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Abstract

Diabetes, a chronic metabolic disease, causes complications such as chronic wounds, which are
difficult to cure. New treatments have been investigated to accelerate wound healing. In this study,
a novel wound dressing from fibroblast-laden atelocollagen-based hydrogel with Cotinus coggygria
extract was developed for diabetic wound healing. The antimicrobial activity of C. coggygria
hexane (H), dichloromethane (DCM), dichloromethane:methanol (DCM-M), methanol (M),
distilled water (DW) and traditional (T) extracts against Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, Enterococcus faecalis and Candida albicans, as well as their cytotoxic
effects on fibroblasts were determined. While fibroblast growth was significantly (p < 0.05)
promoted with DCM (121.41 &£ 1.04%), M (109.40 £ 5.89%) and DW (121.83 & 6.37%) extracts
at their lowest concentrations, 2000 g ml~! DCM and 7.8 pg ml~! T extracts had both
non-cytotoxic and antifungal effects. An atelocollagen-based hydrogel was produced by thermal
crosslinking, and its pore size (38.75 £ 7.67 pm), water content (96.63 = 0.24%) and swelling ratio
(27.21 + 4.08%) were found to be suitable for wound dressings. A significant increase in the
deoxyribonucleic acid amount (28.27 4 1.41%) was observed in the plain hydrogel loaded with
fibroblasts after 9 d of incubation, and the hydrogel had an extensively interconnected cellular
network. The hydrogels containing DW and T extracts were applied to wounds generated in an

in vitro 3D type-2-diabetic human skin model. Although the incubation period was not sufficient
for closure of the wounds in either of the treatments, the hydrogel with T extract stimulated more
fibroblast migration. In the fibroblast-laden version of the hydrogel with T extract, no wound
closure was observed but more keratinocytes migrated to the wound region. These positive
outcomes underline the potential of the developed wound dressing as a powerful alternative to
improve diabetic wound healing in clinical practice.

1. Introduction

Diabetes is a chronic metabolic disease characterized
by a high glucose concentration in the blood, which
may affect more than 783 million adults globally by
2045 [1-3]. There are two major classes of diabetes:
type 1 and type 2. While type 1 diabetes encompasses
defects or a complete absence of insulin secretion,

© 2025 The Author(s). Published by IOP Publishing Ltd

cells do not respond to insulin correctly in type 2
diabetes. Studies have shown that type 2 diabetes is
more prevalent than type 1 diabetes [4]. Diabetic foot
ulcers, the most devastating complication of diabetes,
remain a great challenge for clinicians due to the long
treatment duration, as well as the overwhelming eco-
nomic burden for society [3, 5]. Diabetic chronic
wounds affect 25% of diabetic patients, nearly 30% of
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whom require amputation as treatment. This means
that every 20 s, a diabetic patient suffers a lower limb
amputation [4, 5].

Wound healing is a complex process with four
overlapping phases: hemostasis, inflammation, pro-
liferation and remodeling. It requires the activation,
recruitment or activity of inflammatory cells, fibro-
blasts, keratinocytes and endothelial cells, as well as
related growth factors and enzymes [6]. However,
diabetic wounds do not proceed through these four
stages of normal wound healing [2]. Wound healing
in diabetes has been characterized by impaired heal-
ing, bacterial infection, oxidative stress, prolonged
inflammation and reduced epithelialization kinetics
[7, 8]. Currently, the treatments for diabetic wounds
include systemic strategies [5], hyperbaric oxygen
therapy [9], electrical stimulation, application of vari-
ous topical wound dressings and cell-based therapies,
and the use of dermal and epidermal skin substitutes
[8]. In addition, scientists have had a continued inter-
este in traditional folk medicines for many years,
as plants, a source of many bioactive compounds,
have less deleterious side effects than synthetic drugs
[10, 11]. Secondary metabolites, such as tannins,
terpenoids, alkaloids and flavonoids produced by
higher plants are an abundant source of biologic-
ally active compounds that could be a basis for the
development of new chemicals for pharmaceuticals
[10]. The plant Cotinus coggygria, from the family
of Anacardiaceae, is one of these medicinal plants.
It is a large shrub or small tree that is found from
Southern Europe, the Mediterranean, Moldova and
the Caucasus to central China to the Himalayas
[10, 12]. It has been reported to possess potential
antioxidant, anti-inflammatory, anti-hemorrhagic,
hepatoprotective, anti-ulcerogenic, wound healing
and immunostimulant effects as well as antimi-
crobial activity [12, 13]. Phytochemical investiga-
tion of the plant’s different parts has resulted in
the isolation of flavonoids (fisetin, fustin, quercetin,
apigenin, myricetin, taxifolin), aurones (sulfuretin,
disulfuretin, sulfurein), chalcones (butein, isoliquir-
itigenin), anthocyanins (delphinidin-3-galactoside,
cyanidin-3-galactoside, petunidin-3-glucoside), cat-
echins and other phenolics, e.g. gallic acid and methyl
gallate [14].

Selecting an appropriate wound healing strategy
by considering the condition of the wound is crit-
ical for successful healing, since this can enhance the
speed of wound healing by minimizing the risk of
complications and scar formation. Cell therapy, a
simple, less time consuming and less invasive thera-
peutic approach, is effective in improving wound
healing without the need for major surgical pro-
cedures or donor-site morbidity. This technique can
be applied to both acute and chronic wounds and
provide tissue that is similar to the surrounding skin,
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causing minimal scars and color mismatch. In clin-
ical medicine, a variety of cell types such as fibro-
blasts, keratinocytes and adipose-derived stromal
vascular fraction are used actively. Among them,
fibroblast therapy has attracted attention in the treat-
ment of chronic wounds as fibroblasts produce three-
dimensional extracellular matrix and secrete various
cytokines and growth factors that control the cell
proliferation, induce angiogenesis, and modify the
inflammatory process [15]. Han et al [16] applied
freshly isolated fibroblasts to patients with diabetic
foot ulcers, and after eight weeks complete wound
closure was achieved in 83% of the patients. In a clin-
ical trial, it was proven that the autologous fibroblast-
hyaluronic acid complex healed 84% of diabetic foot
ulcers without any adverse effects [17]. In another
study, patients with ulcers of longer than six weeks
duration showed a significant higher percentage of
wound closure by week 12 after the application of a
human fibroblast-derived dermis (Dermagraft) [18].

Numerous wound dressings involving electro-
spun membranes, porous foams and functional
hydrogels have been developed to act as a phys-
ical barrier against mechanical trauma, to protect
the injury from infection and to promote the heal-
ing process [5, 7, 19]. Because of the high porosity,
biocompatibility and functionality and their simil-
arity to biological soft tissues, hydrogels are among
the most remarkable dressings for wound healing
and skin regeneration [5, 7]. Hydrogels have been
dominant alternatives to traditional wound dressings,
overcoming their disadvantages such as low flexibility
and high adherence to the wound surface, frequently
associated with painful removal. The swelling prop-
erty of hydrogels provides a favorable moist envir-
onment for wound healing and a porous structure
that allows wound exudate absorption and oxygen
permeation, thus promoting keratinocyte migration
and fibroblast proliferation. Furthermore, the hydro-
gels efficiently support hemostasis and provide long-
term protection for the wounds [2, 5, 19]. Single-
function hydrogels usually fail to support complete
healing because of the multifactor nature of diabetic
wounds. It is possible to develop hydrogels as multi-
functional dressings that are loaded with active com-
pounds such as growth factors for the stimulation
of cell proliferation and tissue repair, and antimi-
crobials for the inhibition of bacterial growth and
prevention of microbial infection [6, 19]. Collagen,
the most abundant protein found in the body, has
been applied as an adjunct therapy in wound heal-
ing. It can support healing by acting as a sink for
the ranging matrix metalloproteinases (MMPs) and
other enzymes in the wound area, thereby decreas-
ing the intensity of inflammation and restoring pro-
gression into the reparative stages. Furthermore, col-
lagen promotes a proangiogenic, anti-inflammatory
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environment to aid healing [20]. In tissue engin-
eering, animal-derived collagen is mostly used, and
hence may cause immunogenic reactions in humans.
Atelocollagen as alow immunogenic derivative of col-
lagen has been developed by the removal of N- and
C-terminal telopeptide components in order to pre-
vent these reactions [21]. In regenerative medicine,
an attractive approach is the delivery of cells in sol-
ubilized collagen through minimally invasive tech-
niques to fill defects. The collagen solution can spon-
taneously gel through hydrophobic bonding induced
by a rise in temperature or pH as the defect is
filled [22]. Because these spontaneous gels are mech-
anically weak and easily deformed, different poly-
mers are added to improve their mechanical prop-
erties. Among them, the linear anionic polysacchar-
ide sodium alginate, which exists widely in many
species of brown seaweeds, has been studied extens-
ively due to its nontoxicity and compatibility [23].
In the presence of certain divalent cations, such as
Ca**, sodium alginate forms stable gels at room tem-
perature. Calcium crosslinked sodium alginate has
been implanted in both animals and humans as a
hemostatic wound dressing material [24]. Ascorbic
acid is a highly effective antioxidant, acts as an
enzyme cofactor for biosynthesis of collagen, has
an anti-inflammatory effect, and therefore can cure
wounds [25].

In the present study, we aimed to develop a novel
wound dressing from atelocollagen-based hydrogel
with C. coggygria extract, which can be applied
together with cellular therapy for diabetic wound
healing. The novelty of this work is the determina-
tion of the effects of different extracts of C. coggy-
gria on the proliferation of fibroblasts obtained from
type 2 diabetic patients, their antimicrobial properties
against bacteria and fungus commonly encountered
in diabetic wounds, and finally the development
of a diabetic wound treatment modality from the
most potent extract of C. coggygria. The antimicro-
bial activity of different C. coggygria extracts against
Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa, Enterococcus faecalis and Candida albic-
ans, and their cytotoxic effects on human dermal
fibroblasts were determined. Sodium alginate, ascor-
bic acid and human dermal fibroblasts were blen-
ded with atelocollagen derived from bovine tendons.
The hydrogels were fabricated by thermal crosslink-
ing, and appropriate cell loading concentrations were
determined. An artificial wound was generated at the
center of an in vitro 3D type 2 diabetic human skin
model (DHSM) and treated with atelocollagen-based
hydrogel containing C. coggygria extracts to evalu-
ate wound healing. After determining which hydro-
gel type was most effective in the promotion of heal-
ing, fibroblasts were also loaded into this hydrogel to
evaluate the effect of cell-laden hydrogel therapy on
diabetic wound healing.
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2. Materials and methods

2.1. Primary cell isolation and culture

All tissue specimens were obtained from donors aged
18-36, who had no genetic diseases. In addition,
type 2 diabetic donors were diagnosed with diabetes
at least 4 years ago. All protocols involving donors
were conducted in adherence to the Declaration of
Helsinki.

2.1.1. Isolation and expansion of dermal fibroblasts
Dermal fibroblasts were isolated from skin regarded
as medical waste after a second Cesarean deliv-
ery according to a previously reported protocol
[21]. The skin specimens were obtained from nor-
moglycemic and type 2 diabetic donors. Following
skin specimen collection in Hank’s Balanced Salt
Solution (HBSS, Thermo Scientific) with penicil-
lin/streptomycin (pen/strep), fat and epidermal parts
were separated mechanically from the skin. The
dermis was cut into small pieces (3 x 3 mm?) by
scalpel and cultured on six-well culture plates in
Dulbecco’s modified Fagle medium: nutrient mixture
F-12 (DMEM/F-12) ((1:1 v/v), Thermo Scientific)
medium supplemented with 5% human plasma
(HP), 2 U ml~! heparin, 1% pen/strep (Lonza) and
1 ng ml™! basic fibroblast growth factor (bFGE
Biolegend) as an explant. The cells were grown in
medium supplemented with human blood plasma
instead of fetal bovine serum to mimic the natural
environment of human cells [26]. They were harves-
ted and transferred into a T25 flask after forming
a 70% confluency. After the third passage, the cells
were characterized by immunostaining for vimentin.
The cells that were fixed with 4% formaldehyde were
washed with Dulbecco’s phosphate-buffered saline
(DPBS, Thermo Scientific) and permeabilized with
0.1% triton X-100 (Sigma) for 15 min at room tem-
perature. The cells were then blocked with bovine
serum albumin (BSA, Sigma) for 30 min and incub-
ated with anti-vimentin primary antibody (Abcam,
1:100 dilution) overnight at 4 °C. After washing with
DPBS, the cells were labeled with Alexa fluor 488-
conjugated secondary antibody (Thermo Scientific,
1:200 dilution) for 45 min at 37 °C. The cells
were finally stained with DAPI (Santa Cruz Biotech.,
1:1000 dilution) for 10 min at room temperature and
were observed under an inverted fluorescence micro-
scope (Olympus IX53 inverted microscope).

2.1.2. Isolation and expansion of keratinocytes

Keratinocytes were isolated from skin pieces of type
2 diabetic donors obtained after reduction mam-
moplasty surgery according to a previously reported
protocol [21]. Skin specimens were taken to the labor-
atory in HBSS with 2% pen/strep, cleaned with DPBS,
and fat portions were removed by scalpel. The skins
were cut into 10 mm pieces and were incubated first
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overnight at 4 °C in 0.25% trypsin-EDTA (Gibco)
and then at 37 °C for 2 h by shaking simultan-
eously at 135 rpm to separate the epidermal and
dermal layers. At the end of incubation, the epidermal
and dermal layers were separated mechanically. The
epidermal layer was incubated in Cascade medium
(Thermo Scientific) for 1 h at 37 °C, filtered by a
cell strainer (100 pm), and centrifuged at 1500 rpm.
The isolated cells were transferred into T75 flasks
coated with an extracellular matrix of human umbil-
ical vein endothelial cells (HUVECs) and cultured in
Cascade medium supplemented with 1% keratino-
cytes growth supplement, 10% HP, 2 U ml~! hep-
arin and 1% pen/strep in a CO, incubator at 37 °C.
The characterization of the cells was done by immun-
ostaining for cytokeratin 5. The cells were fixed with
4% formaldehyde, washed with DPBS and permeab-
ilized with 0.1% Triton X-100 for 15 min. After being
blocked with BSA, the cells were incubated in 1:500
diluted primary antibody solution (anti-cytokeratin
5 rabbit polyclonal, STJ) overnight at 4 °C, and then
were treated with Alexa fluor 568-conjugated second-
ary antibody (Thermo Scientific, 1:200 dilution) for
1 h at 37 °C. The cell nuclei were counterstained with
DAPI and were examined with an inverted fluores-
cence microscope.

2.1.3. Isolation and expansion of HUVECs

HUVECs were isolated enzymatically as previously
reported [21]. Human umbilical cords were collec-
ted from type 2 diabetic donors. Briefly, after washing
the umbilical cords with DPBS, the umbilical vein was
filled with 0.1% collagenase type I (from Clostridium
histolyticum, Thermo Scientific) prepared in HBSS.
The umbilical cord was incubated in a shaking water
bath at 37 °C for 25 min, and then the enzyme solu-
tion containing the endothelial cells was collected and
centrifuged at 1300 rpm for 5 min. The cells were
transferred into a gelatin-coated T25 flask and cul-
tured in the 5% CO; incubator at 37 °C after being
resuspended in endothelial cell growth medium-2
(EGM-2, Lonza) containing 5% HP, 2 U ml~! heparin
and 1% pen/strep. After the second passage, the cells
were characterized by immunostaining for CD31. The
fixed cells were permeabilized with 0.1% triton X-100
and blocked with BSA for 30 min at room temperat-
ure. Then, the cells were incubated with anti-CD31
primary antibody (Dako, 1:50 dilution) overnight at
4 °C, washed with DPBS and labeled with Alexa fluor
488-conjugated secondary antibody (1:200 dilution)
for 45 min at 37 °C. After counterstaining with DAPI,
the cells were observed under an inverted fluorescence
microscope.

2.2. Antimicrobial and cytotoxicity studies of C.
coggygria extracts

2.2.1. Preparation of plant extracts

The leaves of C. coggygria used in the study were col-
lected from Ankara, Turkey, after the tree bloomed.

4
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Plant materials were washed in running tap water
and dried at room temperature in the dark. The
dried plant leaves were crushed into small pieces and
stored at 4 °C in the dark until use. To prepare
the hexane (H), dichloromethane (DCM), dichloro-
methane:methanol (DCM-M), methanol (M) and
distilled water (DW) extracts of C. coggygria, firstly,
the dried and crushed plant leaves (6.67 g 17!)
were extracted in hexane (N-hexane for liquid chro-
matography, Merck), and left at room temperature
for 24 h in the dark. Then, the macerated mix-
ture was filtered. The extracts were collected using
a rotary evaporator (Buchi rotavapor RII) and lyo-
philized (hexane extract of C. coggygria). After the
first filtration, the sediment was treated twice more
with the hexane under the same conditions. After
the hexane treatment, the leaves of C. coggygria
were dried completely and the same procedure given
above was performed sequentially with dichloro-
methane (dichloromethane for liquid chromato-
graphy, Merck), dichloromethane:methanol (1:1 v/v)
(methanol gradient grade for liquid chromatography,
Merck), methanol and distilled water. The treat-
ment with each of the solvents was done for 24 h
at room temperature in the dark. The traditional
extract of C. coggygria (T) was prepared by the
extraction method used in folk medicine. Briefly, the
dried leaves (25 g 17!') were boiled in the distilled
water for 20 min and the macerated mixture was
filtered, frozen at —20 °C and lyophilized. At the
end of the lyophilization, the extracts were stored
at —20 °C. Each of the extracts was used within
a week.

2.2.2. Antimicrobial properties of C. coggygria extracts
The antimicrobial activities of the C. coggygria
extracts were determined by the broth microdilu-
tion method against four strains of bacteria and one
strain of yeast that are common micro-organisms
seen in diabetic foot ulcers [27, 28]. Standard strains
of S. aureus (ATCC 29213), E. coli (ATCC 25922), P.
aeruginosa (ATCC 27853), E. faecalis (ATCC 29212)
and C. albicans (ATCC 90028) were used during
the experiments. Minimal inhibitory concentrations
(MICs) were determined according to the Clinical
and Laboratory Standards Institute (CLSI)-M100
for bacteria and CLSI-M27 for yeast. Microdilution
tests were performed in Mueller Hinton broth
(MHB, Oxoid, UK) for bacterial strains and in
RPMI 1640 (Sigma, USA) for yeast. The final con-
centrations of 1 x 108 CFU ml™! for bacteria,
and 1 x 10° CFU ml™! for yeast were prepared
in the corresponding media. Then, serial dilutions
of 1:100 for yeast and 1:10 for bacteria were pre-
pared. Hexane, dichloromethane, dichlorometh-
ane:methanol (1:1 v/v), methanol, distilled water and
traditional extracts of C. coggygria were tested. Two-
fold serial dilutions were applied to all extracts at
concentrations ranging from 2000 to 7.8 pg ml™'.
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MHB and RPMI 1640 were used as diluents in serial
dilutions. A total of 100 pl extract was added to each
well of a U-bottom 96-well plate. The plates were
incubated at 37 °C for 24 h and were examined
for the visible growth of bacteria. The lowest con-
centrations of the extracts without visible growth
were defined as the MICs that inhibited microbial
growth [29].

2.2.3. Cytotoxic activity of the plant extracts on type 2
diabetic human dermal fibroblasts

The cytotoxic effects of different C. coggygria
extracts (hexane, dichloromethane, dichlorometh-
ane:methanol, methanol, distilled water and tra-
ditional extracts) on type 2 diabetic human
dermal fibroblasts (T2-HDFs) were evaluated by
methylthiazolyldiphenyl-tetrazolium bromide assay
(MTT assay, Sigma). Dimethyl sulfoxide (DMSO)
was used as the solvent for hexane, dichloro-
methane:methanol, methanol extracts; DMEM-F12
medium was used for distilled water and traditional
extracts, and ethanol (Merck) was used as solvent
for the dichloromethane extract. Different concen-
trations of these plant extracts (2000, 1500, 1000,
500, 250, 150, 100, 50, 25, 12.5 and 7.8 pg ml™!)
were prepared from their stock solutions in suitable
solvents. T2-HDFs were seeded into a 96-well culture
plate at a density of 5 x 10° cells/well. Twenty-four
hours later, after cell adhesion, the plant extracts were
added to the wells and the cells were grown for 4 d.
Nutrient medium, DMSO and ethanol in nutrient
medium were applied to the wells as control groups.
The nutrient medium was DMEM-F12 medium sup-
plemented with 1% L-glutamine, 5% HP, 2 U ml™!
heparin, 1 ng ml~! bFGF and 1% pen/strep. At the
end of the period, the cells were incubated in DMEM-
F12 medium containing 10% MTT reagent for 4 h in
a humidified 5% CO, incubator at 37 °C. The purple
formazan crystals were solubilized by adding DMSO.
The plates were analyzed using a microplate reader at
a wavelength of 570 nm to measure the optical density
(OD) of each well. The percentage of the cell viability
(CV) was calculated using the formula given below
[30]:

CV (%) = (Absorbance of sample/Absorbance of
control) x 100.

The percent cell viability versus plant extract con-
centration graph was plotted. All experiments were
done in triplicate.

According to the results of cytotoxicity and
antimicrobial studies, the best C. coggygria extract
concentration, the one that was noncytotoxic to
fibroblasts and showed an antimicrobial effect, was
determined.
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2.3. Development of the atelocollagen-based
hydrogel

2.3.1. Prehydrogel preparation

A solution of bovine Achilles tendon atelocollagen
(10 mg ml™!) was prepared in 0.05% acetic acid.
A total of 40 mg ml~! of L-ascorbic acid (Sigma)
and 10 mg ml~! of sodium alginate (Alginic acid
sodium salt from brown algae, Sigma) were prepared
in 10XDPBS and in DPBS, respectively. The solu-
tion of bovine Achilles tendon collagen, L-ascorbic
acid and sodium alginate (4:1:1 v/v/v) was mixed
gently from stock solutions (prehydrogel solution)
and neutralized by adding NaOH (1 M).

2.3.1.1. Gelation kinetics

The prehydrogel solution was added to a 96-well
plate at 150 pl/well and placed into a microplate
reader (PerkinElmer, Victor Nivo, USA) prewarmed
to 37 °C, and then the absorbance at 405 nm was
recorded every 2 min for a total of 60 min. The gela-
tion time of the hydrogels was determined according
to the change in turbidity [31].

2.3.1.2. Rheological measurement

Rheological measurements were performed using a
KINEXUS Pro Rheometer (Malvern, (UK). A thermal
crosslinking reaction of the prehydrogel at 37 °C was
performed by recording both the elastic modulus (G')
and viscous modulus (G”), depending on the time, at
1 Hz with 1% strain [32].

2.3.2. Characterization of the hydrogel

A prehydrogel solution was prepared by following
the protocol mentioned in section 2.3.1. The solution
was transferred to a 96-well plate (150 pg/well) and
incubated for 1 hat 37 °C.

2.3.2.1. Measurement of the swelling ratio

The swelling ratio was determined according to the
literature [33]. The hydrogels (Wp) were incubated
in DMEM-F12 medium for 24 h at 37 °C to reach the
swelling equilibrium (Wyy). The swelling ratio of the
hydrogels was calculated via the following equation:

Swelling ratio (%) = (Ww — Wp)/Wp) x 100.

The swelling ratio was determined from the aver-
age values of five measurements.

2.3.2.2. Water content determination

The hydrogels were prepared and weighed (Wj).
After lyophilization, they were weighed again (W,).
The water content of the hydrogels was calculated
using the following formula [34]:



10P Publishing

Biomed. Mater. 20 (2025) 025009

Water content (%) = Wy — W;/W, x 100.

The water content was determined from the aver-
age values of five measurements.

2.3.2.3. Scanning electron microscopy (SEM)

The atelocollagen-based hydrogels were frozen at
—80 °C and lyophilized, and finally coated with gold
under vacuum at 20 mA for 2 min. The surface and
the cross-sectional pore size of the hydrogels were
observed by SEM (Zeiss Evo 10) [21] and analyzed by
Zeiss Evo 10 software.

2.3.3. Cell viability

The viability of human dermal fibroblasts encap-
sulated in the atelocollagen-based hydrogel was
determined by live/dead cell staining. This experi-
ment was performed with normoglycemic human
dermal fibroblasts (N-HDFs) (passages 2—4). The
atelocollagen-based prehydrogel solution was pre-
pared according to the aforementioned protocol. N-
HDFs at a concentration of 3.3 x 10° cells ml~!
were suspended in DMEM/F12 and the medium was
removed by centrifugation. N-HDFs were resuspen-
ded slowly with the atelocollagen-based prehydrogel
solution by using a pipette and incubated for 2.5 h at
37 °C. After gelation, the cell-laden hydrogels were
incubated in DMEM/F-12 medium containing 1%
L-glutamine, 5% HP, 2 U ml~! heparin, 1 ng ml~!
bFGF and 1% pen/strep for 9 d in a 5% CO, incub-
ator at 37 °C. The viability of the cells found in the
hydrogels was evaluated by live/dead cell staining
(for mammalian cells, Thermo Scientific). After the
hydrogels were incubated in phenol red-free DMEM
medium containing 2 mM ethidium homodimer-1
and 4 mM calcein-AM for 30 min at room temper-
ature, they were washed with DPBS. Images were
acquired with an inverted fluorescence microscope.

2.3.4. Determination of optimal encapsulated cell
concentration

The atelocollagen-based pre-hydrogel solution was
prepared according to the aforementioned protocol.
N-HDFs at passages 2—4 were used for the optim-
ization studies of hydrogels. Different concentra-
tions of N-HDFs (3.3 x 10°, 6.7 x 10° and
8.3 x 10° cells ml~!) were suspended in the prehyd-
rogel solution and incubated for 2.5 h at 37 °C. Then,
the hydrogels were cultured in DMEM/F-12 medium
containing 1% L-glutamine, 5% HP, 2 U ml~! hep-
arin, 1 ng ml~! bFGF and 1% pen/strep for 9 d. The
cell-laden atelocollagen-based hydrogels were divided
into two groups; cell spreading was determined by
phalloidin and DAPI staining in one of the groups,
and deoxyribonucleic acid (DNA) content was meas-
ured by using a spectrophotometer (Nanodrop) to
evaluate the N-HDF proliferation in the other group.
For phalloidin staining, the fixed hydrogels were per-
meabilized with 0.1% Triton X-100 and blocked with
serum for 30 min at 37 °C. After blocking, the

6

CYilmaz Ozdogan et al

hydrogels were incubated with phalloidin (phalloidin
FITC-labeled, Sigma) for 1 h at 37 °Cin order to visu-
alize the filamentous F-actin of the cells. The hydro-
gels were washed with DPBS, counterstained with
DAPI and examined using an inverted fluorescence
microscope. For the measurement of DNA content,
the cell-laden hydrogels were taken into 50 pg ml™—!
proteinase K solution (Sigma) at day 1 and day 9, and
incubated for 2 h at 37 °C according to the procedure
developed by Zhao et al [35]. After centrifugation for
10 min at 13000 g, the supernatants were removed.
Collagenase type I solution (0.1%, from C. histo-
Iyticum, Gibco) was added to each of the pellets and
incubated in a water bath for 3.5 h at 37 °C. Following
centrifugation for 10 min at 13 000 g, the pellets were
diluted in tris-EDTA (1XTE) solution. Then, a 1 ul
sample was taken and analyzed using a spectrophoto-
meter (Nanodrop 1000 Spectrophotometer, Thermo
Scientific) at a wavelength of 260 nm to measure the
amount of DNA in nanograms (ng), so the cell num-
bers were evaluated at the end of the first and ninth
days of incubation.

2.4. Effect of atelocollagen-based hydrogel
containing C. coggygria extracts on wound healing
in in vitro 3D type 2 DHSM

The diabetic wound healing capacity of the treat-
ment approaches described in sections 2.2 and 2.3 was
investigated in a synthetic wound opened at the center
of an in vitro 3D type 2 DHSM that was characterized
previously. The glucose concentration was increased
to 25 mM to mimic the diabetic environment [21]
(figure 1). The DHSM was prepared with cells derived
from type 2 diabetic patients and characterized
using our previously described protocol [21]. Briefly,
human dermal fibroblasts (4.5 x 10° cells ml~!) and
HUVECs (2.25 x 10° cells ml™!) at passages 2—4
were incubated in DMEM/F-12 medium supplemen-
ted with 0.3 mg ml~! atelocollagen for 20 min at
37 °C, and were centrifuged at 1500 rpm for 5 min. At
the same time, methacrylated gelatin (GelMA), pre-
viously synthesized and characterized in our labor-
atory, was diluted in DMEM/F-12 at a concentra-
tion of 8% (w/v) in an Eppendorf tube. The GelMA
solution was mixed with 0.04 g ml~! 2,2-Azobis(2-
methyl-N-(2-hydroxyethyl) propionamide (VA 086,
Wako) diluted in distilled water as a photoinitiator
in order to prepare the GeIMA pre-hydrogel solu-
tion. After centrifugation, the cell pellet was resuspen-
ded in GelMA prehydrogel solution, transferred to
12-well culture inserts (3 wm pores; PET membrane,
Millipore) and exposed to UV A (15 W power, 368 nm
wavelength, Sylvania Blacklight F1I5SWT8/BL368) for
22 min at a distance of 5.8 cm. The HUVECs were
subsequently seeded on the GelMA hydrogels at a
density of 1.35 x 10° cells ml~!. After incubation for
1 h at 37 °C for cell attachment, the GeIMA hydro-
gels were incubated in low-glucose DMEM (Thermo
Scientific): EGM-2 media (1:1 v/v) supplemented
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Figure 1. Schematic diagram of application of atelocollagen-based hydrogel with C. coggygria extract to the synthetic wound.

with 5% HP, 2 U ml~! heparin and 1% pen/strep
for 24 d. At the end of incubation, keratinocytes
(2.75 x 10° cells ml~!) were seeded on each hydro-
gel and incubated in low-glucose DMEM: Cascade
medium (1:1 v/v) containing 1% human keratino-
cyte growth supplement, 5% HP, 2 U ml™! hep-
arin, 1 ng ml~! bFGF, 50 pug ml™' ascorbic acid
(L-ascorbic acid 2-phosphate sesquimagnesium salt
hydrate, Sigma) and 1% pen/strep for 7 d. After
this period, the medium was changed to DMEM:
DMEM/F-12 (1:1 v/v) containing 5% HP, 2 U ml~!
heparin, 1 ng ml~! bFGE, 50 pug ml~! ascorbic acid
and 1% pen/strep for 4 d, and the glucose concentra-
tion was increased to 25 mM in order to mimic the
high blood glucose concentration of diabetic patients
[36] during the following 9 d.

At the end of the incubation, the synthetic
wounds were generated via biopsy punches (4 mm
in diameter, Acupunch, Acuderm Inc., USA) on the
DHSMs. For diabetic wound healing, the synthetic
wounds were filled with atelocollagen-based hydro-
gel with predetermined C. coggygria extracts (DW and
T) and then incubated at 37 °C for 2.5 h for gelation.

The treated DHSMs were incubated for 9 d in DMEM:
DMEM/F-12 (1:1 v/v) media with 25 mM glucose
concentration containing 5% HP, 2 U ml~! heparin,
1 ng ml~! bFGE, 50 pg ml™! ascorbic acid and 1%
pen/strep in the 5% CO, incubator. After incuba-
tion, the treated DHSMs were washed with DPBS
and fixed with 4% formaldehyde. Some of the fixed
models were observed in their 3D form using a con-
focal microscope, while the others were snap frozen
and then serially cryosectioned into 60 um thick
sections. After permeabilization with 0.1% Triton X-
100, the treated DHSMs were blocked with serum for
30 min at room temperature. The treated DHSMs
were incubated with 1:500 diluted anti-cytokeratin 5
to label keratinocytes, 1:100 diluted anti-vimentin to
label fibroblasts, and 1:50 diluted anti-CD31 primary
antibodies to label HUVECs overnight at 4 °C. At
the end of the incubation period, the treated DHSMs
were washed with DPBS, labeled with Alexa Fluor
488 and Alexa Fluor 568-conjugated secondary anti-
bodies for 45 min at 37 °C and then washed with
DPBS. Finally, the cell nuclei were counterstained
with DAPI and the DHSMs were observed using a
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confocal microscope (Zeiss LMS 700, Germany) and
an inverted fluorescence microscope. Then, using the
same method, the wound closure was evaluated by
loading the predetermined amounts of fibroblasts
into the atelocollagen-based hydrogel containing the
C. coggygria extract that gave the best cell migration
results.

2.5. Statistical analysis

All experiments were performed at least five times and
the values expressed as the mean + standard devi-
ation. All statistical analyses were performed using
IBM SPSS for Windows version 20.0 (IBM Corp.,
Armonk, NY, USA). A Mann—Whitney U test was
used depending on the number of comparisons.
p < 0.05 was considered as statistically significant.

3. Results

3.1. Phenotypic characterization of dermal
fibroblasts, keratinocytes and HUVECs

The third-passage fibroblasts, isolated from skin in
an explant culture, were immunostained with anti-
vimentin antibody, a specific marker of cells of mes-
enchymal origin [37]. All cells exhibited spindle-
like morphology and were positive for vimentin
(figure 2(a)), and thus the whole isolate was con-
sidered as a pure culture of fibroblasts.

The keratinocytes isolated from the skin of
donors undergoing reduction mammoplasty sur-
gery were characterized by immunostaining with
anti-cytokeratin 5 antibodies. All of the cells showed
a polygonal cobblestone shape characteristic of
human keratinocytes, and were positive for cytoker-
atin 5 (figure 2(b)), one of the specific keratinocyte
markers [38].

HUVECs were obtained enzymatically from
human umbilical cords. After the second passage,
the cells were immunostained for CD31, expressed
on the surface of endothelial cells [39]. The cells
showed a cobblestone-like shape and expressed CD31
(figure 2(c)); therefore, they were confirmed as
HUVECs.

3.2. C. coggygria antimicrobial and cytotoxic
effects

3.2.1. Antimicrobial activity

The antimicrobial activity of C. coggygria extracts was
examined against S. aureus, E. coli, P. aeruginosa, E.
faecalis and C. albicans, and MICs were determined
(table 1).

It was observed that in particular, the M and T
extracts had inhibitory effects on S. aureus and E.
faecalis, but none of the C. coggygria extracts had
an inhibitory effect on E. coli and P. aeruginosa.
In addition, C. albicans was inhibited by all plant
extracts. However, with the exception of the tradi-
tional extract, their use is hampered due to their high
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MIC concentrations, which appeared to be cytotoxic
to fibroblasts. A possible reason why high extract con-
centrations were generally effective may be the differ-
ences in the amount and types of secondary metabol-
ites extracted by different extraction methods.

3.2.2. Cell viability

Different concentrations of C. coggygria extracts (H,
DCM, DCM-M, M, DW, T) were applied to the T2-
HDFs over 4 d to determine their cytotoxic effects.
While evaluating the MTT assay results, the viability
of the T2-HDFs treated with the vehicle solution for
4 d was accepted as 100%, and the percent cell viab-
ility of the cells treated with the extracts was calcu-
lated accordingly (figure 3). The cell viabilities at the
beginning of the incubation (TCP®) were used for the
evaluation of cytotoxic effect of the extracts at the end
of 4 d, and those of the control groups on the fourth
day (TCP) were used to evaluate the cell prolifera-
tion rates. It was observed that the administration of
the C. coggygria hexane extract to the cells at more
than 150 pug ml~! concentrations caused cytotoxicity.
While 150 pug ml™! concentration of H decreased
the cell proliferation rate, the other concentra-
tions did not statistically affect the cell proliferation
(p > 0.05). The DCM extract had no cytotoxic effect.
In comparison to the TCP group, it was concluded
that 100 pg ml~! (108.02 4 5.51%), 50 pug ml~!
(113.38 + 2.32%), 25 pug ml~! (118.03 £ 5.92%),
12.5 ug ml=! (111.31 4 0.41%) and 7.8 pg ml~!
(121.41 £ 1.04%) concentrations of this extract
led to a statistically significant increase in cell pro-
liferation (p < 0.05). C. coggygria dichlorometh-
ane:methanol extracts at 2000-100 pg ml~! con-
centrations caused cytotoxicity. DCM-M at 50 and
25 ug ml™! concentrations decreased the cell pro-
liferation rate (p < 0.05) compared to TCP but was
not cytotoxic. DCM-M concentrations of 12.5 and
7.8 ug ml~! concentrationsdid not affect the cell
proliferation rate. The administration of methanol
extract to the cells at 2000150 ug ml~! concentra-
tions caused a cytotoxic effect. While 100, 50 and
25 pug ml~! concentrations of M decreased the cell
proliferation rate, 12.5 pg ml~! concentration did
not have a statistically significant effect (p > 0.05)
in comparison to the TCP group. An M concentra-
tion of 7.8 pug ml~! led to an increase in the cell
proliferation rate (109.40 £ 5.89%) (p < 0.05). DW
at more than 25 pug ml~! concentrations was cyto-
toxic to the T2-HDFs. While concentrations of 25
and 12.5 pg ml~! decreased the cell proliferation rate,
7.8 ug ml~! DW increased it (121.83 =4 6.37%) signi-
ficantly (p < 0.05) compared to the control group on
the fourth day. Finally, T concentrations greater than
50 ug ml~! led to a cytotoxic effect. Although 50—
12.5 ug ml~! concentrations of T decreased the cell
proliferation rate, no cytotoxic effects were observed
at these concentrations. The cell proliferation rate at
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Figure 2. Fluorescence images of (a) fibroblasts, (b) keratinocytes (scale bars: 50 um), (c) HUVECs (scale bar: 100 pum)

Table 1. MIC of C. coggygria extracts.

MIC (ugml™")

Micro-organisms H DCM DCM-M M DW T
Staphylococcus aureus ATCC 29213 — — 500 500 2000 250
Escherichia coli ATCC 25922 — — — — — —
Pseudomonas aeruginosa ATCC 27853 — — — — — —
Enterococcus faecalis ATCC 29212 — — — 500 — 1000
Candida albicans ATCC 90028 2000 2000 1500 1500 1000 7.8

H: hexane extract; DCM: dichloromethane extract; DCM-M: dichloromethane:methanol extract; M: methanol extract; DW:

distilled water extract; T: traditional extract.
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Figure 3. Cytotoxic effects of different C. coggygria extracts on T2-HDFs. TCP°: control group on day 0, TCP: control group on
day 4, H: hexane extract, DCM: dichloromethane extract, DCM-M: dichloromethane:methanol extract, M: methanol extract,

7.8 ug ml~! concentration was not significantly dif-
ferent from that of the TCP group (p > 0.05).

As a result of the cytotoxicity and antimicrobial
analyses, the C. coggygria extracts at the lowest con-
centration (7.8 pg ml™!) that supported the fibro-
blast proliferation were determined to be dichloro-
methane, methanol and distilled water, while the
extracts that were non-cytotoxic and antifungal at the
same time were 2000 pg ml~! dichloromethane and
7.8 ug ml~! traditional extract. Based on these two
parameters, the best extract candidates to be used in
our further studies were determined as distilled water,

as a supporter of fibroblast proliferation, and tradi-
tional extract, being antifungal and non-cytotoxic at
7.8 ug ml~! concentration.

3.3. Physical and mechanical characteristics of
atelocollagen-based hydrogel

3.3.1. Physical and mechanical characteristics of
prehydrogel solution

3.3.1.1. Gelation kinetics

The gelation kinetics of the prehydrogel at 37 °C were
determined by a turbidity measurement at 405 nm.
After 5 min of incubation at 37 °C, the absorbance
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Figure 4. Gelation kinetics and rheological properties of the hydrogel. (a) Turbidity curve and (b) elastic and viscous moduli (G’
and G", respectively) curves of the hydrogel obtained during gelation.

of the prehydrogel began to climb continuously until
30 min, when the absorbance began to stabilize, and
after 45 min the absorbance of the hydrogel reached
the maximum value (figure 4(a)).

3.3.1.2. Rheological properties

The crosslinking process was followed via rheological
measurements; both elastic and viscous moduli (G’
and G”, respectively) were followed (at 1 Hz) as a
function of time during the crosslinking reaction. A
strong increase in the elastic modulus was observed,
which reached a plateau at a value five times higher
than the viscous modulus (52 Pa vs. 9 Pa), indicating
the formation of a crosslinked network, i.e. a hydrogel
(figure 4(b)).

3.3.2. Physical properties of atelocollagen-based
hydrogel

Hydrogel-based wound dressings require special
materials and properties, including the swelling prop-
erty and water content for maintaining the water in
the environment and for creating a moist environ-
ment that is beneficial to the wound-healing process,
as well as the suitable pore size for enhancing the
interaction with cells and the surrounding tissues
[21, 34, 40]. Therefore, we investigated the physical
properties of atelocollagen-based hydrogels.

In our study, the hydrogels were incubated in a
growth medium at 37 °C. They reached swelling equi-
librium within 24 h. The swelling ratio of the hydrogel
was 27.21 £ 4.08%.

To determine the water content, the hydrogel
weight was measured before and after freeze-drying.
The water content of the hydrogel was found to be
96.63 £+ 0.24%. It is thought that the high water
content accelerated wound healing by preventing the
wound from drying out.

The structure of the atelocollagen-based hydrogel
was examined under SEM. Figure 5(a) shows that, in
general, the surface of the hydrogel was not porous.
Beneath this skin layer, the lower layers of the hydro-
gel exhibited a dense and interconnected porous
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structure (figure 5(b)). The pore size of the freeze-
dried hydrogel was also calculated using SEM. The
average pore size of the dried hydrogel was determ-
ined as 38.75 + 7.67 um.

3.3.3. Cell viability

Human dermal fibroblasts were encapsulated in the
atelocollagen-based hydrogel. After 9 d of incuba-
tion, the viability of the cells was assessed by live/dead
assay. In this assay, calcein-AM, a membrane per-
meable dye, can be cleaved by the esterases within live
cells to yield fluorescent calcein, producing an intense
uniform green fluorescence. Ethidium homodimer-1
can only pass through the membranes of damaged
cells and become fluorescent upon binding to nuc-
leic acids, thereby producing a red fluorescence in
dead cells [41]. Our live/dead staining results demon-
strated a high in vitro viability of encapsulated N-
HDFs, although the viable cells could not be enumer-
ated due to the formation of an elongated cell net-
work (figure 5(c)). Therefore, it was proved that the
atelocollagen-based hydrogel was biocompatible.

3.3.4. Optimal cell loading concentration

Different concentrations of N-HDFs (3.3 x 10°,
6.7 x 10° and 8.3 x 10° cells ml~!) were incorpor-
ated into the atelocollagen-based hydrogel in order
to determine the optimal cell concentration for the
promotion of cellular growth. After 9 d of incub-
ation, the cell-laden atelocollagen-based hydrogels
were stained with phalloidin to investigate actin fil-
ament organization and thus cellular morphology.
The results indicated that the N-HDFs retained
their normal spindle-like morphology for up to 9 d
(figures 6(a), 4(b) and 6(c)). The atelocollagen-
based hydrogel containing 8.3 x 10° cells ml~!
had an extensively interconnected cellular network
(figure 6(c)).

The DNA concentrations of the cell-laden
atelocollagen-based hydrogels were measured by a
spectrophotometer to compare the cell numbers on
the first and ninth days. A significant increase in
the DNA amount (28.27 + 1.41%) was observed
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Figure 5. Characteristic properties of atelocollagen-based hydrogels. (a) and (b) SEM images of surface (scale bar: 100 pm) and
cross-section (scale bar: 50 um), respectively, (c) fluorescence micrographs of live/dead stained normoglycemic human dermal
fibroblasts encapsulated in atelocollagen-based hydrogel on day 9 of incubation (scale bar: 50 pm).

only in the hydrogel inoculated with fibroblasts at
a concentration of 8.3 x 10° cells ml™! (p < 0.05)
(figure 6(d)).

Based on the results of the phalloidin stain-
ing and the measurement of DNA content,
8.3 X 10° cells ml~! was chosen as a suitable loading
concentration for the preparation of the cell-laden
hydrogel.

3.4. Wound healing effects of C. coggygria extracts
Synthetic wounds were opened on DHSMs and filled
using the predetermined atelocollagen-based hydro-
gels containing C. coggygria extracts. According to our
optimization studies, distilled water and traditional
extractsat 7.8 ug ml~! concentrations were chosen as
the C. coggygria extracts to be used because of DW’s
cell proliferative effect and T’s antifungal and non-
cytotoxic effects. The wound healing was evaluated on
the ninth day of incubation.

It was seen that the incubation period was not suf-
ficient for closure of the wounds when both treat-
ment approaches were examined (figures 7(a) and
(b)). However, the migration of fibroblasts into the
wound regions, in contrast to keratinocytes, which
were few in number, was observed in both groups.
Although the DW extract at 7.8 pg ml~' concen-
tration improved the fibroblast proliferation in the

2D culture (section 3.2.2), it was observed that the
same concentration of T extract triggered more fibro-
blast migration when administered to the wound with
atelocollagen-based hydrogel in 3D culture. In par-
ticular, the fibroblast migration was concentrated at
the edges of the atelocollagen-based hydrogel, and
the central portion was not yet completely occupied
(figures 7(a) and (b)).

No vessel-like structure was observed in the
wound area of any treatment group. The reason
for this may be the insufficient proliferation of the
fibroblast cells in the wound area, which delayed
migration of the endothelial cells to this region due
to the absence of ECM required for their settle-
ment. However, it was determined that the vessel-
like structures preserved their existence in both
skin models until the end of the incubation period
(figure 8).

In order to accelerate wound healing, the wound
closure was evaluated by adding predetermined
amounts of dermal fibroblasts (section 3.3.4) into
the atelocollagen-based hydrogel containing the tra-
ditional extract (figure 9). At the end of the incub-
ation period, it was observed that more keratino-
cytes migrated to the wound site in comparison to
plain hydrogels with DW and T extracts, although
the wound closure was not complete (figure 9(a)).
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Figure 6. Morphology and proliferation of N-HDFs at different concentrations in the atelocollagen-based hydrogels. Fluorescence
micrographs of hydrogels loaded with (a) 3.3 x 10° cells ml™!, (b) 6.7 X 10° cells mI™}, (c) 8.3 x 10° cells ml~! (scale bars:

50 pm). (d) DNA content of the hydrogels.

On the other hand, the high concentration of fibro-
blasts loaded to the hydrogel with T extract caused
a shrinkage, which was documented in the fluores-
cence micrographs (figure 9(a)). In contrast to the
model itself (figure 9(b)), again, no vessel-like struc-
tures were observed in the wound area.

Considering the keratinocyte and fibroblast
migration, it can be concluded that the cell-laden
atelocollagen-based hydrogel containing traditional
extract is most effective in promoting diabetic wound
healing.

4. Discussion

Diabetic wounds are severe and chronic injuries
that are common in diabetic patients. Most of the
presently employed wound dressings are inappropri-
ate for treating diabetic wounds. This study aimed to
develop a novel atelocollagen-based hydrogel with C.
coggygria extract for wound healing as a new treat-
ment approach in diabetic patients.

Most diabetic wounds have bacterial infections
since hyperglycemia provides an ideal environment
for the growth of micro-organisms in the wound bed
[6]. In our study, the antimicrobial effects of C. coggy-
gria’s different extracts were investigated against the
most common sources of infection in diabetic foot

12

ulcers; that is, S. aureus, E. faecalis, E. coli, P. aeru-
ginosa and C. albicans [27, 28]. The best reducing
effect against these micro-organisms was obtained
with the traditional and methanol extracts. It is
known from the literature that the antimicrobial
activity of compounds from plant material is usu-
ally dependent on the type of solvent used in the
extraction [42]. While dichloromethane:methanol,
methanol, distilled water and traditional extracts
inhibited the growth of S. aureus, methanol and tra-
ditional extracts were observed to be effective against
E. faecalis. Tunc et al [43] suggested that methanol
and distilled water extracts had antibacterial activ-
ity against S. aureus, E. faecalis, P. aeruginosa and E.
coli. However, their results related to the effective-
ness against P. aeruginosa and E. coli and the effects of
the distilled water extract against E. faecalis were not
comparable with ours. The higher concentration of
plant extracts used by the researchers may have caused
this result. In the present study, all extracts inhibited
the growth of C. albicans, but the traditional extract
of C. coggygria at a concentration of 7.8 pg ml™!
showed the lowest minimum inhibitory concentra-
tion. In addition, none of the plant extracts were
effective against E. coli and P. aeruginosa. The results
of Singh et al [42] showed the antibacterial effect of
the extract in methanol on E. coli, P. aeruginosa and
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Figure 7. Fluorescence images of wound region in DHSMs on day 9 of incubation. (a) Hydrogel with DW extract, (b) hydrogel

with T extract.

S. aureus, while this effect of methanol was determ-
ined against S. aureus, E. faecalis and C. albicans in
the present study. A possible reason for this differ-
ence may be the environment in which the plant was
grown, because the ingredients of secondary meta-
bolites depend on the chemical composition of the
soil, the climatic conditions of the region in which
the medicinal plant grows, and the ecological situ-
ation in the area of cultivation [44]. As a result, it was
shown in this study that the extracts of C. coggygria
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had a particular effect on the growth ofgram-positive
bacteria and yeast, but not on gram-negative bac-
teria, which has an effective permeability barrier that
may restrict the penetration of compounds [29]. Also,
this antimicrobial effect has been attributed to the
presence of large amounts of phenolic compounds
in C. coggygria [45]. However, except for the tra-
ditional extract, the use of most of the extracts of
C. coggygria is hampered due to their high MIC
concentrations.
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Figure 8. Confocal micrographs of vessel-like structures in DHSMs on ninth day of incubation. (a) Hydrogel with DW extract,

(b) hydrogel with T extract. Scale bars: 50 pm.
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Figure 9. Fluorescence micrographs of cell-laden hydrogel with T extract on ninth day of incubation. (a) Fluorescence image of
wound region, (b) confocal microscope image of vessel-like structures in DHSM. Scale bars: 50 pm.

Type 2 diabetic human dermal fibroblasts were
exposed to different concentrations of C. coggygria
extracts for 4 d in order to determine their cyto-
toxic effects. According to the MTT analysis res-
ults, when the minimum cytotoxic concentrations
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were 250 pg ml™! of H, 100 pug ml~! of DCM-
M, 150 pug ml™!' of M, 50 ug ml~! of DW and
100 pg ml~! of T extract, none of the DCM con-
centrations were cytotoxic. Artun et al proved that
the methanol extract of C. coggygria at higher than
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293 ugml~! and 1000 ug ml~! concentrations exhib-
ited cytotoxicity in HeLa and Vero cells, respectively
[46]. The reason for these deviations may be the dif-
ferent growing conditions of the plants, leading to dif-
ferent secondary metabolites [44] and used cell types.
In another study, it was found that the water extract
from C. coggygria at 5000 ug ml~! concentration was
measurably inhibitory in human gingival fibroblasts
and keratinocyte-like transformed cells (HaCaT cells)
[45]. Our in vitro experiments showed similar cyto-
toxicity at higher concentrations of plant extracts,
with the exception of dichloromethane extract, point-
ing out the fact that higher concentrations of plant
polyphenols could be toxic [47].

Multiple infections with several kinds of bacteria
worsen the condition of unhealed chronic wounds
like diabetic wounds [47]. For this reason, it is
important to have antimicrobial agents in wound
treatment. However, these agents should also not
damage the wound’s resident cells. That is why the
results of the antimicrobial and cytotoxicity assays
were evaluated together in order to determine the
most suitable plant extracts. Because none of the C.
coggygria extracts and their different concentrations
displayed antimicrobial properties for S. aureus, E.
coli, P. aeruginosa and E. faecalis at the same time,
the selection of the most effective extracts was based
on the antifungal effect of plant extracts. It was
found that antifungal and at the same time non-
cytotoxic plant extracts were 7.8 ug ml~! T and
2000 pg ml~! DCM. In addition, the lowest con-
centrations of dichloromethane, methanol and dis-
tilled water extracts had fibroblast growth supporting
effects. Therefore, according to the results of the anti-
microbial and cytotoxicity analyses, T and DW at the
concentration of 7.8 ug ml~! were chosen to acceler-
ate the diabetic wound healing in vitro.

Severe skin defects need to be covered by wound
dressings derived from various materials because they
cannot heal spontaneously. Among them, hydrogels
attract attention due to their ability to mimic the nat-
ive skin microenvironment, due to their porous and
hydrated molecular structure [48]. In addition, they
are great candidates to carry active ingredients that
will accelerate wound healing [6, 19]. In the present
study, an atelocollagen-based hydrogel was developed
as a transporter for plant extracts. Based on the phys-
ical characterization analyses, the gelation kinetics
results showed that the developed hydrogel gelled in
45 min. The gelation time of thermally crosslinked
collagen hydrogel varies between approximately 7.5
and 60 min depending on the temperature, hydro-
gel concentration and amount [49, 50]. This range is
consistent with our results. Rheological analysis of the
atelocollagen-based hydrogel showed that the elastic
modulus was five times higher than the viscous mod-
ulus upon completion of gelation. The elastic modu-
lus indicates the elastic response, stiffness and rigidity
of the hydrogels, as the viscous modulus measures the
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hydrogel’s ability to flow and deform under applied
stress [51]. The results represent an expansion in flex-
ibility and a reduction in mobility of the hydrogel
upon crosslinking.

The swelling behavior is used to evaluate the abil-
ity of the hydrogel to absorb the wound’s leach-
ing solution [52]. In our study, the atelocollagen-
based hydrogel reached swelling equilibrium in the
first 24 h. It is known from the literature [52] that
rapid swelling behavior might be attributed to the
porous structure of hydrogels and the presence of
many hydrophilic groups, such as hydroxyl, carboxyl
and amino groups. Generally, collagen-based hydro-
gels have a low swelling ratio, and many studies have
been conducted to improve this. In a study like this,
gallic acid and ellagic acid were added to the colla-
gen hydrogel [51]. However, they could not reach the
swelling ratio of the hydrogel developed in our study.
A possible reason for this may be the incorporation
of alginate, which has a high water retention capacity
in our formulation. The water content, an important
factor for creating a moist environment in the wound
region, was found to be 96.63%. A moist environ-
ment promotes collagen synthesis and keratinocyte
migration over the wound surface, supports the pres-
ence and function of nutrients, growth factors etc.
in the wound microenvironment, facilitates autolytic
debridement, and reduces pain and scarring [53].
Therefore, it was thought that the atelocollagen-based
hydrogel with high water content may support wound
healing when used as a wound dressing. SEM ana-
lysis of the hydrogel revealed that there were almost
no pores on the surface of the hydrogel, while the
lower part had a dense porous structure. The pore-
less upper surface accompanied by the porous lower
part mimicked the structure of the skin and may con-
trol the moisture loss from the wounds to maintain
a humid environment and prevent further bacterial
penetration [54]. According to the cytocompatibility
analysis, it was seen that most of the dermal fibro-
blasts were alive and formed a network due to the sup-
porting effect of collagen on cell proliferation [55].

The dermal fibroblasts, one of the critical cell
types in wound healing [56], as well as C. coggy-
gria extracts, were added into the atelocollagen-based
hydrogel in order to support the wound healing. All
concentrations of N-HDFs loaded into the hydro-
gels preserved their normal spindle-like morphology.
In particular, it was noted that the atelocollagen-
based hydrogel containing 8.3 x 10° cells ml™!
had an interconnected cellular network. The amount
of DNA decreased from the first day to the ninth
day only in the hydrogel having the lowest fibro-
blast seeding concentration, 3.3 x 10> cells ml~!.
It is likely that the insufficient cell density in the
atelocollagen-based hydrogel did not allow interac-
tion between the cells, and so the cells migrated out of
the hydrogel. The cell proliferation can be positively
or negatively regulated depending on the amount
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of cell—cell contact present. The highest increase in
the cell number (28.27 + 1.41%) was found in the
atelocollagen-based hydrogel with a seeding concen-
tration of 8.3 x 10° cells ml~!, which was the group
with the highest interconnected cellular network.

Wound healing, based on sophisticated comple-
mentary interactions between different cell types,
encompasses cell adhesion, proliferation and migra-
tion, which eventually leads to highly regulated tis-
sue regeneration [8, 35]. In our study, an in vitro 3D
type 2 diabetic human skin wound model was treated
with atelocollagen-based hydrogels containing dis-
tilled water and traditional extracts of C. coggygria.
None of the treatments showed complete wound clos-
ure or re-epithelialization. This may be because the
time adequate for cell migration in vivo [57] does not
match the time required for the same effect in vitro.
Hyperglycemia reduces the migratory and prolifer-
ative capabilities of keratinocytes and fibroblasts in
the re-epithelialization phase. The diabetic fibroblasts
and keratinocytes showed significant impairment in
their migration ability [3]. Since the systemic effect of
the in vivo environment is not present under in vitro
conditions, this impairment may also be more pro-
nounced. The migration of only a few keratinocytes
was observed in both groups.

The normal wound healing process is based on the
production, deposition and maturation of collagen.
It was documented that the concentrations of colla-
gen and hydroxyproline, which is an essential com-
ponent of collagen, increased in rats during granula-
tion tissue formation. Moreover, it has been reported
in previous studies that phytochemical compounds
of C. coggygria, such as flavonoids and terpenoids,
accelerated wound healing in rats due to their astrin-
gent and antimicrobial properties [58]. In the present
study, the migration of fibroblasts was present in both
groups; it appeared to be more intense and even in
the atelocollagen-based hydrogel containing the tra-
ditional extract of C. coggygria. Although the distilled
water extract better promoted the fibroblast prolifer-
ation in 2D culture, it was observed that in 3D culture,
the traditional extract triggered the fibroblast migra-
tion more than the distilled water extract. It is known
that hydrogels as wound dressings provide a 3D archi-
tecture for cell migration and tissue regeneration [6].
The presence of collagen, ascorbic acid and sodium
alginate in the used hydrogel may also have pos-
itively affected the fibroblast migration because of
their properties such as stimulating collagen synthesis
[59], increasing cell migration, adhesion and prolifer-
ation, and providing a moist environment favorable
for re-epithelialization and rapid granulation dur-
ing wound healing [60]. While vessel-like structures
were present in both DHSMs, they were not seen in
any of the wound regions. The probable reasons for
this may be that the fibroblasts could not migrate
sufficiently to pave the way for HUVEC migration
to the wound area, and the production of ECM
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was not sufficient for the relocation of endothelial
cells because an imbalance between MMPs and their
inhibitors (TIMPs) leads to impaired cell migration
and reduced collagen synthesis under diabetic condi-
tions. In addition, cell signaling between fibroblasts
and endothelial cells is critical for vascularization, and
impaired angiogenesis underlying diabetic wounds
occurs when the signaling goes awry [3].

Fibroblasts are critical in supporting wound heal-
ing as they are involved in key processes such as break-
ing down fibrin clots, and creating new ECM and
collagen structures to support the other cells asso-
ciated with effective wound healing and contract-
ing the wound [56]. Basal cells in the epidermal
layer proliferate from the wound edges and inter-
act with the framework of the ECM created by
myofibroblasts, which differentiate from fibroblasts.
Keratinocytes are unable to migrate and formally epi-
thelialize the wounds in the absence of proper sig-
naling intermediates and myofibroblast functionality.
This is because keratinocytes need a basal lamina on
which to migrate [61]. In the last part of this study,
predetermined amount of fibroblasts was loaded
into the atelocollagen-based hydrogel containing the
traditional extract, which showed higher fibroblast
migration during the in vitro diabetic wound heal-
ing. Although wound closure could not be achieved
completely and no new vessel-like structures were
observed at the wound edges, the migration of more
keratinocytes to the wound area was seen. Compared
to the other two groups, the hydrogel at the wound
site shrank because of the high fibroblast load.

5. Conclusion

In this study, a novel wound dressing was developed
from atelocollagen-based hydrogel containing C.
coggygria extract for diabetic wound healing. While
dichloromethane, methanol and distilled water
extracts at the lowest concentrations supported the
fibroblast proliferation among six different C. coggy-
gria extracts, 2000 pg ml~! dichloromethane and
7.8 ng ml~! traditional extracts had both non-
cytotoxic and antimicrobial effects. In general, it was
determined that high concentrations of C. coggygria
extracts were especially effective on yeast and gram-
positive bacteria but not on gram-negative bacteria.
Sodium alginate and ascorbic acid were blended with
atelocollagen derived from bovine tendons, and the
hydrogels were obtained by thermal crosslinking at
37 °C. The characteristic properties of the hydrogel,
such as the pore size, water content and swelling ratio,
were found to be suitable for use as a wound dressing.
The wound healing properties of C. coggygria extract
containing hydrogels were demonstrated on artifi-
cial wounds opened at the center of an in vitro 3D
type 2 DHSM. Although the incubation period was
not sufficient for closure of the wounds, fibroblast,
but not keratinocyte, migration to the wound region
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was observed. When the fibroblasts were loaded into
the atelocollagen-based hydrogel, more keratinocytes
migrated to the wound region. The fibroblast-laden
atelocollagen-based hydrogel with C. coggygria tradi-
tional extract needs to be tested in a diabetic animal
model to evaluate its effectiveness under in vivo con-
ditions, where its systemic effect can also be observed.
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