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ARTICLE INFO ABSTRACT
Keywords: Osteochondral defects remain a huge problem in medicine today. Biomimetic bi- or multi-phasic scaffolds
p-1,3-Glucan constitute a very promising alternative to osteochondral autografts and allografts. In this study, a new curdlan-
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based scaffold was designed for osteochondral tissue engineering applications. To achieve biomimetic properties,
it was enriched with a protein component — whey protein isolate as well as a ceramic ingredient — hydroxyapatite
granules. The scaffold was fabricated via a simple and cost-efficient method, which represents a significant
advantage. Importantly, this technique allowed generation of a scaffold with two distinct, but integrated phases.

Scanning electron microcopy and optical profilometry observations demonstrated that phases of biomaterial
possessed different structural properties. The top layer of the biomaterial (mimicking the cartilage) was smoother
than the bottom one (mimicking the subchondral bone), which is beneficial from a biological point of view
because unlike bone, cartilage is a smooth tissue. Moreover, mechanical testing showed that the top layer of the
biomaterial had mechanical properties close to those of natural cartilage. Although the mechanical properties of
the bottom layer of scaffold were lower than those of the subchondral bone, it was still higher than in many
analogous systems. Most importantly, cell culture experiments indicated that the biomaterial possessed high
cytocompatibility towards adipose tissue-derived mesenchymal stem cells and bone marrow-derived mesen-
chymal stem cells in vitro. Both phases of the scaffold enhanced cell adhesion, proliferation, and chondrogenic
differentiation of stem cells (revealing its chondroinductive properties in vitro) as well as osteogenic differenti-
ation of these cells (revealing its osteoinductive properties in vitro). Given all features of the novel curdlan-based
scaffold, it is worth noting that it may be considered as promising candidate for osteochondral tissue engineering

applications.

Abbreviations: 3D, three-dimensional; ACI, autologous chondrocyte implantation; ADSCs, adipose tissue-derived mesenchymal stem cells; ATR-FTIR, attenuated
total reflectance Fourier-transform infrared spectroscopy; BMDSCs, bone marrow-derived mesenchymal stem cells; BSA, bovine serum albumin; DMEM, Dulbecco's
Modified Eagle Medium; E, Young's modulus; FBS, fetal bovine serum; FEG-SEM, field emission gun scanning electron microscope; FTIR, Fourier transform infrared
spectroscopy; GAGs, glycosaminoglycans; HAp, hydroxyapatite; hFGF-2, recombinant human fibroblast growth factor-basic; MSCs, mesenchymal stem cells; OA,
osteoarthritis; PBS, phosphate-buffered saline; R,, arithmetic average height; R;,, maximum height of peaks; R4, root mean square roughness; R;, maximum height of

the profile; Ry, maximum depth of valleys; SD, standard deviation; TEP, tissue engineering products; WPI, whey protein isolate.
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1. Introduction

Osteochondral defects most often result from severe traumas, ath-
letic injuries, as well as diseases. A possible accompanying complication
is osteoarthritis (OA), which results in degradation of cartilage and the
underlying subchondral bone, representing a very serious ailment for
orthopedic patients [1]. Because the cartilage and subchondral bone
have different biological, structural, and mechanical properties, the
treatment of osteochondral lesions still constitutes an arduous challenge
for clinicians. Currently, traditional therapies involve arthroscopic
debridement, abrasion arthroplasty/chondroplasty, microfracture, and
autologous chondrocyte implantation (ACI). Nevertheless, these treat-
ments usually do not allow for complete and simultaneous regeneration
of the cartilage and the subchondral bone [2-5]. Another treatment,
namely mosaicplasty, involving the use of autografts or allografts, pro-
vides better therapeutic effects, but it also possesses some disadvan-
tages, such as limited availability, secondary traumatization connected
with additional pain (in the case of autografts) or to the risk of inducing
an unfavorable immune response (in the case of allografts) [6-8].

To overcome limitations associated with traditional treatment
methods, tissue engineering products (TEP) are increasingly being used
[1,9-13]. This approach includes application of scaffolds, which have
the ability to mimic natural tissues, typically combined with cell of
different origins (exogenous or endogenous). To date, various mono-, bi-
, and multi-phasic bioactive scaffolds have been developed for osteo-
chondral defect regeneration. Taking into consideration the complex
structure of the osteochondral tissue, the bi- and multi-phasic scaffolds
have more favorable properties compared to monophasic biomaterials
[2,9,12,14-16]. Numerous studies have proven that the bi- and multi-
phasic scaffolds had the ability to support the adhesion, proliferation,
and differentiation of mesenchymal stem cells (MSCs) in vitro, both
chondrogenic and osteogenic [17-20]. Moreover, they have been found
to induce the regeneration of both cartilage and subchondral bone in vivo
[12,14,19,21]. Some clinical results also demonstrated the safety and
therapeutic efficacy of bi- and multi-phasic osteochondral scaffolds
[2,22].

The aim of this study was to develop a novel, biomimetic, and
biphasic curdlan-based biomaterial for osteochondral tissue engineering
applications. Curdlan is a natural f-glucan synthesized by the Agro-
bacterium species [23,24]. This polysaccharide has been successfully
applied in the food industry, pharmacy, and medicine, in particular due
to its cytocompatibility and its ability to form an elastic gel. It was
demonstrated that curdlan may form different types of gels, depending
on the applied conditions [24-26]. Importantly, a curdlan gel whose
formation is induced by heating to above 90 °C, produced from its
aqueous suspension, was found to be an appropriate ingredient of the
polymer-bioceramic biomaterials for bone tissue engineering applica-
tions. The resultant bone scaffolds were characterized by good surgical
handling, bioactivity, and biocompatibility, both in vitro and in vivo
[27-29]. In this study, we attempted to use the thermally-obtained
curdlan gel (temp. >90 °C) as a main component of a scaffold with
the aim of mimicking natural osteochondral tissue. In order to provide
biomimetic and biphasic properties, the scaffold was enriched with a
protein component — whey protein isolate (WPI), and with a bioceramic
constituent — hydroxyapatite (HAp) granules. The choice of WPI was
motivated by its favorable biological features, with several studies
demonstrating an excellent performance when incorporated into
bioceramic-based bone scaffolds [30-32]. It was found that such scaf-
folds supported osteoblast adhesion, proliferation, and differentiation
[30-32]. Combining a reducing polysaccharide with a mixture of pro-
teins (such as WPI) is expected to produce biomaterials with enhanced
mechanical properties (thanks to Maillard reaction [33]) and improved
biological performance as proteins possess cell-recognizable motifs,
which are not present in other biopolymers [34]. Additionally, the usage
of WPI is cost-efficient (as compared to other proteins), and the material
is characterized by good physicochemical properties, and the ability to
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create a firm, thermally-formed gel (temp. >90 °C - the same as that
used for fabrication of thermally-obtained curdlan gel) [30,35,36]. In
turn, synthetic HAp granules were added to the biomaterial in order to
mimic a natural mineral ingredient of bone [25,37]. The proposed
scaffold was fabricated using an uncomplicated, fast, and cost-efficient
technique. The simplicity of the process constitutes its indisputable
advantage over alternative methods applied for fabrication of other
biphasic biomaterials, which are often more complex and expensive
[16,19,20]. It is assumed that novel curdlan-based biomaterial could be
a promising scaffold for osteochondral tissue engineering applications,
thanks to its composition, structure, mechanical, and biological prop-
erties as well as the ease and cost-efficiency of the fabrication method.
We suppose that the obtained biomaterial can mimic biochemical and
mechanical properties of the cartilage tissue as well as subchondral bone
tissue, and as a consequence can promote chondrogenic and osteogenic
differentiation of stem cells.

In order to confirm the hypothesis, the biomaterial was subjected to
thorough analyses. The macro/microstructure and the topography of the
newly developed biomaterial were characterized by stereoscopic mi-
croscopy, scanning electron microscopy (SEM), and optical profilom-
etry. A compression test was performed in order to assess the material's
Young's modulus. The potential physicochemical interactions between
curdlan, WPI, and HAp in the biomaterial were assessed using Fourier
transform infrared spectroscopy (FTIR). Moreover, comprehensive cell
culture experiments using adipose tissue-derived mesenchymal stem
cells (ADSCs) and bone marrow-derived mesenchymal stem cells
(BMDSCs) were conducted to evaluate the biomaterial's ability to sup-
port the cell adhesion, proliferation, and induction of chondrogenic and
osteogenic differentiation. It is worth underlining that, due to the
innovative features of the aforementioned curdlan-based biomaterial, its
fabrication method, composition, and properties were described in the
Polish patent application no. P.437234 entitled “Biphasic biomaterial
based on curdlan and hydroxyapatite (HAp) for regeneration of osteo-
chondral defects and the method of its preparation”. According to the
best of our knowledge, this is the first study in which a biphasic curdlan-
based biomaterial for osteochondral tissue engineering applications was
fabricated and characterized. The innovation of the proposed curdlan-
based biomaterial, compared to other biomaterials composed of this
polysaccharide, lies in its composition, structure, and potential
biomedical application [25,29,38-43]. Thanks to mixing curdlan with
WPI, new, unparalleled properties are expected of the biomaterial.

2. Materials and methods
2.1. Fabrication of curdlan-based osteochondral scaffold

Firstly, HAp granules were prepared as reported previously [25].
Then, 0.08 g curdlan powder (80 kDa, WAKO pure Chemicals Industries,
Japan) was placed in an eppendorf tube (volume 2 ml) and then 1 ml of a
water solution of 30 wt% WPI (BiPRO, Davisco Foods International,
Agropur Cooperative, USA) was added. Subsequently, 0.7 g of HAp
granules (0.05-0.2 mm in diameter) was gradually suspended in cur-
dlan/WPI solution. The mixture was centrifuged (3 min, 3000 rpm;
Centrifuge MiniSpin® plus, Eppendorf, Poland) to obtain two visible
phases and finally it was heated at 90 °C for 15 min (Fixed Dry Block
Heater, BTD, Grant Instruments, USA). Afterwards, the sample was
removed from the centrifuge tube and dried in air for 24 h. For further
analyses (structure/topography characterization, FTIR measurements,
mechanical tests, ion release tests, and cell culture experiments), the
biomaterials composed only of curdlan, WPI, curdlan/WPI or curdlan/
WPI/HAp were prepared according to the same procedure. All samples
were sterilized by ethylene oxide (55 °C, 3 h). The fabricated bio-
materials are summarized in Table 1.
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Table 1
Composition, type, size, and shape of fabricated curdlan-based biomaterials.
Biomaterial type and Biomaterial Biomaterial Analysis
composition code shape and size
Curdlan-based Cur Cylinder FTIR measurements
biomaterial (8 wt% shape, approx.
of curdlan) 3 mm in height
WPI-based WPI Cylinder FTIR measurements
biomaterial (30 wt shape, approx.
% of WPI) 3 mm in height
Biomaterial Cur/WPI Cylinder FTIR measurements,
mimicking shape, approx. optical profilometry,
“cartilage layer” (8 3mminheight  ion reactivity test, cell
wt% of curdlan and culture experiments
30 wt% of WPI) Cylinder Mechanical tests
shape, approx.
10 mm in
height
Biomaterial Cur/WPI/ Cylinder FTIR measurements,
mimicking HAp shape, approx. optical profilometry,
“subchondral bone 3mminheight  ion reactivity test, cell
layer” (8 wt% of culture experiments
curdlan, 30 wt% of Cylinder Mechanical tests
WPI, 0.7 g of HAp shape, approx.
granules) 10 mm in
height
Biphasic scaffold Cur/WPI — Cylinder Stereoscopic
mimicking Cur/WPI/ shape, approx. microscopy, scanning
“osteochondral HAp 10 mm in electron microscopy,
tissue” (8 wt% of height mechanical tests,

curdlan, 30 wt% of
WP, 0.7 g of HAp
granules)

swelling ability

2.2. Characterization of macro/microstructure and topography

The macrostructure of biphasic curdlan-based scaffold was evaluated
using a stereoscopic microscope (Olympus SZ61TR, Olympus, Poland).
An exemplary sample harvested during standard mosaicplasty was used
for comparison. The surgical procedure was performed in accordance
with the guidelines of the Declaration of Helsinki, and this study was
approved by the Bioethics Committee of Medical University of Lublin,
Poland (approval no. KE-0254/114/2020 from June 2020). The patient
gave his written informed consent for his biological material to be used
for research purposes.

In turn, the microstructure of biomaterial cross-section was charac-
terized by a field emission gun scanning electron microscope (FEG-SEM,
JSM-7800F, Joel Ltd., Japan), using a lower secondary electron detector.
Prior to analysis, the sample was mounted on standard aluminium pin
stubs using double-sided conductive carbon adhesive dots. Then, its
surface was coated with approx. 5 nm of gold (at 20 mA for 60 s, 1 x
10~2 mBar, under argon) using a gold sputter coater (Q150RES, Quorum
Technologies Ltd., UK).

The topography of the top and bottom layers of the scaffold was
visualized by an optical profilometer (Contour GT-K1-3D Optical Pro-
filer, Bruker, USA). During the measurement, the following parameters
were applied: processing method — VXI, scan area — 583 pm x 437 pm,
resolution — 0.911 pm (x,y positions), and 5 nm (z position). The three-
dimensional (3D) images were obtained using Vision64 Map Software
(Bruker, USA). Moreover, the characteristic parameters of the sample
roughness [44], namely arithmetic average height (R,), maximum
height of peaks (Rp), root mean square roughness (Rq), maximum height
of the profile (Ry), and maximum depth of valleys (Ry) were determined
(Vision64 Map Software, Bruker, USA).

2.3. Fourier-transformed infrared spectroscopy

Attenuated total reflectance Fourier-transform spectroscopy (ATR-
FTIR, Bruker Tensor 27, PIKE MIRacle diamond ATR accessory) was
used for the identification of chemical composition and possible
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interactions between the composite's components. Prior to measure-
ments, the samples were stored in a desiccator. The specimens were cut
into small pieces and ground in a mortar to obtain a homogenous
powder. An average of 128 scans with a spectral resolution of 4 cm™
were recorded in the mid infrared region (4000-500 cm ). The OPUS
7.2 software was used for a manual baseline correction and smoothing
(9 smoothing points). The as-obtained spectra were visualized using the
OriginPro 2021 Software.

2.4. Evaluation of the Young's modulus

The compression tests were conducted using an INSTRON 3345
testing machine (Instron®, Norwood, MA, USA) with a 10 N load cell.
Prior to experiments, the samples were equilibrated in 0.9% normal
saline solution (NaCl, Sigma-Aldrich, USA), and the analyses were
conducted in a wet state. Each sample was subjected to a preload of 1 N
and then compressed at a basic load rate of 0.5 mm/min until the
maximum load of 10 N + preload was reached. Measurements, such as
displacement (mm), force (N), and time, were obtained after each test,
which was then used to calculate the compressive stress (6), compressive
strain (g), and consequentially the biomaterial's Young's modulus (E).
The experiment was carried out using 5 independent samples of
biomaterials.

2.5. Evaluation of swelling ability

The experiment was carried out according to the procedure
described in detail previously [25]. Briefly, three separate samples of
biphasic Cur/WPI-Cur/WPI/HAp biomaterial were soaked in 0.9% NaCl
solution. The biomaterials' ability to swell was determined as an increase
in its weight (Wi) over time. The following equation was used for
calculation of Wi:

(Wt — WO0)

Wi =
! W0

x 100%,

where Wt denotes biomaterial weight at specified time of soaking, while
WO denotes biomaterial weight before the experiment.

2.6. Evaluation of ion release

To assess the changes in the profiles of Ca®* and HPOZ ™ ions, the
samples were placed in 500 pl of culture medium, ie., Dulbecco's
Modified Eagle Medium (DMEM, Gibco™, ThermoFisher Scientific,
USA) and incubated for 15 days (37 °C, 5% COg, Heraeus Cytoperm 2,
ThermoFisher Scientific, USA). The medium was collected every third
day and then a new portion was added (this procedure was applied in
order to achieve equal conditions to those used during cell culture ex-
periments in vitro). The concentration of ions was measured using Cal-
cium CPC and Phosphorus ions detection kits (Biomaxima, Poland).

2.7. Evaluation of stem cell response

2.7.1. Cell models and culture conditions

Human adipose tissue-derived mesenchymal stem cells (ADSCs)
were isolated from an adipose tissue obtained during liposuction, as
described in detail previously [39,45]. The surgical procedure was
performed in accordance with the guidelines of the Declaration of Hel-
sinki, and this study was approved by the Ethics Committee of Hospital
Na Bulovce in Prague (approval from June 11, 2019). The patient gave
her written informed consent to the use of her biological material for
research purposes. The ADSCs originated from a single donor (healthy
woman, 46 years). These cells were isolated in the Institute of Physi-
ology of the Czech Academy of Sciences, Laboratory of Biomaterials and
Tissue Engineering (Prague, Czech Republic) from a lipoaspirate taken
by liposuction from a thigh region in the Hospital Na Bulovce in Prague.
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In brief, the lipoaspirate was washed several times with PBS and sub-
sequently enzymatically digested using collagenase type I (Worthington
Biochemical Corp., USA). The lipoaspirate containing collagenase so-
lution was then centrifuged and upper layers containing mature adipo-
cytes and digested tissue were removed. The remaining lowest part
containing ADSCs (i.e., stromal vascular fraction layer) was washed with
DMEM (Gibco™, ThermoFisher Scientific, USA), filtered through a 100
pm strainer, and seeded into culture flasks. In passage 2, the cells were
characterized by flow cytometry for the presence of the following
markers typical for stem cells: CD105 (endoglin; 99.9% of positive cells),
CD90 (immunoglobulin Thy-1; 99.5%), CD73 (ecto-5'-nucleotidase;
100%), CD29 (fibronectin receptor; 100%), and for negativity or low
expression of markers of other cell types, such as pericytes (CD146-
melanoma cell adhesion molecule, receptor for laminin; 4.7%), endo-
thelial cells CD31 (platelet-endothelial cell adhesion molecule-1,
PECAM-1; 0.5%), and hematopoietic cells, namely CD34 (an antigen
of hematopoietic progenitor cells; 0.2%), and CD45 (protein tyrosine
phosphatase receptor type C; 3.8%) (for a review, see [46,47]). The
ADSCs were cultured in DMEM with the addition of 10% of fetal bovine
serum (FBS, Gibco™, ThermoFisher Scientific, USA), 10 ng/ml of re-
combinant human fibroblast growth factor-basic (hFGF-2, GenScript,
USA), and 40 pg/ml of gentamicin (Lek d.d., Slovenia). In turn, human
bone marrow-derived mesenchymal stem cells (BMDSCs, Cat. No. 7500,
https://www.sciencellonline.com/human-bone-marrow-derived-me
senchymal-stem-cells.html) were purchased from ScienCell Research
Laboratories (USA). The BMDSCs were cultured in Mesenchymal Stem
Cell Medium (MSCM, ScienCell Research Laboratories, USA) supple-
mented with 10% FBS, 1% Mesenchymal Stem Cell Growth Supplement
(MSCGS, ScienCell Research Laboratories, USA), and 40 pg/ml genta-
micin. Both types of stem cells were cultured in the humidified incubator
providing 37 °C and 5% CO2 (Thermo Electron Corporation, USA) and
can be classified as primary low-passaged cells (used in passages 1-3), i.
e., not cell lines. Either ADSCc or BMDSCs were seeded onto scaffolds at
passage 3.

2.7.2. Cell adhesion and spreading

The ADSCs and BMDSCs were detached from the culture flasks by
trypsinization and suspended in their growth media described above.
The number of cells was determined using a Vi-CELL XR Cell Viability
Analyzer (Beckman Coulter, USA). Subsequently, 500 pl of cell sus-
pension containing 50,000 cells was seeded directly on biomaterials (the
initial number of cells was established from our earlier experiments).
After 2-day incubation, the cells grown on the biomaterials were washed
with phosphate-buffered saline (PBS, Sigma-Aldrich, USA), fixed for 15
min, with 4% paraformaldehyde (Sigma-Aldrich, USA) prepared in PBS,
permeabilized first with 0.1% Triton X-100 (Sigma-Aldrich, USA) pre-
pared in 1% bovine serum albumin solution (BSA, Sigma-Aldrich, USA),
and then with 1% Tween 20 (Sigma-Aldrich, USA) prepared in PBS.
Subsequently, the F-actin cytoskeleton was counterstained with phal-
loidin conjugated with TRITC (Sigma-Aldrich, USA) and the cell nuclei
were counterstained with 0.5 pg/ml Hoechst 33342 (Sigma-Aldrich,
USA). The cells were observed under an Andor Dragonfly 503 scanning
disc confocal microscope equipped with a Zyla 4.2 PLUS sCMOS camera,
objective HC PL APO 10x/0.40 DRY CS2 (Andor Technology Ltd., UK).
Six independent images were taken for each sample. Total cell spreading
area, ie., the total area on the biomaterial surface occupied by all
adhering cells, was measured using ImageJ 1.52v software (Wayne
Rasband, USA) according to the protocol created by Baviskar [48].
Moreover, the cell nuclei were counted using blue-channel images
(ImageJ 1.52v software,Wayne Rasband, USA). Then, average spreading
area per cell was calculated using the following formula:

total spreading area [pm?]

B i 2per cell] =
verage spreading area [um’per cell] total number of cells
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2.7.3. Cell proliferation

The ADSCs and BMDSCs were detached from culture flask and sus-
pended in culture medium. The number of cells was determined using a
Vi-CELL XR Cell Viability Analyzer (Beckman Coulter, USA). Subse-
quently, 500 pl of cell suspension containing 25,000 cells was seeded
directly on biomaterials and polystyrene — PS (control). This number of
cells was established from our earlier experiments. Lower density of cells
used for this experiment was chosen in order to avoid contact inhibition
at the longer culture times on PS. After 2-, 5-, and 8-day incubation, cell
proliferation was assessed by a resazurin test, according to the manu-
facturer's guidelines (Sigma-Aldrich, USA). This assay is based on the
reduction of resazurin (non-fluorescent, blue dye) into resorufin (fluo-
rescent, pink dye) by viable, metabolically active cells. The samples
were measured fluorometrically (Ex = 530 nm; Em = 590 nm) using
Synergy™ HT Multi-Mode Microplate Reader (BioTek, USA).

2.7.4. Cell differentiation

The ADSCs and BMDSCs were detached from the culture flasks and
suspended in their growth media. The number of cells was determined
using a Vi-CELL XR Cell Viability Analyzer (Beckman Coulter, USA).
Subsequently, 500 pl of cell suspension containing 50,000 cells was
seeded directly on biomaterials (this number of cells was established
from our earlier experiments). The cells were pre-cultured for 5 days in
the growth culture media (details were described in Section 2.7.1), and
afterwards, the media were replaced by the chondrogenic or osteogenic
ones. These media were prepared by supplementation of the growth
culture media with differentiation ingredients purchased from Sigma-
Aldrich, USA (Table 2). The cells were cultured for another 10 days.
Differentiation media were changed every two days. The selected cul-
ture time was based on our earlier experiments, where it has been
proven that both ADSCs and BMDSCs are able to produce differentiation
markers as early as on the 6th day of culture [39].

Subsequently, the cells were fixed and permeabilized as described
above (Section 2.7.2). For evaluation of typical chondrogenic markers,
the cells were stained with a primary mouse anti-collagen type II
monoclonal antibody (Sigma-Aldrich, USA) — diluted 1:200 in PBS, a
primary mouse anti-aggrecan monoclonal antibody (Santa Cruz
Biotechnology, USA) — diluted 1:50 in PBS, and a primary mouse anti-
SOX-9 monoclonal antibody (Santa Cruz Biotechnology, USA) -
diluted 1:50 in PBS. In turn, for assessment of typical osteogenic
markers, the cells were stained with a primary rabbit polyclonal anti-
collagen type I antibody (Cosmo Bio Co., Ltd., Japan) — diluted 1:200
in PBS, a primary mouse anti-alkaline phosphatase/ALPL monoclonal
antibody (R&D Systems, Inc., USA) — diluted 1:200 in PBS, and a pri-
mary rabbit polyclonal anti-osteocalcin antibody (Peninsula Labora-
tories Inc., USA) — diluted 1:200 in PBS. Then, the cells were labeled
with a secondary goat anti-mouse IgG (H + L) antibody conjugated with
AlexaFluor® 488 (Invitrogen, ThermoFisher Scientific, USA) — diluted
1:400 in PBS or a secondary goat anti-rabbit IgG (H + L) antibody
conjugated with AlexaFluor® 488 (Invitrogen, ThermoFisher Scientific,
USA) — diluted 1:400 in PBS. The cell nuclei were counterstained with
0.5 pg/ml of Hoechst 33342 (Sigma-Aldrich, USA) added to the solu-
tions with the secondary antibodies.

Table 2
List of supplements added to growth culture media in order to induce chon-
drogenic or osteogenic differentiation of ADSCs and BMDSCs.

Chondrogenic medium Osteogenic medium

e 0.05 mg/ml ascorbic acid

e 1077 M dexamethasone

e 10% ITS Liquid Media Supplement
e 10 ng/ml TGF-p1

e 10 ng/ml BMP-6

e 0.05 mg/ml ascorbic acid
o 10~® M dexamethasone
e 10 mM p-glycerophosphate
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2.8. Statistical analysis

The experiments were carried out in at least three independent
replicates. The obtained results were shown as mean values + standard
deviation (SD). To establish statistical differences between the investi-
gated groups (P < 0.05), a One-Way ANOVA test, followed by a Tukey's
multiple comparison test were applied (GraphPad Prism 5, Version 5.04
Software).

3. Results and discussion
3.1. Macro/microstructure and topography

An osteochondral tissue has a complex structure because it is
composed of cartilage and the underlying subchondral bone. The
cartilage mainly comprises water, glycosaminoglycans (GAGs), and type
II collagen, while the subchondral bone's major compounds are water,
hydroxyapatite (HAp), and type I collagen. According to the available
literature, the most promising biomaterials designed for the osteo-
chondral defect regeneration (i.e., bi- or multi-phasic scaffolds), should
be composed of natural or synthetic polymers in the layer mimicking the
“cartilage” and bioceramics or a polymer-bioceramics mixture in the
layer mimicking the “subchondral bone”. The use of such biomaterials
allows creation of constructs with composition and properties similar to
those of natural tissues [1,2,11,14,15,20,21,49]. The biphasic scaffold
obtained in this study (Fig. 1A) was composed of a polymer-based phase
(curdlan/WPI), mimicking the “cartilage layer” (approx. 2-3 mm in
height) and of a polymer-ceramic phase (curdlan/WPI/HAp) mimicking
the “subchondral bone layer” (approx. 7-8 mm in height). Thus, not only
the composition of the fabricated biomaterial, but also its macrostruc-
ture was similar to that of an osteochondral autograft (Fig. 1B).

It is worth underlining that even though the multiphasic scaffolds
attract a great attention in the field of osteochondral tissue engineering,
they also possess some drawbacks. Primarily, their fabrication process
most often requires combination of independent layers before or during
the implantation. In many cases, separation of the biomaterial's layers
was observed after the surgery, which in consequence resulted in
instability of the scaffold and the need for its removal. The development
of stable scaffolds with no tendency to delaminate at the interface is
therefore crucial in achieving promising biomaterials for osteochondral
tissue engineering applications [11,13,37,50]. In this study, the applied
fabrication procedure allowed production of a biphasic curdlan-based
scaffold with a well-defined structure. The SEM images proved that
this biomaterial contained two distinct, but integrated phases (Fig. 2A).
The top layer of scaffold (mimicking the “cartilage layer”), composed of
curdlan and WPI (Fig. 2B), possessed a visually smoother microstruc-
ture, as compared to the bottom layer of biomaterial (mimicking the
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“subchondral bone layer”), which comprised curdlan, WPI, and HAp
granules (Fig. 2C).

To assess the roughness of individual phases of the fabricated scaf-
fold, the surface of top (Fig. 3A) and bottom (Fig. 3B) layers of bioma-
terial were visualized using optical profilometry. It was demonstrated
that the surface of Cur/WPI/HAp, thanks to the presence of HAp gran-
ules, possessed a roughness approximately 3 times higher (considering
Ra, Rp, Rg, Ry, and Ry values) than that of the Cur/WPI (Fig. 3C). It is
worth noting that the surface roughness is a crucial feature of bio-
materials, which affects the adhesion, proliferation, and differentiation
of mesenchymal stem cells (MSCs) [51-54]. The influence of the surface
roughness of our biphasic curdlan-based biomaterial on the stem cell
behavior was assessed in a later part of this study (Section 3.6. In vitro
biocompatibility with stem cells).

3.2. Identification of chemical composition of the samples by FTIR-ATR

When two or more polymers are mixed together, they can either form
two separate phases (when the materials are not miscible in one
another) or form a blend. A blend is a homogenous mixture of two or
more compounds. A miscible blend has mechanical and thermal prop-
erties that are roughly a mean of those of the separate products. How-
ever, in some cases, when strong chemical interactions between the
products appear, a blend can have these properties noticeably higher
those of each of the individual separate compounds [55]. A homogenous
mixture with little to no phase separation is also less likely to contain
structural defects (which are a possible cause of critical failure in ma-
terials, including biomaterials).

Hence, miscibility of the compounds of materials is an important
factor to consider when designing new mixtures, especially if materials
are to bear mechanical stresses, such as osteochondral implants.
Furthermore, the compounds would ideally to be able to form strong
chemical interactions with each other, further improving the mechani-
cal properties and reducing the risk of the implant failure. FTIR spec-
troscopy identifies polar functional groups/chemical bonds present in
the samples and as such, is a simple means to monitor appearance of
chemical interactions between the compounds. Typically, this is per-
formed by comparing the spectrum of the blend with that of the com-
pounds. If new, IR active bonds appear in the spectrum of the blend,
strong chemical interactions between the compounds can be supposed.
At the same time, weak interactions (hydrogen bonds, Van der Waals
interaction, or dipole-dipole interactions) can sometimes be identified
by: 1) a shift in the band's wavenumber (indicative of increased strain in
a certain bond due to conjugation of some of its atoms); 2) an intensity
reduction (indicative of a change in the chemical environment of a
certain bond, reducing its ability to vibrate upon the IR absorption, or
that the overall amount of the given type of bonds has been reduced), 3)

Fig. 1. Stereoscopic microscope images showing a biphasic curdlan-based osteochondral scaffold (A) and an example of osteochondral autograft harvested during

mosaicplasty procedure (B); magnification 8x, scale bar = 2 mm.
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Fig. 2. Scanning electron microscope images showing longitudinal cross-section of a biphasic curdlan-based scaffold (A), the top layer (B) and the bottom layer (C) of

this biomaterial; magnification 75x or150x, scale bar = 100 pm.

Fig. 3. The 3D optical profilometry images showing topography of the top layer (A) and the bottom layer (B) of the biphasic curdlan-based scaffold. Based on the
obtained images, the following roughness parameters were calculated (Vision64 Map Software; Bruker, USA): arithmetic average height (R,), maximum height of
peaks (Rp), root mean square roughness (Rq), maximum height of the profile (R,), and maximum depth of valleys (R,) (C).

an intensity increase (which could suggest that more bonds of certain
type are present in the mixture) or 4) disappearance of bands (sug-
gesting that a vibrational degree of freedom has changed or a given
functional group has decomposed). Hence, FTIR spectroscopy can be
regarded as a powerful tool in characterizing new composite materials.

In this study, FTIR-ATR spectroscopy was used to evaluate the

presence and the type of chemical interactions between the compounds
of the scaffold. For better comparison, the compounds of the “cartilage
layer” and the compounds of the “subchondral layer” of scaffold were
presented on separate graphs, i.e., Fig. 4A and B, respectively.

Curdlan is a polysaccharide composed of repeating units of glucose,
bonded through glycosidic linkages. In this material, this glycosidic
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Fig. 4. The FTIR-ATR spectra of the composites and their compounds: “cartilage layer” (A) and “subchondral bone layer” (B). For better clarity, the spectra are offset
and maximized in two separate regions in which characteristic bands are present: from 4000 to 2700 cm ™! and from 1800 to 500 cm™!. Stereoscopic microscope
images of the compounds and the composite (C); magnification 10x, scale bar = 1 mm.

linkage exists between the hemiacetal group (anomeric carbon, C-1) of
one glucose unit and the hydroxyl group of the C-3 carbon in another
glucose unit. This way of bonding indicates that, in this polysaccharide,
there is always one, terminal glucose moiety that can have its cyclic
structure opened, recreating the aldehyde functional group. As such,
curdlan is to be regarded as a reducing polysaccharide [56]. WPI, on the
other hand, is a mixture of various proteins and peptides, formed of
amino acids. The peptides and amino acids should also contain some
amine functional groups present in their backbone. As such, WPI is ex-
pected to be rich in amine functional groups [33]. When a reducing
sugar is mixed with an amine at an elevated temperature, a Maillard
reaction is highly expected. WPI has already been reported to undergo a
Maillard reaction upon mixing with various reducing sugars (mono-, di-,
and polysaccharides): xylose, glucose, galactose, fructose, arabinose,
lactose, maltose, maltodextrin, or inulin [57-59]. However, to the best
of our knowledge, a reaction with curdlan has not yet been proven.
Being a very complex reaction, the Maillard reaction can yield mixtures
of over 100 different products which can be hard to identify unambig-
uously, but is has a one distinctive feature: color change [56]. In the
initial stage, sugar-amine rearrangement and the Amadori rearrange-
ment occur, and the product is transparent. Generally, amine groups
from the proteins' backbone and the end units of sugar are assumed to be
the first to react [60]. Progression into the intermediate stage of the
reaction where the closed-chain Amadori product is formed and the
sugar dehydration and fragmentation, and amino acid degradation
(Strecker degradation) occur, yields an off-white to yellowish product.
Further heating of the mixture gives energy for the further progression of
the reaction entering into its final stage (aldol and aldehyde-amine
condensations, and formation of heterocyclic nitrogen compounds), at
which the product is visibly highly colored — from orange to dark brown
[56]. Because the reaction can be monitored by a change of color, the
product of the mixing of Cur with WPI was photographed using a ste-
reoscopic microscope and compared with pure Cur and WPIL. The results
are presented in Fig. 4C.

As can be seen in Fig. 4A, the spectrum of Cur shows features

characteristic of polysaccharides, similar to the ones reported in our
previous studies [61,62]: a broad band at 3315 cm_l, attributed to
stretching of OH functional groups, abundant in its structure; a triplet
between 2919 and 2852 cm™, characteristic of C—H stretching in al-
kanes, a band attributed to C=0 stretch found at 1637 cm™!, and a
strong intensity triplet with maxima at 1066, 1025, and 996 cm’l,
attributed to C—O—C (glycosidic bond) and C—C and C—O stretching
in a pyranoid ring [63], respectively. As is visible in Fig. 4C, pure and
unmodified Cur is transparent.

The spectrum of WPI is characterized by a sharper band at 3276
em™! (compared to Cur) due to the presence of amide bonds [64,65], a
shoulder at 3070 cm™! arising from the presence of alkynes, and
numerous bands between 1631 and 900 cm ™, arising from the presence
of various double (1630-1500 cm’l), and single bands (below 1500
cm 1) between carbon and oxygen, nitrogen and hydrogen (the region
between 1500 and 1200 cm™! has bands characteristic of amide IIT
bonds). Most notably, there is a band at 1630 cm™ Y, due to C=0
stretching (amide I), and at 1524 cm’l, attributed to amide II functional
groups (N—H bend and C—N stretch). Similarly to Cur, pure WPI is also
transparent (Fig. 4C).

As visible in Fig. 4C, Cur/WPI composite is a non-transparent, off-
white solid, giving first indications that the intermediate stage of Mail-
lard reaction likely took place. The spectrum of the Cur/WPI bears all
the features characteristic of both compounds, with some additional
unique observable characteristics. First of all, there are some alterations
in the bands attributed to the amide I, I and III vibrational modes which
are indicative of changes in the structure of WPL. Amide I/amide II ratio
is increased from 1 in WPI to 1.1 in Cur/WPI which is indicative of a
higher proportion of C=0 bonds in the latter sample, probably due to
presence of sugars. A band at 1243 cm ™! in WPI and at 1254 cm ™! in Cur
is shifted towards higher wavenumbers (1259 c¢m 1) in Cur/WPI and has
its relative intensity significantly increased. In this region, bands origi-
nate from a mixture of several coordinate displacements (amide III),
including C—N—H bend, C—N stretch, and different functional groups
involving C—O—C or C—O bonds (especially in phenols). It can be
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suggested that higher amounts of these bonds are present in the com-
posite than were in the protein and polysaccharide and that the atoms
forming these bonds might be polarized [66], strengthening the bond
and causing a blue shift of its wavenumber. These observations might be
indicative of the occurrence of ring opening reactions or the Amadori
rearrangement taking place. In a study by Cheng et al. [67], Maillard
reaction occurring between rice protein (RP) and dextran resulted in a
disappearance of 1240 cm™! band found in the RP spectrum. It was
explained that amine groups “were consumed during the glycation re-
action”. This explanation is only partially correct as not all of the N—H
bonds should disappear in the course of the reaction (Fig. 5).

Next, it can be observed that a triplet, visible in the spectrum of Cur
which is characteristic of glycosidic bonds, is substituted by a doublet,
with the band at 996 cm™! observably diminished. As suggested by
Sinyayev et al. [68], the complex band of the glycosidic bond consists of
three components of different wavenumbers, and the low-frequency one
is indicative of the C—O—C bridging bonds. Hence, the intensity of this
band is inversely proportional to the polymerization degree of the
polysaccharide (i.e., the chain length). It can thus be suggested that
sugar fragmentation involving intermolecular glycosidic bonds (p-(1,3))
has occurred in the Cur/WPI composite.

The final distinctive feature of the spectrum of the composite is the
high-intensity band at 796 cm™!, which is not observed in either spec-
trum of the components. This band should be attributed to C—H out-of-
plane deformation in aldehydes or N—H deformation vibrations in
amines. Hence, this could indicate reactions involving ring opening and/
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or decomposition of amide bonds.

It is important to know that there are many studies which aim to
identify the occurrence of the Maillard reaction via FTIR analysis.
Probably, one of the most significant is the study by Ioannou et al. [60].
However, translation of these results to our study is poor because we
analyzed a mixture of products, by-products and reactants, while the
cited article used product fractioning to monitor what was synthesized
in the given temperature range. In many other studies, the spectrum of
the composite material is not compared with the spectrum of the
saccharide, making such analysis prone to misinterpretation
[59,69-72]. Still, there are some articles that perform comparisons
similar to ours, but the observed changes are different from the ones we
report herein. In a recent study by Cheng et al. [67], the spectrum of a
RP-dextran composite was compared with that of RP and dextran and
the only difference observed was the disappearance of the 1241 cm™!
band. All other bands were attributed to the presence of the compounds.
A different analysis performed by Wang et al. [57], indicated that the
reaction of WPI with xylose or glucose led to decreased intensities of the
amide I, II, and III attributed bands, and increased the amount of bands
in the 1050-950 cm ™! region. However, it is important to note that the
analyzed spectra had not been normalized before their relative in-
tensities were compared, which may lead to deductive errors. Probably
one of the most noticeable changes in the FTIR spectrum was the ones
reported by Yang et al. [73]. In this study, a reaction between soy pro-
tein isolate and soy soluble polysaccharide had resulted in the appear-
ance of a new band at 1660 cm’l, which the authors attributed to the

Fig. 5. Some examples of the initial and intermediate stages of the Maillard reaction. The saccharides are presented in the Haworth projection. Only the end,
reducing unit of the polysaccharide chain is shown during the reaction, but more units having the aldehyde functional group can be formed in the course of the
process through chain and sugar fragmentation. In real life conditions, the reaction is known to yield more than 100 different products [56].
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formation of Schiff's base product - either imine or enaminol. However,
it is important to be aware of the fact that the 1660 cm ' band is
characteristic of the C=0 bond stretch, especially not bonded, and
hence, the presence of imine should rather be excluded. Instead, such
splitting of the C=0 band into two (wherein the one of lower wave-
number is attributed to amides, and a new one at higher wavenumbers
indicates a free carbonyl group), should rather be interpreted by the
formation of aldehyde or ketone functional groups — hallmarks of the
Amadori rearrangement. The authors also suggested changes in the
amide II and amide III region, but we find these implications question-
able given the high noise level of the spectra presented.

In summary, because the two compounds of the composites were
polysaccharides and proteins, the fabrication process was conducted at
elevated temperatures (90 °C), and FTIR-ATR analysis suggested re-
actions involving N—H and C—H bonds, it is highly probable that a
Maillard reaction took place [36]. Based solely on FTIR analysis it is
impossible to unambiguously identify the reaction products, especially
due to the fact that most of the products will have spectral modes present
in the similar regions which will also overlap with those of the unreacted
products [60]. However, this was not the aim of this analysis and
instead, the goal was to investigate whether strong chemical interactions
exist in the as-prepared polymer blend. As the obtained product is off-
white, final stages of Maillard reactions should be excluded; however,
as supported by the FTIR analysis, initial and intermediate stages are
highly probable. Reactions capable of inducing the observed changes in
the spectrum of Cur/WPI can be suggested. An increase in the overall
amount of IR-active C—O groups (at 1259 cm ™) can be induced by
sugar decyclization and fragmentation, or partial loss of tertiary and
secondary structure of proteins in WPI (breaking of the hydrogen
bonds). A reaction involving formation of new N-H/C-H bonds (at 796
em ™) could be creation of N-substituted glycosylamines, decomposition
of peptide bonds or saccharide decyclization. C-H/N-H bonds created at
these stages would remain present in most products that follow. Addi-
tionally, fragmentation of the polysaccharide chain could be suggested
(diminishing of the 996 cm ! band).

To sum up, the as-performed analysis suggests the presence of strong
interactions between the biopolymers which could contribute to
improved mechanical properties and stability of the obtained material.

The spectra of the “subchondral layer” and its compounds are given
in Fig. 4B. It can be seen that the spectrum of HAp is typical of this
inorganic material, with a band at 3573 cm ™! arising from the stretching
vibrations of the lattice hydroxyl ions, a triplet at 1088, 1026, and 961
em ™! arising from the stretching of the P—O bond, a band at 632 cm ™,
attributed to bending in the OH groups, and a doublet at 599, and 565
cm™), arising from the O-P-O bending modes [74]. Mixing HAp with
Cur/WPI results in a spectrum that is mostly a sum of the compounds,
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but still, there are some alterations visible, mainly as changes in in-
tensity. In HAp, the absolute intensity ratio of the 3573 cm™! to the
1026 cm ! band was 0.03, while mixing with biopolymers resulted in a
reduction of this ratio to 0.01. This indicates that there was a chemical
interaction between the OH™ ions of HAp and the functional groups of
the biopolymer. To better analyze which functional groups of the Cur/
WPI participated in these interactions, its spectrum and that of Cur/
WPI/HAp were normalized to the bands at 1638 cm ™! and 1526 cm™!
and the resultant, selected spectral regions are presented in Fig. 6.

Overall, interaction with HAp resulted in a decreased intensity of the
complex OH/NH-attributed band at 3276 cm™!, which might indicate
chemical interactions involving these groups (probably a hydrogen
bridging). There is also a reduced signal from the C—H stretch of satu-
rated alkanes which is visible in the 3000-2700 cm™ region, which
suggests reduced resonation of the biopolymer's backbone, indicative of
chemical interactions concerning the side-chain functional groups.
Similarly, there is also a reduction in the overall intensity of the amide
III attributed bands (below 1480 cm’l), which is particularly visible due
to a significant reduction of the band visible at 1259 cm ™}, which is also
connected with its downshift towards the lower wavenumbers 1249
em™!. As already suggested, this band likely originates from different
functional groups involving C—O—C bonds or C—O (especially in
phenols). Its diminishing suggests chemical interaction involving these
groups, likely a hydrogen bridging with the hydroxyl groups of HAp,
which also depolarizes atoms (previously polarized during the Maillard
reaction), causing a red-shift of the band (towards lower wavenumbers).
Finally, a small band which appeared in the reaction between the sugar
and the protein (at 796 cm 1) is no longer visible upon mixing with HAp.
This band has been suggested to originate from the C—H out-of-plane
deformation in aldehydes or N—H deformation vibrations in amines.
Since this band is absent in the Cur/WPI/HAp, a complete consumption
of these functional groups is suggested. At this stage, the particular re-
action is hard to identify, but based on the chemical composition of the
material used, a formation of hemiacetal seems plausible. Based on the
presented analysis, the Cur/WPI/HAp could be classified as a class I
hybrid, but it cannot be excluded that it is, in fact, a class II hybrid
[75,76]. Presence of chemical interactions between the compounds is
highly favorable when the material is intended for use as an osteo-
chondral implant, as hybrids should be characterized by improved
thermal and mechanical properties and improved stability.

3.3. Young's modulus of biomaterial

Mechanical tests revealed that the Cur/WPI biomaterial possessed
the lowest value (1.07 & 0.13 MPa, P > 0.05) of Young's modulus (E) as
compared to the other two samples (Fig. 7 A,B). The presence of HAp

Fig. 6. The FTIR-ATR spectra of the “subchondral bone layer” and its biopolymeric compound. The spectra are normalized in the 1715-1475 cm ™" region and are
presented in the two spectral regions: from 4000 to 2700 cm ! and from 1800 to 1120 cm™ L.



K. Klimek et al.

Fig. 7. Stress-strain curves (A) and Young's modulus values (B) for the inves-
tigated biomaterials: Cur/WPI, Cur/WPI/HAp and biphasic Cur/WPI-Cur/WPI/
HAp. The results were obtained using 5 separate biomaterials (n = 5). The
differences between samples were not statistically significant.

granules in Cur/WPI/HAp biomaterial resulted in an improvement of
the mechanical properties (E = 1.17 + 0.21 MPa), but surprisingly, the
difference was not statistically significant. Presumably, this phenome-
non is associated with the very small diameter of HAp granules
(0.05-0.2 mm). As a consequence, their addition did not significantly
influence the mechanical properties of Cur/WPI biomaterial. Thus, HAp
granules of varying sizes will be tested in future in order to find the right
size range for the improvement of mechanical properties — it is possible
that two or more fractions of different sizes would be more optimal than
just a single one. It is worth noting that addition of ceramic particles to
hydrogels is a common approach to mineralize hydrogels [77]. For
example, previous studies involving addition of aragonite particles to
WPI hydrogels revealed an increase in Young's modulus with increasing
aragonite particle concentration up to 30% (w/v) [30]. However,
addition of particles to WPI hydrogels does not automatically result in
mechanical reinforcements. Another previous study involving addition
of 10% and 20% (w/v) of bioactive glass particles to WPI hydrogels
revealed decreases in Young's modulus [31]. The highest mean E value
was determined for the biphasic scaffold (1.28 + 0.20 MPa), but it was
also similar (P > 0.05) to those of Cur/WPI and Cur/WPI/HAp bio-
materials. These results suggested that all the tested biomaterials
exhibited comparable mechanical properties.

Given the structure and composition of cartilage and subchondral
bone, it is known that these tissues possess different mechanical prop-
erties. According to the available data [9,15,78], mean values of Young's
modulus (E) are between 0.08 and 2.00 MPa for cartilage and between
11.12 and 15.33 GPa for the subchondral bone. Thus, the Young's
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modulus value determined for the top layer (Cur/WPI) of the curdlan-
based scaffold was close to that of native cartilage, while the E value
obtained for the bottom layer (Cur/WPI/HAp) of scaffold was signifi-
cantly lower when compared to that of natural subchondral bone.
Nevertheless, it is worth underlining that fabrication of biomaterials
which combine mechanical properties similar to those of cartilage and
subchondral bone simultaneously remains challenging. For instance,
Parisi et al. developed a biomimetic osteochondral scaffold composed of
collagen and hydroxyapatite, and they demonstrated that its E value
ranged for 0.006 to 0.02 MPa [18]. Xiao et al. fabricated osteochondral
silk fibroin-chitosan-nanohydroxyapatite scaffolds with E values in the
range of 0.095-0.347 MPa [79]. In turn, Liu et al. developed a bio-
mimetic bilayered collagen-hyaluronic acid-nanohydroxyapatite scaf-
fold for osteochondral tissue repair. They showed that the values of
Young's modulus for a single layer (collagen-hyaluronic acid) and a
bilayer composite (collagen-hyaluronic acid-nanohydroxyapatite) were
approx. 0.087 and 0.212 MPa, respectively [49]. Thus, taking into
consideration the results obtained by other authors, the fabricated
biphasic curdlan-based scaffold seems to be a promising biomaterial for
osteochondral tissue engineering. However, in future, we plan to modify
this biomaterial in order to improve its mechanical properties.

3.4. Swelling ability

The water uptake assay demonstrated that the biphasic Cur/WPI-
Cur/WPI/HAp biomaterial possessed a slight ability to swell (Fig. 8).
After 25 min. of soaking the percentage increase of its weight reached
approx. 3% and at this time sorption equilibrium was achieved. The
swelling ability is a very significant property of implantable bio-
materials. It allows determining the time needed during the pre-
operative procedure, as a surgeon usually wets biomaterials in 0.9%
NacCl solution or antibiotics before implantation. If a biomaterial swells
at the implantation site, it exerts pressure on the surrounding tissues and
as a consequence it leads to local inflammation. In many cases such
implants must be removed [25]. According to our knowledge obtained
during conversations with surgeons, the time needed for complete
saturation of the biomaterial should not be longer than 30 min. The Cur/
WPI-Cur/WPI/HAp biomaterial achieved complete saturation below
this time, thus it seems that its application as implantable biomaterial is
not limited.

3.5. Ion-release assay

In order to determine the influence of our curdlan-based scaffold on
the culture medium composition, a 15 day long experiment was per-
formed. This assay was carried out because some biomaterials possess an
ability to release/adsorb ions (e.g., calcium or phosphate ions) to/from a

Fig. 8. Swelling ability of the biphasic Cur/WPI-Cur/WPI/HAp biomaterial. It
was presented as an increase in its weight (Wi) after soaking in 0.9%
NacCl solution.
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culture medium, which in consequence can have either beneficial or
unfavorable effects on the cell viability, proliferation, and differentia-
tion in vitro [26,38,80,81]. The performed analysis demonstrated that
the Cur/WPI biomaterial did not possess the ability to change the con-
centration of Ca®" ions in the culture medium during the whole duration
of the experiment (Fig. 9A). In turn, the Cur/WPI/HAp biomaterial
released significant amounts (P < 0.05) of Ca2* ions until 12 days. On
the 15th day of incubation, a relatively high decrease in concentration of
Ca?t ions was observed, which suggests that the Cur/WPI/HAp
biomaterial adsorbed these ions from the culture medium. A similar
tendency was noted in the case of HPO%’ ions' concentration (Fig. 9B).
For 12 days of incubation, the Cur/WPI/HAp biomaterial released sig-
nificant amounts of these ions (apart from the third day), while the Cur/
WPI sample did not have an influence on HPOZ~ ion concentrations.
However, on the 15th day of incubation, both biomaterials exhibited
ability to absorb significant amounts (P < 0.05) of these ions from the
culture medium. The observed increase in Ca®>* and HPOZ~ ions con-
centrations in the culture medium up to 12 days of Cur/WPI/HAp
biomaterial incubation was most likely associated with the dissolution
of HAp granules. This phenomenon should have a beneficial effect on in
vitro cytocompatibility and bioactivity of this biomaterial. Calcium ions
play a crucial role in cell metabolism, thus scaffolds possessing the
ability to release these ions can (up to a certain concentration), support
stem cell viability, migration, proliferation, and chondrogenic as well as
osteogenic differentiation [82-84]. It was demonstrated that an extra-
cellular concentration of Ca 2t ions in vitro up to 1.8 mM (72 mg/1)
promotes both chondrogenic and osteogenic differentiation of stem
cells, while a higher concentration of Ca%" ions (approx. 8 mM, i.e., 320
mg/1) inhibits chondrogenic differentiation of stem cells without unfa-
vorable effects on osteogenic differentiation of these cells [85]. In our
study, the highest concentration of Ca" ions released by Cur/WPI/HAp
(on the third day) was approx. 12 mg/l (0.3 mM). Thus, this concen-
tration should enable both chondrogenic and osteogenic differentiation
of stem cells in vitro and should not be toxic in vivo. It was found that
during osteoclast-mediated bone resorption in vivo, the extracellular
concentration of Ca?* at damage zones of bone may range from 9 mM up
to 180 mM (360-7200 mg/1) [86]. Moreover, an increase in the con-
centration of Ca?* and HPO3 ™ ions in the surrounding environment of a
biomaterial promotes a successive in vitro apatite formation on its sur-
face [26,38,41]. It is likely that the apatite crystals started to be formed
from the 12th day of the experiment, which was manifested by the fact
that the Cur/WPI/HAp biomaterial began to absorb both Ca?" and
HPO3 ™ ions from the culture medium.
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3.6. In vitro biocompatibility with stem cells

3.6.1. Assessment of cell adhesion and spreading

After 48-h incubation of the biomaterials with cells, confocal mi-
croscope images (Fig. 10) demonstrated that surfaces of both Cur/WPI
and Cur/WPI/HAp biomaterials promoted the adhesion of both stem cell
types (ADSCs and BMDSCs). The ADSCs and BMDSCs grown on Cur/WPI
and Cur/WPI/HAp were flattened and possessed a well-developed sys-
tem of cytoskeletal filaments (Fig. 10).

In addition, quantitative measurements confirmed that both bio-
materials supported the stem cell adhesion and growth (Fig. 11). The
spreading area of both ADSCs and BMDSCs was greater when the cells
were grown on the Cur/WPI/HAp samples, as compared to the Cur/WPI
biomaterials. Nevertheless, statistically significant differences (P <
0.05) were noted only for BMDSCs, with mean values of spreading area
per cell equal to 16.93 + 3.96 um? on Cur/WPI, and 21.36 + 3.76 pm>
on Cur/WPI/HAp. Presumably, a better adhesion of both stem cell types
can be associated with some specific properties of the investigated
biomaterials. The Cur/WPI/HAp biomaterial exhibited a higher micro-
scale surface roughness (Fig. 3B), when compared to the Cur/WPI
biomaterial (Fig. 3B), which can increase the specific surface area on the
material and can provide a larger space for cell adhesion and spreading.
In addition, the Cur/WPI/HAp biomaterial possesses the ability to
release a significant amount of Ca>" and HPO3~ ions into the culture
medium (Fig. 9A, B), as compared to the Cur/WPI scaffold (9 A,B). It is
well known that Ca®" ions support the adsorption of cell adhesion-
mediating proteins to the biomaterials' surface and the cell adhesion
through integrin adhesion receptors [87,88].

Cur/WPI/HAp morphology was designed to mimic the native
morphology of subchondral bone, which possesses a hierarchically-
organized macroscale, microscale, and nanoscale structure. BMDSCs,
which are bone-derived cells prone to osteogenic differentiation
[89,90], can be therefore expected to prefer the Cur/WPI/HAp bioma-
terial with hierarchically-organized surface roughness over a smoother
biomaterial (Cur/WPI). Meanwhile, ADSCs, which are not primarily
designed to form bone or cartilage, but are derived from adipose tissue
in which extracellular matrix lacks morphological features and is not
mechanically stable, do not exhibit preferences towards the particular
morphology of the substrate. Moreover, these cells, even though derived
from the same donor, have a lower capacity for osteogenic differentia-
tion and they seem to be more suitable for soft tissue engineering, e.g.,
for adipose tissue engineering [89,90], neural tissue engineering [91],
for revascularization of various tissues [92,93], or for

Fig. 9. Ion-reactivity of Cur/WPI and Cur/WPI/HAp biomaterials. The changes in concentration of Ca®* (A) and HPOZ~ (B) ions in the culture medium were
evaluated during 15-day incubation. * Statistically significant differences between concentration of ions in the culture medium after incubation with Cur/WPI and
concentration of ions in the culture medium after incubation with Cur/WPI/HAp; $ Statistically significant differences between concentration of ions in the culture
medium after incubation with Cur/WPI and concentration of ions in the culture medium before incubation (day 0); # Statistically significant differences between
concentration of ions in the culture medium after incubation with Cur/WPI/HAp and concentration of ions in the culture medium before incubation (day 0), ac-
cording to a One-Way ANOVA test followed by Tukey's multiple comparison, P < 0.05.
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Fig. 10. Confocal microscope images demonstrating adhesion of human adipose tissue-derived mesenchymal stem cells (ADSCs) and human bone marrow-derived
mesenchymal stem cells (BMDSCs) to the surface of Cur/WPI and Cur/WPI/HAp biomaterials. Nuclei — blue fluorescence, F-actin — red fluorescence. Visible blue
fluorescence in the structure of biomaterials was emitted by WPI; objective magnification 10x, scale bar = 150 pm.

Fig. 11. Quantification of the spreading area of human adipose tissue-derived
mesenchymal stem cells (ADSCs) and human bone marrow-derived mesen-
chymal stem cells (BMDSCs) after 48-hour culture on the surface of Cur/WPI
and Cur/WPI/HAp biomaterials. The results were expressed as average value of
spreading area [um?] per one cell. * Statistically significant differences
compared to the Cur/WPI biomaterial, according to One-way ANOVA test fol-
lowed by Tukey's multiple comparison, P < 0.05.
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immunomodulatory therapies [94]. Thus, the lower ability of ADSCs to
adhere to Cur/WPI and Cur/WPI/HAp biomaterials, when compared to
BDMSCs, is probably because neither of the materials is able to mimic
the natural environment of ADSCs, and the cells are generally reported
to grow better on scaffolds that share similar characteristics to those of
their natural environment [95,96].

3.6.2. Assessment of cell proliferation

The resazurin test revealed that all the tested biomaterials (poly-
styrene — PS, Cur/WPI, and Cur/WPI/HAp) promoted stem cell prolif-
eration during the experiment (Fig. 12). The metabolic activity of stem
cells grown on PS (control) was higher compared to the metabolic ac-
tivity of stem cells cultured on Cur/WPI and Cur/WPI/HAp samples, but
it was an expected result, as the cells grown in 3D conditions (on bio-
materials) require more time for adjustment and to commence division
compared to cells cultured in 2D conditions (on PS) [43]. Nevertheless,
the metabolic activity of stem cells cultured on the tested biomaterials
increased with the time (apart from cells cultured on Cur/WPI for 2- and
5 days). Thus, after 8-day culture, it was observed that the Cur/WPI and
Cur/WPI/HAp scaffolds supported stem cell proliferation. In the case of
ADSCs, it was observed that the Cur/WPI/HAp scaffold more potently
supported the cell division (except on the 2nd day of incubation), as
compared to the Cur/WPI biomaterial. Nevertheless, statistically sig-
nificant results (P < 0.05) between these two biomaterials were noted
only on the 8th day of the experiment. In turn, BMDSCs proliferated in a
similar manner on both investigated biomaterials on the 2nd and the 8th
day of incubation, while on the 5th day of culture, significant differences
(P < 0.05) between scaffolds were observed, with more cells observed on
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Fig. 12. Proliferation of human adipose tissue-derived mesenchymal stem cells (ADSCs) (A) and human bone marrow-derived mesenchymal stem cells (BMDSCs) (B)
after 2-, 5-, and 8-day culture on the polystyrene (PS, control) and surface of Cur/WPI and Cur/WPI/HAp biomaterials. The results were obtained using the resazurin
assay.* Statistically significant differences compared to control (PS); $Statistically significant differences between Cur/WPI and Cur/WPI/HAp at specified time of

incubation; # Statistically significant differences compared to results obtained on day 2; % Statistically significant differences compared to results obtained on day 5;
according to One-way ANOVA test followed by Tukey's multiple comparison, P < 0.05.

Fig. 13. Confocal microscope images demonstrating chondrogenic differentiation of human adipose tissue-derived mesenchymal stem cells (ADSCs) after 15-day
culture on the surface of the Cur/WPI and Cur/WPI/HAp biomaterials. The cells were cultured in the chondrogenic medium (+ supplements) or in the growth

culture medium (— supplements). Nuclei — blue fluorescence, collagen II; aggrecan; SOX-9 — green fluorescence. Visible blue fluorescence in the structure of bio-
materials was emitted by WPI; objective magnification 10x, scale bar = 150 pm.
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Cur/WPI/HAp. Thus, this experiment confirmed the results obtained
previously (Section 3.6.1) and proved that both Cur/WPI and Cur/WPI/
HAp supported adhesion, spreading, and proliferation of stem cells. Both
cell types were found to exhibit a slight preference towards the Cur/
WPI/HAp, possibly due to higher roughness found on this material
(Fig. 3B,C), which may have positively affected the cellular viability.

3.6.3. Assessment of cell differentiation

This experiment was performed in order to evaluate the ability of
Cur/WPI and Cur/WPI/HAp biomaterials to support chondrogenic or
osteogenic differentiation of stem cells, respectively. During the exper-
iment, two different conditions were applied; either the ADSCs and
BMDSCs were seeded directly on the investigated biomaterials and then
incubated in the chondrogenic/osteogenic medium (marked as + sup-
plements) or in the growth culture medium without the differentiation
supplements (marked as — supplements). Such an approach allowed
determination whether the biomaterials supported chondrogenic/oste-
ogenic differentiation of stem cells under standard conditions (i.e., when
the cells were cultured in supplemented media) as well as whether the
scaffolds possessed chondroinductive/osteoinductive properties (ie.,
when the cells were cultured in growth culture media without any
supplements) [52,97-99]. Then, the cartilage-related markers (collagen
11, aggrecan, and SOX-9) as well as the bone-related markers (collagen I,
ALP, and osteocalcin) were visualized by immunofluorescence staining

Biomaterials Advances 135 (2022) 212724

(Figs. 13, 14, 15, 16).

In the case of the Cur/WPI biomaterial, it was observed that it
enabled chondrogenic differentiation of ADSCs (Fig. 13) and BMDSCs
(Fig. 14) under standard conditions, i.e., when the cells were cultured in
chondrogenic medium. Immunofluorescence of collagen II and SOX-9
was observed in both cell types, the latter being more intensive in the
BMDSCs culture. Immunofluorescence of aggrecan was detected only for
ADSCs. In the growth culture medium without supplements, the ADSCs
(Fig. 13) cultured on the Cur/WPI scaffold did not possess the ability to
synthesize characteristic chondrogenic markers, while the BMDSCs
(Fig. 14) synthesized collagen II and SOX-9. Thus, these results may
indicate that the Cur/WPI biomaterial enabled chondrogenic differen-
tiation under standard conditions and also may have chondroinductive
properties (based on the data obtained for BMDSCs, which are bone-
derived stromal cells with intrinsically higher osteogenic capacity).
Moreover, it was observed that Cur/WPI supported osteogenic differ-
entiation of ADSCs (Fig. 15) and BMDSCs (Fig. 16) under standard
conditions, i.e., when the cells were cultured in osteogenic medium. The
immunofluorescence of ALP and osteocalcin was detected in ADSCs,
while strong immunofluorescence of all osteogenic markers (collagen I,
ALP, osteocalcin) was observed in BMDSCs. In turn, ADSCs cultured in
the growth culture medium without supplements (Fig. 15) almost did
not synthesize osteogenic markers (only slight immunofluorescence of
ALP was visible), while BMDSCs (Fig. 16) synthesized considerable

Fig. 14. Confocal microscope images demonstrating chondrogenic differentiation of human bone marrow-derived mesenchymal stem cells (BMDSCs) after 15-day
culture on the surface of the Cur/WPI and Cur/WPI/HAp biomaterials. The cells were cultured in the chondrogenic medium (+ supplements) or in the growth culture
medium (— supplements). Nuclei — blue fluorescence, collagen II; aggrecan; SOX-9 — green fluorescence. Visible blue fluorescence in the structure of biomaterials was

emitted by WPI; objective magnification 10x, scale bar = 150 pm.
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Fig. 15. Confocal microscope images demonstrating osteogenic differentiation of human adipose tissue-derived mesenchymal stem cells (ADSCs) after 15-day
culture on the surface of the Cur/WPI and Cur/WPI/HAp biomaterials. The cells were cultured in the osteogenic medium (+ supplements) or in the growth cul-
ture medium (— supplements). Nuclei — blue fluorescence, collagen I; alkaline phosphatase (ALP); osteocalcin — green fluorescence. Visible blue fluorescence in the
structure of biomaterials was emitted by WPI; objective magnification 10x, scale bar = 150 pm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

amounts of collagen I, ALP, and osteocalcin. Thus, these results may
indicate that the Cur/WPI biomaterial supported osteogenic differenti-
ation under standard conditions and also may possess osteoinductive
properties (based on the data obtained for BMDSCs, which are bone-
derived stromal cells with intrinsically higher osteogenic capacity).

In turn, cell culture on the Cur/WPI/HAp biomaterial revealed that
this scaffold promoted chondrogenic differentiation of ADSCs (Fig. 13)
and BMDSCs (Fig. 14) not only under standard conditions (in medium
with supplements), but also when the cells were cultured in growth
medium without osteogenic supplements. Hence, immunofluorescence
of collagen II, aggrecan, and SOX-9 was observed in all tested variants of
cell culture on Cur/WPI/HAp (Figs. 13, 14). These results clearly indi-
cated that the Cur/WPI/HAp biomaterial supported chondrogenic dif-
ferentiation of ADSCs and BMDSCs as well as possessing
chondroinductive properties. Additionally, this scaffold allowed osteo-
genic differentiation of stem cells both in the supplemented medium as
well as when the cells were incubated in the growth medium without
supplements (i.e., possessed osteoinductive properties). Both ADSCs
(Fig. 15) and BMDSCs (Fig. 16) exhibited ability to synthesize all the
investigated markers — collagen I, ALP, and osteocalcin, with higher
amounts observed in the BMDCs culture. This phenomenon seems to be
associated with structural and physicochemical features of this bioma-
terial. As mentioned above, the Cur/WPI/HAp biomaterial possessed a
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rougher structure and had the ability to release significant amounts of
Ca%* and HPOZ™ ions to the culture medium, as compared to the Cur/
WPI scaffold. This biomaterial can also be regarded as highly biomimetic
(morphologically and chemically) to the bone tissue, thus potentially
affecting the cellular behavior. It is worth noting that our observations
are in good agreement with the results demonstrated by other re-
searchers. It was shown that BMIDSCs possessed increased chondrogenic
and osteogenic  capacity, when compared to ADSCSs
[39,89,90,100,101]. For instance, Xie et al. [101] fabricated a scaffold
composed of platelet-rich plasma (PRP) and then compared chondro-
genic differentiation of ADSCs and BMDSCs in direct contact with this
biomaterial. The authors indicated that such a scaffold enabled chon-
drogenic differentiation of both types of cells, while BMDSCs exhibited
higher expression of cartilage-specific genes, when compared to ADSCs.
In turn, Przekora et al. [39] compared osteogenic differentiation of
ADSCSs and BDMSCs cultured on a chitosan/p-1,3-glucan/HAp bioma-
terial. The authors demonstrated that both type of cells possessed the
ability to undergo osteogenic differentiation, but the osteogenic capacity
of BMDSCs was greater than those of ADSCs. Similarly, Mohamed-
Ahmed et al. [90] cultured stem cells on poly(i-lactide-co-e-capro-
lactone) scaffolds and demonstrated higher osteogenic differentiation of
BDMSCs, when compared to ADSCs.

In summary, according to the confocal microscope observations, the
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Fig. 16. Confocal microscope images demonstrating osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (BMDSCs) after 15-day
culture on the surface of the Cur/WPI and Cur/WPI/HAp biomaterials. The cells were cultured in the osteogenic medium (+ supplements) or in the growth cul-
ture medium (— supplements). Nuclei — blue fluorescence, collagen I; alkaline phosphatase (ALP); osteocalcin — green fluorescence. Visible blue fluorescence in the
structure of biomaterials was emitted by WPI; objective magnification 10x, scale bar = 150 pm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Cur/WPI and Cur/WPI/HAp scaffolds revealed an ability to support the
chondrogenic and osteogenic differentiation of stem cells. In both cases,
differentiation without supplementing the media was observed in the
bone-derived cell type, BMDSCs, indicating higher potential of these
cells to be applied in tissue engineering of the osteochondral defects. It is
worth noting that differentiation of cells may be evaluated using various
methods, i.e., immunofluorescence staining [39], histochemical staining
[102], ELISA tests [25], RT-qPCR analysis [103], Western blotting [104]
etc. Thus, based on our preliminary results using the immunofluores-
cence staining, it seems that the Cur/WPI and Cur/WPI/HAp may be
considered as promising biomaterials for osteochondral defect regen-
eration. In future, we plan to perform additional analyses, enabling
quantification of the studied differentiation markers, in order to confirm
the chondroinductive and osteoinductive properties of Cur/WPI and
Cur/WPI/HAp biomaterials.

4. Conclusions

In this study, a novel curdlan-based scaffold for osteochondral tissue
engineering was fabricated and characterized in vitro. The performed
analyses showed that the individual phases of the biomaterial possessed
different structural and biological properties. The top layer — Cur/WPI
(mimicking the “cartilage layer”) exhibited a lower roughness as
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compared to the bottom layer — Cur/WPI/HAp (mimicking the “sub-
chondral bone layer”). Cur/WPI was found to exhibit mechanical
properties comparable with those of the natural cartilage. While the
Young's modulus of the Cur/WPI/HAp was lower than that of a sub-
chondral bone (and similar to that of Cur/WPI), it was still higher than
that of many analogous systems. Cell culture experiments indicated that
both biomaterials supported adhesion, spreading, proliferation, and
differentiation of ADSCs and BMDSCs in vitro, which confirms the very
promising biological potential of the fabricated scaffold. The as-
observed potential to induce the differentiation of cells without sup-
plementing the media with specific growth factors is most likely con-
nected to high biomimetism (morphological and chemical) of the
fabricated scaffolds with the native tissues. Taking into consideration all
obtained data, it seems that the novel curdlan-based scaffold is a
promising candidate for the osteochondral tissue engineering applica-
tions. Nevertheless, for precise determination of the biomedical poten-
tial of novel curdlan-based scaffold, the additional in vitro experiments
(e.g., focused on better quantification of differentiation markers), and
also a preclinical in vivo study will be performed in future.
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