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ARTICLE INFO ABSTRACT

Keywords: Fine-tuning of the scaffolds structural features for bone tissue engineering can be an efficient approach to
Biopolymers regulate the specific response of the osteoblasts. Here, we loaded magnetic nanoparticles aka superparamagnetic
SPIONs

iron oxide nanoparticles (SPIONs) into 3D composite scaffolds based on biological macromolecules (chitosan,
collagen, hyaluronic acid) and calcium phosphates for potential applications in bone regeneration, using a
biomimetic approach. We assessed the effects of organic (chitosan/collagen/hyaluronic acid) and inorganic
(calcium phosphates, SPIONs) phase over the final features of the magnetic scaffolds (MS). Mechanical prop-
erties, magnetic susceptibility and biological fluids retention are strongly dependent on the final composition of
MS and within the recommended range for application in bone regeneration. The MS architecture/pore size can
be made bespoken through changes of the final organic/inorganic ratio. The scaffolds undertake mild degra-
dation as the presence of inorganic components hinders the enzyme catalytic activity. In vitro studies indicated
that osteoblasts (Sa0S-2) on MS9 had similar cell behaviour activity in comparison with the TCP control. In vivo
data showed an evident development of integration and resorption of the MS composites with low inflammation
activity. Current findings suggest that the combination of SPIONs into 3D composite scaffolds can be a promising
toolkit for bone regeneration.

Calcium phosphates
Composite biomaterials
Bone scaffolds

1. Introduction

Bone is the second most transplanted tissue worldwide, with at least
two million procedures annually using bone grafts and bone substitute
materials [1,2]. Diseases such as osteoarthritis, osteoporosis or Paget’s
disease and traumatic injuries can damage normal bone functions and
lead to harsh pain, immobility, bone fractures and deformity. Despite
the natural capacity of bone healing, current clinical treatments used for
large bone defects are still challenging. For example, if an injury is
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beyond a critical limit (critical size defect), it cannot heal by itself and, in
this case, patients need invasive surgical intervention to aid bone
regeneration. This can involve clinical use of bone grafts, bone substitute
materials, growth factors, free fibula vascularized grafts and insertion of
metal plates, wires and pins to support stability and bone regeneration
[3-7]. Bone tissue engineering offers promising alternatives for recon-
structing critical tissue defects resulted from trauma, tumour, resection
and skeletal abnormalities. These approaches involve the use of bio-
mimetic and biodegradable scaffolds as a pattern for cell growth and
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extracellular matrix deposition in order to restore both functional and
mechanical properties of the native tissue [8-11].

Various materials have been investigated with the aim to substitute
the natural bone. Among them, synthetic and inorganic ceramic mate-
rials (e.g. hydroxyapatite-Hap and tricalcium phosphate-TCP, bicalcium
phosphates-BCP) endowed with osteoconductive properties can mimic
the physical attributes of the bone [12-15], but the porous ceramics are
innately brittle and exhibits low mechanical properties of bone
restraining their clinical relevance as synthetic bone scaffolds. There-
fore, natural polymers such as: collagen (Col), chitosan (Cs) and hyal-
uronic acid (Hya) and their combinations with calcium phosphates (CP)
are considered an attractive and versatile alternative for development of
biomimetic and biodegradable bone scaffolds [16-21]. In the same time,
creating a 3D scaffold with controlled internal architecture imply the use
of specific procedures such as gel casting, 3D printing, drying and
freeze-drying, crosslinking, etc [22-27]. Among them, freeze-drying
enables the formation of 3D porous structures with various morpho-
logical structures allowing cell attachment, proliferation, infiltration,
nutrient diffusion, etc. making this a valuable approach in development
of ice template scaffolds for tissue engineering [28-30]. To address
specific requirements, a 3D bone scaffold must: i) provide temporary
mechanical support to the affected area; ii) act as a substrate for osteoid
deposition; iii) have a porous architecture to allow encourage bone cell
migration, bone in-growth and vascularisation; iv) support and promote
osteogenic differentiation in the non-osseous, synthetic scaffold
(osteoinduction); v) enhance cellular activity towards scaffold-host tis-
sue integration (osseointegration); vi) degrade in a controlled manner to
facilitate the bone growth; vii) generate non-toxic degradation products;
viii) not induce any innate or chronic inflammatory response; ix) be
suitable for sterilization without the loss of bioactivity; x) deliver
bioactive molecules or drugs in a controlled manner to accelerate
healing and prevent further pathologies [31,32].

More than that, bone engineered scaffolds need to be driven by a
personal medicine approach and must integrate a range of biological and
physical properties for optimal bone regeneration [33]. Recent studies
have shown that addition of SPIONs to composite scaffolds based on
polymers and ceramics, supports osteoblasts proliferation and rapid
bone regeneration, with or without magnetic stimulation [34-42].
SPIONS are able to increase the cell growth by suppressing the intra-
cellular HoOy [43], to induce osteogenesis by activating the classic
mitogen-activated protein kinase (MAPK) signal pathway and to pro-
mote the osteogenic differentiation [44]. Furthermore, SPIONs are used
due to their properties such as hyperthermia and/or chemotherapeutics
capabilities [45,46], features that can be useful for the treatment of bone
tissue defects induced by bone tumours.

In this paper, we developed composites microporous biomimetic
scaffolds loaded with SPIONs, denoted as MS and explored the influence
of three biopolymers (Cs, Col, Hya) composition over the final charac-
teristics of the MS (e.g. simulated biological fluids retention, enzymatic
degradation, pore size, mechanical and magnetic properties). Bio-
mimetic procedure that controls the pH and temperature of the CP
precipitation, from its precursors, directly in the biopolymer-SPIONs
mixture can tailor the final MS properties. We further explored in vitro
and in vivo behaviour of MS as prospective substrates for bone
regeneration.

2. Materials and methods
2.1. Materials

Two polysaccharides (chitosan - Cs, CAS: 9,012,764 and hyaluronic
acid, sodium salt -Hya, CAS: 9,067,327), one protein (type I collagen -
Col, kindly donated by Lohmann &Rauscher GmbH, Germany), calcium
phosphates - CP precursors (calcium chloride — CaCly-2H0, CAS:
10,035,048 and monosodium phosphate - NaH;PO4-2H,0, CAS:
13,472,350) and magnetite coated with Cs, denoted as SPIONs colloidal
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suspension have been used for scaffolds preparation. Retention of
simulated body fluids studies have been performed with phosphate
buffered solutions - PBS, pH = 7.4, 0.01 M, used also for in vitro
degradation studies together with lysozyme (CAS: 12,650,883), potas-
sium ferricyanide - K3Fe(CN)g (CAS: 13,746,662), collagenase clos-
tridium histolyticum (CAS: 9,001,121) and ninhydrin reagent (CAS:
485,472).

2.2. Scaffolds preparation

The MS have been obtained by mixing the biopolymers solutions (Cs,
Col, Hya) with a SPIONSs colloidal suspension (prepared in our group)
[47]. According to previously results regarding composites based on
biopolymers with SPIONs included (in various concentrations, namely
1%, 3% and respectively 5%), with suitable magnetic properties for
bone tissue engineering applications [48], we have selected a concen-
tration of 5 wt % SPIONs suspension (SPIONS with an average mean
diameter of 154 + 4 nm). The default concentration of the biopolymers
was 1% for Cs, Col and Hya (the last one was 5%, wt/wt reported to
Cs-Col). Within the final composition of the MS the Cs-Col ratio and
Ca/P ratio was changed based on the details of the experimental pro-
gram (Table 1).

Briefly, the biopolymers solutions and SPIONs were mixed with
different amounts of CP precursors (CaCl2-40% and NaH2P04-25%)
and co-precipitated with ammonia aqueous solution (NH40OH-25%)
maintaining a 7.2 pH for 24 h. The final mixture was intensively washed
with distilled water and centrifuged at 5000 rpm for 10 min three times
and subsequently poured into silicon moulds (diameter 3 cm) and
freeze-dried. Freeze-drying was carried out with a FreeZone benchtop
freeze-drier (Labconco, US), using a constant cooling rate of 1 °C min !
to a final freezing temperature of —55 °C. The temperature was held for
24 h to ensure freezing was complete, at which point the ice was sub-
limed under a vacuum of 41mTorr at 0 °C. UV radiations have been used
for MS samples sterilization.

2.3. Scaffolds characterization

Fourier transformed infrared spectroscopy—FTIR, Scanning electron
microscopy—SEM, Energy Dispersive Spectroscopy—EDS and X-ray
Diffraction—XRD.

In order to perform FTIR analysis (Bio-Rad Win-IR Instrument, USA),
samples from the scaffolds have been crushed and the obtained powder
has been mixed with KBr pressed into a disk and scanned within the
range of 400-4000 cm . The cross-section morphology of scaffolds has
been studied by SEM using a TESCAN-VEGA device at a current of 30 kV
and local chemical analysis was performed by EDS (Oxford Instruments,
UK). X’pert Pro MPD/Cubic Fast (Almelo, The Netherlands) was used for
XRD analysis, performed at the following parameters: monochromatic
Ko radiation (A = 1.54056 ;\), StepScan mode (0.035 s-1 scan rate),
scanning angle (26) — between 10° and 60° and 40 mA anodic current.

Table 1

Details of the experimental program.
Scaffold Col, (%) Cs, (%) Ca/P
MS1 35 65 1.6
MS2 65 35 1.6
MS3 35 65 1.7
MS4 65 35 1.7
MS5 28.79 71.21 1.65
MS6 71.21 28.79 1.65
MS7 50 50 1.579
MS8 50 50 1.721
MS9 50 50 1.65
MS10 50 50 1.65
MS11 50 50 1.65
MS12 50 50 1.65
MS13 50 50 1.65
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2.4. X-ray micro-computed tomography (x-CT)

Scaffolds have been scanned using a Skyscan 1174 Compact Micro-
CT system at 25 kV, 130 pA and a rotation of 0.5°, the obtained pro-
jections being refined and reconstructed with fast volumetric recon-
struction software. In order to assess scaffolds porosity three regions of
interest have been selected, using the sphere-fitting method from the
BatMan application of the CTAn program. A transfer function of the pore
size distribution was overlapped on the sample structure and colour
coded, the pore size within the samples being observed as colour
function.

2.5. Mechanical tests

TA-XT2 Plus (Stable Microsystems, UK) texture analyser has been
used for axial compression tests and Young modulus was calculated
according to Hooke’s law. MS samples (0.8 mm height and 12 mm
diameter) have been tested for 60 s at an initial fast deformation of 20%
(1 mm/s speed) kept constant during the procedure, 1 mm/min, ambient
temperature) according to the ISO 604 standard. The study has been
performed in triplicate for each scaffold, the results being reported as the
average + the standard deviation.

2.6. Magnetic properties

Magnetic susceptibility balance MSB — Auto (Geneq Inc.) has been
used to study MS magnetic properties, at a magnetic field intensity (H) of
4.5 kGauss. The volume susceptibility ¥V, or mass susceptibility yM,
parameters were used to calculate the magnetization — M:M = y,-H
(emu/g) [49]. The study has been performed in triplicate for each
scaffold, the results being reported as the average + the standard
deviation.

2.7. Invitro assessment of composites magnetic scaffolds

2.7.1. Retention of simulated body fluids and in vitro degradation studies

The retention of PBS was determined with volumetric method: 5 mg
of each MS has been immersed in a micro-column (QIA quickVR Spin
Column 50 with a 10 mm diameter) connected to a 1 mL syringe filled
with PBS and incubated for 72 h at 37 °C. Finally, the maximum
retention degree was calculated with equation (1):

we — w0

RD (%) = x 100 (€))
where RD (%) is the maximum the retention degree; wy is the initial
weight of the scaffold and we is the equilibrium weight calculated as the
sum between wq and wyps (Waps = PBS density x PBS volume retained by
the MS; PBS density = 1 g/mL). The study has been performed in trip-
licate for each scaffold, the results being reported as the average + the
standard deviation.

For in vitro degradation studies 10 mg of each MS have been intro-
duced in a dialysis membrane filled with 5 mL mixture of enzymes in
PBS (1200 pg/mL lysozyme and 0.01% collagenase), submerged in 10
mL PBS and left at 37 °C. At each time point (2 h, 48 h and 7 days) 1 mL
of PBS has been extracted (and replaced with the same volume of fresh
PBS) in order to measure the amount of Cs degraded (by measuring Cs
reducing ends using potassium ferricyanide-K3Fe(CN)g method) and the
amount of Col degraded using ninhydrin reagent. The study has been
performed in triplicate for each scaffold, the results being reported as the
average + the standard deviation.

2.7.2. Invitro cell response

All reagents/kits used for cell culture were obtained from Invitrogen,
unless otherwise indicated. SaOS-2 cells (human osteogenic sarcoma)
were cultivated in Dulbecco’s modified Eagle’s medium containing
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10,000 units/mL penicillin-10,000 pg/mL streptomycin, 2 mM -
Glutamine and 10% FCS in 75 c¢m® flasks under standard cell culture
conditions (5% CO2, 95% humidity and 37 °C). Sa0S-2 cell line was
maintained in humidified atmosphere, 5% CO3 in air at 37 °C, and the
culture medium was exchanged every other day. When cells reached
~80% confluence, they were trypsinized with 0.25% trypsin containing
ethylenediamine tetraacetic acid (1 mm, EDTA) and used for the
experiments.

The cells were seeded at a density of 0.1 x 10° cells/ecm® for 3 h
followed by the addition of the samples on top of the cell layer and in-
cubation for 24 h. Subsequently, the scaffolds were transferred to a new
well plate, complete medium was added, and tissue culture started. For
quantitative evaluation of cell viability, lactate dehydrogenase (LDH)
levels in the supernatant were determined at predetermined time points
(24, 96 and 168 h) of culture using a colorimetric assay (CytoTox 96®
Non-Radioactive Cytotoxicity Assay, Promega) according to the manu-
facturer’s protocol. Alexa Fluor 488 phalloidin was used to stain the
actin cytoskeleton, at the predetermined time points. Briefly, 3.7%
formaldehyde was used to fix the scaffolds with cells (15 min at room
temperature). After the washing step with 1 x PBS and permeabilized
0.5% Triton-X (Sigma-Aldrich) in 1 x PBS, MS samples have been
incubated with the fluorescent dye for 20 min at room temperature
protected from light. The cell nuclei were counterstained using Hoechst
33,342 and the samples were imaged with an inverted microscope with
phase contrast system and fluorescence (Leica DM IL Led). The study has
been performed in triplicate for each scaffold, the results being reported
as the average + the standard deviation.

2.8. In vivo assessment

Male Wistar rats (mean body weight: 165 g, n = 40), divided into
four groups, were used in order to study in vivo inflammatory response to
MS. The animals were fed ad libitum. All animal procedures were per-
formed in accordance with the guidelines of the ISO 10993-2 - animal
welfare requirements, to ethical regulations and with the approval of the
Ethics Committee of the Grigore T. Popa University of Medicine and
Pharmacy, Iasi. The surgical procedures were done under thiopental
anaesthesia. After removing the hair and disinfecting the rat skin with
Betadine, an insertion area was made on the right flank. A surgically
created pocket (1 cm diameter) was made between hypodermis and
dermis, in order to insert the MS sample. All animals were subcutane-
ously implanted with 1 cm? MS sample, except the controls. Histo-
pathological examination was performed at predetermined time points
(2, 4 and 64 days) after implantation. Tissue fragments (with or without
the samples) were fixed in 10% formaldehyde solution for 7 days and
then included in paraffin blocks. Paraffin embedding was done using the
automatic system Biooptica CD1000, followed by Masson trichrome
staining. The images were obtained using a light microscope (Axioskop 2
MOT, Carl Zeiss, Jena, Germany) at 403 magnification and analysed
histomorphometrically using Image Pro Plus software (Version 6.0)
(Media Cybernetics Rockville, USA).

The thickness of the capsule from the periphery of the space occupied
by the implant was measured in order to study the degree of MS samples
encapsulation (foreign body granuloma). The encapsulation score was
performed according to ISO Standard 10,993: absent capsule — score: 0;
>0.5 mm - score: 1; 0.6-1.0 mm — score: 2; 1.1-2.0 mm - score: 3; >2.0
mm - score: The differences in the mean score of the batch animals must
be < 1.0 mm in order to complete the demands of the test.

2.9. Experimental program

An experimental program with two variables (proportion of Cs - re-
ported to Col, and proportion of Ca/P ratio - reported to biopolymers
weight) has been used to study the composition influence on scaffold
properties (Table 1). The mathematical model from equation (2) was
used to correlate the parameters with properties.
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m m—1 m
Y =a+ Zaix,-— Z aijxlx;+2aijxf—... (2)
i—1 i—1 i=1
ji>1

where q; are the regression coefficients and x;,x; are the input variables
(Col (%), Ca/P) which influence the response variable Y (PBS retention,
%; E (MPa); Magnetic susceptibility (emu/g) - Supplementary Table S1).
These functions were estimated and the regression coefficients
determined.

2.10. Statistical analysis

Statistical analysis was performed in GraphPad Prism v. 6.0
(GraphPad Software, Inc., La Jolla, CA). Data were analysed using two-
way ANOVA with Tukey’s post hoc analysis to detect significant effects
of the variable. In all analyses, p < 0.01 was considered significant to
minimize the potential for false positives owing to multiple testing.

3. Results and discussion
3.1. Scaffolds preparation

MS have been prepared by combining the biopolymers Col, Cs and
Hya with different volumes of CaCl; and NaH,PO4-H0 solutions (with a
theoretical Ca/P ratio from 1.579 to 1.721), in the presence of SPIONSs.
Fig. 1 summarises the stages of the MS manufacture process.

3.2. FTIR and XRD analysis

The FTIR spectra for MS before and after sterilization (UV exposure),
presented in Fig. 2A, showed absorption bands characteristic of the CP
(including hydroxyapatite), biopolymers and SPIONs. The (PO4)>* ions
absorption peaks in the apatite phase appear as a typical doublet at 561
cm 'and 603 cm™ L. The specific peaks of the (HPO4)2' substituted ions
occur at 875 cm™! [50]. Magnetite particles are highlighted by the
presence of Fe-O band at 561 em ! [51].

The characteristic absorption bands of Col occur as follow: -OH
valence vibrations — 3420 cm™!; -C-H of ~CH,, valence vibrations— 2927
em™%; Amide I- 1654 cm™!; 1452 cm™'; Amide IIl — 1244 cm™! [52].
Absorption bands for Cs appear at 3420 cm ™! (-OH absorption), the peak
at 2927 cm ! is correlated to the —CH,, the band at 1654 cm™" is related
to the amide I, the C—N stretch occur at 1313 cm~! and the C-O vibration
at 1028 cm™!. Noteworthy to mention that UV sterilization had not
modified MS composition (Supplementary data Figure S1).
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The nature of the components in the inorganic layer was assessed by
X-ray diffraction analysis (Fig. 2B). Phase determinations were made
using Standard International Centre for Diffraction Data (ICDD) card no.
009-0432 for hydroxyapatite/calcium phosphates and 65-3107 for
magnetite particles. The diffraction patterns of the MS composites can be
indexed to the (002), (210), (112), (301), (310), (222) (213) and (004)
planes of a cubic cell (ICDD card no.009-0432) pattern for hydroxyap-
atite. The main CP type within the MS composites is represented by
hydroxyapatite (Ca;o(PO4)s(OH)3). Moreover, the biomimetic condi-
tions (e.g. temperature and physiological pH) used in the fabrication of
MS composites lead to the formation of CP crystals.

Specific planes for magnetite (ICDD card no.65-3107) can be
observed within the MS composite e.g. (220), (331), (400), (422) and
(511). XRD data revealed that the MS composites contain both CP and
SPIONSs, supporting also the FTIR data. EDS spectrum exhibited signals
related to oxygen, nitrogen, calcium, phosphorous and iron associated
with the MS composition (Supplementary data Figure S2).

3.3. Magnetic and mechanical properties

The MS magnetization (M, emu/g) is presented in Fig. 3. The values
obtained (ranged between 22.42 emu/g and 66.76 emu/g) are within
the recommended values for application in magnetically stimulated
materials for bone regeneration [34,53].

The scaffolds used for bone regeneration should fulfil several re-
quirements, including suitable mechanical properties in order to influ-
ence specific cell functions within the given tissues [19]. Therefore, MS
were subjected to compression stress and the Young modulus values
(Fig. 3) varies between 70 N/m? and 275 N/m, the highest values being
obtained for materials with higher Col concentration (specifically
MS2>MS1, MS4>MS3, MS6>MS5). The decrease of Young modulus
values within the MS composites could be correlated to the increasing
amount of Cs in the scaffold.

Internal architecture is a key factor for a bone scaffold, as the me-
chanical properties can be different due to the internal structure
(isotropic vs anisotropic). In the same time, scaffold morphology, pores
dimension and distribution contribute to compression strength and
modulus but also would create a favourable environment for cell pro-
liferation [54,55].

3.4. Scaffolds morphology

Scaffold porosity affects mechanical properties, biological fluids
absorption and biodegradability of a scaffold as the porous microstruc-
ture of a 3D scaffold could provide an appropriate environment for cell

C()ililucll CaC12
NH, HoN iy NaH2PO4
NH, ¥
Sty NHz
HaN' . .
Chitosan SPIONs Co-precipitation
R N i NELOH
pH=7.2

Hyaluronic sodium salt

Magnetic scaffold
@D - Calcium phosphates  <FHAP> - Hydrohyapatite

Fig. 1. Schematic steps of MS fabrication by precipitation of calcium phosphates on biopolymers and SPIONs.
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growth, deposition of growth factors, encapsulation of drug molecules,
nutrients exchange and oxygen diffusion [56].

SEM micrographs of the MS, presented in Fig. 4 and Supplementary
data Figure S1, showed a 3D architecture with highly porous inter-
connecting network. The internal structure of the MS composites has
been evaluated by pCT and the reconstructive images are presented in
Fig. 5. The puCT analysis confirmed the porous architecture of the scaf-
fold with a pore size distribution linked to the final MS composition
(Table 1).

These findings suggest that the mineral phase within the MS com-
posites plays an essential role in developing the scaffolds architecture/
morphology during freeze-drying process together with the biopolymer
composition. By tailoring the composition of the organic phase (Cs and
Col) whilst the inorganic phase is kept constant (Ca/P ratio) it can be
observed that the pore size distribution histograms is shifted towards the
highest values (MS5 vs MS6). This variation of the organic composition
affected the nucleation process during the freezing procedure which
generates scaffolds with an average pore size from 167.79 pm to 212.1
pm. For MS7, MS8 and MS9 the organic phase is kept constant at 50:50
(%, Cs:Col) whilst the inorganic phase (Ca/P ratio) varies between 1.579
and 1.721 (Table 1).

In these conditions, we analysed the effect of the Ca/P ratio over the
final pore size of the MS. This analysis showed that a lower Ca/P ratio
(1.579) will interfere with the freezing temperature of the slurry forming

big ice crystal that through sublimation process will generate larger pore
size within the final scaffold structure. Therefore, by increasing the Ca/P
ratio the average pore size of the MS decreases. This process could be
correlated with the precipitation of the inorganic phase on the
biopolymer fibres implying that the pore size of the scaffold could be
also tailored through changes of the Ca/P ratio.

3.5. Invitro retention of simulated body fluids and scaffolds degradability

Bone scaffolds need to retain their structural stability in the human
body environment. Understanding the PBS uptake properties for a 3D
scaffold can help correlate their properties with the prospective in vitro
behaviour. Furthermore, the retention behaviour of the scaffolds can
influence in vitro cell response together with distribution of nutrients,
oxygen, glucose and metabolic wastes and induce cell adhesion, growth
and differentiation [57]. The retention degree values obtained for MS
composites are presented in Fig. 5. Noteworthy to notice, that all MS
composites exhibited very high values for PBS uptake (e.g. 1000%—
2500%). This can be explained through the hydrophilicity of the bio-
polymers exhibiting polar functional groups [58] and the porous
structure of the 3D scaffolds.

Initially, the PBS molecules diffuse into the scaffolds through the
pores and fill-up the inner areas. Hence, the 3D microporous structure is
a critical factor for water retention within a 3D scaffold. After the first
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Fig. 4. X-ray micro-computed tomography, pore size distribution histograms and SEM images for most representative MS; MS5, MS6, MS7, MS8 and MS9 (false
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rapid diffusion of the PBS solution into the porous structure of the 3D
scaffolds, osmotic pressure decrease. Subsequently, the scaffolds started
to absorb the solution initially at a slower rate until reach the equilib-
rium state. On the other hand, the number of polar groups - a charac-
teristic of all natural polymers is also an important factor which affects
the material hydrophilicity [59].

The addition of the CP in scaffold composition resulted in a decrease
of the swelling degree, suggesting that the MS composite materials are
more stable in aqueous environment. Furthermore, an increase of
swelling retention was observed in MS scaffolds with increased content
of Cs and high Ca/P ratio (Fig. 5). This can be explained by the
arrangement between the polymeric complex and inorganic phase,
achieved through binding calcium and phosphate to the hydrophilic
COOH or NH; groups. This result is in agreement with similar effects
noticed for mixtures of collagen, pectin and hydroxyapatite [60].

Biodegradation behaviour of 3D microporous scaffolds plays an
important role in the developing process of a new tissue, as the degra-
dation rate of the scaffolds influences cell viability, cell growth, and
even host response [61]. Biodegradation is a complex process occurring
in different ways: by enzymatic or cellular mechanism a material dis-
integrates into simpler components, by elementary physical breakdown
or by chemical erosion [62]. Scaffolds based on natural polymers are
mainly biodegraded in the human body by particular enzymes such as,
collagenase, lysozyme, or hyaluronidases and their biodegradation

products are absorbed by the body [63]. On the other hand, biodegra-
dation of calcium phosphates occurs by extracellular liquid dissolution
and cell-mediated resorption, meaning that is quite difficult to be
monitored in vitro [62].

Biodegradation of 3D composite scaffolds can be studied in vitro
using two methods: a direct one (quantitative) which analyse the weight
of the scaffolds before and after a degradation test and an indirect one
(qualitative) that study the release profile of the resulted biodegradation
components [64]. Considering all these aspects, the degradation
behaviour of MS composites has been studied in vitro, in a mixture of
lysozyme and collagenase [65].

The degradation kinetics of MS composites was studied for 7 days
and the results are shown in Fig. 6. The degradation of the MS is
detectable, even at lower time points (4 h) and the degradation rate is
increasing in time at different rates. For the degraded Cs (Fig. 6A) the
pattern of degradation could be explained by the presence of hexameric
binding site in lysozyme that can bind to partially acetylated Cs [66,67].
The degradation pattern of the MS composites is not correlated with the
amount of Cs from the scaffolds due to the ionic interactions between Cs,
Col and CP which modifies the conformation of the binding site for
lysozyme.

A second part of biodegradability studies involved the use of bacte-
rial collagenase, a specific enzyme for Col, which preferentially hydro-
lyzes the X-Gly bonds in the following amino acid groups: glycine-
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Fig. 5. 3D plot details of the PBS retention degree (RD, %) for MS composites.
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Fig. 6. In vitro degradation data for degraded A-Cs and B-Col from the MS composites; n = 3.

leucine (Gly-Leu), glycine-isoleucine (Gly-Ile), alanine-proline-glycine
(Ala-Pro-Gly) [68,69].

The collagenase catalysed hydrolysis of the Col from MS composites
in two steps: first, the enzyme attaches to the scaffold and then breaks it
at specific sites corresponding to the abovementioned amino acid
groups. Environmental conditions (pH, ionic strength, enzyme in-
hibitors) and material characteristics (composition, supramolecular
structure, and porosity) dictate the degradation rate of the final MS
composites. All MS were degraded in time at different rates (Fig. 6B).
The MS composites with highest content of Col (e.g. MS2, MS4, MS6)
exhibited an elevated degradation level (Supplementary data Figure S3).

3.6. In vitro cell behaviour

The cell toxicity assays demonstrate the absence of cytotoxicity of a
biomaterial and allowed both qualitative and quantitative assessment of
cytotoxicity. According to the ISO 10993 a biomaterial is believed to be

non-cytotoxic if the cell viability is higher than 70% compared to the
viability of the control sample [70,71]. A 3D scaffold biomaterial with
porous structure is able to stimulate cell proliferation and to act as a
template structure for neo-tissue formation. An ideal scaffold must be
non-toxic, biologically active, biodegradable, with suitable mechanical
properties, elicit a weak immune response and should promote its
incorporation into the native tissue [72,73].

Cell viability is one of the initial assessments that can be performed
in order to establish the cytotoxicity effects of a biomaterial. Quantifi-
cation of cell viability by the release of LDH (Fig. 7) revealed that LDH
levels at day 1 and 4 were comparable with the control group samples
(TCP). This indicates that the samples have a minimum cytotoxic effect
on the Sa0S-2 cells. However, after 7 days in culture the LDH release
from MS7 and MS8 dropped below 60% indicating a significant cyto-
toxic effect over the SaOS-2 cells. For MS9 samples, the LDH assay
showed that the composites have a similar activity compared with the
control samples. In some circumstances the values for cell viability for
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Fig. 7. Cell viability of SaOS-2 on MS composites using LDH assay; **p < 0.01,
#**p < 0.001, ****p < 0.0001; n = 3.

MS8 and MS9 are above 100% indicating a better cell viability compared
with the control TCP.

The results from the LDH assessment match the fluorescent staining,
for actin and DAPI (Fig. 8), and bright field images (Supplementary data
Figure S4) of Sa0S-2 cells evaluated at predetermined time points (1, 4
and 7 days). At day 1 the morphology of the SaOS-2 cells on control
samples (TCP) presented elongated shape where cytoskeleton of indi-
vidual can be observed. Similar morphology with no significant changes
compares with the control can be seen for the tested samples (MS7, MS8
and MS9). At day 4 and 7 the control samples reveal a confluent cell
layer where cell-cell connection can be seen. A decrease in cell prolif-
eration and changes in cell morphology for MS7 and MS8 can be
observed at day 4. Several cells did not have elongated shape, instead
presented more round shape and their growth is seized by possible
contact inhibition with the samples. For MS9 the morphology is com-
parable to the control, even though some visible areas with no cells can
be seen. At day 7 both MS7 and MS8 display visible areas also with no
cells compared with MS9 and control where the cells have similar
morphology and coverage area. The cell behaviour response is probably

Control MS7

Day 1

Day 4

Day 7

Ceramics International 47 (2021) 11209-11219

affected by the interplay of various parameters from the MS composition
i.e. chemical composition, solubility, size of the SPIONs and CP crystals,
scaffolds porosity, etc. At this stage is difficult to distinguish between
their significance. However, the preliminary assessment indicates that
MS9 have similar/equal cell behaviour activity compared with the TCP
control.

3.6.1. In vivo assessment

The body recognize all the implanted biomaterials as “non-self”
therefore, a typically response from the host will be encapsulation
within a connective tissue. After Hench and Best [74], if the biomaterial
is: (I) toxic - the surrounding tissues die; (II) nontoxic and biologically
inactive (almost inert) - fibrous tissue of variable shape and thickness
occurs; (III) nontoxic and biologically active (bioactive) - a close inter-
facial material-biological link will be produced; (IV) non-toxic and dis-
solves - the surrounding tissues replace it.

The intensity and duration of the inflammatory process is strongly
dependent of the architecture, chemistry composition and stability of
the implant [75-77]. The foreign body reaction is well described by the
presence of the foreign body giant cells alongside leucocyte population
[78]. The lifespan of the foreign body reaction will be determined by the
chemical and topographical properties of the implanted material [79].
Neutrophils, monocytes and the resident tissue macrophages are within
the first cell types to arrive at the implantation site [76]. The attach-
ment/activation of these cells will be influenced by the cell-substrate
interaction and will control the foreign body giant cells in the effort to
phagocyte the implanted substrate material or formation of the fibrous
capsule controlling the cell infiltration. At this point during the healing
process, fibroblasts will be leading the degradation of extracellular
matrix via matrix metalloproteinase, cytokines and phagocytizing
collagen and foreign particles/fragments. However, the natural wound
healing process will control the thickness of the fibrous capsule during
the recovery period after implantation.

Fibrous encapsulation and ingrown of the fibrous connective tissue
are characterized by the presence of fibroblasts bundles stained blue in
Masson’s Trichrome staining. For the tested MS composites, the foreign
body reaction is noticeable within the first 2 days after implantation
(Fig. 9). For the MS7 and MS8 the inflammatory process has been

MS8 MS9

Fig. 8. Fluorescent images of SaOS-2 cells in contact with MS composites; green-AlexaFluor 488 Phallodin, Blue-nuclei stained by Hoechst 33,342; scale bar 100 pm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Masson’s trichrome staining revealing foreign body response and cellular infiltration at 2, 12- and 64-days post implantation; © leucocytes; @ blood vessel, #

fibroblasts and * collagen fibres.

highlighted by the presence of leucocyte (i.e. macrophages, neutrophils
and rare lymphocytes), fibroblasts and collagen fibres.

However, the inflammation progression is less visible for MS9. After
12 days, both MS7 and MS8 featured fibroblast hyperplasia and depo-
sition of extracellular matrix (collagen fibres with concentric orienta-
tion). Fibroblast proliferation and formation of new blood vessel has
been visualised for MS9 at day 12. After 64 days of implantation, there is
a noticeable development of integration and resorption of all MS com-
posites with peripheral collagen production, rare leucocytes and for-
mation of new blood vessel.

Foreign body response for the MS composites has been characterized
by an acute inflammatory reaction, but its intensity decreased after the
first 2 days. The thickness of the fibrous capsule was less than 0.5 mm
(score 1), which positively influences material degradation and resorp-
tion over time without any significant cellular response.

4. Conclusions

A novel magnetic scaffold with 3D microstructure based on chitosan,
collagen, hyaluronic acid and calcium phosphates with insertion of
SPIONs was successfully fabricated through biomimetic technique. The
magnetic scaffolds exhibit 3D porous structure with pores varying from
120 pm to 300 pm, as showed by pCT. Magnetization and mechanical
values for all MS sets within the reported range for improving bone
regeneration. The retention of PBS and in vitro enzymatic degradation
rate is strongly correlated with the organic/inorganic phase i.e. high
swelling retention was noted in MS scaffolds with increased content of
Cs and high Ca/P ratio meanwhile the MS scaffolds with highest content
of Col exhibited an elevated degradation level. Moreover, tailoring the
composition of the organic/inorganic phase could provide control on the
pore size distribution of the final MS scaffold. In vitro studies showed
that behaviour of osteoblasts (Sa0S-2) on MS9 have alike cell behaviour
activity in comparison with the TCP control. In vivo data analysis of the
tissue response to MS composites was performed in order to assess tissue
ingrowth from the surrounding areas as well as evaluation of the foreign
body response. There is a noticeable development of integration and
resorption of all MS composites with peripheral collagen production,
rare leucocytes and formation of new blood vessel up to 64 days after

implantation. By tailoring the organic/inorganic phase one can achieve
a 3D MS composite that could encourages tissue regeneration as the
composition of the MS plays a significant role in the foreign body
response. These data may have a high implication in developing mag-
netic scaffolds for bone regeneration and regenerative therapies.
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