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Abstract

Osteochondral defects remain a major clinical challenge mainly due to the combined damage to the articular cartilage
and the underlying bone, and the interface between the two tissues having very different properties. Current
treatment modalities have several limitations and drawbacks, with limited capacity of restoration; however, tissue
engineering shows promise in improving the clinical outcomes of osteochondral defects. In this study, a novel gradient
scaffold has been fabricated, implementing a gradient structure in the design to mimic the anatomical, biological
and physicochemical properties of bone and cartilage as closely as possible. Compared with the commonly studied
multi-layer scaffolds, the gradient scaffold has the potential to induce a smooth transition between cartilage and bone
and avoid any instability at the interface, mimicking the natural structure of the osteochondral tissue. The scaffold
comprises a collagen matrix with a gradient distribution of low-crystalline hydroxyapatite particles. Physicochemical
analyses confirmed phase and chemical compositions of the gradient scaffold and the distribution of the mineral phase
along the gradient scaffold. Mechanical tests confirmed the gradient of stiffness throughout the scaffold, according to
its mineral content. The gradient scaffold exhibited good biological performances both in vitro and in vivo. Biological
evaluation of the scaffold, in combination with human bone-marrow—derived mesenchymal stem cells, demonstrated
that the gradient of composition and stiffness preferentially increased cell proliferation in different sub-regions of
the scaffold, according to their high chondrogenic or osteogenic characteristics. The in vivo biocompatibility of
the gradient scaffold was confirmed by its subcutaneous implantation in rats. The gradient scaffold was significantly
colonised by host cells and minimal foreign body reaction was observed. The scaffold’s favourable chemical, physical
and biological properties demonstrated that it has good potential as an engineered osteochondral analogue for the
regeneration of damaged tissue.
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Introduction

Articular cartilage has no innate ability to repair when
damaged due to its avascular nature, and lacks a rich
source of progenitor cells and growth factors required
for regeneration.! Although a number of therapeutic
approaches have been proposed to treat osteochondral
defects, none to date has been proven to ensure a sus-
tained regeneration. Current clinical approaches have
shown significant limitations and drawbacks, and offer
mostly temporary reduction in the symptoms without
any repair of the damaged tissues.?

The difficulties encountered are mostly dependent on
the intrinsic biological, biochemical and biomechanical
properties of the articular cartilage.

Repair of osteochondral defects by tissue engineering,
therefore, offers a more biological approach mimicking the
natural tissue and more effective methods for the treatment
of osteochondral defects.? Numerous studies have reported
multi-layer scaffolds, where two or more different phases
are arranged to create discrete, non-continuous layers to rep-
licate cartilage and bone sub-regions of the osteochondral
structure. In some studies, a further layer was added as an
interface-like sub-region.*¢ Although multi-layer scaffolds
showed good properties and some potential for their use in
osteochondral regeneration, they do not mimic closely
enough the unique gradient structure of the natural tissue,
often showing instability at the interface between soft and
hard tissue.’ Moreover, fabrication techniques often involve
several freeze-drying steps or further processing to assure
an adequate adhesion of the various layers, highlighting
their technical and economical limitations.®

In the human body, gradients are observed between tis-
sues, mostly connecting tissues of different properties, for
example, the osteochondral tissue. This tissue is character-
ised by a gradual transition from hard mineralised sub-
chondral bone to hyaline cartilage immediately above it.
The natural tissue is not simply a multi-layer structure, but
a continuum of viscoelastic-soft articular cartilage which
develops in an underlying stiff vascularised bone tissue.’
Hence, in designing and fabricating interfacing scaffolds,
the major challenge is to mimic the anatomical, biological
and physicochemical properties of the natural tissue.’’
However, there are few studies reported in the literature
describing gradient scaffolds for osteochondral regenera-
tion, and most are still at a very preliminary experimental
stage.>3-13 Hence, there is still an unmet clinical and scien-
tific need for an improved approach for the treatment of
osteochondral defects.®

The aim of this study was to design and fabricate a
highly porous, integrative and cell-instructive scaffold,
using a continuum model and selected biomaterials to ful-
fil the necessary features of the complex osteochondral
tissue interface. The scaffold’s physicochemical proper-
ties were fully characterised. In vitro tests were performed
using a human bone-marrow—derived mesenchymal stem

cells (h(BMSCs) model to assess the specificity of cellular
response to the different regions of the gradient scaffold.
In vivo biocompatibility was tested in a rat model.

Materials and methods

Fabrication of the gradient scaffold

A water-soluble bovine type I collagen (Symatese
Biomaterialux, France) was used as the collagen source.
Calcium hydroxide, Ca(OH),, and phosphoric acid (H;PO,;
Sigma Aldrich, St. Louis, MI, USA), were used as, respec-
tively, calcium and phosphate precursors for the synthesis of
hydroxyapatite particles. Hydroxyapatite/collagen (HAp/
Coll) composite aqueous suspensions (slurries) were synthe-
sised with four different weight ratios as follows: 0/100,
10/90, 30/70 and 50/50. The pure collagen slurry (HAp/Coll
0/100) was prepared by adding 3 g of collagen to 100mL of
distilled water. For the HAp/Coll 10/90 synthesis, 0.246 g of
Ca(OH), was sonicated in 50mL of distilled water for 5min
to obtain a homogeneous suspension. Then, 3 g of collagen
was added in the suspension and vigorously stirred at a con-
stant temperature of 10°C for 3h to obtain a homogeneous
collagen slurry. Following this, 50mL of a H;PO, aqueous
solution (0.230 g of 85% H;PO,) was added drop-wise to the
Ca(OH),/Coll suspension while stirring. Co-precipitation of
HAp particles onto the collagen fibres occurred during this
phase. The HAp/Coll 30/70 and 50/50 composite slurries
were prepared following the same protocol, but changing the
initial concentration of calcium and phosphorous precursors,
according to the desired weight ratio. The Ca/P molar ratio
for all the suspensions was 1.67, which is the stoichiometric
value for pure HAp.

The gradient scaffold was obtained by a combination of
all the four composite aqueous suspensions using a sequen-
tial addition technique. Slurries were pipetted into cylindri-
cal moulds (9mm diameter and 10mm height), starting
from the slurry with the highest HAp content, the HAp/Coll
50/50 slurry, followed by a decreasing HAp content up to
the pure collagen slurry (HAp/Coll 0/100) (Figure 1). In this
way, the sub-region at the bottom of the scaffold contained
the highest HAp content, therefore was considered to repre-
sent the bone-like region of the gradient scaffold. The
immediate region above the bone-like one was designated
as the lower middle zone, then the upper middle zone and, at
the top, the cartilage-like region (Figure 1). The thickness of
each sub-region was tailored by simply changing the pipet-
ted volume of each slurry. A highly porous structure was
obtained by a standard one-step freeze-drying process
(Advantage EL Freeze-dryer, VirTis Co., Gardiner, NY,
USA) of the slurries, previously pipetted into the mould.

Crosslink and sterilisation of the scaffold

After freeze-drying, scaffolds were crosslinked using a
standard dehydrothermal treatment (DHT) in a vacuum
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Figure 1. (a) Slurries pipetted in a sequence into the mould to obtain the gradient structure, and (b) after freeze-drying the
approximate zone sizes of its main sub-regions, from the cartilage-like region to the bone-like region.

oven (100mTorr) at 121°C for 48 h.'4!5 This treatment was
then followed by a chemical crosslinking process, carried out
using a water-soluble carbodiimide, 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC, Sigma Aldrich), and
N-hHydroxysuccinimide (NHS, Sigma Aldrich), following
a well-established protocol.!®17 After a final freeze-drying
process, all the samples were ultimately sterilised under
vacuum (100mTorr) at 165°C for a period of 3h, according
to a standard dehydrothermal sterilisation (DHS) protocol.

Physicochemical analysis

The phase composition of the gradient scaffold was verified
by X-ray diffraction (XRD) analyses (D/Max Ultima
Diffractometer, Rigaku, Japan). This technique was used to
detect and characterise crystalline or semi-crystalline phases
within the scaffold and to verify the presence of HAp inside
the scaffold and to exclude the presence of other mineral
phases. XRD patterns (n=3) were obtained with CuK« radi-
ation (A=0.15418nm) in step scanning mode recorded in
the 26 range of 20°-80°, with a step size of 0.02° and step
duration of 0.5 s. Patterns were then analysed referring to the
database for XRD analyses of the International Centre for
Diffraction Data (former Joint Committee on Powder
Diffraction Standards; ICDD-JCPDS).!8

The chemical composition of the gradient scaffold was
analysed using Fourier transform infrared (FTIR) spectros-
copy by an attenuated total reflectance (ATR) spectrometer
(Spectrum One; Perkin Elmer, Waltham, MA, USA). Spectra
of each sub-region (n=3) of the scaffold were analysed
and compared with pure collagen I and pure HAp typical
spectra,'>18 to verify and confirm the presence and the dis-
tribution of those materials throughout each sub-region of
the gradient scaffold and their chemical interaction.

Scanning electron microscopy (SEM) analyses were
performed using an environmental SEM (Evo 50 XVP,
Zeiss, Germany) with an accelerating voltage of 20kV.
These analyses were used to evaluate microstructural mor-
phology, distribution of HAp particles and pores shapes,

sizes and distribution in each sub-region of the gradient
scaffold. Each specimen (n=3) was cut along its longitudi-
nal axis to analyse the internal section of the scaffold. The
entire section was analysed starting from the top cartilage-
like region of the gradient scaffold, down to the bone-like
region. SEM micrographs were taken at two different
magnifications: 250X and 750X.

SEM analyses were coupled with energy-dispersive
spectroscopy (EDS/EDX) to verify the distribution of Ca
atoms in the collagen matrix and the atomic ratio between
calcium and phosphorus atoms (Ca/P). In particular, the
distribution of calcium atoms was assumed as the distribu-
tion of HAp particles throughout the gradient scaffold.
Various areas (n=3) of the scaffold, from the cartilage-like
region to the bone-like region, were scanned using the
SEM equipped with an EDS detector (Quantas XFlash® 6;
Bruker, Billerica, MA, USA). The presence of calcium,
phosphorus and carbon atoms was verified and their quan-
tities were calculated by the machine software.

The mechanical behaviour of the gradient scaffold and
each sub-region was evaluated by uniaxial unconfined com-
pression tests using a universal testing machine (5569A;
Instron, Norwood, MA, USA), equipped with a 10-N load
cell at a crosshead speed of 0.05mm/min.'%! Cylindrical
specimens (n=6), with a diameter of 8 mm and a height of
8 mm, were hydrated in Dulbecco’s Modified Eagle Medium
(DMEM, Sigma Aldrich) for 24h prior to testing. For the
mechanical characterisation of each sub-region of the gradi-
ent scaffold, individual layers of the appropriate concentra-
tion were prepared. Each specimen was then positioned at
the centre of an empty Petri dish (d=60mm) on the fixed
plate at the base of the machine for the test. After the appli-
cation of a pre-load of 0.05N, DMEM was flooded into the
dish and the specimen was kept immersed throughout the
test at room temperature. The compressive modulus was
calculated via linear regression of the initial elastic domain
of the obtained engineering stress (F/4,) versus engineering
strain (AL/L,) curve, between the engineering strain values
0f 0.02 and 0.1.'619 F'(mN) is the applied load, 4, (mm?) is
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the initial value of the cross-sectional area of the specimen,
AL (mm) is the displacement and L, (mm) is the initial
height of the specimen.

Biological evaluation with hBMSCs

A preliminary in vitro evaluation of the biological perfor-
mance of the gradient scaffold was carried out using a hBM-
SCs model. The ability of the scaffold to support hBMSCs
viability and proliferation for both osteogenic and chondro-
genic lineages was investigated. Each sub-region of the gra-
dient scaffold was seeded with hBMSCs (Lonza, Basel,
Switzerland). The constructs were seeded at a cell density of
2.5 X 103 cells/scaffold and then cultured with osteogenic or
chondrogenic differentiation medium to monitor cell viabil-
ity and activity in both physiological media conditions. The
osteogenic differentiation medium was prepared in low-
glucose DMEM (D6046, Sigma Aldrich) supplemented
with 10% foetal bovine serum (FBS), 1% penicillin—strepto-
mycin (Pen/Strep), 102M B-glycerolphosphate (G9891,
Sigma Aldrich), 1077M dexamethasone (D2015, Sigma
Aldrich) and 150 pug/mL ascorbic acid (A4544, Sigma
Aldrich). The chondrogenic differentiation medium was
prepared in low-glucose DMEM (D6046, Sigma Aldrich)
supplemented with 10% FBS, 1% Pen/Strep, 108 M dexa-
methasone (D2015, Sigma Aldrich), 37 pg/mL ascorbic acid
(A4544, Sigma Aldrich), 1% ITS (human insulin, human
transferrin and sodium selenite, 13146 Sigma Aldrich) and
10ng/mL transforming growth factor 33 (TGF-33).
Considering the gradient scaffold design, the hypothesis
of this experiment was that the lower middle zone and the
bone-like region, characterised by the highest content of
osteoconductive HAp, were expected to have a high poten-
tial to allow and favour cell viability and proliferation when
conditioned in osteogenic medium.?2! Similarly, the carti-
lage-like region and the upper middle zone, characterised by
a lower stiffness and a higher content of collagen, were
expected to have a higher potential to allow and favour cell
viability and proliferation when conditioned in chondrogenic
medium.??2 Hence, hBMSCs seeded on lower middle zone
and bone-like region of the gradient scaffold were condi-
tioned in osteogenic medium and hBMSCs seeded on carti-
lage-like region and upper middle zone were conditioned in
chondrogenic medium. The upper middle zone was chosen
as the osteogenic control region and the lower middle zone
was chosen as the chondrogenic control region, since these
were representative of the subchondral bone interface.
hBMSCs exposed to chondrogenic or osteogenic
medium in the sub-regions of the gradient scaffold were
assessed for proliferation using alamarBlue™ assay
(Thermo Fisher, Waltham, MA, USA).23-25 At days 1, 7,
14, 21 and 28, differentiation media were replaced with
I mL of alamarBlue solution (10% (v/v) alamarBlue in
phenol red-free stem medium), then the plate was incu-
bated at 37°C for 4h. The solution was transferred to a
96-well plate in three technical replicates of 100 uL each

for each sample (n=4) and the absorbance at 570 nm was
measured using a spectrophotometer (Opsys MR; Dynex
Technologies, Chantilly, VA, USA).

In vivo study

An in vivo evaluation of the biocompatibility of the gradi-
ent scaffold was carried out using a rat model. The study
was conducted in accordance with the European Union
Directive 2010/63/EU, with approval by the Ethics
Committee for Animal Experimentation of the University
of Cagliari (Italy). The model used for the study was
12-week-old female Fischer 344 rats (n=06), with an aver-
age weight of 245g. Prior to surgery, the animals were
given general anaesthesia with isoflurane (1.5%) mixed
with pure oxygen. When the animal was no longer respon-
sive, an approximately 15-mm-long skin incision was made
along the sagittal plane in the centre of the back of the
animal and one cylindrical gradient scaffold was then
implanted subcutaneously in each rat (n=6). The incision
was sutured using commercial bioresorbable sutures
(Vieryl 5-0; Ethicon, Diilmen, Germany). Throughout the
surgical procedure, due care was taken to minimise animal
pain and discomfort. After 15 days, animals were euthanised
and gradient scaffold along with approximately 5-mm-
thick surrounding tissue were explanted from each rat and
fixed in 10% formalin for 24 h at room temperature.

Cell colonisation of the gradient scaffold in vivo and cell
distribution inside the scaffolds were analysed. After fixa-
tion, explanted scaffolds and surrounding tissues were first
decalcified in ethylenediaminetetraacetic acid (EDTA) for
48h and then processed and embedded in paraffin wax for
histology. Slices of 10-um thickness were cut and mounted
on microscopic slides and stained with haemotoxylin and
cosin (H&E). Immunohistochemistry was performed to
identify potential proteins associated with differentiation;
these included osteopontin (OPN), myocyte enhancer fac-
tor 2C (MEF2C) and haematoxylin—Van Geison (HVG).

Statistical analysis

Results are reported as mean * standard deviation (SD).
Statistical significance was predetermined at o=0.05
(p < ). One- and two-way analyses of variance (ANOVAs)
were used to compare mean values among groups. A mul-
tiple comparison procedure, Tukey’s test, was used to iso-
late the group or the groups that differed from the others.
The following symbols are used to highlight statistical
significance: *p <0.05, **p <0.01 and ***p < 0.001.

Results

Physicochemical properties

The gradient scaffold was successfully fabricated and
appeared macroscopically homogeneous, with no evidenced
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Figure 2. (a) A representative XRD pattern of the gradient HAp/Coll scaffold (black) compared with the XRD reference of
HAp (brown; Ref. ICDD-JCPDS 09-0432). A low-crystalline HAp was the only mineral phase detected. (b) FTIR spectrum of the
cartilage-like region of the gradient scaffold between 1800 and 800cm™'. (c) FTIR spectrum of the bone-like region of the gradient
scaffolds with characteristic collagen and HAp peaks between 1800 and 800 cm™'. The detection of the carbonate stretching at
874cm™! (v2 CO3) confirmed the nucleation of the HAp particles onto the collagen fibres, chemically integrated with each other.
(d) Comparison among the FTIR spectra of pure HAp (brown), cartilage-like region (blue), upper middle zone (light blue), lower
middle zone (orange) and bone-like region (red) of the gradient scaffold between 1800 and 1800cm™".

separation at the interfaces. Figure 2(a) shows that the XRD
pattern of the gradient scaffolds was comparable with the
XRD reference of HAp (Ref. ICDD-JCPDS 09-0432). All
the main peaks of pure HAp were detected, without any
peaks of other phases of calcium phosphates.!82¢ The gradi-
ent scaffold exhibited broad diffraction peaks, indicating
that the HAp particles, nucleated onto the collagen fibres,
had a low crystallinity.?’

In Figure 2(b), the typical pure collagen I absorption
bands are highlighted in the spectra of the cartilage-like
region of the scaffold between 1800 and 800cm™'. C=0O
stretching (amide I), N-H in-plane bending + C-N stretch-
ing (amide II), CH, deformation (6 CH,), C-N stretch-
ing + N-H in-plane bending (amide I1I), C—O-C stretching

(v C-O0-C) and C-O stretching (v C-0O) were clearly
detected.!® The spectrum of the bone-like region of the gradi-
ent scaffold (Figure 2(c)) was analysed considering both
pure collagen I'> and pure HAp!8:282% characteristic absorp-
tion bands. All the main characteristic absorption peaks of
collagen and HAp were clearly detected. The typical colla-
gen C-O-C stretching (v C-0-C) at 1082cm™ and C-O
stretching (v C-0) at 1032 cm™! were covered by the stronger
PO, stretching (v; PO,) at 1078 and 1020cm™ due to the
high HAp content.?$2° This phenomenon was weaker in the
lower middle zone (Figure 2(d), orange spectrum) because
of a lower HAp content. The HAp content in the upper mid-
dle zone of the scaffold (Figure 2(d), light blue spectrum)
was even lower and that impeded to detect any characteristic
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Figure 3. SEM micrographs of the different sub-regions of the gradient scaffold. The gradient distribution of the HAp particles in
the highly porous collagen matrix was confirmed. Scale bars: (al—-dl) 200 pm and (a2—d2) 50 um.

peak of HAp, showing only the typical absorption bands of
collagen, similar to the cartilage-like region of the scaffold.
A clear confirmation of the chemical bond between col-
lagen fibres and HAp was given by the detection of the
characteristic peak of carbonate stretching at 874cm™! (v,
COs,) in the spectrum of the bone-like region of the gradi-
ent scaffold (Figure 2(c)). A weaker absorption was also
found in the spectrum of the middle zone (Figure 2(d),

orange spectrum). This bond vibration is typical of carbon-
ate apatite of mineralised collagen, confirming the nuclea-
tion of the mineral HAp particles onto the collagen fibres,
chemically integrated with each other.3® The amide III
peak also showed a significantly lower intensity, as typi-
cally reported in the case of mineralised collagen.?!

SEM micrographs in Figure 3 showed that the construct
was overall highly porous with an open and interconnected
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porosity. The concentration of HAp particles in the colla-
gen matrix increased progressively from the cartilage-like
region to the bone-like region, where the concentration was
the highest. The first HAp particles were found in the upper
middle zone of the scaffold (Figure 3). The concentration
of the HAp particles increased progressively in the lower
regions. The presence of HAp did not significantly change
shape and distribution of the pores. It was clear how the
presence of HAp particles increased the roughness of the
surface of pores walls, comparing, in particular, cartilage-
like and bone-like regions of the gradient scaffold.

EDS analysis showed that the ratio between calcium
and carbon atoms increased progressively from the carti-
lage-like region to the bone-like region (Figure 4). This
ratio was considered equivalent to the ratio of HAp and
collagen, since no other chemical species were detected in
the previous physicochemical analyses. Hence, this result
clearly confirmed the gradient distribution of the mineral
content throughout the scaffold.

An example of the engineering stress versus engineering
strain curve obtained for each specimen of each sub-region
and of the entire gradient scaffold is shown in Figure 5(a),
that is, the typical mechanical response in compression
expected from a low-density, elastomeric, open-cell and
highly porous matrix.!¢ The engineering stress versus engi-
neering strain curve was characterised by the three distinct
regimes, typical of this class of materials:

1. Linear elastic, mainly controlled by the bending of
pores strut;

2. Collapse, with pores struts buckling and pores col-
lapse — stress increases slightly;

3. Densification, where pores completely collapse
throughout the material with a dramatic increase of
stress. The transition from the linear elastic to the
collapse regimes was typically observed at approxi-
mately 10%—12% engineering strain, while densifi-
cation was not observed until very large engineering
strains (more than 35%—40%). The compressive
modulus of each sub-region and of the gradient scaf-
fold itself (Figure 5(b)) was calculated as a linear
regression in the linear elastic region, between the
engineering strain values of 0.02 and 0.1.161° The
presence of HAp in the collagen matrix significantly
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Figure 4. Gradient distribution of calcium atoms (i.e. HAp
particles) throughout the scaffold (n=3), from the cartilage-like
region (0% of the scaffold length) to the bone-like region (100%
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Figure 5. (a) Example of the engineering stress versus engineering strain curve obtained for each specimen in the uniaxial
unconfined compression tests in wet state. F (mN) was the applied load, A, (mm?) the initial value of the cross-sectional area of

the specimen, AL (mm) the displacement and L, (mm) the initial height of the specimen. (b) Compressive moduli of the different
sub-regions of the gradient scaffold and of the gradient scaffold itself (n=6). The gradient distribution of HAp determined a gradient
of stiffness in the scaffold: (A) cartilage-like region, (B) upper middle zone, (C) lower middle zone, (D) bone-like region and (E)

gradient scaffold.
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Figure 6. (a) Proliferation of hBMSCs in osteogenic differentiation medium increased with the increase of HAp content in the
different sub-regions of the gradient scaffold (n=4), due to the osteoinductive properties of its mineral phase: (*) compared with
upper middle zone at each time point and (#) compared with lower middle zone at each time point. (b) Proliferation of hBMSCs
in chondrogenic differentiation medium increased in more chondrogenic sub-regions of the scaffold (n=4): (*) compared with the

lower middle zone at each time point.

enhanced the mechanical properties of the material
(Figure 5(b)). In particular, the compressive modu-
lus of the different sub-regions of the gradient scaf-
fold increased with the increasing HAp content.
This result was in accordance with previous studies,
which showed that the mechanical properties of col-
lagen can be enhanced by adding a calcium phos-
phate phase.!%32 Therefore, the designed gradient of
stiffness for the scaffold was successfully obtained.

Proliferation of hBMSCs

As shown in Figure 6(a), cell proliferation in osteogenic
condition was significantly higher in the lower middle
zone and in the bone-like region of the scaffold, compared
with the upper middle zone, at each time point. The higher
cell proliferation in osteogenic condition was expected,
considering the higher concentration of the osteoconduc-
tive HAp in these regions.?! A statistical difference was
also observed in cell proliferation at day 14, day 21 and
day 28 between bone-like region and lower middle zone.
Similarly, cell proliferation when cells were cultured in
chondrogenic condition was significantly higher in the
cartilage-like region and in the upper middle zone of the
gradient scaffold, compared with the lower middle zone, at
each time point (Figure 6(b)).

Results obtained in both osteogenic and chondrogenic
conditions confirmed that the gradient scaffold was able to
selectively induce cell proliferation towards different line-
ages when cells were cultured in appropriate conditions.

The scaffold imparted a selective cue to the cells; gradient
composition and stiffness directed and influenced cell pro-
liferation, depending on the different sub-regions and
whether it was more osteogenic or chondrogenic in nature.
As expected, regions with a higher HAp content and stiff-
ness favoured cell activity in osteogenic condition, due to
the osteoconductive properties of calcium phosphates and
due to the fact that a substrate with a higher stiffness can
favour osteogenic differentiation of MSCs.2!3334 Regions
with a higher content of chondrogenic collagen and a
lower stiffness substrate favoured cell proliferation in
chondrogenic condition.?233:34

In vivo biocompatibility

H&E staining, showed the gradient scaffold was signifi-
cantly colonised by host cells after 15days. A highly stro-
mal fibrous-looking tissue containing many cells was
observed (Figure 7). The tissue appeared healthy and highly
vascularised with no evidence of inflammatory foreign
body reaction. Cells were observed lining the scaffold
forming perichondrium-like biomembrane with numerous
small vessels in the vicinity (Figure 7). We speculate that
this could be the beginning of perichondrium/ostium forma-
tion, which when fully matured and vascularised becomes
the periosteum. The potential for the scaffold to drive dif-
ferentiation potential was evaluated with immunohisto-
chemistry and confirmed the presence of osteopontin,3® an
intracellular glycoprotein expressed in cells of the osteo-
blastic lineage and an indicator of osteoblast differentiation
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(Figure 8(a)). Haematoxylin—Van Geisen stain for collagen
was also positive indicating a potential differentiation
towards the chondrogenic lineage (Figure 8(b)). MEF2C, a

Figure 7. H&E staining of cells colonising the gradient
scaffold. Scaffold and surrounding tissue were explanted after
15 days of subcutaneous implantation in rats. A highly stromal-
looking tissue containing many spindle-shaped cells that appear
to be fibroblastic was observed. The tissue appears highly
vascularised (green arrowheads). Cells appear to be lining

the scaffold in some areas (black arrow heads) which could

be indicative of a perichondrium formation, with visible small
blood vessels. Scale bar: 100 um.

potential osteoblast transcription factor,® was also
expressed (Figure 8(c)). Cells in close contact with the
scaffold had a homogeneous morphology and showed min-
imal inflammatory response, indicating that the scaffold
was biocompatible (Figure 8(d)).

Discussion

The development of an osteochondral tissue engineered
scaffold, with the capacity to mimic the natural complex
interface tissue, would be a major step forward for treat-
ing osteochondral defects. Recently, research is being
directed towards scaffolds that aim to re-establish tissue—
tissue interaction and allow a more natural integration.”
To meet this need, this study used the ‘learning-from-
nature’ approach to design and fabricate a continuous
collagen matrix incorporating a gradient mineral phase,
by inclusion of HAp particles, directly nucleated onto
collagen fibres. The resultant scaffold has, therefore, a
chemical gradient of an osteoinductive material, low-
crystalline HAp, in a continuous collagenous matrix and
a physical gradient of stiffness. Collagen molecules, act-
ing as a template for HAp crystals, in a similar manner as
in the natural process of biomineralisation, favoured the
nucleation process and, consequently, prevented crystal

PR A Y
R A S

©

Figure 8. Representative images of subcutaneously implanted scaffold sections. Immunohistological staining for (a) osteopontin,
arrows showing positive staining indicating presence of osteopontin. (b) HVG, identifying presence of collagen type I. (c) MEFC2,
arrows indicate positive staining for this osteoblast transcription factor and (d) H&E showed minimal inflammatory response
indicating the biocompatibility of the scaffold material. Scale bar =100 um for all images.
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growth, inducing the formation of low-crystalline apatite.’’
The well-documented osteogenic properties of HAp were
then powered by a more physiological characteristic of
this bioceramic, which has been demonstrated to be low-
crystalline in natural immature bone tissue.??3038 The
advantage of a design including the direct nucleation of
HAp particles onto the collagen fibres allowed the forma-
tion of low-crystalline HAp, in opposition to a direct
addition of commercial HAp powder to a collagenous or,
in general, polymeric matrix.37-3%4% The fabrication process
also allowed collagen and HAp to chemically integrate
with each other. This interaction is fundamental to assure
a chemical stability of the scaffold during its potential
use for the regeneration of the damaged osteochondral
tissue.

The designed gradient distribution of the mineral
phase created a consequent gradient distribution of stiff-
ness of the scaffold. The compressive modulus of the
different sub-regions of the gradient scaffold increased
progressively with the increasing of HAp content, from
a softer collagenous cartilage-like region to a stiffer
mineralised bone-like region. The gradient of stiffness
was designed to drive cell behaviour by a physical sig-
nalling. It has been shown by several studies how the
stiffness of the substrate can induce stem cell differentia-
tion towards chondrocytes or osteoblasts lineage.33:41:42
In particular, a lower stiffness substrate can favour dif-
ferentiation towards soft tissue lineage, such as chondro-
genic differentiation, whereas a higher stiffness substrate
can promote osteogenic differentiation.3441:43.44

As found in the biological evaluation with hBMSCs, the
gradient of composition and stiffness favoured a more spe-
cific cell proliferation in the different selective sub-regions
of the scaffold, according to their more chondrogenic or
osteogenic potential. As expected, in regions with a higher
HAp content and stiffness, cells showed higher prolifera-
tion in osteogenic medium. Chemical composition, that is,
osteoinductivity, and physical composition, that is higher
stiffness and signalling of HAp, increased cell prolifera-
tion, as already shown in the literature.?!3745 Similarly, in
more collagenous regions characterised also by a lower
stiffness substrate, cells showed higher proliferation in
chondrogenic medium.?? The design of the gradient scaf-
fold successfully promoted cell activity in both the upper
and sub-regions of the scaffold. The in vivo results demon-
strated good biocompatibility, with minimal inflammatory
response. The potential of the scaffold to selectively induce
differentiation was demonstrated. Osteopontin, an intracel-
lular glycoprotein expressed in cells of the osteoblastic lin-
eage and an indicator of osteoblast differentiation,?> was
observed. Furthermore, the transcription factor MEF2C
reported to be important in the development of several line-
ages including the regulation of skeletal tissues was also
identified. This protein is known to be involved in vascular
development and play a role in the development of cortical

architecture.?® Collagen was also identified demonstrating
the presence of connective tissue. While these markers are
not confirmatory, and a more in-depth differentiation study
is required, they are indicative that the scaffold has the
potential to recruit cells and selectively induce differentia-
tion of the recruited cells.

The continuous structure of the scaffold was created
using a one-step freeze-drying process to obtain a highly
porous gradient structure, without any discrete separations
at the interfaces, and without the need for further process-
ing to assure stable adhesion between different layers, as is
commonly seen in the fabrication of multi-layered scaf-
folds. Layered scaffolds are fabricated comprising indi-
vidual layers and are subsequently bonded together using
specific agents, such as fibrin or other glues. Such discrete
structure might induce an inhibition to cell migration at the
interfaces between layers.2 Another method that has been
used for their fabrication is an iterative, multi-step freeze-
drying process, where each layer is subsequently added to
the others.® This fabrication process that requires multiple
lyophilisation steps could be considered economically dis-
advantageous compared with the proposed one-step
freeze-drying. The gradient scaffold proposed in this study
was designed to generate a smooth transition between a
hard and a soft tissue using bioactive and clinically
approved biomaterials, namely, collagen and HAp, and a
novel enhanced design, able to more closely mimic the
unique natural osteochondral structure, using a more
reproducible, efficient and economically advantageous
fabrication process, which reduces the number of freeze-
drying steps to just one and does not require any further
treatment to avoid delamination or separation of the differ-
ent layers. Moreover, the proposed fabrication process was
designed to be easily coupled with medical imaging tools,
such as 3D scans, to allow the production of custom-made
(or ‘patient-tailored’) scaffolds. The reconstruction of the
actual defect geometry by imaging tools (e.g. STL file) can
be used to 3D-print the mould for the freeze-drying pro-
cess. The inner cavity of the mould will be an exact replica
of real geometry and dimensions of the patient’s lesion.
This will easily overcome the crucial limitation of repro-
ducing irregular anatomical geometries for the fabrication
of scaffolds for osteochondral tissue engineering. All these
clear advantages of the proposed gradient scaffolds are
summarised in Table 1, in a comparison of merits and
demerits with other multi-layered or gradient scaffolds
found in the literature.

Conclusions

This study demonstrated the successful fabrication of a
novel composite gradient scaffold with suitable biomimetic
physicochemical and biological properties, for potential
application in osteochondral regeneration. The scaffold
was biomimetically designed to simulate the natural tissue
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Table I. Design of multi-layer or gradient scaffolds for osteochondral defects: brief overview of recent literature and comparison

with proposed gradient scaffold (first row, italics).

Established
gradients

Fabrication
methods

Layers Materials used

Limitations Advantages Ref.

NA e Composition e Collagen type | o Freeze-drying

o Stiffness e HAp
3 e Composition e Gelatin o Layer-by-layer
o Stiffness e HAp freeze-drying
3 e Composition e PLA e Thermally
e Porosity o Sulphated cellulose  induced phase
o Stiffness nanocrystals separation
e Phosphated
cellulose nanocrystals
4 e Composition e Collagen type | e Layer-by-layer
e Porosity e Collagen type Il freeze-drying
o Stiffness o Hyaluronic acid
e HAp
4 e Pore shape e PCL e Extrusion-based
3D printing
7 e Composition e PCL microspheres e Layer-by-layer
o Stiffness e HAp selective laser

sintering

NA e Composition e PLGA microspheres e Opposing

o Stiffness e Tricalcium syringes + freeze-
phosphate drying

3 e Composition e PLGA e Particle leaching

e Porosity o PLGA microspheres e UV crosslinking

e Chondroitin
sulphate GMA
e Gelatin GMA

e Material from e One-step processing
animal origin ® Biomimetic materials
(collagen) e Continuous integrated
e [sotropic structure structure

o Solvent free

o Availability of custom-

made design

e Multi-step e Continuous Amadori et al.#
processing integrated structure

o Multi-step e Continuous Camarero-
processing integrated structure  Espinosa et al.®

e Use of solvents
for layer bonding

e Anisotropic
structure

e Continuous
integrated structure

o Multi-step Levingstone et al.6

processing

e No biomimetic e Continuous Di Luca et al.?

materials integrated structure
o Multi-step e Continuous Du et al.#
processing integrated structure

e Microspheres for

growth factor release
o Multi-step e Continuous Mohan et al.'o!!
processing integrated structure

® Microspheres for

growth factor release
o Multi-step e Microspheres for Han et al.#
processing growth factor release

e Discontinuous
structure at the
interface

HAp: hydroxyapatite; PLA: polylactic acid; PCL: polycaprolactone; PLGA: poly(lactic-co-glycolic) acid; GMA: glycidyl methacrylate; UV: ultraviolet.

structure; a collagen matrix partially mineralised with HAp
in its osteogenic sub-regions. The novel aspect was the
creation of a continuous structure with a chemical gradient
of a highly osteoinductive material (HAp), which imparted
a physical gradient of stiffness with biomimetic functional-
ity. Furthermore, this was achieved adopting an efficient
and economically advantageous fabrication process. The
gradient scaffold showed favourable biological potential
both in vitro and in vivo. In vitro biological studies of the
scaffold in presence of hBMSCs indicated the ability of
cells to be directed by the chondrogenic or osteogenic envi-
ronment created by the gradient material composition and
stiffness in the different regions of the gradient scaffold. At
the in vivo level, the biocompatibility of the gradient scaf-
fold was confirmed by the subcutaneous implantation in
rats, with minimal inflammatory response observed and
evidence of cellular differentiation. The physicochemical
properties of the gradient scaffold confirm its suitability for

use as an osteochondral graft for tissue regeneration. Both
in vitro and in vivo biological evaluations show good bio-
compatibility with minimal inflammatory response. The in
vivo study suggests that the scaffold has potential to selec-
tively differentiate recruited cells, but confirmation is
required with a more in-depth study.
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