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Abstract

In recent years, people have had more expectations from the developed technology
in medicine, especially in the field of orthopedics and traumatology. Tissue engi-
neers are interested in techniques that benefit from patients’ cells and biomaterials,
instead of prostheses and implants. On the other hand, researchers have begun to
use various medicinal plants for regeneration and anti-cancer studies. In the present
study, we aimed to produce cartilage and bone inductive scaffolds for osteochondral
tissue engineering applications with the addition of hawthorn or elderberry extracts.
Firstly, wet electro-spun poly (3-hydroxybutyric acid-co-3-hydroxyvaleric acid) fib-
ers were integrated with a loofah mat. Then, they were impregnated into chitosan
solution with/without hawthorn or elderberry extract. Composite hydrogel scaffolds
were obtained by cross-linking with 0.3% (w/v) genipin. Fabricated scaffolds had
more than 90% porosity and showed swelling capacity in the range of 1500-2200%.
Based on the in vitro biocompatibility analyses using mesenchymal stem cells
(MSCs), all the fabricated scaffolds were found to be biocompatible by WST-1, ALP
activity, and GAG content analysis. Also, histological/immunohistochemical analy-
ses showed that hawthorn and elderberry extract addition increased MSCs prolif-
eration and collagen type I and II positivity. Consequently, all the scaffolds showed
promising features for osteochondral tissue engineering applications.
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Introduction

Ayurveda, Unani, Siddha and many other folk practices used plants widely in the
treatment of various diseases. For many years, medicinal and aromatic plants have
been preferred in the pharmaceutical, cosmetic, flavor, and perfumery industries.
Considering all the progress in synthetic drug research, plants are still accepted as
the major sources of pharmaceutical technologies [1].

Tissue engineering is a multidisciplinary field that can fulfill the functions of
partially or fully damaged tissues, and aim to remodel them. Its components are
composed of scaffolds produced using biomaterials, cells, biosignal molecules, and
growth factors [2, 3]. In the present study, we aimed to develop a novel compos-
ite hydrogel scaffold to improve osteochondral regeneration. Osteochondral tissue
defects affect both the articular cartilage and the subchondral bone tissue beneath it.
These defects are generally associated with the joint” mechanical stability; also, they
occur after traumatic injuries or osteochondritis dissecans [4]. In recent years, there
have been many treatment methods applied such as grafting, mosaicplasty, and cell
therapy. Since the articular cartilage is an avascular tissue and regenerative poten-
tial is weak, scientists continue to develop new techniques [5]. In the present study,
for the first time, we aimed to use hawthorn and elderberry plant extracts in osteo-
chondral tissue engineering applications as a scaffold ingredient due to their healing
potential.

Hawthorn (Crataegus oxyacantha) is a member of the Rosaceae family which
has been used for both medicinal purposes and nutrition. It was used effec-
tively in Chinese medicine for many years to treat digestion, inflammation,
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sugar-cholesterol level regulation, cardiovascular problems, hypertension, and
kidney stones [6]. Especially, the fruits of Crataegus species are considered to be
a rich source of antioxidants (isoquercetin, quercetin, etc.) with their high phe-
nolic contents. In addition to these properties, it contains high levels of elements
(Ca, K, Mg, Na and P) [7, 8].

Elderberry (Sambucus nigra L.) is a member of the Adoxaceae family. It was
used in balancing blood pressure, reducing oxidative stress, increasing the activ-
ity of antioxidant enzymes in blood plasma including glutathione (GSH), reduc-
ing uric acid levels, hypertension, obesity, and cardiovascular diseases. Last but
not least, it exhibits antiviral and antibacterial activity to support the treatment of
flu and colds [9]. Elderberry is a very favorable plant in terms of both antioxidant
activity (quercetin, kaempferol, isorhamnetin, etc.) and vitamins (vitamins A, B,
and C). Also, it contains K, Ca, Fe, Mg, P, Na, Zn, Cu, Mn, Se, Cr, Ni, and Cd
elements [10].

Luffa Cylindrica is a biodegradable, natural, and renewable plant species which
is also known as loofah [11]. It has a hydrophilic fibrous structure. It is one of the
medicinal plants with anticancer, antioxidant, and anti-inflammatory properties
[12]. In our previous study, loofah-reinforced and wet-electrospun poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV) nano-fiber-incorporated chitosan hydrogel
composite scaffolds cross-linked with genipin were produced for meniscus tissue
regeneration. Based on the in vitro analyses, it was found that micro- and nano-fib-
ers promoted cell attachment and proliferation. In addition, mesenchymal stem cells
(MSCs)-seeded scaffolds resulted in higher collagen type I and II immunopositivity
[13]. Herein, we preferred to use this composite hydrogel scaffold design in order to
investigate the effects of hawthorn and elderberry extract addition in osteochondral
tissue engineering applications.

Stem cells are the cells with unlimited proliferation capacity, self-renewal ability,
and differentiation potential. MSCs are multipotent stromal cells that can be isolated
from most tissues (bone marrow, adipose tissue, periosteum, dental pulp, umbilical
cord, synovia, etc.) and can be differentiated into various cell types such as osteo-
cytes, chondrocytes, adipocytes, and tenocytes under suitable conditions. They are
preferable alternatives for cell-based therapies due to their self-renewal potential
and ability to differentiate into different cell types without tumorigenic potential [14,
15]. In this study, in vitro biocompatibility analyses were performed using MSCs to
determine the differentiation potential of the produced scaffolds with/without plant
extracts. Firstly, the composite hydrogel scaffolds were characterized by scanning
electron microscopy (SEM) and attenuated total reflectance-Fourier transform infra-
red spectroscopy (ATR-FTIR) for the morphological and chemical characteriza-
tions, respectively. The swelling ratios and mechanical properties were determined
by swelling and compression tests, respectively. Furthermore, cytotoxicity and cell
proliferation analyses of the scaffolds were performed using WST-1 as well as ALP
activity and glycosaminoglycan (GAG) contents of the scaffolds were determined
for in vitro biocompatibility analyses. Histological stainings were used to observe
the cells on the cross sections of the scaffolds with the Hematoxylin—Eosin (H&E),
Masson Trichrome, Alcian Blue and Alizarin Red S stains. Immunohistochemical
analyses were also performed to determine collagen type I and II depositions.
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Materials and methods
Materials

In the study, PHBV (PHV content 3 wt%, Mn=80 kDa) was supplied from Helian
Polymers, the Netherlands. Benzyltriethylammonium chloride (BTEAC) (14,655-2),
chloroform (24,216), chitosan (deacetylation degree, > 75%, high molecular weight),
and phosphate-buffered saline (PBS) were obtained from Sigma-Aldrich, USA. The
crosslinking agent, genipin, was purchased from Wako Chemical, USA. Sodium
hydroxide (NaOH) was obtained from Merck, Germany. The natural loofah plant
was supplied from the Turkish Republic of Northern Cyprus region. Hawthorn
extract powder (100 g; 100% natural, SYXLFDC Store) and elderberry extract pow-
der (100 g; 100% natural, NatureHerb Store) were purchased from China. Human
Mesenchymal Stem Cells (MSCs) were obtained for our previous study who under-
went hip prosthesis surgery with a written consent [13]. Mesenchymal Stem Cell
Growth Medium (MSCM; ScienceCell) was used in stem cell culture. StemPro
Osteogenesis Differentiation Kit (Gibco, A10072-01), StemPro Chondrogenesis
Differentiation Kit (Gibco, A10071-01), StemPro Adipogenesis Differentiation Kit
(Gibco, A10070-01), CD 73 (APC), CD 90 (FITC), and CD 45 (PE/Cy5.5 rabbit
IgG1) antibodies (Abcam) were used for mesenchymal stem cell characterizations.
For cell culture, fetal bovine serum (FBS) (Cegrogen Biotech, Nordost, Germany),
Trypsin—EDTA and L-glutamine (Sigma-Aldrich), penicillin—streptomycin (Invitro-
gen) were used as the growth supplements. Cell proliferation and viability analysis
were conducted by Ready-to-use Cell Proliferation Colorimetric Reagent, WST-1
(Biovision, USA) colorimetrically. Also, glycosaminoglycan (GAG) content was
measured by Blyscan, Biocolor, B1000. Finally, alkaline phosphatase activity (ALP)
was measured by a colorimetric ELISA kit (FUJIFILM Wako Shibayagi Corpora-
tion, 633-51021).

Fabrication of LCPG, LCPG-H and LCPG-E scaffolds

Genipin cross-linked PHBV nano-fiber and loofah-reinforced chitosan hydrogel
scaffolds (LCPG) were produced as a control group. Moreover, hawthorn or elder-
berry extract integrated scaffolds were produced and named as LCPG-H and LCPG-
E, respectively. These scaffolds were aimed to be investigated for osteochondral tis-
sue engineering applications.

Loofah preparation

The chemical composition of loofah (sp. Luffa Cylindrica) is mostly composed of
holocellulose, a-cellulose, and hemicellulose and lignin [16]. Lignin is the most abun-
dant aromatic substance in many plants. It is a polymer that is linked through C—C and
C—O—C bonds to the phenylpropanoid units. Several bacteria species such as Pseu-
domonas and Streptomyces exhibit a broad metabolic versatility to these aromatic
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substrates [17]. To eliminate the negative aspects of lignin, we treated the dried loo-
fah with 2% NaOH for 90 min and washed with distilled water till a neutral pH was
reached. Loofah was cut (30 mm diameter) and dried in a vacuum oven at 60 °C for
24 h [13]. NaOH cleans lignin and wax from the fiber surfaces and improves the
mechanical properties of the loofah-reinforced composites by promoting interfacial
bonding [18].

Wet electrospinning of PHBV

Before wet electrospinning of PHBV, 3% (w/v) PHBV solution was mixed with 0.2%
(w/v) BTEAC and dissolved in chloroform for 2 h at 50 °C. It was stirred at RT over-
night. Wet electrospun PHBV nano-fibers were collected every 15 min in a coagulation
bath (9:1 v/v ethanol-distilled water) from a 10 cm working distance, a flow rate of
2.0 ml/h, and a 20 kV voltage. The wet electrospun fibers were washed with distilled
water to remove ethanol [13, 19].

Chitosan solution with/without plant extract

In order to prepare 1% (w/v) chitosan solution, a high molecular weight chitosan pow-
der was dissolved in 0.2 M acetic acid at 50 °C for 3 h which was followed by an over-
night stirring at RT. The plant extract containing chitosan solutions was produced with
the optimum concentration of 0.05 mg/ml hawthorn or elderberry powder, which was
determined from our previous study [20]. The mixture was stirred till to get a homoge-
neous solution.

Obtaining LCPG, LCPG-H, and LCPG-E hydrogel scaffolds

First, the loofah mat was immersed in suspended PHBV nano-fibers. The wet elec-
trospun PHBV nano-fibers surrounded the loofah mat and they were left overnight to
integrate. Then, it was lyophilized under 0.1 bar pressure at —25 °C for 48 h. This con-
struct was soaked in chitosan solution to get LCPG. Furthermore, to fabricate LCPG-H
and LCPH-E scaffolds, the construct was immersed in either hawthorn or elderberry-
added chitosan solutions. They were lyophilized at —60 °C for 48 h. Next, a washing
step with a graded ethanol series was performed to get rid of residual acetic acid, and
the construct was lyophilized. Finally, they were cross-linked using 0.3% (w/v) genipin
solution for 48 h at 37 °C. The cross-linker concentration was chosen based on the
results of our previous article, especially the mechanical properties [13]. The excess
genipin was washed with distilled water and lyophilized again to get the final product.
The loofah mat integrated hydrogel scaffolds produced had a size of 30 mm diame-
ter and 4 mm height. However, they were cut into cylindrical samples (approximately
8 mm diameter, 4 mm height) for further analysis.
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Characterization of LCPG, LCPG-H, and LCPG-E scaffolds
Scanning electron microscope (SEM) analysis

SEM (Thermo Scientific Apreo S) was used to characterize the morphological fea-
tures of the LCPG, LCPG-H, and LCPG-E scaffolds. The scaffolds were sputter-
coated (Leica EM ACE600) with a thin layer of Gold/Palladium to gain conduc-
tivity. The approximate pore sizes were determined with the help of the Image]
program [21].

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
analysis

The chemical characterizations were performed using an ATR-FTIR (PerkinElmer
Spectrum BX). Spectra were obtained in absorbance mode with a resolution of
4 cm™! at 25 scans, and wavenumber ranging from 4000 to 650 cm™,

Swelling ratio analysis

The swelling ratio analysis was carried out in a PBS solution prepared by dissolving
a tablet in 200 ml of distilled water and homogeneously mixing it. First, each group
was studied in triplicates, and the scaffolds’ dry weight was noted as w. The scaf-
folds were kept in PBS for 48 h at 37 °C. Their wet weights (w,) at 1, 6, 24, and 48 h
were noted after the excess liquid was removed by using a filter paper. The swelling
ratio was calculated by using the formula below [22]:

(wy —wp)

Swelling ratio(%) = :
Wo

x 100 ey

Mechanical analysis

The mechanical analyses of LCPG, LCPG-H, and LCPG-E scaffolds were per-
formed by using a compression test in triplicates. The compressive load was applied
with an electromechanical actuator (Shimadzu, 5 kN AG—X; Kyoto, Japan) with an
axial load of 5 kN. The analysis was done by using a 10-mm-diameter indenter with
a flat tip, at a constant strain rate of 2 mm/min up to 80% compression [23]. The
force (V) and elongation (mm) values were taken from TRAPEZIUM X software.
The stress (MPa)-strain (a.u.) values were processed by using the GraphPad Prism
program, and the elastic modulus of the scaffolds was calculated.

In vitro biocompatibility analysis
In vitro biocompatibility analysis was performed by using passage three human bone

marrow-derived mesenchymal stem cells that we produced with a primer culture
from our previous study [13]. Briefly, bone marrow aspirate was taken from a hip
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prosthesis surgery and MSCs were isolated by using a density gradient method with
the help of Ficoll Paque solution. Flow cytometry characterizations were performed
in order to prove the isolated cells were MSCs. In the present study, we investigated
once more the differentiation capacities of the cells into three lineages. Cell prolif-
eration and attachment analysis were performed after these characterizations.

Differentiation capacity of MSCs

Differentiation capacity was examined by using the 3rd passage MSCs which were
seeded into 6 well-plates with a cell number of 1x 10*. Chondrogenic, osteogenic
and adipogenic differentiation was studied in duplicates.

When cells became half confluent for osteogenic differentiation, they were cul-
tured with Stempro Osteogenesis Differentiation Kit for 21 days. Then, they were
fixed using a 4% formalin solution and stained with Alizarin red to histologically
observe mineralization spots.

When cells became half confluent for adipogenic differentiation, they were cul-
tured with Stempro Adipogenesis Differentiation Kit for 28 days. Then, they were
fixed by using a 4% formalin solution and stained with Oil Red O to observe oil
droplets histologically.

When cells became half confluent for chondrogenic differentiation, they were
cultured with Stempro Chondrogenesis Differentiation Kit for 21 days. Then, they
were fixed by using a 4% formalin solution and stained with Alcian blue to observe
glycosaminoglycans.

In vitro biocompatibility analysis by indirect extraction method

Produced LCPG, LCPG-H, and LCPG-E scaffolds were sterilized by using ethylene
oxide. They were incubated in a culture medium for 72 h at 37 °C. Trypsinized cells
were seeded into 96 well plates with 1x 10° cells/well concentration and became
half confluent on 24 h. The cells were treated with the sample extracts and analyzed
in triplicates at 24, 48 and 72 h. WST-1 proliferation analysis was performed accord-
ing to the manufacturer’s instructions to determine the viability of cells. The reac-
tion was read colorimetrically at 450 nm absorbance by a multi-plate reader (Syn-
ergy HTX, Biotek), and the data were plotted with the help of the GraphPad Prisma
program.

Cell seeding of MSCs on the hydrogel scaffolds

LCPG, LCPG-H, and LCPG-E scaffolds were cut into cylindrical samples (approxi-
mately 8 mm diameter, 4 mm height) and sterilized using ethylene oxide. MSCs
were trypsinized and then counted by using a hemocytometer with trypan blue dye
to determine cell viability [24]. MSCs were applied dropwise to the scaffolds at a
concentration of 2% 10° cells/ml to allow homogeneous distribution and waited an
hour to attach. Then, the mesenchymal stem cell culture media was added to each
well which was prepared with the addition of supplements present in the kit. They
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were incubated for 28 days at 37 °C in a 5% CO, and 95% humidity atmosphere.
Meanwhile, the medium was changed three times a week [25].

Proliferation analysis

WST-1 colorimetric ELISA test was used to determine the proliferation of MSCs
on LCPG, LCPG-H, and LCPG-E scaffolds. This assay was performed on days 1, 3,
7, 14, 21, and 28 according to the manufacturer’s instructions [26]. The absorbance
values were taken at 450 nm wavelength with a micro-plate reader (Synergy HTX,
Biotek), and the data were plotted by using the GraphPad Prisma program.

Cell attachment studies

Cell attachment of the scaffolds on days 7 and 28 was observed by using SEM after
fixing with 4% formalin solution for 30 min [27]. Then, scaffolds were washed with
PBS and dehydrated by a graded ethanol series (for 5 min each in 25, 50, 75, and
95% ETOH and three times 100% ETOH) [28]. The dried samples were coated by
using a sputter-coater (Leica EM ACE600) and a thin layer of gold/palladium layer
was coated on the scaffolds. The morphology of MSCs attached to the scaffolds was
observed by Thermo Scientific Apreo S.

Determination of GAG content and ALP activity

On incubation days 7, 14, 21 and 28, the amount of GAG content [29] and ALP
activity [30], which was produced due to the chondro- and osteo-inductive capacity
of MSCs on the scaffolds, were measured colorimetrically with the help of ELISA
kits. The analyses were performed according to the kit protocol. The color change
was analyzed by a micro-plate reader with the absorbance mode at 656 nm and
405 nm wavelength for GAG and ALP, respectively.

Histological and immunohistochemical analysis

Histological and immunohistochemical analyses were performed to observe the
inner structure and cellular distribution in the LCPG, LCPG-H, and LCPG-E
scaffolds on day 28 of incubation. Samples were fixed with 10% formalin solu-
tion and washed under tap water overnight. Then, they were dehydrated by
a graded ethanol series (for 20 min each in 70, 80, and 96%) and kept in four
different acetone series for another 20 min. They were finally kept in xylene for
30 min twice and embedded in paraffin blocks. 5 p thickness sections were cut by
a microtome (RM 2255, Leica). Hematoxylin & Eosin (H&E) for general mor-
phology, Masson trichrome (MT) for collagen deposits, Alcian blue (AB) for gly-
cosaminoglycan structures and Alizarin Red S for mineralization were performed
to evaluate histologically. Moreover, type I and type II collagen antibodies were
used to determine collagen production of the scaffolds to evaluate bone and
cartilage formation, respectively. The sections were examined by using a light
microscope (Olympus BX-51 Tokyo, Japan), and the images were taken with a
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high-resolution camera (Olympus DP-71, Japan). 5 sites for each sample were
observed, and sections were excluded with obvious artifacts because of the incon-
venient staining. A computerized video camera-based image analysis (UTHSC
Image software) method was used for examining the cross-sectional images.

Statistical analysis

The results were statistically analyzed as mean + standard error of at least three
replicates. The statistical analysis was performed by using a two-way analysis
of variance (ANOVA) test. For multiple comparisons, post hoc Tukey’s test was
used. The statistically significant value was considered as p <0.05.

Results and discussion
Fabrication of LCPG, LCPG-H and LCPG-E scaffolds

A novel genipin cross-linked PHBV nano-fiber and loofah-reinforced chitosan
hydrogel scaffolds with/without hawthorn and elderberry extract were fabricated,
and the fabrication process is shown in Fig. 1. At first, the loofah mats (30 mm in
diameter) were washed and dried (Fig. 1a). Meanwhile, PHBV nano-fibers were
produced by using the wet electrospinning method (Fig. 1b). The loofah mat was
successfully surrounded by PHBV nano-fibers (Fig. 1c¢) and lyophilized (Fig. 1d).
The obtained constructs were soaked in chitosan, chitosan/hawthorn and chi-
tosan/elderberry solutions (Fig. le), lyophilized, and then cross-linked by using
0.3% (w/v) genipin solution for 48 h to get LCPG, LCPG-H, and LCPG-E com-
posite hydrogels, respectively (Fig. 1f). The excess genipin was washed away, and
a final lyophilization step was performed to get the composite hydrogel scaffolds
(Fig. 1g-1).

Chitosan was preferred as the hydrogel matrix due to its structural similarity with
the glycosaminoglycan and hyaluronic acid found in articular cartilage. It is a prom-
ising polymer for cartilage and osteochondral regeneration with its biocompatible,
biodegradable, and antibacterial features [31]. On the other hand, as the nanofibrous
structure, PHBV was used as it has good spinnability under wet-electrospinning con-
ditions as well as it is biocompatible and biodegradable [34]. In our previous stud-
ies, wet electrospun PHBV nanofibers were used together with the macro-fibrous
loofah mat in the design of scaffolds for both meniscus and osteochondral tissue
regeneration [13, 32]. These fibrous structures not only reinforced the hydrogels but
also, they became favorable sites for cell attachment. Moreover, it is stated in the
literature that in damaged cartilage, antioxidants may help reduce the high level of
reactive oxygen species (ROS) produced by the chondrocytes to maintain cartilage
homeostasis [33]. Thus, using antioxidant-rich hawthorn and elderberry extracts as
scaffold additives is a promising approach to enhance osteochondral healing.
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Fig. 1 Fabrication of the composite hydrogel scaffolds. a Washed and dried loofah mat, b wet electro-
spun PHBV nano-fibers, ¢ the loofah mat immersed in suspended PHBV nano-fibers, d PHBV nano-fiber
integrated loofah mat after lyophilization. e From left to right, Loofah/PHBV construct soaked in chi-
tosan, chitosan/hawthorn, and chitosan/elderberry solutions. f From left to right, LCPG, LCPG-H, and
LCPG-E composite hydrogels after genipin cross-linking reaction. g LCPG, h LCPG-H, and i LCPG-E
scaffolds at the end of the final lyophilization step

Characterization of LCPG, LCPG-H, and LCPG-E scaffolds
Scanning electron microscope (SEM) analysis

Scaffold porosity plays an important role in the regulation of cellular growth and
viability. The cell response changes depending on the intercellular communi-
cation. The high porosity rate and interconnected open porous structure of the
scaffolds enable homogeneous nutrient and gas diffusion in the inner structure.
In addition, pore size and morphology vary with the polymer type, fabrication
method, and cross-linker ratio. Although the minimum porosity required for cell
adhesion and proliferation in a scaffold is stated as 50%, it is known that the ideal
ratio is at least 90%. In osteochondral tissue engineering, the ideal pore size of
scaffolds should be in the range of 50-350 pm for chondrogenesis [34, 35]. When
the results are considered, LCPG, LCPG-H, and LCPG-E scaffolds had open
porosity and the percent porosity was more than 90% for each. Mean pore sizes
were calculated from ten different regions with the ImageJ program and the aver-
age pore sizes for LCPG, LCPG-H, and LCPG-E scaffolds were 114.25 +13.85,

@ Springer



Polymer Bulletin

125.38 +12.10, and 167.93 + 18.62 pm, respectively. Also, as shown in Fig. 2, the
loofah mat and PHBV nano-fibers were well integrated into the structure. With
all this information, it can be stated that the morphology of all the scaffolds was
convenient for osteochondral tissue engineering applications.

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
analysis

LCPG, LCPG-H, and LCPG-E scaffolds’ chemical structures were analyzed by
using ATR-FTIR (Fig. 3a and b). Characteristic peaks of chitosan polymer in the
scaffolds were at~3299-3281 cm™! (O-H and N-H stretching bands), ~2883 cm™!
(C-H stretching band),~1645 c¢cm™' (C=0 stretching band of the amide
group), ~ 1558 cm™' (N-H bending band of the amine group),~1066 cm~! (C-O
stretching band), and~ 1028 cm™! (C—O-C stretching band). After the NaOH treat-
ment of loofah, the characteristic peaks can be observed at~3335 cm™! (O-H
stretching band),~2921 cm™' (C-H stretching band),~1421 cm~! (CH, bending
band of cellulose), and~ 1153 cm™! (C—O—C asymmetric bridge of cellulose stretch-
ing band), while the peaks of hemicellulose (~1735 cm™, C=0 stretching band)
and lignin (~ 1470 cm™) were disappeared as expected. The characteristic peaks
of PHBV fibers were at~2930 cm™' (C-H stretching vibration band), 1722 cm™!
(C=O0 stretching band), ~ 1455 and 1380 cm™!' (C-H bending bands), and ~ 1280 and
1055 cm™! (C-O stretching bands). Genipin characteristic peaks were indicated as ~
1680 cm™! (ester group, C=0 stretching band), ~ 1620 cm~! (C=C stretching band),
~080 cm™! (C-O stretching band) [13]. As a result of the FTIR analysis performed
on the LCPG scaffold, the related absorbance bands of the components in the scaf-
fold were seen at~3262, 2921, 1722, 1634, 1545, 1378, 1309, 1151, 1058, and
1034 cm™". Finally, due to the cross-linking reaction between genipin and chitosan,
the C=0 band which is at~1645 cm™' was observed to be shifted to~1634 cm™

0 50 100 150 200 250 300 350 60 80 100 120 140 160 180 200 130 140 150 160 170 180 19 200
Pore size (um) Pore size (um) Pore size (um)

Fig.2 Cross-sectional images of a LCPG, ¢ LCPG-H, and e LCPG-E scaffolds with 500 X magnification.
Histograms of the pore size distribution for b LCPG, d LCPG-H, and f LCPG-E scaffolds. Red arrows
show PHBV nano-fibers and blue arrows the loofah fibers (color figure online)
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Fig.3 a FTIR spectrum of LCPG and LCPG-H scaffold. b FTIR spectrum of LCPG and LCPG-E scaf-
fold. ¢ Swelling ratio analysis of LCPG, LCPG-H and LCPG-E scaffolds. d Mechanical compression test
results of LCPG, LCPG-H and LCPG-E scaffolds (left side) and the test set-up (right side) (*p <0.05)

with the formation of secondary amide band. The reaction mechanism was depicted
in our previous study, in detail [13].

FTIR analyses of the LCPG-H and LCPG-E scaffolds containing hawthorn
and elderberry extracts are shown in Fig. 3a and b, respectively. In addition to the
peaks of LCPG scaffold, the characteristic peaks of the hawthorn extract were seen
at~3297 cm™! (intermolecular O-H hydrogen bonding), ~2922 cm~! (C-H stretch-
ing band), and~1013 cm™" (C-O stretching band) [36]. Furthermore, C=C vibra-
tion bands belonging to the aromatic groups were observed at~ 1645 and 1457 cm™
[37]. The characteristic peaks of the elderberry extract were seen at~3332 cm™!
(O-H stretching band),~2929 em™! (C-H stretching band), ~ 1715 em™! (C=0
stretch band), and ~ 1645 cm™! (C=C aromatic group band) [38, 39]. As a result,
when the FTIR spectra of the LCPG-H and LCPG-E scaffolds were compared with
that of the LCPG scaffold, ~ 1645 cm™" peak was found to be distinctive as an indi-
cation of plant extract addition. From the graphs, it can be concluded that hawthorn
and elderberry plants were successfully added to the scaffolds, and the cross-linking
reaction was completed.

Swelling ratio analysis

The water binding capacity of LCPG, LCPG-H, and LCPG-E scaffolds was deter-
mined by swelling analysis in PBS. This analysis is vital for both hydrogels and
other biodegradable biomaterials. It gives clues about the scaffold’s physical proper-
ties. The swelling capacity is not only important for the absorption of body fluids,
but also the transfer of nutrients and metabolites. It is expected that the cells will
bind to the hydrophilic scaffold surface better and migrate [40].
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Considering our results, all the scaffolds had a high and rapid swelling tendency
due to the interconnected porous structure of the scaffolds along with the hydro-
philic nature of chitosan and loofah. The average swelling ratios at 24 h were calcu-
lated approximately as 2162%, 2083.57%, and 1498.85% for the LCPG, LCPG-H,
and LCPG-E scaffolds, respectively (Fig. 3c). The obtained data were relevant to the
chitosan-based scaffolds present in the literature [40]. Even though the LCPG and
LCPG-H scaffolds had a similar swelling ratio, the LCPG-E scaffold showed a lower
swelling trend. However, the decrease was found to be statistically insignificant.

Mechanical analysis

The compression modulus of the human cartilage is in the range of 240-1000 kPa
[41]. Moreover, bone tissue consists of organic and inorganic components in an ani-
sotropic structure. Its mechanical properties vary, for example, the transverse elas-
tic modulus and the longitudinal modulus of cortical bone are 10.1+2.4 GPa and
17.9+3.9 GPa, respectively. Trabecular bone tissue, on the other hand, performs
better strength to compression loading than tensile loading. The compressive mod-
ulus is in the range of 1-900 MPa [42]. The average compressive moduli of the
LCPG, LCPG-H, and LCPG-E scaffolds were around 0.015, 0.028, and 0.01 MPa,
respectively (Fig. 3d). The statistical analysis showed no significant difference
among LCPG/LCPG-H and LCPG/LCPG-E scaffolds. However, there is a statisti-
cally significant difference between LCPG-H and LCPG-E scaffolds (p=0.0218).
LCPG-H scaffold was more brittle than the others due to its higher compression
modulus. The compression analysis result of the LCPG-E scaffold was correlated
well with its higher pore size distribution resulting in its lower mechanical proper-
ties. However, the heterogeneous distribution of the micro-fibers within the natural
loofah mats should also be considered as it increased the standard deviation of the
samples. Even though the compression moduli of the scaffolds seemed to be lower
for the osteochondral tissue engineering, considering the range of moduli of elas-
ticity for soft tissues, which ranged from several kPa to MPa [43], our fabricated
scaffolds’ moduli were closer to that of cartilage and trabecular bone tissue. By con-
sidering the structure and mechanical properties of osteochondral tissue which vary
from the cartilage surface to the subchondral bone tissue, composite materials with
a fibrous architecture seem to be a better option as scaffolding materials for osteo-
chondral tissue engineering applications. The fabricated scaffolds’ mechanical prop-
erties may be improved by additional fiber reinforcement.

In vitro biocompatibility analyses

This study used a P3 human mesenchymal stem cell line that was previously isolated
from bone marrow aspirate with the approval of a local ethics committee of Dokuz
Eylul University, Noninvasive Medical Researches (protocol number: 3322-GOA).
In vitro biocompatibility analyses were performed in two steps. Firstly, a basic cyto-
toxicity test which is called the “indirect extraction method” was applied. Then,
in vitro biocompatibility analyses were performed by seeding MSCs on the LCPG,
LCPG-H, and LCPG-E hydrogel scaffolds.

@ Springer



Polymer Bulletin

Differentiation capacity of MSCs

As aforementioned, MSCs were incubated and observed with an inverted micro-
scope for 21 and 28 days. At the end of this culture period, they were stained by
using Alcian Blue, Alizarin Red S, and Oil Red O dyes to confirm that they were
differentiated into chondrogenic, osteogenic, and adipogenic lineages, respectively.
Chondrogenic cells were stained intensely blue (Fig. 4a), while other sites were
lightly stained. Besides, osteogenic cells were stained in bright orange color which
indicated the extracellular calcium deposits (Fig. 4b). Finally, adipogenic cells were
stained in bright red color which also showed lipid morphology (Fig. 4c).

In vitro biocompatibility analysis by indirect extraction method

After the ethylene oxide sterilization of LCPG, LCPG-H, and LCPG-E scaffolds,
they were incubated in a culture medium for 72 h at 37 °C. Sample extracts were
taken and kept in 4 °C. Also, 1 X 10 cells/well were seeded into 96 well plates and
waited to become half confluent. After 24 h of incubation with the MSC growth
medium, cells were treated with the sample extracts. WST-1 proliferation analy-
ses were performed at 24, 48 and 72 h colorimetrically, and the data were plotted
(Fig. 4d).

All the three scaffolds showed no cytotoxic effect. LCPG-H and LCPG-E scaf-
folds showed slightly more proliferation ratios when compared to LCPG scaffolds,
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Fig.4 Differentiation analysis of MSCs a Alcian Blue staining for chondrogenic. b Alizarin Red S stain-
ing for osteogenic, and ¢ Oil Red O staining for adipogenic differentiation. d WST-1 proliferation anal-
ysis of LCPG, LCPG-H, and LCPG-E scaffolds by indirect extraction method. e WST-1 proliferation
analysis for 28 days of incubation with MSCs (¥p <0.05 and ****p <0.0001)
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especially for 48 h of incubation. However, there was no statistically significant dif-
ference between the three scaffolds. Only elderberry extract added scaffold (LCPG-
E) showed a significant difference (p =0.0337) at 72 h of incubation when compared
to the MSCs. The detailed biocompatibility analyses were performed by seeding
cells with a density of 2 x 10° cells/ml on the scaffolds and incubating for 28 days.

Proliferation analysis

MSCs were cultured for 28 days, and the proliferation analyses were performed on
days 1, 3,7, 14, 21, and 28. The absorbance values were taken at 450 nm and plotted
by using the graphpad program (Fig. 4e). On days 1 and 3, the proliferation values
were similar for all the groups, but the absorbance values were lower than expected.
This might be due to the release of genipin into the culture media. Even though gen-
ipin is considered as a low-toxic cross-linker, researchers developed an increasing
interest in the use of genipin which is extracted from the gardenia fruit, as a natu-
ral cross-linker for the primary amino group containing polymers such as chitosan
[44]. After the 7th day of incubation, there occurred a parabolic increase for all the
groups. Also, the proliferation rates for LCPG-H and LCPG-E scaffolds were higher
than LCPG. The highest metabolic activity was measured at the 450 nm absorb-
ance value of 0.423, 0.439 and 0.526 for LCPG, LCPG-H, and LCPG-E scaffolds on
the 28th day of incubation, respectively. The statistical analysis at 28th day of incu-
bation indicated that the LCPG-E scaffold showed a significant difference between
LCPG (p<0.0001) and LCPG-E (p <0.0001).

This sudden increase in LCPG-E scaffold might be due to the release of elder-
berry extract increasing the proliferation capacity. Also, there might be the differ-
entiation of MSCs on the scaffolds and this might increase the proliferation, espe-
cially on day 28. Various stages of differentiation affect proliferation differently [45].
However, this analysis was not enough to confirm the differentiation; therefore, his-
tological/immunohistochemical analysis was required. As a result, all three scaffolds
could be accepted as non-cytotoxic, and hawthorn or elderberry extract addition to
the scaffolds were considered promising in terms of cell proliferation.

Cell attachment studies

General morphology and cell attachment were observed by using SEM analysis.
SEM images were taken on the 7th and 28th days of incubation for LCPG, LCPG-
H, and LCPG-E scaffolds. It was observed that MSCs adhered to the surface of all
the three scaffolds and distributed homogeneously [46]. It was depicted that the
cells adhered especially to the micro- and nano-fiber surfaces, formed clusters, and
extended into the pores. Most of the cells on the surfaces were round-shaped. On
day 28, it is seen that the cells proliferated and spread over the surface more than on
day 7 (Fig. 5). The attached cells were rounder, especially in the LCPG-E scaffolds.
We believe that extract addition triggered the chondrogenic differentiation of MSCs
[47]. Meanwhile, the control group (LCPG) showed cellular extensions more like
fibroblastic cells. Moreover, bridge-like structures that appeared in the images are
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Fig.5 SEM images of MSCs seeded scaffolds: a LCPG, b LCPG-H, ¢ LCPG-E on day 7; d LCPG, e
LCPG-H, and f LCPG-E on day 28 with 5000 x and 10,000 X magnifications. The red arrows show cells
attached to the surface (color figure online)

expected to increase cell-cell interactions, contact-based signaling, and nutrient and
gas exchange.

Determination of GAG content and ALP activity

ALP activity analysis was performed to determine the osteogenic differentiation of
MSCs seeded in LCPG, LCPG-H, and LCPG-E scaffolds (Fig. 6a). ALP activity
was measured using p-nitrophenyl phosphate (pNPP) as the substrate (which con-
verts p-NPP to para-nitrophenol (p-NP) and causes the color to change to yellow).
This enzyme catalyzes the hydrolysis of phosphate monoesters from many mol-
ecules at basic pH and plays an indispensable role in phosphate metabolism [48].
In the present study, the used MSCs only consist of osteoblast precursor cells and
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do not include the hematopoietic lineage-derived osteoclasts or osteoclast-like cells.
The higher pH is likely related to the viability of osteoblasts with the increased
ALP activity and the maturation of the MSCs [49]. It is seen that there is a statisti-
cally significant increase in the amount of ALP for all the groups until day 21. The
LCPG-H scaffold had slightly higher absorbance values when compared to the oth-
ers on days 21 and 28 in correlation with its higher elastic modulus. This situation is
directly related to the increase in the population of osteogenic cells.

Proteoglycans form 5 to 10% of the cartilage wet weight and play a vital role
in the load-bearing mechanisms of articular cartilage tissue. They are macromol-
ecules that can attach to a protein core with hundreds of GAGs, and the most abun-
dant form of them is chondroitin sulfate. The charged groups (sulfate and carboxyl)
on GAGs are responsible for the Donnan osmotic pressure that provides the com-
pressive stiffness of cartilage tissue. In addition, due to their hydrophilic structure,
proteoglycans play an important role, by restricting the water flow, in the biphasic
lubrication mechanism of cartilage. The pressurized interstitial water content of the
cartilage absorbs most of the load applied to the cartilage surface at the initial load-
ing and thus reduces the subsequent friction force. This interaction between proteo-
glycans, interstitial water content, and the collagen network of cartilage is crucial for
the proper biomechanical function and lubrication mechanisms of articular cartilage
[50]. That is why, it is quite important to measure the GAG content in cartilage scaf-
folds. In the present study, to determine the chondrogenic differentiation of MSCs
biochemically, GAG content was analyzed with DMMB assay (Fig. 6b). All the
scaffolds had the maximum GAG content on the 28th day of the incubation period
(4.23,4.31, and 3.33 pg/mg for LCPG, LCPG-H, and LCPG-E, respectively), which
was statistically significant (p <0.0001) when compared to day 7. When we com-
pare the sulfated GAG amount (pg/mg) per scaffold, it is seen that scaffolds allowed
new GAGs to be formed. The data are consistent with the results of chitosan-based
scaffolds (approximately 10 pg/mg) [51], but insufficient for human cartilage tissue
(approximately 50 pg/mg) [52]. If the culture period had extended or a dynamic cul-
ture had been performed, we could have achieved a better GAG content ratio.

Histological and immunohistochemical analysis

It is known from the literature that chitosan polymer with biomimetic features
is preferred for osteochondral tissue engineering [53, 54]. When histological
and immunohistochemical analyses were examined, elderberry and hawthorn
extract added scaffolds supported the proliferation of cells (Fig. 7). Also, the
cells mostly preferred to accumulate around the loofah fibers. In H&E staining,
the general morphology was observed, and it was observed that the cells were
distributed well inside the pores of the scaffolds. We performed the Alcian Blue
and Alizarin Red S stainings to observe GAG structures and mineralization,
respectively. All the three scaffolds were stained well which is also relevant to
the biochemical results for GAG content and ALP activity analysis. The extract
added groups stained slightly darker for both stainings. In Masson Trichrome
staining, the amount of collagen was compared among the groups. Accordingly,
a more homogeneous collagen structure was detected in the LCPG +H group.
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Fig.7 Histological and immunohistochemical analysis of a LCPG, b LCPG-H, and ¢ LCPG-E scaffolds.
H&E staining (al, bl, c1), Alizarin Red S staining (a2,b2, c2), Alcian Blue staining (a3, b3, c¢3), Masson
Trichrome staining (a4, b4, c4), Type I collagen staining (a5, bS5, c5), Type II collagen staining (a6, b6,
¢6). 40X magnification with a scale bar of 50 pm. The cells were indicated with black arrows

Besides, immunohistochemical analyses depicted that extract addition increased
collagen type I and II formation. The results showed that hawthorn and elder-
berry extracts are promising additives to the scaffolds for osteochondral tissue
engineering applications.
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Conclusion

In this study, genipin cross-linked PHBV nano-fiber and loofah-reinforced chitosan
hydrogel scaffolds (LCPG) were fabricated with/without the addition of hawthorn or
elderberry extracts for osteochondral tissue engineering applications. Material char-
acterizations and in vitro biocompatibility analyses with MSCs were performed on
LCPG, LCPG-H, and LCPG-E scaffolds.

The fabricated scaffolds had enough porosity for chondrogenesis and showed
a high swelling capacity. Based on the compression test results, the scaffolds had
mechanical features with a biomimicking potential better for cartilage tissue than
osteochondral tissue. The in vitro biocompatibility analysis showed that all the three
scaffolds were non-cytotoxic and the scaffolds with micro- and nano-fiber surfaces
were suitable for MSCs to attach and adhere. Besides, the hawthorn and elderberry
extract addition to the LCPG scaffold increased cell proliferation, especially elder-
berry. Moreover, biochemical ALP activity and GAG content analysis showed that
all the scaffolds were suitable for osteochondral tissue engineering applications. In
addition, histological stainings and immunohistochemical analysis depicted that
hawthorn and elderberry extract added scaffolds supported MSCs proliferation as
well as collagen type I and II positivity.

As a result, all the fabricated scaffolds were found to be biocompatible. The
results showed that hawthorn and elderberry extract addition with an antioxidant
potential is a promising approach for osteochondral tissue engineering. Furthermore,
in vivo biocompatibility and pre-clinical studies should be carried out to determine
the effects of these extracts for osteochondral tissue regeneration.
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