26) for 48 h. Then the fixed tissue
samples processed, embedded in paraffin, and sectioned to 5 μm
thickness. Finally, the sections were stained with hematoxylin and eosin
(H&E) and Masson's trichrome (MT). The histological slides were
evaluated by the independent reviewer, using light microscopy
(Olympus BX51; Olympus, Tokyo, Japan). Epithelialization, angiogen-
esis, fibroplasia, and granulation tissue formation were assessed in
different groups, comparatively.

2.6.2. Histomorphometry analysis
Epithelialization on day 14 was assessed in respect of angiogenesis,

and it was scored according to the number of new vessels within the
tissue (Figs. 5 and 6), using a 5-point scale as follows: 0 (none), 1 (few),
2 (moderate), 3 (many) or 4. The results of these parameters were re-
ported by a comparative analysis of one independent observer who was
blind to the treatment groups.

2.7. 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 evaluations, p < 0.05 was
considered statistically significant.

3. Results

3.1. Morphology evaluation

The SEM image was used to microscopically observe the mor-
phology of Alg/Chit/1%Hes hydrogel and evaluate its microstructure
(Fig. 1). The SEM image revealed that the prepared hydrogel had a
highly porous structure comprised of interconnected pores. The por-
osity of Alg/Chit/1%Hes hydrogel was calculated as 91.2 ± 5.33%.

Fig. 1. Scanning electron microscopy of Alg/Chit/1%Hes.
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The pore size was in the range of 63–144 μm, which is favorable for the
cell attachment and migration [36].

3.2. Swelling behavior and weight loss

The swelling behavior of Alg/Chit hydrogel cross-linked with cal-
cium chloride and glutaraldehyde was evaluated from their water up-
take value, and the results are shown in Fig. 2A. The interactions be-
tween Alg/Chit chains and water molecules could cause the polymer to
be swelled while the cross-linking protects the polymer from dissolu-
tion. The swelling of Alg/Chit hydrogel provides an appropriate 3D
structure that mimics the native microenvironment of cells and sup-
ports cell survival, proliferation, and migration. The results show that
the highest swelling percentage was 344 ± 12% at 240 min after the
incubation. The previous study showed that swelling rate is important
to obtain a sustained drug delivery in the wound healing site [37].

The degradation rate of the wound dressing should be matched with
the healing rate of the wound. The slow degradation rate hinders
wound dresser replacement with the formed tissue. On the other hand,
the fast degradation rate might leave the wound site empty, and sub-
sequently, abort the wound healing process. The results of the weight
loss for the prepared hydrogels are reported in Fig. 2B. One could infer
that the weight loss rate increases to almost 80% upon rising the
amount of hesperidin.

3.3. Release

The cumulative release profile of hesperidin is shown in Fig. 2C. It
was found that 8.9 ± 1.49% and 17.2 ± 3.67% of the hesperidin has
been released within the first 3 and 6 h, respectively, followed by a
sustained release of 77.03 ± 8.71% over 14 days.

3.4. Hemocompatibility results

The compatibility of the prepared wound dresser with blood cells,
especially erythrocytes, is regarded as a prerequisite for the wound
healing [38]. The interaction of the wound dresser with erythrocytes is
an initial phase phenomenon after the wound dresser implantation,
which determines the following body reactions such as inflammation.
The compatibility assay was performed with the interaction between
the prepared Alg/Chit with and without hesperidin and fresh ery-
throcytes which were collected from a healthy volunteer and the re-
leased hemoglobin was quantified with a microplate reader. As shown
in Fig. 3A, the hemolysis induced by the prepared Alg/Chit hydrogel
and Alg/Chit hydrogel with different amounts of hesperidin are sig-
nificantly lower than positive control, implying the hemocompatibility
of the prepared hydrogels.

3.5. Antibacterial properties of the wound dressing

The results of the antibacterial growth assay are reported in Table 1.
It was demonstrated that Alg/Chit hydrogel group had a lower number
of colonies with regard to the group without wound dressing. By adding
hesperidin to the wound dressing, the number of colonies was sig-
nificantly decreased, and the number of colonies in Alg/Chit/10%Hes
group is significantly lower than Alg/Chit/1%Hes group. It was

indicated that the Lag growth phase of the two bacteria studied in the
Alg/Chit/10%Hes sample was significantly longer than that of the
control and Alg/Chit/1%Hes samples.

3.6. Cytotoxicity results

Cytotoxicity of the prepared hydrogels was evaluated using the MTT
assay kit at 24 and 72 h after cell seeding, and the results are shown in
Fig. 3B. The results reveal that the prepared hydrogels are not only
cytocompatible but also have a proliferative effect on the growth of the
cells. In Fig. 3B, the positive effect of hesperidin is shown on 3T3
murine fibroblast growth at both incubation times. The cell prolifera-
tion on the Alg/Chit/Hes hydrogel is statistically significant compared
with TCP at 24 h. It is even significantly higher than Alg/Chit hydrogel
72 h after cell seeding. In addition, by increasing the amount of he-
speridin, cell proliferation increases as well. These results suggest that
the incorporation of hesperidin into the Alg/Chit hydrogel has made
them more suitable for cell proliferation due to its tremendous positive
effect on cell growth.

3.7. In vivo wound healing study

Fig. 4 demonstrates the healing effects of the Alg/Chit hydrogel
without and with different concentrations of hesperidin as the wound
dressings. Fig. 4A shows the macroscopic appearance of wound sites
that were covered with a commercial wound dressing (sterile gauze)
and Alg/Chit hydrogel without and with different amounts of hesper-
idin. The image showed that the wound site of Alg/Chit hydrogel group
had infection and inflammation, and the healing was incomplete. On
the other hand, the groups containing hesperidin treated better rather
than the control and Alg/Chit hydrogel groups. Overall, the best per-
formance was observed in the case of Alg/Chit/10%Hes. The image
provides that the wound site had no sign of infection and inflammation,
and the wound treated very well.

To quantify the wound-healing process wound closure was de-
termined (Fig. 4B). The wound closure of commercial wound dressing
was 32 ± 1.66% and 59.1 ± 2.6% after 7- and 14-days post-surgery,
respectively. The wound closure of Alg/Chit hydrogel group after 7 and
14 days of surgery was 51 ± 4.38%, 67.8 ± 0.5%, respectively. By
adding hesperidin to the prepared hydrogel, the best results were at-
tained for Alg/Chit/10%Hes for which the wound closure was
82 ± 4.2% and 98 ± 1.87% at 7 and 14 days after wounding, re-
spectively.

3.8. Histopathological results

Histologic sections of normal skin tissue were shown in Fig. 5 (A, B,
and C). Histopathological evaluation of the negative control group re-
vealed a considerable degenerated neutrophils and eosinophils in-
filtration. Moreover, the defect site is almost empty, and it covered only
by a crusty scab (Fig. 5. E& F-asteroid). Hydrogel without hesperidin
showed the initiation of epidermal formation in the defect site. The
wound was almost covered with an epidermal layer, and the granula-
tion tissue was evident underneath the new epidermal layer (Fig. 5. I-
thick arrow). Histopathology of hydrogel with 1% hesperidin-treated
wounds displayed granulation tissue (GT) formation and epidermal

Fig. 2. (A) The swelling percentages of the
Alg/Chit hydrogel in PBS at ambient tem-
perature over time, (B) Weight loss percen-
tage of different prepared hydrogels in PBS
at 37 °C at different time points (7 and 14
days), (C) Cumulative release profile of he-
speridin from the Alg/Chit hydrogel in SBF
at 37 °C. Values represent the mean ± SD,
n = 3.
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proliferation (Fig. 5. L-thick arrow). Hydrogel with 10% hesperidin-
tread groups showed wound contraction, epidermal layer formation
and remodeling (Fig. 5. O-thick arrow). Although the epidermal layer
was completely formed in this group, the hair follicles and appendages
(sebaceous gland, etc.) were still absent in this treatment group.

The results of MT staining (Fig. 6) illustrated that among the ex-
perimental groups, the hydrogel with 10% hesperidin exhibited a better
collagen synthesis and deposition during the wound treatment period.
On the other hand, the rate of collagen fiber synthesis and deposition in
wounds was the lowest in the case of control negative and hydrogel
without hesperidin groups, respectively. It could be inferred that the
rate of collagen synthesis was enhanced by increasing the percentage of
hesperidin.

3.9. Histomorphometric analysis

The results of histomorphometric analysis after 14 days of skin in-
jury are presented in Table 2. Amongst all groups, re-epithelialization in
the negative control group was the minimum, and the group treated
with 10% hesperidin showed the highest epidermal proliferation and
remodeling (P < 0.01). Neovascularization for hesperidin 10% group
was significantly higher than other experimental groups (P < 0.05).
Overall, the healing condition of the hesperidin 10% treated group was
better than the hesperidin 1%, Alg/Chit hydrogel, and negative control
group on day 14. However, the range of wound healing was moderate
in comparison with the positive control group.

4. Discussion

Healing deep wounds becomes a major challenge for wound care
specialists. Therefore, specialized therapy is needed to promote proper
healing of deep dermal wounded tissues [39,40]. This study aimed to
evaluate the combinatorial effects of hydrogel and hesperidin on skin
wound healing. To clarify this issue, Alg/Chit hydrogel was prepared
and characterized, and then loaded with different amounts of hesper-
idin, and eventually, the prepared wound dressing was placed in rats
after dorsal skin injury. Morphological and functional assessments were

used to evaluate the effect of hydrogel and hesperidin on the recovery
rate of the injured animals. Different studies have attempted to design
and fabricate a practical wound dresser that can not only enhance
wound healing but also can accelerate this process [41,42]. Because of
their appropriate properties, such as the ability to cool the wound site
and having a good structure for cell migration, adhesion, and growth,
hydrogels are being widely used in wound healing [43,44]. The com-
posite hydrogels exhibited multiple superiorities which could positively
influence the wound healing. Alginate hydrogel has been widely used in
wound healing because of its hemostatic ability [45]. Moreover, it has
been identified as a substrate for cell proliferation [46,47]. On the other
hand, because of its suitable properties like non-toxicity, stability,
biodegradability, and biocompatibility, chitosan is a suitable candidate
for wound healing applications. Moreover, chitosan hydrogel structures
can be loaded with various types of drugs in different physical forms
[43]. By using both alginate and chitosan, the hydrogel has excellent
gel-forming properties leading to a promising performance in biome-
dically-relevant hydrogel systems [48].

Hydrogel has a porous structure that can improve cell attachment
and migration. Moreover, the interconnected structure could enhance
gaseous exchange and provide the passage for nutrients through the
diffusion mechanism [49]. The pore size in the range of 20–120 μm has
been considered as an appropriate range for the wound healing process
[50]. In our study, the average pore size was obtained in the range of
63–144 μm, which was appropriate for cell attachment and migration
[36].

Polymers with the ability to form hydrogels have hydrophilic or
hydrophobic functional groups. Hydrophilic functional groups provide
the ability to absorb water leading to hydrogel expansion; this ability is
known as swelling [51]. A previous study indicated that once the
swelling process begins, the pore size increases and the structure be-
comes more suitable for cell attachment and growth [52]. As hesperidin
located between Alg/Chit chain and the Alg/Chit hydrogel cannot resist
for a long time, it affects swelling, weight loss, and also the release of
the prepared hydrogel. The results confirmed this claim and indicated
that by increasing the amount of loaded hesperidin, the amount of
weight loss increases too.

Fig. 3. (A) Blood compatibility histogram of prepared hydrogels, (B) MTT assay histogram after 24 and 72 h post cell seeding, Values represent the mean ± SD,
n = 3, *p < .05, **p < .01, and ***p < .001. SD: standard deviation.

Table 1
Antimicrobial activity of Alg/Chit hydrogel with different amounts of hesperidin (number of colony forming unit). S.U: Staphylococcus aureus PS.a: Pseudomonas
aeruginosa. Values represent the mean ± SD, n = 3.

Groups S.U-0h S.U-1h S.U-2h S.U-4h S.U-24 h PS.a-0h PS.a-1h PS.a-2h PS.a-4h PS.a-24 h

Without Wound Dressing 11 ± 0.5 26 ± 1.4 77 ± 1.9 187 ± 3.9 449 ± 5.6 10 ± 1.2 30 ± 2.9 50 ± 2.6 165 ± 3.2 497 ± 9.3
Alg/Chit Hydrogel 12 ± 1.2 26 ± 8.09 73 ± 4.6 159 ± 9.1 415 ± 12.8 11 ± 0.4 23 ± 2.5 29 ± 3.1 109 ± 5.1 355 ± 7.8
Alg/Chit/1%Hes 11 ± 1 19 ± 1.5 58 ± 4.9 125 ± 3.2 401 ± 3.8 12 ± 0.9 20 ± 1.4 27 ± 1.8 77 ± 2.3 299 ± 7.3
Alg/Chit/10%Hes 12 ± 0.8 15 ± 2.7 40 ± 3.3 59 ± 3.7 245 ± 2.7 10 ± 1 15 ± 1.8 19 ± 2.9 50 ± 5.2 128 ± 9.3
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Hemolysis shows the amount of hemoglobin released into the
plasma because of damage in erythrocytes. A previous study believes
that the hemolysis rate is directly related to the blood compatibility of
different materials [39]. In the current study, the hemolysis rate of the
Chit/Alg hydrogel with different amounts of hesperidin was the same,
and less than the positive control. Therefore, it was found that the
hemolysis rate did not change as a result of adding hesperidin to the
prepared hydrogel. There is a large body of evidence showing the effect
of hesperidin as an anti-inflammatory, antibacterial, antioxidant, anti-
radical, diuretic, antiulcer, and antiviral drug implying its decisive role
for promoting the healing of excision wounds [19,53–55]. Hesperidin
has also been found to improve the strength of capillary, preventing
haemorrhages and alleviates infections [56,57]. Experimental data
have shown that angiogenesis plays an essential part in the process of
wound healing. Haddadi et al. showed hesperidin could stimulate epi-
thelialization, collagen deposition, and cellular proliferation through
inducing the VEGF gene, and thus, showed the therapeutic role in im-
proving the wound repair [58].

In this study, the results of the MTT assay showed that hesperidin
could increase cell proliferation. Furthermore, the Alg/Chit/10%Hes
had the highest cell proliferation between other groups, demonstrating

the positive effect of hesperidin. Moreover, the results confirmed that
the prepared hydrogel imposed no cytotoxicity effect on the cells.

In vivo study was used to evaluate the effect of a prepared hydrogel
loaded with different amounts of hesperidin on wound healing. The
macroscopic evaluation was used, and the results indicated that Alg/
Chit/10%Hes had 82 ± 4.2% and 98 ± 1.87% wound healing in 7
and 14 days after surgery which was more than other groups. For fur-
ther investigation, histopathological and histomorphometric analysis
were also used showing that Alg/Chit/10%Hes has better wound

Fig. 4. In vivo wound-healing results: (A) macroscopic appearances of wounds treated 7- and 14-days post-wounding, (B) histogram comparing the wound closure
7th and 14th days post wounding. Values represent the mean ± SD, n = 6, *p < .05, **p < .01, and ***p < .001. SD: standard deviation.

Fig. 5. H&E stained microscopic sections of healed incisions in rats at 14 days. Fig. 6. MT stained microscopic sections of healed incisions in rats at 14 days.

Table 2
Histomorphometric analysis of different experimental groups. Values represent
the mean ± SD, n = 6.

Group Angiogenesis Score Epitheliogenesis Score

(Mean ± SD) (Mean ± SD)

Negative Control 1.3 ± 0.72 0.23 ± 0.39
Alg/Chit Hydrogel 0.33 ± 0.57 1.40 ± 0.55
Alg/Chit/1% Hes 1.33 ± 0.35 2.66 ± 0.57
Alg/Chit/10% Hes 3.61 ± 1.06 3.45 ± 1.02
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healing than other groups. Several mechanisms have been suggested to
explicate the effect of hesperidin on wound healing, namely, scavenging
free radicals, suppressing the activation of proinflammatory cytokines
such as IL-1β, IL-8, and TNF-α, increasing the capacity of fibroblast, and
endothelial cell division which are essential for tissue regeneration of
wound [55,59,60]. All in all, the attained results in this study demon-
strated the promising potential of Alg/Chit hydrogels loaded with he-
speridin for the treatment of skin injuries in clinical conditions.

5. Conclusion

In this study, the effect of Alg/Chit hydrogel with different amounts
of hesperidin on the skin wound healing in rat models was evaluated.
The results indicated that the prepared hydrogel exhibits appropriate
properties for wound healing applications. Besides, in vitro cell growth
study confirmed that the cells in the Alg/Chit/Hes groups, especially in
the group containing 10% of hesperidin had high cell proliferation ra-
ther than the control group. Furthermore, the in vitro evaluation results
showed that the Alg/Chit/10%Hes was better than other groups, and
almost 95% of the wound was healed after 14 days. The findings of this
research suggest that the prepared Alg/Chit/Hes hydrogel-based wound
dressings are promising for successful wound treatment.
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university’s guidelines.

Declaration of competing interest

The authors declare that they have no conflict of interest.

References

[1] S.a. Guo, L.A. DiPietro, Factors affecting wound healing, J. Dent. Res. 89 (3) (2010)
219–229.

[2] J.C. McDaniel, K.K. Browning, Smoking, chronic wound healing, and implications
for evidence-based practice, J. Wound, Ostomy Cont. Nurs.: Off. Publ. Wound,
Ostomy Cont. Nurses Soc./WOCN 41 (5) (2014) 415.

[3] L. Vileikyte, Stress and wound healing, Clin. Dermatol. 25 (1) (2007) 49–55.
[4] C.K. Sen, G.M. Gordillo, S. Roy, R. Kirsner, L. Lambert, T.K. Hunt, F. Gottrup,

G.C. Gurtner, M.T. Longaker, Human skin wounds: a major and snowballing threat
to public health and the economy, Wound Repair Regen. 17 (6) (2009) 763–771.

[5] J. Zhou, A.L. Loftus, G. Mulley, A.T.A. Jenkins, A thin film detection/response
system for pathogenic bacteria, J. Am. Chem. Soc. 132 (18) (2010) 6566–6570.

[6] M. Salehi, A. Vaez, M. Naseri-Nosar, S. Farzamfar, A. Ai, J. Ai, S. Tavakol,
M. Khakbiz, S. Ebrahimi-Barough, Naringin-loaded poly (ε-caprolactone)/Gelatin
electrospun mat as a potential wound dressing: in vitro and in vivo evaluation,
Fibers Polym. 19 (1) (2018) 125–134.

[7] N. Bhattarai, J. Gunn, M. Zhang, Chitosan-based hydrogels for controlled, localized
drug delivery, Adv. Drug Deliv. Rev. 62 (1) (2010) 83–99.

[8] M. Hamidi, A. Azadi, P. Rafiei, Hydrogel nanoparticles in drug delivery, Adv. Drug
Deliv. Rev. 60 (15) (2008) 1638–1649.

[9] W.E. Hennink, C.F. van Nostrum, Novel crosslinking methods to design hydrogels,
Adv. Drug Deliv. Rev. 64 (2012) 223–236.

[10] J.S. Boateng, K.H. Matthews, H.N. Stevens, G.M. Eccleston, Wound healing dres-
sings and drug delivery systems: a review, J. Pharm. Sci. 97 (8) (2008) 2892–2923.

[11] J.L. Drury, D.J. Mooney, Hydrogels for tissue engineering: scaffold design variables
and applications, Biomaterials 24 (24) (2003) 4337–4351.

[12] J. Zhu, R.E. Marchant, Design properties of hydrogel tissue-engineering scaffolds,
Expert Rev. Med. Devices 8 (5) (2011) 607–626.

[13] Z. Atoufi, S.K. Kamrava, S.M. Davachi, M. Hassanabadi, S.S. Garakani, R. Alizadeh,
M. Farhadi, S. Tavakol, Z. Bagher, G.H. Motlagh, Injectable PNIPAM/Hyaluronic
acid hydrogels containing multipurpose modified particles for cartilage tissue en-
gineering: synthesis, characterization, drug release and cell culture study, Int. J.
Biol. Macromol. 139 (2019) 1168–1181.

[14] A.B. Khoshfetrat, M. Khanmohammadi, S. Sakai, M. Taya, Enzymatically-gellable
galactosylated chitosan: hydrogel characteristics and hepatic cell behavior, Int. J.
Biol. Macromol. 92 (2016) 892–899.

[15] R. LogithKumar, A. KeshavNarayan, S. Dhivya, A. Chawla, S. Saravanan,
N. Selvamurugan, A review of chitosan and its derivatives in bone tissue en-
gineering, Carbohydr. Polym. 151 (2016) 172–188.

[16] D.I. Rudyardjo, S. Wijayanto, The synthesis and characterization of hydrogel

chitosan-alginate with the addition of plasticizer lauric acid for wound dressing
application, J. Phys. Conf. Ser. (2017) 012042IOP Publishing.

[17] M. Khanmohammadi, S. Sakai, M. Taya, Characterization of encapsulated cells
within hyaluronic acid and alginate microcapsules produced via horseradish per-
oxidase-catalyzed crosslinking, J. Biomater. Sci. Polym. Ed. 30 (4) (2019) 295–307.

[18] J.A.D.S. Emim, A.B. Oliveira, A.J. Lapa, Pharmacological evaluation of the anti‐-
inflammatory activity of a citrus bioflavonoid, hesperidin, and the isoflavonoids,
duartin and claussequinone, in rats and mice, J. Pharm. Pharmacol. 46 (2) (1994)
118–122.

[19] E. Galati, M. Monforte, S. Kirjavainen, A. Forestieri, A. Trovato, M. Tripodo,
Biological effects of hesperidin, a citrus flavonoid.(Note I): antiinflammatory and
analgesic activity, Farmaco (Soc. Chim. Ital.: 1989 40 (11) (1994) 709–712.

[20] K. Lalrinzuali, M. Vabeiryureilai, G.C. Jagetia, Topical application of stem bark
ethanol extract of Sonapatha, Oroxylum indicum (L.) Kurz accelerates healing of
deep dermal excision wound in Swiss albino mice, J. Ethnopharmacol. 227 (2018)
290–299.

[21] S. Saraswati, D.L. Deskins, G.E. Holt, P.P. Young, Pyrvinium, a potent small mole-
cule Wnt inhibitor, increases engraftment and inhibits lineage commitment of
mesenchymal stem cells (MSCs), Wound Repair Regen. 20 (2) (2012) 185–193.

[22] D.B. Hom, G.S. Goding Jr., J.A. Price, K.J. Pernell, R.H. Maisel, The effects of
conjugated deferoxamine in porcine skin flaps, Head Neck 22 (6) (2000) 579–584.

[23] Y. Zhang, H.F. Chan, K.W. Leong, Advanced materials and processing for drug
delivery: the past and the future, Adv. Drug Deliv. Rev. 65 (1) (2013) 104–120.

[24] M. Straccia, G. d'Ayala, I. Romano, A. Oliva, P. Laurienzo, Alginate hydrogels
coated with chitosan for wound dressing, Mar. Drugs 13 (5) (2015) 2890–2908.

[25] M. Vabeiryureilai, K. Lalrinzuali, G. Jagetia, Determination of anti-inflammatory
and analgesic activities of a citrus bioflavanoid, hesperidin in mice, Immunochem.
Immunopathol.: Open Access 1 (107) (2015) 2.

[26] G. Jagetia, K. Mallikarjuna Rao, Hesperidin, A citrus bioflavonoid reduces the
oxidative stress in the skin of mouse exposed to partial body γ-radiation,
Transcriptomics 3 (111) (2015) 2.

[27] A. Ehterami, M. Salehi, S. Farzamfar, H. Samadian, A. Vaeez, S. Ghorbani, J. Ai,
H. Sahrapeyma, Chitosan/alginate hydrogels containing Alpha-tocopherol for
wound healing in rat model, J. Drug Deliv. Sci. Technol. 51 (2019 Jun 1) 204–213.

[28] H. Samadian, A. Vaez, A. Ehterami, M. Salehi, S. Farzamfar, H. Sahrapeyma,
P. Norouzi, Sciatic nerve regeneration by using collagen type I hydrogel containing
naringin, J. Mater. Sci. Mater. Med. 30 (9) (2019) 107.

[29] M. Shahrezaee, M. Salehi, S. Keshtkari, A. Oryan, A. Kamali, B. Shekarchi, In vitro
and in vivo investigation of PLA/PCL scaffold coated with metformin-loaded gelatin
nanocarriers in regeneration of critical-sized bone defects, Nanomed. Nanotechnol.
Biol. Med. 14 (7) (2018) 2061–2073.

[30] D. Srilatha, M. Nasare, B. Nagasandhya, V. Prasad, P. Diwan, Development and
validation of UV spectrophotometric method for simultaneous estimation of he-
speridin and diosmin in the pharmaceutical dosage form, ISRN Spectrosc. (2013)
2013.

[31] A. Ai, A. Behforouz, A. Ehterami, N. Sadeghvaziri, S. Jalali, S. Farzamfar,
A. Yousefbeigi, A. Ai, A. goodarzi, M. Salehi, Sciatic nerve regeneration with col-
lagen type I hydrogel containing chitosan nanoparticle loaded by insulin, Int. J.
Polym. Mater. Polyme. Biomater. (2018) 1–10.

[32] L. Huang, Y.-h. Xiao, X.-d. Xing, F. Li, S. Ma, L.-l. Qi, J.-h. Chen, Antibacterial
activity and cytotoxicity of two novel cross-linking antibacterial monomers on oral
pathogens, Arch. Oral Biol. 56 (4) (2011) 367–373.

[33] W. Wang, R. Tao, Z. Tong, Y. Ding, R. Kuang, S. Zhai, J. Liu, L. Ni, Effect of a novel
antimicrobial peptide chrysophsin-1 on oral pathogens and Streptococcus mutans
biofilms, Peptides 33 (2) (2012) 212–219.

[34] H. Semyari, M. Salehi, F. Taleghani, A. Ehterami, F. Bastami, T. Jalayer, H. Semyari,
M. Hamed Nabavi, H. Semyari, Fabrication and characterization of collagen–hy-
droxyapatite-based composite scaffolds containing doxycycline via freeze-casting
method for bone tissue engineering, J. Biomater. Appl. 33 (4) (2018) 501–513.

[35] S. Farzamfar, M. Salehi, A. Ehterami, M. Naseri-Nosar, A. Vaez, A.H. Zarnani,
H. Sahrapeyma, M.-R. Shokri, M. Aleahmad, Promotion of excisional wound repair
by a menstrual blood-derived stem cell-seeded decellularized human amniotic
membrane, Biomedi. Eng. Lett. 8 (4) (2018) 393–398.

[36] S. Yang, K.-F. Leong, Z. Du, C.-K. Chua, The design of scaffolds for use in tissue
engineering. Part I. Traditional factors, Tissue Eng. 7 (6) (2001) 679–689.

[37] J.A. Hubbell, Hydrogel systems for barriers and local drug delivery in the control of
wound healing, J. Control. Release 39 (2–3) (1996) 305–313.

[38] H. Cheng, C. Li, Y. Jiang, B. Wang, F. Wang, Z. Mao, H. Xu, L. Wang, X. Sui, Facile
preparation of polysaccharide-based sponges and their potential application in
wound dressing, J. Mater. Chem. B 6 (4) (2018) 634–640.

[39] G.C. Jagetia, P. Ravikiran, Acceleration of wound repair and regeneration by
Nigella sativa in the deep dermal excision wound of mice whole body exposed to
different doses of γ-radiation, Am. Res. J. Med. Surg. 1 (3) (2015) 1–17.

[40] G.C. Jagetia, G.K. Rajanikant, Topical application of curcumin augments healing of
deep dermal excision wound of mice exposed to whole-body gamma radiation, J.
Nurs. Healthcare 2 (1) (2017) 1–7.

[41] S. Zhong, Y. Zhang, C. Lim, Tissue scaffolds for skin wound healing and dermal
reconstruction, Wiley Interdiscipl. Rev.: Nanomed. Nanobiotechnol. 2 (5) (2010)
510–525.

[42] E. Rezvani Ghomi, S. Khalili, S. Nouri Khorasani, R. Esmaeely Neisiany,
S. Ramakrishna, Wound dressings: current advances and future directions, J. Appl.
Polym. Sci. (2019) 47738.

[43] H. Hamedi, S. Moradi, S.M. Hudson, A.E. Tonelli, Chitosan Based Hydrogels and
Their Applications for Drug Delivery in Wound Dressings: A Review, Carbohydrate
polymers, 2018.

[44] E.A. Kamoun, E.-R.S. Kenawy, X. Chen, A review on polymeric hydrogel membranes

Z. Bagher, et al. Journal of Drug Delivery Science and Technology 55 (2020) 101379

7

http://refhub.elsevier.com/S1773-2247(19)30904-9/sref1
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref1
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref2
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref2
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref2
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref3
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref4
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref4
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref4
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref5
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref5
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref6
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref6
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref6
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref6
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref7
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref7
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref8
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref8
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref9
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref9
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref10
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref10
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref11
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref11
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref12
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref12
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref13
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref13
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref13
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref13
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref13
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref14
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref14
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref14
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref15
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref15
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref15
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref16
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref16
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref16
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref17
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref17
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref17
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref18
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref18
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref18
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref18
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref19
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref19
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref19
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref20
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref20
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref20
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref20
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref21
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref21
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref21
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref22
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref22
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref23
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref23
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref24
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref24
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref25
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref25
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref25
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref26
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref26
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref26
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref27
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref27
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref27
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref28
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref28
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref28
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref29
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref29
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref29
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref29
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref30
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref30
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref30
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref30
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref31
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref31
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref31
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref31
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref32
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref32
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref32
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref33
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref33
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref33
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref34
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref34
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref34
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref34
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref35
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref35
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref35
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref35
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref36
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref36
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref37
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref37
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref38
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref38
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref38
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref39
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref39
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref39
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref40
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref40
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref40
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref41
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref41
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref41
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref42
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref42
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref42
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref43
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref43
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref43
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref44


for wound dressing applications: PVA-based hydrogel dressings, J. Adv. Res. 8 (3)
(2017) 217–233.

[45] H.C. Segal, B.J. Hunt, K. Gilding, The effects of alginate and non-alginate wound
dressings on blood coagulation and platelet activation, J. Biomater. Appl. 12 (3)
(1998) 249–257.

[46] L. Wang, R. Shelton, P. Cooper, M. Lawson, J. Triffitt, J. Barralet, Evaluation of
sodium alginate for bone marrow cell tissue engineering, Biomaterials 24 (20)
(2003) 3475–3481.

[47] M. Salehi, Z. Bagher, S.K. Kamrava, A. Ehterami, R. Alizadeh, M. Farhadi, M. Falah,
A. Komeili, Alginate/chitosan hydrogel containing olfactory ectomesenchymal stem
cells for sciatic nerve tissue engineering, J. Cell. Physiol. (2019).

[48] H. Chen, X. Xing, H. Tan, Y. Jia, T. Zhou, Y. Chen, Z. Ling, X. Hu, Covalently an-
tibacterial alginate-chitosan hydrogel dressing integrated gelatin microspheres
containing tetracycline hydrochloride for wound healing, Mater. Sci. Eng. C 70
(2017) 287–295.

[49] J. Li, D.J. Mooney, Designing hydrogels for controlled drug delivery, Nat. Rev.
Mater. 1 (12) (2016) 16071.

[50] I. Yannas, E. Lee, D.P. Orgill, E. Skrabut, G.F. Murphy, Synthesis and character-
ization of a model extracellular matrix that induces partial regeneration of adult
mammalian skin, Proc. Natl. Acad. Sci. 86 (3) (1989) 933–937.

[51] F. Ahmadi, Z. Oveisi, S.M. Samani, Z. Amoozgar, Chitosan based hydrogels: char-
acteristics and pharmaceutical applications, Res. Pharmaceut. Sci. 10 (1) (2015) 1.

[52] E. Caló, V.V. Khutoryanskiy, Biomedical applications of hydrogels: a review of
patents and commercial products, Eur. Polym. J. 65 (2015) 252–267.

[53] E.-A. Bae, M.J. Han, M. Lee, D.-H. KIM, In vitro inhibitory effect of some flavonoids

on rotavirus infectivity, Biol. Pharm. Bull. 23 (9) (2000) 1122–1124.
[54] K. Ohtsuki, A. Abe, H. Mitsuzumi, M. Kondo, K. Uemura, Y. Iwasaki, Y. Kondo,

Glucosyl hesperidin improves serum cholesterol composition and inhibits hyper-
trophy in vasculature, J. Nutr. Sci. Vitaminol. 49 (6) (2003) 447–450.

[55] G. Jagetia, K. Rao, Topical application of hesperidin, a citrus bioflavanone accel-
erates healing of full thickness dermal excision wounds in mice exposed to 6 Gy of
whole body γ-Radiation, Clin. Res. Dermatol. Open Access 4 (3) (2017) 1–8.

[56] F.V. So, N. Guthrie, A.F. Chambers, M. Moussa, K.K. Carroll, Inhibition of Human
Breast Cancer Cell Proliferation and Delay of Mammary Tumorigenesis by
Flavonoids and Citrus Juices, (1996).

[57] B. Ameer, R.A. Weintraub, J.V. Johnson, R.A. Yost, R.L. Rouseff, Flavanone ab-
sorption after naringin, hesperidin, and citrus administration, Clin. Pharmacol.
Ther. 60 (1) (1996) 34–40.

[58] G. Haddadi, A. Abbaszadeh, M.A. Mosleh-Shirazi, M.A. Okhovat, A. Salajeghe,
Z. Ghorbani, Evaluation of the effect of hesperidin on vascular endothelial growth
factor gene expression in rat skin animal models following cobalt-60 gamma irra-
diation, J. Cancer Res. Ther. 14 (12) (2018) 1098.

[59] H. Parhiz, A. Roohbakhsh, F. Soltani, R. Rezaee, M. Iranshahi, Antioxidant and
anti‐inflammatory properties of the citrus flavonoids hesperidin and hesperetin: an
updated review of their molecular mechanisms and experimental models, Phytother
Res. 29 (3) (2015) 323–331.

[60] G. Jagetia, K. Rao, Hesperidin, a citrus bioflavonoid potentiates repair and re-
generation of deep dermal excision wounds of mice whole body exposed to different
doses of 60 Co γ-radiation, Clin. Dermatol. OA 3 (2) (2018) 000147.

Z. Bagher, et al. Journal of Drug Delivery Science and Technology 55 (2020) 101379

8

http://refhub.elsevier.com/S1773-2247(19)30904-9/sref44
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref44
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref45
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref45
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref45
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref46
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref46
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref46
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref47
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref47
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref47
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref48
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref48
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref48
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref48
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref49
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref49
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref50
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref50
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref50
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref51
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref51
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref52
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref52
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref53
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref53
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref54
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref54
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref54
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref55
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref55
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref55
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref56
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref56
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref56
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref57
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref57
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref57
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref58
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref58
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref58
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref58
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref59
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref59
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref59
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref59
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref60
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref60
http://refhub.elsevier.com/S1773-2247(19)30904-9/sref60

	Wound healing with alginate/chitosan hydrogel containing hesperidin in rat model
	Introduction
	Materials and methods
	Materials
	Hydrogel preparation
	Lyophilization
	Hydrogel characterization
	Morphological properties
	Swelling studies
	Weight loss analysis
	Release of hesperidin
	Blood compatibility
	Antibacterial assay

	Cell viability studies
	In vivo wound healing study
	Histopathology study
	Histomorphometry analysis

	Statistical analysis

	Results
	Morphology evaluation
	Swelling behavior and weight loss
	Release
	Hemocompatibility results
	Antibacterial properties of the wound dressing
	Cytotoxicity results
	In vivo wound healing study
	Histopathological results
	Histomorphometric analysis

	Discussion
	Conclusion
	Ethics approval
	mk:H1_31
	References




