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ARTICLE INFO ABSTRACT

Keywords: According to the biomimetic bone scaffold design paradigm, a scaffold resembling natural bone tissue with
Bone molecular, structural and biological compatibility is needed to allow effective regeneration of bone tissue.

Chitosan Continuing our previous studies regarding scaffolds with chitosan matrix containing Mg, Se, Sr, Zn-substituted
Ii)(;ligsirll)stitution calcium phosphates (CaPs), the focus of this work was to further improve the properties of these growth
Lysozyme factor-free scaffolds. By addition of collagen into the chitosan matrix at weight ratios of 100:0, 75:25, 50:50,
Osteogenic differentiation 25:75 and 0:100, we aimed to better resemble natural bone tissue. Highly porous composite scaffolds based on
Scaffold chitosan and collagen, with 30 wt% of Mg, Se, Sr, Zn-substituted CaPs, were prepared by the freeze-gelation
Regeneration method. The scaffolds show a highly porous structure, with interconnected pores in the range of 20-350 pm

and homogeneously dispersed CaPs. The added collagen further enhanced the stability measured during 28 days
in simulated biological conditions. Live/dead and CyQUANT assays confirmed good viability and proliferation of
human bone marrow-derived mesenchymal stem/stromal cells, while successful osteogenic differentiation was
confirmed by alkaline phosphatase quantification and type I collagen immunocytochemical staining. Results
indicated that the addition of collagen into the chitosan matrix containing Mg, Se, Sr, Zn-substituted CaPs
improved the physicochemical and biological properties of the scaffolds.

1. Introduction

Incidence of bone fractures increases worldwide, leading to a sig-
nificant economic burden [1-3]. Growth factors, especially bone
morphogenetic proteins 2 and 7 approved by the U.S. Food and Drug
Administration (FDA), are commonly used as bioactive molecules in
bone grafts to increase the osteogenic response. However, the use of
growth factors can result in ectopic bone formation and if not designed
appropriately burst release can have negative side effects [4]. Com-
mercial collagen-based grafts combined with growth factors have been
withdrawn from clinical use due to reported complications [4,5]. The
use of growth factors can be avoided by ion doping of materials that

mimic both the organic and inorganic phases of native bone tissue [6].

Type I collagen is the main organic component of bone extracellular
matrix (ECM), playing essential roles in bone metabolism and ensuring
sufficient elasticity, strength and toughness [7,8]. Type I collagen and
non-collagenous insoluble proteins, mainly produced by osteoblasts, are
the building components of native bone tissue [9]. Five triple-helical
collagen molecules are arranged to form the collagen microsized fi-
brils between which apatite nanocrystals can be found [8,10]. Type I
collagen contains multiple biological cues that can directly interact with
cells to regulate cell adhesion, proliferation and/or differentiation.
Various types of naturally derived polymers (e.g. alginate, chitin, chi-
tosan, cellulose, gelatin, silk, starch) have been used in scaffolds
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designed for bone tissue engineering applications to mimic type I
collagen [11]. One of the most widely studied biopolymers is chitosan.
Chitosan, a carbohydrate biopolymer, consists of randomly distributed
D-glucosamine and N-acetyl-D-glucosamine structure units linked by
p-(1-4) glycoside bonds. Due to high nitrogen concentrations, chitin and
chitosan are differentiated by having a basic nature, in contrast to the
majority of naturally occurring polysaccharides, which have a neutral or
acidic nature. Chitosan is structurally similar to glycosaminoglycans,
which are key components of bone ECM and cell surface that modulate
the bioavailability and activity of various osteoblastic and osteoclastic
factors [12-17]. Fasolino et al. [18] prepared chitosan-based scaffolds to
examine anti-inflammatory and osteoinductive properties for bone
regeneration applications. The designed scaffolds, bioactivated with
osteoinductive signals, were able to inhibit an inflammatory response in
vitro by preventing the inflammation trigger in cells and reducing
oxidative stress metabolites. Further, Erickson et al. [19] demonstrated
different possibilities of chitosan based-scaffolds by designing a com-
posite bilayer scaffold where each layer was optimized with biome-
chanical and bioactive cues to enhance the proliferation of intended cell
types, chondrogenic or osteogenic cells.

Chitosan or type I collagen alone are not osteoinductive and require
combination with a bioactive inorganic phase (e.g. CaPs, bioactive glass,
calcium silicates) to modulate stem cell differentiation towards an
osteoblast phenotype [20,21]. In our previous work [22], chitosan-
based scaffolds with Mg, Se, Sr, Zn-substituted calcium phosphates
(CaP) were prepared by the freeze gelation method. Osteoinductive
properties were significantly enhanced by the introduction of trace el-
ements as indicated by the increased formation of bone tissue and
expression of osteogenic marker genes in cultures with bone marrow-
derived mesenchymal stem/stromal cells (hBMSCs) [22]. The trace el-
ements play an important role in bone formation. Magnesium is a key
element in the early stage of bone formation, and it can positively affect
bone metabolism, osteoblast/osteoclast activity, cell adhesion, prolif-
eration and differentiation of stem cells towards an osteoblast pheno-
type [23-25], while selenium is known for its strong antioxidant
properties and its deficiency can delay bone growth and affect bone
metabolism [26]. In our previous studies, the CaP system substituted
with 1 mol% of SeO%~ ions showed selective anticancer properties with a
toxic effect towards human osteosarcoma cells, and a non-toxic effect
towards healthy human embryonic kidney 293 cells [27]. Further,
strontium is known to increase the expression of bone-related genes such
as type I collagen, runt-related transcription factor 2 and osteocalcin
[28], while zinc is crucial for the function of alkaline phosphatase (ALP)
[6]. ALPs are glycosyl-phosphatidylinositol-anchored Zn?*-metallated
glycoproteins that are released during the maturation process of osteo-
blasts and are essential in the mineralization of the ECM that the oste-
oblasts produce [6].

In addition to inorganic trace elements, it is important to mimic the
organic phase of native bone tissue for the best regenerative response.
The biomimicry of microstructure, phase and chemical composition of
natural bone tissue has a key role in developing scaffolds with a desired
regenerative response. The aim of this work was to further improve the
biomimicry and osteoinductivity of bone scaffolds composed of chitosan
and Mg, Se, Sr, Zn-substituted CaP developed in our previous study [22],
by combining chitosan and collagen as composite matrix at different
weight ratios: 0:100, 25:75, 50:50, 75:25 and 100:0. Highly porous
chitosan-collagen composite scaffolds were prepared by the freeze-
gelation method with addition of 30 wt% of substituted CaP particles
and characterized. An extensive analysis of scaffold’s degradation
behavior during 28 days and a biological characterization were per-
formed. Hypothesis was that the addition of collagen can have a positive
effect on scaffolds’ osteogenic properties. However, an appropriate ratio
of chitosan to collagen within scaffolds for the best osteogenic response
needs to be determined for the scaffolds containing multi-substituted
CaP. To the best of our knowledge, there are no prior data in the liter-
ature regarding the osteogenic properties of composite scaffolds based
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Table 1
Labels and composition of prepared composite chitosan (CHT)/collagen
(COLL)/substituted calcium phosphate (CaP) scaffolds.

Polymer phase content
in composite scaffolds

CaP phase content (wt%)

CHT (wt COLL (wt
%) %)
CHT/ 70.0 0.0 30 wt% of CaP substituted with
COLL_100/0 5 mol% of Sr**, Zn**, Mg** and
CHT/COLL 75/ 525 17.5 Se03~ ions
25
CHT/COLL 50/  35.0 35.0
50
CHT/COLL 25/ 17.5 52.5
75
CHT/COLL 0/ 0.0 70.0
100

on the combination of collagen, chitosan and multi-substituted CaP.
2. Materials and methods
2.1. Preparation of composite scaffolds

The mono-substituted CaPs with 5 mol% of Sr?*, Mg?*, Zn?" and
Se0%~ ions were prepared as previously reported in our studies
[22,27,29,30], using cuttlefish bones (calcium oxide, CaO) as a pre-
cursor of Ca®" ions. In brief, the CaPs were prepared by dissolving the
CaO and strontium nitrate (Sr(NO3)s, Sigma-Aldrich, St. Louis, Missouri,
USA), sodium selenite pentahydrate (NapSeO3-5H20, Sigma Aldrich, St.
Louis, Missouri, USA), zinc nitrate hexahydrate (Zn(NO3),-6H20, Hon-
eywell, New Jersey, USA) or magnesium chloride hexahydrate
(MgCl,-6H20, KEMIG, Croatia) in demineralized water. Urea phosphate
(UPH, CO(NH3)2-H3POy, Sigma-Aldrich, St. Louis, Missouri, USA) was
added into the solution to gain (Ca + Sr)/P and Ca/(P + Se) molar ratio
1.67, required for stoichiometric hydroxyapatite (HAp). Stirring was
continued for 5 days at 50 °C followed by overnight aging at room
temperature (T = 23.5 °C £+ 0.5). Ammonium dihydrogen phosphate
(NH4H2PO4, Lachner, Czech Republic) was added into the solution to
gain (Ca + Zn)/P and (Ca + Zn)/P molar ratio 1.67. Stirring was
continued for 3 days at 60 °C followed by overnight aging at room
temperature. After synthesis, powders were filtered and dried at 90 °C
for 12 h.

The appropriate amount of chitosan (M, = 310-375 kg/mol,
deacetylation degree > 0.75, source: crab shells, Sigma-Aldrich, St.
Louis, Missouri, USA) was dissolved in 0.60 wt% acetic acid solution
(99.8 %, Sigma-Aldrich, St. Louis, Missouri, USA) to obtain 1.2 wt%
chitosan solution at ambient temperature. Further, the appropriate
amount of collagen (M, ~ 300 kg/mol, source: bovine achilles tendon,
Sigma-Aldrich, St. Louis, Missouri, USA) was left in 1.00 wt% of acetic
acid solution (99.8 %, Sigma-Aldrich, St. Louis, Missouri, USA) to swell
overnight at ambient temperature to obtain 1.2 wt% collagen suspen-
sion after mixing in the blender for 10 min. Then, chitosan and collagen
solutions/suspensions were mixed to obtain a weight ratio of 100:0,
75:25, 50:50, 25:75 and 0:100. After the homogenization of polymers
solutions/suspensions for 24 h by stirring at 1000 rpm, the homogenized
mixure of four mono-substituted CaPs (the mass fraction of each was
25%) was added to each chitosan/collagen mixture to obtain 30 wt% of
CaPs in the matrix, based on the previous study [31]. After the ho-
mogenization for 10 min by stirring at 1700 rpm, 10 min in the ultra-
sonic bath and 5 min by Sonoplus ultrasonic homogeniser (Sonoplus HD
4200, Bandelin, Berlin, Germany), composite suspensions were cooled
to 4 °C. 18 mL of cooled composite suspensions were set in an aluminium
foil covered Petri dish (diameter = 7 mm) molds and frozen at —-30 °C.
Aluminium foil cover on the Petri dish was used to enable frozen sus-
pension detachment from mold after freezing. After 8 h at -30 °C,
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Fig. 1. Schematic illustration of preparation of composite chitosan/collagen/CaP scaffolds. Created with Biorender.com.

samples were immersed into the neutralisation medium of 1 M NaOH/
ethanol at -30 °C for 24 h to induce the gelation of polymers. The
samples were rinsed three times in 400 mL of ethanol 96 wt% (KEFO,
Sisak, Croatia), three times in ethanol 70 wt%, washed five times with
distilled water at ambient temperature, frozen (-30 °C), and lyophilized.
The organic/inorganic content and labels of prepared composite scaf-
folds are shown in Table 1. The preparation of composite scaffolds is
illustrated in Fig. 1.

2.2. Scaffold characterization

The Fourier transform infrared (FTIR) analysis of composite scaffolds
was done using Bruker Vertex 70 spectrometer with attenuated total
reflectance (ATR) unit. Scaffolds were pressed on a diamond and the
absorbance data was collected at 20 °C in the range of 4000 — 400 cm ™,
with 32 scans and 4 cm ™! of spectral resolution.

Mineralogical phase analysis of composite scaffolds was performed
via X-ray diffraction analysis (XRD) on a Shimadzu XRD-600 diffrac-
tometer with CuK, (1.5406 A) radiation. The diffractometer was oper-
ating at 40 kV and 30 mA and diffractograms were recorded in the 20
range from 20° to 60° with a step size of 0.2° and exposure of 2 s. Ob-
tained diffractograms were analyzed using the International Centre for
Diffraction Data (ICDD) card catalogue for crystal phase
characterization.

Scanning electron microscope (SEM) TESCAN Vega3 Easyprobe was
used to investigate the morphology of composite scaffolds. The analysis
was done at the electron beam energy of 10 keV and accelerating voltage
of 10 kV. Before analysis, composite scaffolds were cut using a punch,
fixed to a carbon stub and sputter—coated with gold and palladium for
120 s. Obtained SEM images were analyzed by ImageJ software
(ImageJ2, Madison, Wis-consin, USA) to determine the diameter of 150
pores of obtained composite scaffolds. The pore size distribution results
are shown as pore density (%) of each pore range (fpore range) related to
the total number of measured pores (na)) according to Eq. (1).

pore desity(%) = Bpore_range 100 D

Miotal

2.3. Invitro enzymatic degradation

The degradation of prepared composite scaffolds was studied using
two different lysozyme (Sigma-Aldrich, St. Louis, Missouri, USA) con-
centrations of 1.5 pg/mL and 150 pg/mL, corresponding to the activity

of 164 U/mL and 16 400 U/mL, respectively. The analysis was con-
ducted under static physiological conditions in phosphate buffer saline
solution (PBS, Sigma-Aldrich, St. Louis, Missouri, USA). As the control
sample, the composite scaffolds in the PBS solution without lysozyme
were used. Composite scaffolds of 6 mm diameter and 2 mm thickness
were incubated in 25 mL of PBS containing lysozyme at 37 °C for 28
days. To mimic physiological conditions in vivo and to maintain the
activity of lysozyme, a freshly prepared degradation medium (lysozyme
concentrations 0, 1.5 and 150 pg/mL) was changed every third day [32].
To determine the mass of swollen samples (my), the degradation medium
was removed at defined time points (0, 14 and 28 days). After measuring
ms, scaffolds were immersed three times for 15 min in demineralized
water at room temperature (T = 23.5 °C + 0.5) in order to wash the
degradation medium from the scaffolds. The scaffolds were then
lyophilised (mg) and Eg. (2) was used to determine the swelling ratio
[22]:

my — hy

Swelling ratio(%) = x 100 (2)

my
The scaffolds degradation was determined by dividing the remaining
scaffold weight (mq4) and initial weight of the sample (mqo) determined
prior to enzymatic degradation as shown in Eq. (3) [22]:

Dry weight remaining ratio(%) = M s 100 3)
Mqo

To determine the influence of the degradation medium to the scaffolds,
SEM and FTIR analyses of the scaffolds were conducted after the
degradation, as well. SEM and FTIR analysis were performed as descried
in 2.2. Scaffold characterization. Furthermore, scaffolds’ degradation
was monitored by differential scanning calorimetry (DSC). DSC was
done using Netzsch thermoanalyzer 3500 Sirius in a temperature range
from 20 °C to 350 °C. Measurements were done after 28 days of incu-
bation at different lysozyme concentrations. Before analysis, scaffolds
were uniformly cut to achieve a mass of ~ 1.5 mg and to fit in alumi-
nium crucibles of 6 mm in diameter. The crucibles with samples were
covered with aluminium lids and firmly sealed using the sealing press.
All lids were pierced to prevent crucible deformation during the heating
and sample decomposition. Prepared crucibles with samples were put
into the instrument furnace next to the empty referent aluminium cru-
cible and analyses were conducted in an N, atmosphere at a flow rate of
50 mL/min and a heating rate of 10 °C/min.
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2.4. Biological characterization

2.4.1. Isolation and characterization of hBMSCs

The hBMSCs were isolated from a bone marrow aspirate sample
obtained during a surgical procedure at the Department of Orthopedics
and Traumatology, Tampere University Hospital. The bone marrow
aspirate was obtained from a male donor (age 90) with written consent
and under the approval of the Ethics Committee of the Pirkanmaa
Hospital District, Tampere, Finland (R15174). Isolation of hBMSCs was
done as previously described [33]. The isolated hBMSCs were preserved
in vapor-phase nitrogen and thawed for characterization and experi-
ments. The mesenchymal origin of the hBMSCs was verified by flow
cytometric characterization of cell surface markers (Table S1 of Sup-
plementary Data) and analyses of osteogenic and adipogenic differen-
tiation potential (Figure S1 of Supplementary data). Both pre-analyses
confirmed that the isolated hBMSCs are appropriate for determining
the biological properties of the prepared scaffolds.

2.4.2. 3D culture of hBMSCs

Prior to cell seeding, scaffolds were sterilized in 70% ethanol for 24
h. After the sterilization, the scaffolds were washed three times with
Dulbecco’s phosphate-buffered saline (DPBS, Lonza, Basel, Switzerland)
and left in osteogenic medium consisting of a-minimum essential me-
dium («MEM Gibco, Thermo Fisher Scientific, Waltham, Massachusetts,
USA), 5% human serum (Serana, Brandenburg, Germany), 100 U/mL
penicillin and 100 pg/mL streptomycin (Lonza, Basel, Switzerland), 200
uM ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, Missouri, USA),
10 mM-glycerophosphate (Sigma-Aldrich, St. Louis, Missouri, USA) and
5 nM dexamethasone (Sigma Aldrich, St. Louis, Missouri, USA) for 24 h
at 4 C. The following day, the scaffolds were warmed in the incubator
(37 C) and moved to 96-well plates with a hydrophobic surface (Nunc,
Thermo Fisher Scientific, Waltham, Massachusetts, USA). The scaffolds
were seeded with 2.5 x 10° hBMSCs/scaffold at passage 4. Cells were
added onto each scaffold in 10 pl of osteogenic medium and incubated
(37°C, 5% CO») for 2 h to allow cell attachment and migration inside the
scaffold. After the incubation, the osteogenic medium was added to a
final volume of 200 pl per well and cell-seeded scaffolds were cultured
for up to 21 days in standard cell culture conditions (37 C, 5% CO3). The
medium was changed every 3-4 days.

2.4.3. Qualitative analysis of cell viability

Qualitative analysis of cell viability (n = 2) was performed after 1
and 7 days of culture, by fluorescence detection using a Live/dead cell
imaging kit (Invitrogen, Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). The medium was removed from the wells, after which
the scaffolds were washed with DPBS and incubated for 45 min at room
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temperature (RT) in a solution containing 0.5 uM Calcein-acetoxymethyl
(CaAM) and 4 x 107° uM ethidium homodimer-1 (EthD-1). After the
incubation, the scaffolds were imaged with Leica DMi8 fluorescent mi-
croscope equipped with a K5 sCmOS camera and LED5 light source
(Leica, Wetzlar, Germany) using 480 nm and 555 nm excitation light for
live cells stained with CaAM and dead cells stained with EthD-1,
respectively.

Scaffolds without hBMSCs were used as negative controls (Figure S2
of Supplementary data). Live/dead analysis was similarly performed on
the cell free scaffolds. In the negative controls, the signal of cell free
scaffolds is shown to demonstrate the distinction between the fluores-
cence exhibited by scaffold structures and stained cells. Image process-
ing was done with Fiji ImageJ software (version 2.3.0).

2.4.4. Proliferation assay

Quantitative analysis of cell number was performed on days 1 and 7
by analyzing the total amount of DNA in the samples using the
CyQUANT Cell Proliferation Assay kit (Molecular Probes, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) as previously described
[34,35]. Briefly, hBMSCs were lysed with Triton-X 100 (Sigma-Aldrich,
St. Louis, Missouri, USA) and frozen (-70 ‘C). After two freeze-thaw cy-
cles, 20 pl of cell lysate was mixed with CyQUANT working solution in
triplicates in a 96-well plate (Nunc, Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The resulting fluorescence was measured with
Victor Nivo Multimode Microplate Reader (PerkinElmer, Waltham,
Massachusetts, USA) at 480/520 nm.

2.4.5. Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was quantitatively determined
on days 1 and 7, as previously described [34]. ALP activity was deter-
mined from the same Triton-X 100 cell lysates as the DNA amount.
Briefly, 20 ul of cell lysate was mixed with a working solution in trip-
licates in a 96-well plate. The working solution comprised 1:1 stock
substrate solution (p-nitrophenol phosphate, Sigma Aldrich, St. Louis,
Missouri, USA) and 1.5 M alkaline buffer solution (2-amino-2-methyl
propanol, Sigma Aldrich, St. Louis, Missouri, USA). ALP and p-nitro-
phenol phosphate produce a colorimetric reaction in the alkaline envi-
ronment provided by the buffer solution [34]. The resulting absorbance
was measured with Victor Nivo Multimode Microplate Reader at 405 nm
to determine the amount of active ALP in the samples. Finally, ALP ac-
tivity for each sample was normalized by the relative cell numbers
measured earlier.

2.4.6. Immunocytochemical staining and confocal microscopy
Immunostaining was performed to evaluate type I collagen expres-
sion of the hBMSCs. Also, phalloidin staining of the actin cytoskeleton
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Fig. 3. Structure of chitosan/collagen scaffolds with addition of multisubstituted CaP particles. (a) Scanning electron microscope cross-sectional imaging of prepared
composite scaffolds with a varying ratio between chitosan and collagen and (b) corresponding pore size distribution with pore density (%) as a function of pore

diameter range (um). Scale bars in (a): 500, 100 and 20 pm.

was performed to assess hBMSC morphology. The stainings were per-
formed as previously described, with slight modifications [36]. First, the
samples were fixed with 4% paraformaldehyde at RT for 20 min, after
which the cells were permeabilized with 0.1 % Triton-X 100 at RT for 15
min. Samples were blocked with 2% bovine serum albumin (BSA) at RT
for 1 h, after which the samples were incubated overnight in a rabbit
monoclonal anti-collagen I antibody solution (1:250 in 1% BSA; Abcam,
Cambridge, UK) at 4 C. The next day, the samples were incubated in a
mixture of secondary antibody (donkey anti-rabbit Alexa Fluor 488 IgG;
Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, USA)
and ATTO 643 phalloidin (ATTO-TEC GmbH, Siegen, Germany, 1:400
dilution of both in 1% BSA) at RT for 1 h. Finally, the cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI, 1:1500 in DPBS;
Sigma-Aldrich, St. Louis, Missouri, USA) at RT for 30 min.

Samples were imaged using Zeiss LSM 780 Confocal Microscope
(Zeiss Microscopy, Jena, Germany) with a 10x air immersion objective
at a resolution of 2048 x 2048 pixels and image size of 1062.7 x 1062.7
um (z-step size = 1.7 um). The acquired images were deconvoluted using

Hyugens Essential software (version 22.04, Scientific Volume Imaging,
Hilversum, Netherlands) and further processed using Imaris Microscopy
Image Analysis software (version 9.9.1, Oxford Instruments, Abingdon,
UK). The Imaris software was also utilized for creating 3D animations of
the images (Video S1 of Supplementary data).

2.5. Statistical analysis

All data were expressed as mean + standard deviation. Statistical
analysis was performed using a one-way ANOVA test followed by a post-
hoc test to evaluate the statistical significance between groups. A value
of p < 0.05 was considered statistically significant.
3. Results and discussion

3.1. The composition and morphology of composite scaffolds

The characterization of prepared composite scaffolds was performed
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composite scaffolds incubated in different degradation mediums at 37 °C as a function of time. Significant difference compared to scaffolds at 0 day: *(p < 0.05).

by XRD mineralogical analysis (Fig. 2a) and FTIR spectroscopy (Fig. 2b).
The XRD analysis of composite scaffolds confirmed the presence of HAp
(ICDD 09-0432) in all prepared scaffolds as the single mineralogical
phase. Due to Sr*, Mg?*, Zn?" and SeO%  substitutions, calcium-
deficient HAp was obtained and used for scaffold preparation. In addi-
tion to initially added substituents, in our previous studies [27], the
presence of Na* ions was detected when cuttlefish bone is used as a
source of Ca?* ions for CaP synthesis.

The FTIR spectra of composite scaffolds was compared with that of
pure collagen, chitosan and HAp to identify interactions between bio-
polymers and bioactive component. The pure chitosan showed the
following characteristic absorption bands: (i) broad band at around
3328 cm ™ related to stretching of OH and NH groups, (ii) 2878 cm™*
corresponding to CH axial stretching, (iii) 1649 cm™! corresponding to
the stretching vibration of carbonyl (C = O) of amid (amide I), (iv) 1546
em ! corresponding to the amino (NH) bending of amid (amide II), (v)
1308-1427 cm™! corresponding to the vibrations of OH and CH in the
ring, and (vi) C-O stretching vibration of the saccharide structure is
reflected in the absorption bands at 891 and broad bend around 1057
em™! [37-39]. The pure collagen showed characteristic absorption

bands: (i) broad band around 3308 cm ™! corresponding to the stretching
of NH groups coupled with hydrogen bonding (amide A) and CH
stretching (amide B), (ii) 2932 and 1456 em ! corresponding to
stretching vibration of CH, (iii) 1640 cm ™! corresponding to the C = O
stretching vibration of carboxamide (amid I) functional groups along the
polypeptide backbone, and (iv) 1538 and 1230 cm™! related to NH
bending vibrations (amide II) and CH stretching (amide III) bands [40-
43]. Main characteristic bands for PO}~ groups in pure HAp structure
were found at 1015 (asymmetric stretching vibration of P-O), 600 and
559 cm ™! (asymmetric bending vibration of O-P-0) [43]. Characteristic
bands for PO~ groups of HAp and bands for chitosan and collagen
biopolymers were shifted to higher wavenumbers in composite scaffolds
compared to the pure components. The shift towards higher wave-
numbers indicates chemical interactions between biopolymers and HAp
phase by hydrogen bonds or electrostatic interactions. The positively
charged protonated amino groups of chitosan (NH3) form complex with
PO3~ ions and can facilitate nucleation and growth of HAp, while car-
bonyls can chelate Ca®* ions and arrange them into a similar structure as
HAp crystal [44]. In addition, the shift of characteristic bands of
collagen indicate interaction between carboxylate group and nucleated
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HAp crystals. Carboxylate group can bind with Ca®" ions and serve as
nucleation site of HAp crystals [45,46]. Homogeneously distributed
nucleation sites in chitosan and collagen chains can regulate the depo-
sition of HAp and lead to uniform distribution of mineral deposites [47].

The SEM analysis and ImageJ software were used to determine the
microstructure and pore size distribution of prepared composite scaf-
folds (Fig. 3a). The CHT/COLL_100/0, CHT/COLL_75/25, CHT/
COLL_50/50, CHT/COLL_25/75 scaffolds show a highly porous struc-
ture with open and interconnected pores, while the CHT/COLL_0/100
scaffold shows a porous structure with more closed porosity on the
surface. The HAp particles are homogeneously dispersed in the chito-
san/collagen matrix. Due to the not defined pores of scaffold CHT/
COLL_0/100, its pore size distribution was not determined. The distri-
bution of pore size (Fig. 3b) revealed that pore size ranged mainly from
~ 20 to 250 pm for scaffolds CHT/COLL_100/0 and CHT/COLL_25/75,
and from ~ 20 to 350 pm for scaffolds CHT/COLL_50/50 and CHT/
COLL_75/25. The size of the osteoblasts is in the range of 10-50 ym and
the macropores with the size of 200-350 pm are considered optimal for
osteoblast proliferation [48]. Macroporosity promotes osteogenesis by
enhancing cell migration, cell-cell network formation, vascularization
and diffusion of oxygen, nutrients and metabolic products [49,50]. In
addition, micropores of < 100 pm are of great importance as they pro-
vide high surface area, enhance protein adhesion, cell seeding and
attachment, cell-cell interactions, capillaries growth, vascularization
and cell-matrix interactions [48-50]. Achieved porosity, pore size dis-
tribution and pore interconnectivity of the prepared scaffolds should
allow cell—cell interactions, formation of vascular network and tissue
formation. Vascularization of the scaffold is essential to avoid
implanted-cell necrosis and the formation of acellular regions [51].
However, optimum balance between porosity, pore size distribution,
biological and mechanical properties requirements is still a major
challenge in the development of the scaffold. In our previous study [31],
compressive strength value of 7.32 £+ 0.73 kPa (70 % strain) of CHT-
HAp indicated low mechanical properties implying that scaffolds can
be used in small-size bone defects where there is no need for the load-
bearing scaffold.
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3.2. Invitro degradation analysis

Biodegradable materials are used in bone tissue engineering to allow
bone tissue growth into the scaffold volume [52]. Biodegradation of
porous scaffolds is a complex process that depends on various factors,
such as porosity, pore size distribution, surface area, polymer type,
hydrophilicity, etc., where small biomolecules produced by the degra-
dation can regulate the regenerative microenvironment. Biopolymers
are known to be less stable under degradation conditions compared to
synthetic polymers. As enzymatic degradation and hydrolysis are the
main degradation mechanisms of chitosan and collagen, the degradation
rate under simulated biological conditions needs to be examined
[52,53].

The enzymatic degradation of prepared composite scaffolds was
studied at physiological conditions as a function of time (28 days) by
monitoring swelling behaviour, dry weight loss, microstructure (with
SEM) and thermal degradation peaks (with DSC). To distinguish be-
tween hydrolysis (dissolution) and enzymatic degradation, composite
scaffolds were immersed in PBS solution without lysozyme, and with
two different concentrations of lysozyme (1.5 and 150 pg/mL) to mimic
the in vivo conditions, where the concentration of lysozyme can signif-
icantly increase in ECM from the initial concentration that is in the range
0.95-2.45 pg/mL [54]. The results shown in Fig. 4a revealed irregular
changes of the swelling ratio after 3 days of incubation compared to
initial water uptake at 0 day, while after 28 days of incubation there was
no significant difference in swelling ratio compared to initial uptake.
After 28 days of incubation, scaffold CHT/COLL_100/0 have shown the
highest water uptake, while there was no significant difference in
swelling ratios between degradation medium with 0, 1.5 and 150 pg/mL
of lysozyme. Compared to other scaffolds, scaffold CHT/COLL_0/100
has shown the lowest initial and final water uptake in degradation
medium with 1.5 and 150 pg/mL of lysozyme. As seen from Fig. 4b, after
3 days of incubation the dry weight remaining ratio did not significantly
change for all scaffolds. After 28 days of incubation, the dry weight
remaining ratio in different lysozyme solutions significantly decreased
for all prepared scaffolds, especially for scaffold CHT/COLL_100/0 in a
degradation medium with 150 pg/mL of lysozyme.
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Fig. 5. Enzymatic degradation of collagen/chitosan scaffolds. (a) SEM micrographs and (b) FTIR spectra of composite scaffolds incubated in a degradation medium
containing 150 pg/mL of lysozyme at 37 °C for 28 days of incubation. Lysozyme powder was used as a control in FTIR analysis.
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Fig. 6. Thermal degradation of incubated collagen/chitosan scaffolds. Differential scanning calorymetry curves of the prepared composite scaffolds after 28 days of
incubation at 37 °C in degradation mediums with different concentrations of lysozyme. Characteristic peaks of chitosan are highlighted in yellow and the endo-

thermic transition of collagen in purple.

Scaffold swelling capacity, structural stability and degradation rate
are highly important to enable tissue formation to occur simultaneously
with degradation. Swelling capacity is closely related to the pore size
distribution, pore interconnectivity and biomaterials properties, playing
a crucial role in cell infiltration and diffusion of oxygen, nutrients and
metabolites [55,56]. Swelling is a kinetic process that involves the mass
transfer and mechanical deformation and is dependent on interactions
between water molecules and the carboxyl and hydroxyl groups of the
polymeric network [47]. Lysozyme is a glycoside hydrolase that cata-
lyzes the hydrolysis of -1,4-linkages between N-acetylmuramic acid
and N-acetyl-D-glucosamine residues or between N-acetyl-D-glucos-
amine residues [57]. The degradation of chitosan usually begins with
the random splitting of -1,4-glycosidic bonds (depolymerization) fol-
lowed by hydrolysis of N-acetyl linkage (deacetylation). Consequently,
molecular weight decreases and an increase in deacetylation degree is
observed [58]. Degradation of chitosan leads to non-toxic variable
lengths oligosaccharides formation which can be either incorporated in
metabolic pathways or be excreted [52,58]. Collagen forms three
polypeptide chains (a-chains) helical structures, each containing a
domain characterized by the repeating motif with glycine as every third
amino acid (Gly-X-Y sequences). Glycine is the smallest of all amino
acids and its presence in the collagen chain is essential for the tight
packing of the helical structure. The X and Y positions in the Gly-X-Y
sequences can represent any amino acid other than glycine, most
frequently proline and hydroxyproline. The tightly packed helical
structure of fibrillar collagens makes them highly resilient to degrada-
tion. Only a few proteases have been identified as capable of degrading
fibrillar collagen, including the cysteine protease cathepsin K and
members of the matrix metalloproteinase family. However, certain
collagens can be degraded by lysosomal cysteine proteases in vivo [59].
The inhibition of degradation in a degradation medium with 150 pg/mL
of lysozyme for a scaffold containing collagen is in agreement with the
study by Zulkifli et al. [60] where hydroxyethyl cellulose/poly(vinyl)
alcohol/collagen scaffold showed a slower degradation rate in PBS as
compared to the scaffold without collagen. Thus, the slower degradation
rate of collagen incorporated hydroxyethyl cellulose/poly(vinyl)
alcohol in PBS buffer solution might be due to the difficulty of

Table 2

hydrolyzing the peptide bond in a neutral medium [60]. The slower
degradation rate of composite CHT/COLL/CaP scaffolds compared to
the chitosan-based scaffold in a degradation medium with 150 pg/mL of
lysozyme can be due to lower or lack of activity of lysozyme towards
collagen. However, the similar stability of composite scaffolds CHT/
COLL_75/25, CHT/COLL_50/50, CHT/COLL_25/75 can be explained by
interactions between chitosan and collagen chains where several types
of interactions are possible. The side groups and the end groups -COOH
and NH in the collagen chain are capable of forming hydrogen bonds
with —~OH and NH; groups in chitosan.The long chain of chitosan can
wind around the collagen triple helix and the entanglement of two
different macromolecules may form a complex that can lead to higher
stability under physiological conditions. In addition, as chitosan and
collagen were mixed in acidic conditions, they may be bonded ionically
due to oppositely charged ionic polymers, particularly the cationic
polysaccharide chitosan (NH3) and anionic -COO™ group in collagen,
leading to higher composite stability [61].

In Fig. 5a, the microstructures of the prepared composite scaffolds
after 28 days of incubation at 37 °C (lysozyme concentration 150 pg/
mL) did not show a significant difference to the initial scaffolds (Fig. 3).
The highly porous structure, with open porosity, has been retained after
28 days of enzymatic degradation in all scaffolds expect in the scaffold
CHT/COLL_0/100 where a structure without surface pores was also
initially observed. The open porous structure is crucial for the uniform
degradation of scaffolds, cell seeding and migration, vascularization,
and diffusion of nutrients, oxygen and metabolic waste through the
entire scaffold volume. Even if naturally derived polymers typically are
not highly stable during longer periods under degradation conditions, all
the prepared scaffolds have shown high stability during 28 days despite
the significant decrease of scaffold weights in different degradation
mediums.

The FTIR spectra (Fig. 5b) of composite scaffolds after 28 days of
incubation at 37 °C (lysozyme concentration 150 pg/mL) have shown all
characteristic bands for chitosan, collagen and HAp phases as deter-
mined in Fig. 2b. The absorption bands at 1647 and 1523 cm™, char-
acteristic for lysozyme amide I (C = O) and amide II (NH) of the
polypeptide chain, are evident in all samples incubated in degradation

Peak temperatures (°C) of the chitosan exotherms and transition temperatures of collagen in dependence of the lysozyme concentrations.

Temperature (°C)

CHT/COLL_100/0 CHT/COLL_75/25

CHT/COLL_50/50

CHT/COLL_25/75 CHT/COLL_0/100

L (pg/mL) CHT COLL CHT COLL CHT COLL CHT COLL CHT COLL
0 300.2 - 308.4 236.2 306.4 235.0 307.8 233.7 - 233.2
1.5 302.1 - 309.9 238.4 308.2 233.1 309.2 232.9 - 231.5
150 304.9 - 311.6 238.8 311.0 228.9 310.3 229.6 - 229.7
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Fig. 7. Biological characterization of collagen/chitosan scaffolds. (a, b) Qualitative and (c) quantitative analysis of seeded hBMSC after 1 and 7 days of cell culture
obtained by live dead and CyQUANT assay, respectively. Live cells are stained in green; dead cells are stained in red. (d) ALP activity normalized to the cell amount.

Scale bar: 500 um. Significant difference: *(p < 0.05).

medium with lysozyme. Even though the samples were washed several
times after the incubation with demineralized water, the characteristic
absorption bands are evident due to strong attractive electrostatic in-
teractions between the biopolymers and lysozyme that are essential for
glycoside bond cleavage [62].

DSC results of the prepared scaffolds after 28 days of incubation at
37 °C in PBS with two different lysozyme concentrations (1.5 and 150
pg/mL) are shown in Fig. 6. Pure chitosan CHT/COLL_100/0 scaffold
degraded at ~ 300 °C giving an exothermic peak and similar peaks
originating from chitosan degradation were observed in CHT/COLL_75/
25, CHT/COLL_50/50 and CHT/COLL_25/75 scaffolds with shifts of
1-2 °C to higher temperatures (Table 2) with increasing lysozyme
concentration. Moreover, the addition of collagen to the scaffolds
resulted in the exothermic peak shift of about 7 — 8 °C to higher

temperatures in comparison to the pure chitosan CHT/COLL_100/
0 scaffold. The CHT/COLL_0/100 scaffold showed an endothermic
peak/transition at ~ 230 °C. This endothermic transition was observed
in scaffolds CHT/COLL_75/25, CHT/COLL_50/50 and CHT/COLL_25/75
as well, and a shift of this transition towards lower temperatures, with
increasing lysozyme concentration (Table 2), was observed.

The scaffolds prepared from natural polymers often degrade rapidly
which is difficult to control under physiological conditions. Therefore,
insight into the structural stability and degradation rate is of great
importance to allow tissue formation which occurs simultaneously with
the degradation process [63]. The endothermic transition observed at ~
230 °C was attributed to the denaturation of dry collagen and corre-
sponds to the helix-coil transition caused by thermal disruption of
hydrogen bonds [64,65], while degradation of chitosan is an exothermic
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Fig. 8. The production of type I collagen on the hBMSC-seeded chitosan/collagen scaffolds, containing multi-substituted CaP particles, after 14 days of cell culture.
Cell nuclei stained with DAPI (blue), actin cytoskeleton stained with phalloidin (red) and an antibody for human type I collagen (green). Scale bar: 200 um.

process that gave characteristic peaks in the 300 — 312 °C range. Under
physiological conditions, chitosan degrades via hydrolysis by breaking
its polymer network into smaller chains, whereby the chain scission of
f-1-4 N-acetyl glucosamine is mainly caused by lysozymes as explained
in our previous studies [22,66]. Despite expectations that degradation of
chitosan would result in the exothermic peak shift towards lower tem-
peratures due to the chain scissions leading to the lower molecular
weights, analyzed scaffolds have shown different behaviour. The
observed exothermic peaks of the scaffolds were shifted towards higher
temperatures which can be explained by the chitosan-collagen in-
teractions [67]. Since the degradation results in a large number of
smaller chitosan chains, electrostatic interactions take place resulting in
the formation of hydrogen bonds between chitosan and collagen chains
[67,68].

3.3. Biological characterization

The live/dead assay shows homogeneously dispersed hBMSCs with
good viability and cell-cell interactions after 1 and 7 days of cell culture
for all the scaffolds (Fig. 7a and 7b). CHT/COLL_0/100 was excluded
from biological characterization because it did not show desired highly
porous structure with an appropriate pore size distribution, essential for
migration of seeded cells into the scaffold. The shape of the cells was
more elongated on scaffolds containing collagen compared to scaffold
CHT/COLL_100/0 without collagen, where the cells were more
spherical.

The number of cells (Fig. 7c) was similar between scaffolds CHT/
COLL_75/25, CHT/COLL_50/50 and CHT/COLL_25/75, while higher
amount of the cells were present in scaffold CHT/COLL_100/0. No
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significant difference was observed between days 1 and 7 for prepared
scaffolds except for scaffold CHT/COLL_75/25 where a significant in-
crease after 7 days of cell culture is observed. ALP acts as an early in-
dicator of cellular activity and differentiation and is the first functional
gene expressed in the process of calcification mechanism [69,70]. ALP
activity normalized to the cell number (Fig. 7d) was similar for scaffolds
CHT/COLL_100/0, CHT/COLL_75/25 and CHT/COLL_50/50. No sig-
nificant difference in normalized ALP activity was observed between
prepared scaffolds, except a statistically lower ALP activity for scaffolds
CHT/COLL_25/75 at 1 day of cell culture, compared to scaffold CHT/
COLL_100/0. The bone mineralization process starts with HAp crystals
formation in the matrix cavities and distribution in the ECM. Further,
HAp crystals are infiltrated in the matrix vessel membrane and expanded
into the extracellular area. Pyrophosphate is an inhibitor of HAp for-
mation and it is produced by nucleotide pyrophosphatase phosphodi-
esterase 1 from nucleotide triphosphates. In the second stage of
mineralization, ALP plays a crucial role in the hydrolysis of pyrophos-
phate to phosphate, maintaining their ratio level suitable for HAp for-
mation [71].

The pore size distribution in the scaffold significantly affects cellular
activity and even small changes in pore size can greatly affect cell
adhesion and cell-cell interactions [72]. Previous studies indicated that
a pore size distribution in the range of 96-150 um is optimal for cell
attachment, while other studies have shown a need for large pores in the
range of 300-800 um for successful bone growth in scaffolds [73]. Ac-
cording to Murphy et al. [72] small pores may have a beneficial effect on
initial cell adhesion but ultimately the improved cellular infiltration
provided by scaffolds with larger pores outweighs this effect and sug-
gests that scaffolds with larger pores might be optimal for bone tissue
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Fig. 9. The production of type I collagen on the hBMSC-seeded chitosan/collagen scaffolds, containing multi-substituted CaP particles, after 21 days of cell culture.
Cell nuclei stained with DAPI (blue), actin cytoskeleton stained with phalloidin (red) and an antibody for human type I collagen (green). Scale bar: 200 um.

repair [73]. According to Mao et al. [74], expression of ALP increased
only in cells with both, direct contact with neighboring cells and
adhesion to stiffer substrates, indicating the important role of cell-cell
interaction in ALP expression and bone regeneration.

Along with ALP activity quantification, osteogenic differentiation of
hBMSCs seeded on the scaffolds was qualitatively determined by ana-
lysing the presence of type I collagen at 14 (Fig. 8) and 21 (Fig. 9) days of
cell culture by using confocal fluorescence microscopy. Cell nuclei
stained with DAPI appeared in blue, actin cytoskeleton in red, and type I
collagen in green. Type I collagen expression was found at 14 and 21
days of cell culture, implying the good osteogenic potential of prepared
composite scaffolds. Immunocytochemical staining showed homoge-
neous type I collagen production within prepared scaffolds, except for
scaffold CHT/COLL_25/75 where type I collagen expression was
diminished after 21 days of cell culture. Higher production of type I
collagen is evident for scaffolds CHT/COLL_75/25 and CHT/COLL_50/
50 after both, 14 and 21 days of cell culture. In all prepared scaffolds,
high cytoskeleton interconnectivity is evident implying good cell-cell
interactions, essential for the bone regeneration process. The videos of
confocal fluorescence microscopy are attached in Video S1 of supple-
mentary information.

The process of osteogenesis is directed by connected biological
processes initiated by the recruitment of MSCs to bone remodeling sites
and subsequent proliferation, lineage commitment, expression of
lineage-specific markers, collagen secretion, and ECM mineralization
[75]. Type I collagen is one of the most important organic components of
ECM and therefore the analysis of cells’ potential to secrete type I
collagen in scaffolds is important for potential bone tissue engineering
applications [9]. In the current study, we hypothesize that the addition
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of type I collagen in the scaffolds based on chitosan and Mg, Se, Sr, Zn-
substituted CaPs will have a positive effect on the osteogenic properties
of the scaffolds. The addition of 25% and 50% of the type I collagen
within the chitosan matrix enhanced cytoskeletal organization, cell-
matrix interactions and type I collagen production of hBMSCs. Scaf-
fold CHT/COLL_75/25 showed similar cell numbers and ALP expression
as scaffold CHT/COLL_100/0, with enhanced type I collagen production.

In natural bone tissue, collagen fibers are the template for the
mineralization and make an important contribution to bone formation
and the bone remodeling process. Therefore, collagen has been widely
explored as a biomaterial for bone defect regeneration. However, pure
collagen implants have limitations in the bone regeneration process due
to their limited osteoinductivity [76]. Even though pure collagen matrix
mimics natural bone environment, combination with other bioactive
components can lead to improved properties of the composite scaffold as
a whole. Chitosan and collagen mixtures with different additives are
widely explored for applications in tissue engineering [77]. In a recent
study by Karakegili et al. [78], chitosan/collagen/HAp composite scaf-
folds with 0, 20 and 50 wt% of collagen and 1 wt% of HAp were pre-
pared. Scaffolds with the highest collagen content showed the best
biological properties. However, when different bioactive additives are
used within chitosan/collagen blends, a wide range of polymer com-
positions should be explored as it might lead to different scaffold
properties and affect the overall scaffold physiochemical and biological
properties. Different compositions of polymer phases within the scaf-
folds lead to different polymer interactions and can affect the ion release
from the inorganic phase. Therefore, a wide range of collagen was
explored in this study to determine adequate composition when multi-
substituted HAp is used as an inorganic additive. Based on the
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performed characterization, it can be concluded that scaffold CHT/
COLL_75/25 has provided a suitable environment for enhanced osteo-
genesis. Regarding future work on this topic, in vitro studies for late
osteogenic markers and in vivo studies on animal model need to be
performed to examine late osteogenesis and biodegradation to confirm
the applicability of the scaffold CHT/COLL_75/25 for bone tissue engi-
neering applications.

4. Conclusions

The present research shows that the addition of type I collagen in
composite scaffolds based on chitosan and multi-substituted HAp
increased scaffold stability under physiological and enzymatic condi-
tions, even when natural polymers were used. The addition of collagen
within the chitosan matrix, containing multi-substituted HAp, did not
influence the scaffold microstructure and CHT/COLL_100/0, CHT/
COLL_75/25, CHT/COLL_50/50, CHT/COLL_25/75 scaffolds act as
three-dimensional support for hBMSCs proliferation and differentiation
into osteoblasts. The addition of 25 % of type I collagen into the chitosan
matrix led to desired cell proliferation and morphology, cell-cell in-
teractions, and the production of type I collagen by hBMSC, as shown by
confocal fluorescence microscopy. Despite good osteoinductive proper-
ties, poor mechanical properties associated with porous biopolymer
scaffolds remain one of the main challenges to applying these materials
in bone tissue engineering. Future studies will be focused on analysis
and increasing the mechanical performance of studied materials with
the best osteogenic properties. To meet requirements, the CHT/
COLL_75/25 will be combined with the highly porous HAp construct
fabricated by ceramic stereolithography as an additive manufacturing
method.
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