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In this study, a herbal infused oil (Hypericum perforatum, HP) incorporated chitosan (CS) cryogel as a wound
dressing material was produced in order to be used in wound healing process. The main strategy is to combine
the traditional perspective of using medicinal oils with polymeric scaffolds manufactured by an engineering ap-
proach to fabricate a potential tissue engineering product that provides both new tissue formation and wound
healing. The scaffolds manufactured by cryogelation were soft, spongy, highly porous, physically stable, elastic
and could be easily cut in any desired shape. Physicochemical, mechanical and morphological analyzes were
used to characterize the produced cryogels. Young modulus of the plain chitosan cryogel was about 21 kPa
whereas it increased with increasing HP oil content and became 61 kPa for 20% HP oil ratio. Further, the antimi-
crobial studies, antioxidant andDNA cleavage effectswere investigated. Samples including the highest ratio of oil
(CS4) showed the highest DPPH scavenging activity as 69.9%. In addition, 20% HP oil loaded chitosan cryogel
demonstrated single strain DNA cleavage activitiy at 500 μg/mL concentration. Antimicrobial studies were ap-
plied against seven strains. The lowest activities were obtained against E. hirae and B. cereus, the highest against
E. coli and L. pneumophila. This study concluded that the newly developedHP oil loaded chitosan cryogel scaffolds
with unique antimicrobial and antioxidant properties are promising candidates to be used in tissue engineering
applications as wound dressing for exudative and long-term healing wounds.

© 2020 Published by Elsevier B.V.
Keywords:
Hypericum perforatum
Cryogel
Antimicrobial
1. Introduction

Wounds can be defined as damage or disruption of the normal ana-
tomical structure for any reason. There are two types ofwounds, charac-
terized by tissue loss and no tissue loss [1]. Depending on the type of
wound, healing occurs by a complex series of events: hemostasis
phase, inflammatory reaction, cell proliferation, synthesis of the extra-
cellular matrix proteins, remodeling of connective tissue and collagen
deposition [2,3]. In the case of injuries where a large amount of tissue
is lost, thewound should be immediately covered with an antimicrobial
dressingmaterial to accelerate the recovery of the tissue and prevent in-
fection. In this content, antimicrobial or antioxidant systemswith differ-
ent morphologies such as hydrogels [4], films [5], membranes [6],
nanofibers [7] and cryogels [8] are studied. For example, Makvandi
et al. fabricated thermosensitive and injectable hydrogels based on
hyaluronic acid, corn silk extract and nanosilver to be used as a wound
care material for potential wound healing. They concluded that the syn-
thesized thermosensitive gels showed high mechanical properties asso-
ciated with gelation temperature close to body temperature. The gels
also provide fast wound closure and repair with good biocompatibility
and antimicrobial activity [4]. In another study, chitosan-sulfonamide
derivatives membranes were prepared to be used in wound therapy es-
pecially in burnwounds. The non-toxicmembranes have been shown to
exhibit high antimicrobial activity by the introduction of sulfonamide
part to chitosan. Moreover, among the chitosan-sulfonamide deriva-
tives, chitosan-sulfadiazine membrane improved healing effect as well
as provided re-epithelialization of the damaged tissues [6]. Sarhan
et al. developed biocompatible and antimicrobial nanofibrous wound
dressings by electrospinning of natural extracts (Allium sativum and
Cleome droserifolia) loaded honey, poly (vinyl alcohol), chitosan (HPCS
nanofibers) blend solutions. They performed a preliminary in vivo
wound healing study on male mice and showed that the developed
nanofiber mats enhanced the wound healing process according to the
enhanced wound closure rates and histological examination results of
wounds [7].

Among these various types of wound dressings studied before, poly-
meric cryogels with their supermacroporous and three-dimensional
networks are also promising materials. Cryogels are gel matrices with
a macroporous 3D structure produced by cryotropic gelation. In this
method, the polymer solution is frozen at subzero temperatures, while
the solvent crystals grow and form bonds with each other to create a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2020.08.056&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2020.08.056
mailto:nimet@mersin.edu.tr
Journal logo
https://doi.org/10.1016/j.ijbiomac.2020.08.056
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/ijbiomac


1582 N. Bölgen et al. / International Journal of Biological Macromolecules 161 (2020) 1581–1590
continuously frozen network, polymer and crosslinker concentrate in
non-frozen regions, resulting in crosslinking. After the crosslinking is
complete, the system is thawed to room temperature and a porous net-
work is obtained [9]. This continuous and interconnected pore structure
of the cryogels provides a suitable environment to accelerate thewound
healing by high oxygen permeability, retainingmoisture inmoderation,
structural similarity to the extracellularmatrix, supporting cellular infil-
tration, tissue ingrowth, vascularization and collagen deposition. More-
over, cryogels are better alternative, due to their flexible, highly elastic
and spongy structure, to traditional wound dressing materials and
non-porous hydrogels especially when the wound is located in parts
of the body that may be exposed to physical stress (joints) or compres-
sion (bed sores) [10].

Different monomers or synthetic and natural polymers can be used
to fabricate cryogels in various forms. Chitosan has attracted attention
in biomedical field due to its distinguished features including similarity
in structure to the extracellular matrix component, biocompatibility,
non-toxicity and biodegradability. It shows antimicrobial activity due
to the electrostatic interaction between positively charged chitosan
sites and the negatively charged microbial cell membranes which re-
sults in cell wall permeability [11,12]. Additionally, it has high efficiency
in wound healing process because it supports the granulation and orga-
nization of wounds by increasing the function of inflammatory cells
such as polymorphonuclear leukocytes, macrophages and fibroblasts
or osteoblasts [13,14].

In recent years, many researchers have focused on traditional plant-
based treatment methods to cure a variety of human health problems
due to the broad pharmacological importance of medicinal plants. The
natural oils have been extensively studied as effective antimicrobial
and anti-inflammatory therapeutics. In addition, nanoparticles, espe-
cially silver, have been used in medicine and are particularly well-
regarded for skin infections due to their high antimicrobial activities.
On the other hand, in biomedical field research related to the safety of
nanoparticles including toxicity of nanoparticles, the non-toxic doses
to be used and the effect of nanoparticle size on the toxicity, is still on-
going [15–17]. Therefore, natural oils may have potential to be used as
antibacterial agents in biomedical applications. However, both essential
oils and nanoparticles can be combined, to develop a highly qualified
wound dressingmaterial that facilitates healing and preventswound in-
fection by combining the synergistic effect of both nanoparticles and
oils. Recently, Vasile et al. developed a new material in which essential
oil and nanoparticles were added together to avoid wound infection
and biofilm formation [18].

The low toxicity, economic viability and pharmacological prop-
erties including inflammatory, antipyretic and analgesic activities
of medicinal plants have received a great interest in the light of
technological developments made in the scientific field [19]. These
plants produce many secondary metabolites used in folk and mod-
ern medicine such as compounds, groups of compounds, or essen-
tial (volatile) oils [20]. The essential oils are steam-volatile or
organic-solvent extracts of plants and have been used due to their
antimicrobial, antioxidant, anti-inflammatory, anticancer, antiviral,
anti-allergic and insecticidal properties [21–23]. In addition to es-
sential oils, interest in infused herbal oils is also quite high due to
its non-toxicity, simple production technique and low-cost. More-
over, the essential oils are incredibly stronger than infused oils
and therefore always need to be diluted before topical use.

The infused oil produced from HP as one of the herbal infused oils
and has been widely used as a household remedy in the traditional
medicine of various countries for many years in the treatment of ther-
mal burns, skin diseases, cuts and wounds. The HP is a yellow-
flowered herb and popularly known as “St. John's wort”. The infused
oil of this plant is prepared by placing the dried flowering parts of the
plant in olive oil and keeping it under the sunlight during the day for
four weeks until a dark red oil was obtained [24]. Beside its usage as a
home remedy, the oil extracted from HP has a great potential for the
treatment of several diseases such as cancer, heart disease, ulcer, gastri-
tis, hemorrhoids and urogenital inflammations [25]. In addition to these
uses of HP oil, it can be used effectively in wound healing and its thera-
peutic effects onwound healing have been proved by in vivo and clinical
studies. [26]. For example, Altan et al. reported that HP oil has positively
affected the wound healing on the 7th and 10th days in diabetic rats.
Their results showed that topical administration of HP oil increased ep-
ithelialization, provided anti-inflammatory effects, and necrosiswas de-
creased compared to the control group [27]. In another study, Nayak
et al. evaluated the wound healing potential of HP oil in excision
wounds in a rat model. The rats were divided into three groups to com-
pare the wound healing activity of HP oil with mupirocin ointment and
petroleum jelly (Vaseline). According to the results, HP oil showed a sig-
nificant wound healing potential, and an accelerated wound healing
was observed in animals treated with HP oil compared to Vaseline and
mupirocin ointment treated ones. X-ray analysis of skin of animals dem-
onstrated that the HP oil enhanced angiogenesis [28]. HP oil incorpo-
rated chitosan films by solvent casting method as wound dressing
materials were produced [29]. It was found that chitosan-based films
had no cytotoxic effects on fibroblast cells and provided a good surface
for cell attachment and proliferation. In a recent study by Eğri and
Erdemir, HP oil droplets loaded double-layered polymeric membranes
were produced by using electrospinning and electrospraying tech-
niques in order to be used in wound therapy. The HP oil loaded mem-
branes were found to be antimicrobial and biocompatible for use as
wound dressing according to the results of in vitro tests. It was also con-
cluded that the membranes do not have apoptotic/necrotic effects and
the risk of adhesion to wound, both the membranes and HP oil are bio-
compatible and have proliferative effects on cells [30].

The aim of our study was to develop a novel cryogel scaffold for
woundhealing applications by combining the healing and antimicrobial
properties of HP oil with the unique properties of chitosan. AlthoughHP
infused oil has been proven effective for topical application in wound
healing, the synergistic effect of HP with a polymeric material has not
yet been fully established. Therefore, the main strategy of our study is
to combine HP oil with a cryogel scaffold to fabricate a potential tissue
engineering product that provides both new tissue formation and
wound healing. To the best of our knowledge, studies have not yet
been reported on cryogel scaffold containing HP oil for tissue engineer-
ing applications that have the potential for tissue regeneration and
wound healing. The HP oil incorporated chitosan scaffolds were fabri-
cated via cryotropic gelation of chitosan and HP oil in the presence of
glutaraldehyde. The effect of different concentrations of HP oil on
the properties of cryogels was determined by chemical and physi-
cal analyses. In addition, another strategy is to study biological ac-
tivity test systems of HP oil incorporated chitosan scaffolds. The
antimicrobial and antioxidant properties of the cryogels were de-
termined. DNA cleavage activity of HP oil incorporated chitosan
scaffolds was also studied. The cryogels based on chitosan and HP
can be promising materials for wound healing applications, in par-
ticular chronic, prolonged, deep and exudative wounds, due to
their slow degradation rate, high swellability, flexibility, good me-
chanical stability, antioxidant properties, and providing a barrier
against microorganisms.

2. Materials and methods

2.1. Materials

Low molecular weight chitosan was purchased from Sigma Aldrich,
USA. Glutaraldehyde as a crosslinking agent (25%, v/v), acetic acid (gla-
cial, 100%) and ethanol (absolute, 100%) as solventswere obtained from
Merck, Germany. HP oil was supplied from a local herbalist shop inMer-
sin, Turkey. 2,2-diphenyl-1-picrylhydrazyl (DPPH), ascorbic acid, trolox
and pBR322 plasmid DNA were purchased from Sigma Aldrich, USA to
be used in antimicrobial studies.
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2.2. Fabrication of cryogels

Firstly, 2% chitosan solution (w/v) was prepared by dissolving the
calculated amount of chitosan powder in 6% acetic acid solution (v/v)
until chitosan was completely dissolved. Different amounts of HP oil
based on the polymer solution volume (2.5, 5, 10 and 20%) was added
drop by drop to the chitosan solution. The HP oil added chitosan solu-
tions were stirred at 1000 rpm at room temperature until a homoge-
neous polymer-oil mixture was obtained. Then, 1 mL of glutaraldehyde
solution (3%, v/v) was added to the blend solution. Themixture was im-
mediately transferred into a plastic syringe and incubated in a refriger-
ated bath circulator (Daihan, WCL-P12, Korea). After 3 h of incubation
at −12 °C, the syringes were placed in the freezer for 24 h. After
cryotropic gelation was completed, the gels were thawed at room tem-
perature and then washed several times in large volumes of distilled
water to remove the unreacted ingredients. Before carrying out charac-
terization and antimicrobial studies, all samples were freeze-dried by
using a lyophilizer for 24 h (Labconco, FreeZone Benchtop Freeze
DrySystem-7670531, USA). The abbreviated names of samples accord-
ing to the ratio of HP oil added based on the volume of chitosan solution
are given in Table 1.

2.3. Characterization studies

2.3.1. Chemical analysis
FTIR measurements of cryogels were performed using the

PerkinElmer 400 FT-IR/FT-FIR spectrometer. Spectra were acquired
over the range 450–4000 cm−1 at a resolution of 4 cm−1.

2.3.2. Morphological analysis
Themorphological structure of the synthesized cryogelswas charac-

terized using computer-controlled digital SEM (LEO SUPRA 55, Carl
Zeiss, Germany) at an accelerating voltage of 5.0 kV. Scaffolds were
cut into thin sections and coated with platinum in a sputtering device
before SEM observations. The pore size of the samples was examined
by analyzing SEM images with Image J software. Themean pore diame-
ter and pore size distributionwas determined bymeasuring the pore di-
ameters of 100 pores of each cryogel.

Porosity which indicates the overall pore volume of the cryogel net-
work was determined by ethanol penetration method. The disc-shaped
cryogel samples with a known volume (Vc) (0.3 cm in diameter and 0.5
cm in length) were immersed in falcon tubes containing absolute etha-
nol (ρethanol = 0.987 g/mL) for 5 min. After 5 min, the sample was com-
pressed to remove air bubbles in the cryogel and allow ethanol to
penetrate in and fill the pores completely. The cryogel was kept in eth-
anol for 2 h andweighed after the excess ethanol on the surfacewas re-
moved. The porosity (PR, %) was calculated by using the following
equation:

PR;% ¼ M2−M1ð Þ= ρethanol � Vcð Þ½ � � 100 ð1Þ

whereM1 andM2 are theweight of samples before and after incubation
in absolute ethanol, respectively.

2.3.3. Measurement of water vapor transmission rates (WVTRs)
The water permeability of samples (n= 6) was determined accord-

ing to the ASTM E96 standard test method [31]. A plastic tube with a
mouth diameter of 7.5 mm was filled with a constant volume of
Table 1
Abbreviations of cryogels according to the ratio of HP oil added based on the volume of
chitosan solution.

Sample name CS0 CS1 CS2 CS3 CS4

HP oil (vol%) – 2.5 5.0 10 20
water. The cryogels were mounted tightly on the top of the tube. The
edges of the tube were wrapped with teflon tape to prevent any water
vapor loss from the edges. Then, the tubes were kept in an oven at 37
°C and with 50% relative humidity, for 4 days. The weight loss of the
tubes was measured at regular time intervals (24, 48, 72 and 96 h) to
calculate theWVTR (g/m2/h) of the cryogels according to the following
equation:

WVTR ¼ Mk−Mtð Þ= A � tð Þ ð2Þ

where, Mk and Mt. were the weights of the plastic tube together with
water and cryogel sample at the beginning and after water vapor trans-
mission for a given length of time (t), respectively; Awas the area of the
tube mouth in m2.

2.3.4. Mechanical analysis
Themechanical properties of the chitosan anddifferent amounts ofHP

oil incorporated chitosan cryogels were evaluated by using a texture ana-
lyzer (TA.XT. Plus Texture Analyzer, Stable Micro Systems, Surrey, UK).
The cryogels were cut into cylindrical shapes (r = 0.3 cm and h = 0.5
cm) and tests were performed at a compression speed of 0.1 mm s−1.
The compression force was measured by a 5 kg load cell. The samples
were compressed 2 mm in a longitudinal direction after having reached
a trigger load of 1 g. The compression tests of cryogels were undertaken
at room temperature, in the dry state [32]. Youngmodulus and compres-
sion strengthwere calculated. Each result represents the average value of
four samples.

2.3.5. Water uptake capacity (WUC)
Lyophilized cryogel samples were immersed in PBS (pH 7.4) and

withdrawn at regular time intervals to determine the swelling curve
(swelling ratio vs. time) of samples. The excess water on the surface
was wiped off, and the samples were weighed, until equilibrium was
reached. The water uptake capacity (WUC) was determined as follows:

WUC;% ¼ Mt−Mið Þ=Mt½ � � 100 ð3Þ

where Mi is the initial weight of cryogel and Mt is the weight of the
swollen cryogel.

2.3.6. Degradation rate (DR)
The dried cryogelswereweighed and then incubated in plastic tubes

filled with 10mL of PBS. At different time points (7, 14, 21 and 28 days),
samples were removed, lyophilized and the dry weight of each sample
was measured. The degradation rate of cryogels was determined by
the following equation analyzing the difference between the initial
and final dry weight of the samples.

DR;% ¼ Mf−M0ð Þ=M0½ � � 100 ð4Þ

where DR is the degradation rate, M0 is the initial dry weight and Mf is
the final dry weight of the samples after incubation at regular time
intervals.

2.4. Biological activity studies

2.4.1. DPPH scavenging activity
The free radical scavenging activities of the chitosan and HP oil in-

corporated chitosan cryogels were measured as described by the Blois
method using the DPPH [33]. The stock solution of DPPH (0.004%) was
preparedwithmethanol and incubated in dark conditions at room tem-
perature. Various concentrations (5, 10, 25, 50 and 100 mg/L) of chito-
san and HP oil incorporated chitosan cryogel sample solutions were
prepared in distilled water. 2 mL of DPPH solution and 0.5 mL of each
sample solution was mixed in a test tube and incubated in the dark
for 30 min at room temperature. Trolox and Ascorbic Acid were used
as standards in order to compare with the results. DPPH scavenging
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activity of samples and standards were measured spectrophotometri-
cally at 517 nm.

2.4.2. DNA cleavage activity
pBR 322 plasmid DNA (0.1 μg/μL) in Tris-HCl with NaCl buffer (50

mM) and test samples were mixed and incubated in dark for 90 min
at 37 °C. After that, the reaction was stopped by the addition of loading
buffer (0.25% bromphenol blue and 50% glycerol). Electrophoresis was
applied at 50 V for 60 min in TAE (Tris-acetate-EDTA) buffer (pH 8.0).
The agarose gel was visualized by UV light and photographed.

2.4.3. Antimicrobial activity
Gram-positive bacteria (Enterococcus hirae (ATCC 10541), Bacil-

lus cereus, Staphylococcus aureus (ATCC 6538)), Gram-negative bac-
teria (Escherichia coli (ATCC 10536), Legionella pneumophila subsp.
pneumophila (ATCC 33152), Pseudomonas aeruginosa (ATCC 9027))
and a fungus (Candida albicans) were used as test microorganisms.
These microorganisms were inoculated into growth media with
2.9.108 CFU/mL. Antimicrobial activity of the plain chitosan cryogel
and HP oil incorporated chitosan cryogels was evaluated by using the
disc diffusionmethod [34]. The higher inhibition zone value against mi-
croorganism demonstrates the higher antimicrobial activity.

3. Results and discussion

Chitosan cryogels were synthesized via a crosslinking reaction at
subzero temperature in thepresence of glutaraldehyde as the crosslinking
agent. The detailed synthesis mechanism of chitosan cryogels by
cryogelation is as follows: Firstly, the chitosan powder dissolves in an
acidic medium (acetic acid solution) as a result of the protonation of
amine groups causing electrical repulsion between polymer chains
(Fig. 1A). After the formation of a homogeneous polymer solution, glutar-
aldehyde is added for crosslinking of chitosan chains (Fig. 1B). Based on
our previous studies, we selected a chitosan concentration of 2% (w/v)
with a glutaraldehyde concentration of 3% (v/v) as optimum for fabrica-
tion of the macroporous chitosan cryogels [9]. The reaction between the
amine groups of chitosan with aldehyde groups of glutaraldehyde oc-
curred at −12 °C. During cryogelation, a large volume of the acetic acid
Fig. 1. A) Protonation of amine groups of chitosan in acetic acid aqueous solution, B) Schemati
mechanism between chitosan and glutaraldehyde.
solution is crystallized and the ice crystals act as porogen that provide
the creation of the final porous structure, while the crosslinking reaction
between chitosan and glutaraldehyde proceeds at the concentrated non-
frozen regions (Fig. 1C). After crosslinking is completed, the obtained gel
is thawed at room temperature and the cryogelswith interconnected and
continuous pore structure in a three-dimensional network are obtained.
Chitosan cryogels containing HP oil were produced by adding HP oil to
the homogeneously prepared chitosan solution ranging in ratio from
2.5, 5, 10 and 20% before crosslinking, in order to enhance the cryogels'
antimicrobial activity and promote wound healing. While providing
this, addition of HP oil into the chitosan network will create some physi-
cochemical changes in the properties of the final scaffold. This result can
be defined by the partial displacement of the polymer forming thematrix
with lipids. The incorporation of lipids or oils into polysaccharide-based
systems can interferewith polymer chain-chain interactions. The interac-
tions between polar polymermolecules aremuch stronger than the inter-
action between polar polymer and non-polar lipid molecules [35–37].

3.1. Chemical analysis of produced cryogels

Fig. 2 shows the FTIR spectra of the plain chitosan cryogel and differ-
ent amounts of HP oil incorporated chitosan cryogels. The FTIR spec-
trum of the plain chitosan cryogel was compared with the HP oil
incorporated samples to confirm the presence of HP oil in the structure
of the composite cryogels. The identified characteristic peaks of chitosan
are indicated by arrows in the spectrum. FTIR spectrum of the plain chi-
tosan cryogel indicates sharp peaks positioned at ~1027, ~1062, ~1404
and ~1543 cm−1 which are related to C_O vibration, amide I, -OH vi-
bration and amide II peaks of chitosan, respectively [38]. Other IR signals
appear in the region between ~3000–2825 and ~3650–3050 cm−1 are
attributed to -CH2 aliphatic groups and O\\H stretching, respectively
[39]. In addition, minor peaks are evident as well at ~615 and at ~555
cm−1. After addition of HP oil, the characteristic peaks of chitosan
were still observedwhich revealed that the addition of HP did not affect
the main molecular structure of chitosan. However, the intensity of the
peaks reduced and the peaks were moved to a higher wavenumber
compared to plain chitosan cryogel. Moreover, new peaks were ob-
served at ~2852 and ~2922 cm−1 wavelengths with the addition of HP
c overview of the experimental design and cryogelation method, C) Crosslinking reaction



Fig. 2. FTIR spectra of plain chitosan and HP oil incorporated chitosan cryogels. Black and
red arrows indicate the major absorption bands of chitosan and HP oil, respectively.
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oil which associated with C\\H methyl stretching band specific to HP.
Another new peak observed at ~1738 cm−1 shows the presence of the
carbonyl group (C=O) present in the ester bonds of HP oil [30,40]. Ac-
cording to the results obtained by FTIR analysis, HP oil was successfully
incorporated into the structure of chitosan cryogels.

3.2. Morphological observations of produced cryogels

Cryogels can be produced in various shapes such as monoliths, rods,
sheets, discs and spherical particles [41]. In our study, the plain chitosan
and HP oil incorporated chitosan cryogels were produced as monolithic
columns (Fig. 3). All samples were found to retain the desired mono-
lithic structure. Plain chitosan cryogel had light yellow colour and
lower opacity compared to the HP oil incorporated cryogels. The in-
creased concentration of HP oil in the matrice increased the opacity of
the cryogels. The difference in colour could be attributed to the natural
red colour of HP oil.

SEM analysis was performed to study themorphological structure of
plain chitosan (CS0) and composite cryogels (CS1, CS2 CS3 and CS4)
(Fig. 3). In the SEM images of the cryogels, it is observed that the geom-
etry and size of the pores are quite irregular. This type of microstructure
is similar to cauliflower structure because it consists of aggregates of
various sizes [42]. The pore-space structure in the CS0, CS1, CS2 and
CS3 contains two types of pores: macro-pores, cavities that are larger
than 75 μm, and micro-pores, typically defined as pores less than ap-
proximately 50 μm. The macro-porous morphology promote cell prolif-
eration and structural stability, while micro-pores allow vascularization
Fig. 3.Monolithic column shape and SEM analysis of ch
and diffusion of nutrients [43]. Therefore, the produced cryogels with
macro- and micro-porous morphology could be excellent material for
tissue engineering applications.

With the addition of HP oil, the cryogels' pore size distribution
changed (Fig. 4). The analyses demonstrated that more uniform pore
size distributionwas observed in the case of CS4 cryogel whichwas pre-
pared with the highest ratio of HP oil. The 79% of the pores of this sam-
ple was lower than 25 μm. Especially, in wound healing, uniform and
homogeneous porosity is preferred for the absorption of exudates and
the permeability of air. As a result, continuous oxygen transfer at the
wound site will enable cell proliferation and re-epithelialisation for
new tissue reconstruction and will accelerate antibacterial activities by
providing resistance to infections [44,45].

The average pore size calculated from the SEM observations was
35.75 ± 29.41, 34.11 ± 16.94, 25.29 ± 19.39, 25.12 ± 13.77and 19.63
± 8.43 μm for CS0, CS1, CS2, CS3 and CS4 cryogels, respectively. Al-
though, the average pore sizes of CS0, CS1, CS2 and CS3 were similar,
a slight decrease occurred in the pore size as the concentration of the
HP oil increased in the cryogel. In addition to the average pore size anal-
ysis, according to the porosity determination results, the porosity de-
creased from ~65% to ~45%, with increasing HP oil content of the
cryogels (Fig. 5). Higher concentration of HP oil may have diminished
the formation of larger solvent crystals that form during cryogelation,
which resulted in lower porosity of the cryogels.

Based on the morphological characterizations above, it was demon-
strated that composite cryogels with various pore sizes and porosity
could be produced by varying the amount of HP oil in the reaction
mixture.

3.3. Water vapor transmission rate

The water vapor permeability of wound dressing materials is the
most important feature affecting wound dehydration or exudate accu-
mulation. High WVTR can lead to dehydration of the wound, while
lowWVTR can cause the accumulation of wound exudates [46]. There-
fore, it is important to investigate the WVTR of materials to provide a
suitable environment for natural wound healing. Hence, WVTRs of the
plain chitosan and HP oil incorporated chitosan cryogel scaffolds were
determined.

Table 2 shows the loss ofwater vaporwith time through the samples
when incubated for days in a moisture reach environment. A higher
WVTR value indicates a faster water evaporation from the specimen.
As seen in Table 2, CS0 cryogels exhibited a high WVTR (201.30 ±
4.41 g/m2/h) while the cryogels with the highest HP oil concentration
displayed much lower value of WVTR (142.41 ± 11.78 g/m2/h) in 24
h. In general, the WVTRs of cryogels slightly decreased by increasing
the HP oil incorporation in the cryogels. The main factors affecting the
WVTR are the porosity and hydrophilicity of the wound dressing
itosan and HP oil incorporated chitosan cryogels.



Fig. 4. Pore size distribution analyses of chitosan and HP oil incorporated chitosan cryogels.
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material [47]. Thus, this decline in the WVTRs can be explained by the
reduction of porosity with the addition of HP oil. In addition, the de-
crease in WVTR may also be a result of the hydrophobic nature of the
HP oil that is added to the recipe. Similarly, Altiok et al. concluded that
the WVTRs of chitosan-based films containing different amounts of
thyme oil decreased with increasing amounts of essential oil [48].

Normally, the WVTR of healthy skin is about 8.5 ± 0.5 g/m2/h and
11.6 ± 1.1 g/m2/h for first-degree burns, whereas for the uncovered
granulating wounds can range to approximately 214.1 ± 8.4 g/m2/h
[49]. It has been also recommended that, the WVTR value of an ideal
wound dressing is between 83.33 and 104.16 g/m2/day to provide a suf-
ficiently moisturized environment for wound healing without risk of
dehydration [50]. In the literature, it is demonstrated that there is a
wide range of WVTR values of dressings depending on the material
properties or wound type. Therefore, variouswound dressings with dif-
ferent WVTRs can be used to regulate moisture of wound bed [46]. Our
results suggested that all cryogels could maintain a moist environment
for heavily exuding wound which would enhance epithelial cell migra-
tion during the healing process. Cryogels fabricated in this study show
the potential to be used as wound dressing materials for especially
deep cavity wounds with high exudate levels.

3.4. Mechanical characterization

Themechanical performance of the chitosan andHPoil incorporated
chitosan cryogelswere evaluated. The Youngmodulus and compression
strength of cryogel scaffolds were tested in their dry form. As listed in
Table 3, the mechanical properties of the cryogels improved markedly
with increasing HP oil ratio. Plain chitosan cryogels showed poor me-
chanical performance, with low Young modulus and compression
Fig. 5. Porosity of plain chitosan and HP oil incorporated chitosan cryogels.
strength. For instance, in the absence of HP oil, that is, for the plain chi-
tosan cryogel, Youngmodulus is about 21 kPa whereas it increases with
increasing HP oil content and becomes 61 kPa for 20% HP oil ratio. The
most important reason of this is the microstructural changes that
occur in the network of scaffolds is because of increasing the pore
wall thickness (Fig. 3) and decreasing porosity with increasing oil con-
centration (Fig. 5). Jana et al. found similar results due to the changes in
pore morphology of chitosan scaffolds [51].

3.5. Water uptake capacity and degradation ability

Ideal wounddressingmaterials should be able to absorbwound fluid
on the wound surface. In order to determine the water/fluid uptake ca-
pacity of the cryogel dressings accordingly with their composition, the
swelling profiles were studied in PBS medium (pH 7.4, 37 °C). The
water uptake capacity/swellability of the plain and HP oil incorporated
chitosan cryogels is presented in Fig. 6A. The water uptake capacity of
all samples increased as time increased and reached equilibrium after
30 min, maintaining their structural integrity for 2 h. The plain chitosan
cryogel (CS0) had the highest water sorption capacity compared to the
composite cryogels. This is because of the hydrophilic nature of chitosan,
which is due to the presence of COO- and NH2- functional groups in its
structure [52]. By increasing the amount of HP oil in the structure of
cryogels, due to the hydrophobicity of this essential oil, the swelling
ratio values decreased. In addition, by increasing the amount of HP oil,
porosity decreased which resulted in the reduction of swelling ratio.

The favorable swelling behavior of cryogels revealed their potential
application as exudative wound dressings. Another factor that needs to
be determined for a qualified dermal regeneration is the degradability
of the dressing. The material should possess a degradation rate that
matches the rate of new tissue formation or regeneration. Therefore,
the degradability of cryogels was assessed by incubating the samples in
PBS for up to four weeks, and the weight loss of the samples was mea-
sured. In Fig. 6B, the degradation profile of plain chitosan and HP oil in-
corporated chitosan cryogel scaffolds is depicted. The weight loss
percentage of all samples increased with time. The degradation rate of
plain chitosan cryogel was higher than the composites at all-time points.
Table 2
WVTRs of plain chitosan and HP oil incorporated chitosan cryogels by days.

Sample WVTR, g/m2/h

24 h 48 h 72 h 96 h

CS0 201.30 ± 4.41 179.76 ± 2.97 158.07 ± 2.16 143.42 ± 1.41
CS1 194.00 ± 9.08 161.65 ± 13.15 153.01 ± 6.60 142.59 ± 4.74
CS2 182.68 ± 7.08 143.64 ± 1.61 148.71 ± 2.57 132.72 ± 6.45
CS3 177.22 ± 13.31 132.42 ± 11.51 144.56 ± 10.58 130.99 ± 8.98
CS4 142.41 ± 11.78 131.63 ± 11.03 129.78 ± 2.56 122.01 ± 0.38



Table 3
Mechanical properties of plain chitosan and HP oil incorporated chitosan cryogels.

Sample Young modulus, (kPa/%) Compression strength, (kPa)

CS0 21 ± 9 52 ± 8
CS1 27 ± 13 63 ± 2
CS2 34 ± 8 88 ± 11
CS3 38 ± 4 97 ± 9
CS4 61 ± 12 117 ± 15

Fig. 7. DPPH scavenging abilities of plain chitosan and HP oil incorporated chitosan
cryogels.
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The degradation rate was significantly influenced by the addition of HP
oil to the cryogel structure, whichmay be due to the hydrophobic nature
of the oil that diminishes the hydrolytic degradation of the cryogel. How-
ever, the hydrophobic effect of HP oil on degradation rate was not dom-
inant in regulating the degradation ratewith its increasing concentration
in the cryogel matrix. An increase was observed in degradability by in-
creasing the HP oil concentration. The higher degradability may be
assigned to the interference of inclusion of oil with the polymer chain-
to-chain interaction. The presence of higher amount of HP oil may
weaken the interaction of polymer molecules, which results in higher
degradation rate [29,35]. Xu et al. [53] reported that the hydrogel with
a fast degradation rate provided accelerated wound closure in acute
wounds, while the hydrogel with a slow degradation profile enhanced
healing for diabetic wounds. Cryogels that are produced in our study,
with slow degradation profile, can be used as wound dressings, espe-
cially in prolonged and chronic defects such as diabetic wounds.

3.6. DPPH scavenging activity

Natural antioxidants are used to accelerate the wound healing pro-
cess by the increase of the antioxidant level during wound healing. An-
tioxidant agents reduce the production of intracellular reactive oxygen
species, weakening the increase of nitric oxide and increase in nitric
oxide synthase activity. Therefore, the presence of the these antioxidant
agents seem to be necessary for thewoundhealing process [54]. Natural
compound-based materials such as gum composites, essential oils and
volatile natural mixtures are known to have antioxidant activity [12].
To evaluate an antioxidant agent as free radical scavengers or hydrogen
donors, theDPPH radical scavenging activity test has been used. Hereby,
we applied tests to investigate free radical scavenging activity of plain
chitosan andHPoil incorporated chitosan cryogels against DPPH radical.
For the comparison of the test results, Ascorbic acid and Trolox were
used as positive controls. DPPH scavenging abilities of the cryogels are
presented in Fig. 7. The results showed that plain chitosan andHP oil in-
corporated chitosan cryogels were possessed of scavenging activities. It
is clear that the radical scavenging effect increasedwhen theHP oil con-
tent in the samples increased. When the concentration of CS4 increased
from 5mg/mL to 50mg/mL, DPPH radical scavenging activity increased
from 10.4% to 53.2%. Davoodi et al. [55] reported that potato starch-
thymol dispersion and film had shown antioxidant activity. Homayouni
Fig. 6. Water uptake capacity (A) and degradation rate (B)
et al. [56] indicated that tapioca starch incorporated with carvacrol had
a radical scavenging effect. These results also showed good similarity
with our findings. The scavenging activities of theHP oil incorporated chi-
tosan cryogels were determined in the following order: CS4 (69.9%) >
CS3 (63.5%) > CS2 (57.9%) > CS1 (54.7%) > CS0 (51.3%) at 100 mg/mL.
Similar results were also reported by Jayanudin et al. [57] who produced
red ginger oleoresin encapsulated chitosan microspheres. They deter-
mined the antioxidant activity of red ginger oleoresin microcapsules
using DPPH assays and found the highest antioxidant activity value was
61.99 ± 0.33%. They suggested that the antioxidant activity value from
the red ginger oleoresin microcapsules is quite high because it is almost
equal to the antioxidant synthesis. So, depending on these results, HP oil
incorporated chitosan cryogel scaffolds synthesized in our study can be
used as a potential free radical scavenger.

3.7. DNA cleavage activity

The activity of cleavage of the plain chitosan and HP oil incorporated
chitosan cryogels were probed using agarose gel electrophoresis. The
principle of DNA cleavage method is that molecules migrate in the gel
as a function of their charge, shape, andmass with supercoiled DNAmi-
grating faster than open circularmolecules of the samemass and charge
[58]. As shown in Fig. 8, untreated pBR 322 plasmid DNA as a control
(lane 1) and in presence of 250 μg/mL CS0+ pBR 322 DNA (lane 2),
250 μg/mL of CS1 + pBR 322 DNA (lane 3), 250 μg/mL of CS2 + pBR
322 DNA (lane 4), 250 μg/mL of CS3 + pBR 322 DNA (lane 5), 250
μg/mL of CS4 + pBR 322 DNA (lane 6), 500 μg/mL CS0 + pBR 322
DNA (lane 7), 500 μg/mL of CS1 + pBR 322 DNA (lane 8), 500 μg/mL
of CS2 + pBR 322 DNA (lane 9), 500 μg/mL of CS3 + pBR 322 DNA
(lane 10) did not exhibit any DNA cleavage. But, in the presence of
500 μg/mL of CS4, DNA strand was cleaved, the supercoil was relaxed
of chitosan and HP oil incorporated chitosan cryogels.



Fig. 8.DNA cleavage of cryogels: Lane 1) pBR 322 DNA, Lane 2) pBR 322DNA+250 μg/mL CS0, Lane 3) pBR 322DNA+250 μg/mL of CS1, Lane 4) pBR 322 DNA+250 μg/mL of CS2, Lane
5) pBR 322DNA+250 μg/mL of CS3, Lane 6) pBR 322DNA+250 μg/mL of CS4, Lane 7) pBR 322DNA+500 μg/mLCS0, Lane 8) pBR 322DNA+500 μg/mLof CS1, Lane 9) pBR 322DNA+
500 μg/mL of CS2, Lane 10) pBR 322 DNA + 500 μg/mL of CS3, Lane 11) pBR 322 DNA + 500 μg/mL of CS4.
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to generate a slower-moving nicked circular form (Form II) (lane 11).
With the increasing concentration of the HP oil, cleavage tendency is
precisely enhanced. It was showed that the sample of 500 μg/mL of
CS4 has displayed good nuclease activity.

3.8. Antimicrobial activity

The wound bed provides a favorable environment for microbial
growth and inflammation [59]. Therefore, it is important to produce
wound dressings with long-term antimicrobial properties to prevent
bacterial contamination during the wound healing process. The antimi-
crobial activities of chitosan and the HP oil incorporated chitosan
cryogels were studied by the disc diffusion method. The antimicrobial
activities of these samples against seven different types of bacteria and
fungi, namely E. hirae, B. cereus, S. aureus, E. coli, L. pneumophila subsp.
pneumophila, P. aeruginosa and C. albicanswere investigated. The results
are presented in Table 4. From the data, all test samples were effective
against all tested microorganisms except CS1 sample against E. hirae
and B. cereus. The antimicrobial effect order of CS4 samples from maxi-
mum tominimumwas found to be E. coli (14mm)> L. pneumophila (13
mm)> P. aeruginosa (12mm)> S. aureus (11mm)> E. hirae=B. cereus
=C. albicans (10mm).Many natural bioactive compounds including al-
kaloids, essential oils, flavonoids, tannins, terpenoids, saponin, fatty
acids and phenols have a wide range of potential applications in the
field of wound healing with a medical perspective. On the other hand,
natural metabolites from plants have been traditionally used as a folk
remedy for wound treatment for many years. Moeini et al. [60] summa-
rized the studies using chitosan-based dressings containing natural
products such as thyme oil, cinnamon, tea tree oil, lavender oil and
their related compounds for wound healing applications. It can be con-
cluded that natural metabolites potentially act as antimicrobial and
anti-inflammatory agents and accelerate the healing process [60]. In ad-
dition, other polymers such as starch containing essential oils have been
reported to show significant antimicrobial activity [55,56]. These find-
ings exhibited good similarity with our results. Essential oils attack the
phospholipid bilayer of cell membranes, leading to increased perme-
ability and finally cell lysis [61]. Also, essential oils destabilize genetic
material and enzyme systems of microorganisms [62]. Altiok et al. [48]
prepared chitosan films incorporated with thyme oil by solvent casting
method for potential applications of wound dressing. Antimicrobial
Table 4
Antimicrobial activities of cryogels.

Microorganisms Zone diameter, mm

CS0 CS1 CS2 CS3 CS4

E. hirae – – 7 9 10
B. cereus – – 7 8 10
S. aureus – 7 8 10 11
L. pneumophila – 8 9 11 13
P. aeruginosa – 7 8 10 12
E. coli – 8 9 12 14
C. albicans – 7 8 10 10
activities of films and thyme essential oil were determined by agar dif-
fusion method on E. coli, K. pneumoniae, S. aureus and P. aeruginosa. An-
tibacterial test results showed that even theminimum concentration of
thymeoil in chitosan films showed antimicrobial activity on allmicroor-
ganisms. In addition, they pointed out that essential oils disturb the
function of the cytoplasmic membrane by disrupting the active trans-
port of nutrients through the cell membrane, and coagulation of bacte-
ria cell contents [48]. Our results are also related to the report results of a
previous study inwhich the antimicrobial activity of HP oil incorporated
chitosan films was investigated [29]. In addition, Tusevski et al. [63]
have also found the same results.
4. Conclusions

An ideal wound dressing scaffold should have some important char-
acteristics such as having a three-dimensional and highly porous struc-
ture with an interconnected pore network, being biodegradable with a
controllable degradation profile, possessing antimicrobial and antioxi-
dant properties, and it should be easily produced in the form a variety
of shapes and sizes to fit the defected wound area. In our study, to the
best of our knowledge, the HP oil incorporated chitosan cryogels were
firstly fabricated by crytropic gelation. The pore size and porosity of
the composite cryogels could be tuned by varying the amount of HP
oil. It was concluded that the cryogels with higher WVTR values are
more suitable for exudative wounds than injuries and first-degree
burns. The cryogels showed high swelling ability with a slow degrada-
tion profile. The highest ratio of HP oil showed the highest DPPH scav-
enging activity. The antimicrobial activity study results demonstrated
that the composite cryogels possessed excellent antimicrobial effects
against E. coli and L. pneumophila. Overall, the above results demon-
strated the HP essential oil incorporated chitosan cryogels could be
used as promising wound dressing materials for long-term healing
and exudative wounds, especially diabetic wounds, due to the proven
healing effect of HP oil in diabetic wounds.
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