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Abstract

Significant clinical challenges encountered in the effective long-term treatment of osteochondral
defects have inspired advancements in scaffold-based tissue engineering techniques to aid repair
and regeneration. This study reports the development of a biphasic scaffold produced via a rational
combination of silk fibroin and bioactive ceramic with stratified properties to satisfy the complex
and diverse regenerative requirements of osteochondral tissue. Structural examination showed that
the biphasic scaffold contained two phases with different pore morphologies to match the cartilage
and bone segments of osteochondral tissue, which were joined at a continuous interface.
Mechanical assessment showed that the two phases of the biphasic scaffold imitated the load-
bearing behaviour of native osteochondral tissue and matched its compressive properties. In vitro
testing showed that different compositions in the two phases of the biphasic scaffold could direct
the preferential differentiation of human mesenchymal stem cells towards the chondrogenic or
osteogenic lineage. By featuring simple and reproducible fabrication and a well-integrated
interface, the biphasic scaffold strategy established in this study circumvented the common
problems experienced with integrated scaffold designs and could provide an effective approach for
the regeneration of osteochondral tissue.
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1. Introduction

The management and reconstruction of damaged or diseased osteochondral tissue at skeletal
joints have remained a significant orthopaedic challenge. Existing clinical treatments may be
effective in alleviating pain and morbidity in the short term, but rarely achieve full
restoration of functional osteochondral tissue in the long term.} Reparative techniques such
as microfracture often result in the formation of fibrocartilage that lacks clinical durability,?
and the success of restorative techniques is limited by the availability of donor tissue for
osteochondral grafts® or graft delamination, insufficient cartilage regeneration and the lack
of long-term results for the generations of autologous chondrocyte implantation (ACI).4 The
inability to achieve adequate repair over time can cause osteochondral defects to expand and
contribute to degenerative joint changes, which eventually lead to the progression of
osteoarthritis and result in severe pain, joint deformity and loss of joint motion.> The unique
and complex nature of osteochondral tissue poses significant challenges to satisfactory
repair and regeneration, due to their stratified structure involving multiple tissue segments
including articular cartilage, subchondral bone and interfacial tissues.® Current treatment
modalities are still struggling to tackle the different compositional, structural, mechanical
and biochemical requirements of each tissue component in the osteochondral unit. Driven by
the growing unmet clinical need to develop more effective therapies, scaffold-based
osteochondral tissue engineering strategies have emerged in recent years with the aim of
arriving at a viable product that can address the diverse regenerative requirements of
osteochondral tissue.’11

Many different osteochondral scaffold strategies have evolved and can be broadly classified
into several categories: monophasic scaffolds,12-19 scaffolds for the bone part with cells for
the cartilage part,20-23 assembled scaffolds with individual scaffolds for cartilage and
bone,24-30 homogeneous scaffolds with different cell populations for cartilage and bone31-33
or a continuous gradient of bioactive molecules,34-37 and single scaffolds with integrated
phases.38-4 These scaffolding approaches each have their own advantages and
disadvantages which govern their effectiveness, but the efficient translation of individual
strategies is additionally restricted by practical requirements including ease and
reproducibility of fabrication, choice of materials which are already approved (or likely to
obtain approval) for human use, sterilisability, and the preference for products which can be
used independently without the incorporation of cells and/or bioactive molecules.®? The
difficulty in developing a scaffold that simultaneously satisfies the structural, mechanical
and biological requirements of osteochondral regeneration alongside stringent regulatory
requirements explains the scarcity of commercialised scaffold-only products for the
treatment of osteochondral defects and their limited®1~>4 or unsatisfactory®>->7 long-term
outcomes.
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Assessing the different types of scaffold-based tissue engineering strategies against the
diverse sets of requirements for the regeneration of osteochondral tissue, a single scaffold
with integrated phases stands out as an effective and practical approach. This type of
scaffold design features two or more phases potentially with unique properties in each phase
to match the different regenerative requirements in each segment of the osteochondral
unit.%0 The phases are integrated during fabrication to produce a continuous transition in
interfacial properties.}! A heterogeneous structure is therefore possible with a wide range of
material choices and without the formation of a sharp interface which is biologically
undesirable.10 Furthermore, because the complete scaffold is formed prior to any in vitro or
in vivo interaction, this strategy offers the attractive possibility of being adopted for
translational use without necessitating the inclusion of cells and/or bioactive molecules. A
scaffold design featuring integrated phases composed of common bioactive materials
therefore has great potential in becoming a viable product for the effective treatment of
osteochondral defects. However, some common challenges experienced with similar designs
must be considered and addressed, including potentially poor integration between phases,
complex and/or impractical processing methods, and lack of reproducibility.>0

The purpose of this study was to design, optimise and characterise an osteochondral scaffold
with integrated phases via a rational combination of bioactive materials. The design concept
involved a scaffold with two integrated phases overlapping at the interface. The two phases
were respectively targeted for the regeneration of articular cartilage and subchondral bone in
the osteochondral unit, and the material choices of each phase were determined by the
structural, mechanical and biological requirements of the two tissues (Fig. 1). Simple and
reproducible fabrication methods and good integration between phases were factors which
guided the optimisation of the design, in light of the common challenges experienced with
other integrated scaffold strategies. A biphasic scaffold design was established with a silk
protein scaffold constituting the cartilage phase and a silk-coated strontium-hardystonite-
gahnite ceramic scaffold (SHG-silk) constituting the bone phase. Fabrication processes were
optimised to produce the two phases of the biphasic scaffold with unique and stratified
properties together with a well-integrated interface. Systematic investigations were
performed to evaluate the physical and mechanical properties of the biphasic scaffold, as
well as its in vitro behaviour when cultured in the presence of human mesenchymal stem
cells (hMSCs). The results indicated that the stratified properties of the biphasic scaffold
could meet the regenerative requirements of osteochondral tissue, and might be useful for
the identification of design parameters in the development of biomimetic osteochondral
scaffolds. Stratified scaffolds featuring an integrated design, such as the biphasic scaffold
developed in this study, could contribute to the new paradigm of using scaffold-only tissue
engineering strategies to resolve the clinical challenges encountered in the management and
reconstruction of osteochondral defects.

2. Experimental

Silk fibroin aqueous solution prepared from Bombyx mori cocoons via a previously
described method®8 was used for all subsequent experiments.
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2.1 Preparation of strontium-hardystonite-gahnite (SHG) ceramic scaffolds

SHG ceramic scaffolds were prepared to desired dimensions for use in subsequent
experiments. Sr-Ca,ZnSi,O; powder was prepared by the sol-gel method (reagents from
Sigma-Aldrich, St. Louis, MO, USA) as previously described,>° to which aluminum oxide
(Al,03) powder (15 wt%) was added. The powders were mixed and ground using a
planetary ball mill (Retsch PM 400, Haan, Germany) for 2 hours at 150rpm to give particles
of 10-20um size for scaffold preparation. The polymer sponge method was used for scaffold
fabrication. Fully reticulated polyurethane foam (The Foam Booth, Sydney, Australia) was
cut to appropriate dimensions and used as sacrificial templates for scaffold replication. The
ceramic slurry was prepared by adding the ceramic powder to 0.01 M polyvinyl alcohol
(PVA) binder solution to make a 30 wt% suspension. Foam templates were immersed in the
ceramic slurry and compressed gently a few times to facilitate slurry penetration, and excess
slurry was squeezed out. After drying, SHG ceramic scaffolds were produced by sintering
the ceramic-coated foams in air in an electric furnace using a five-stage schedule: (i) heating
from 25°C to 400°C at a heating rate of 1°C min™2, (ii) holding the temperature at 400°C for
1 hour, (iii) heating from 400°C to 1250°C at 2°C min~1, (iv) holding at 1200°C for 3 hours,
and (v) cooling to 25°C at a cooling rate of 5°C min~1.

2.2 Preparation of SHG-silk scaffolds (bone phase)

SHG-silk scaffolds were prepared for use in subsequent experiments by coating SHG
ceramic scaffolds with a single silk layer using an aqueous silk fibroin solution with a
concentration of ca. 8 wt%. The coating process involved immersing the ceramic scaffold in
silk solution and pipetting the solution through the scaffold to ensure uniform infiltration.
Excess silk solution was removed from the scaffold with tissues before vacuum drying at
80°C for 30 min. The silk coating was stabilised by immersing the coated scaffold in
methanol for 5 min to induce B-sheet formation, followed by vacuum drying at 80°C for 10
min.

2.3 Preparation of silk scaffolds (cartilage phase) for characterisation

Silk scaffolds were prepared via phase separation induced by freezing aqueous silk fibroin
solution in the presence of a small amount of organic solvent, by adaption of a previously
described method.®0 Specifically, aqueous silk fibroin solution and diluted methanol
solution were homogeneously mixed via pipetting to final concentrations of 4 wt% silk
fibroin and 2 vol% methanol. The mixture was dispensed to cylindrical moulds of
appropriate diameter (corresponding to the desired diameter of silk scaffolds) and
immediately frozen at —20°C for at least 8 hours. Porous silk scaffolds were formed after
thawing at room temperature and traces of methanol were removed by washing in distilled
water. The washes were performed by immersing the silk scaffolds in water at a ratio of ca.
100mL water per 1cm? scaffold. The scaffolds were gently rocked for at least 6 hours during
each wash and the washing process was repeated at least 6 times. The resulting silk scaffolds
were trimmed in length if necessary and stored in distilled water at 4°C for use in
subsequent experiments.
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2.4 Preparation of biphasic scaffolds

Biphasic scaffolds were prepared by mounting the SHG-silk scaffold inside the mixture of
silk and methanol prior to silk scaffold formation (Supplementary Fig. 1). Specifically for
the preparation of each biphasic scaffold, a homogeneous mixture of silk and methanol
(concentrations as specified in Section 2.3) was dispensed to a cylindrical mould of
appropriate diameter and a SHG-silk scaffold with diameter just less than that of the mould
was inserted into the mixture. The position of the SHG-silk scaffold was adjusted and
secured with paraffin film such that approximately one-third of its length was immersed in
the silk mixture to form the interface region of the biphasic scaffold. The silk mixture with
the mounted SHG-silk scaffold was immediately frozen at —20°C for at least 8 hours.
Biphasic scaffolds with a cartilage phase consisting of a silk scaffold attached to a bone
phase consisting of a SHG-silk scaffold was formed after thawing at room temperature, and
traces of methanol in the silk scaffold were removed by washing the biphasic scaffold in
distilled water as described in Section 2.3. The resulting biphasic scaffolds were adjusted in
length by trimming the silk scaffold if necessary and stored in distilled water at 4°C for use
in subsequent experiments.

2.5 Physical properties of the biphasic scaffold

The scaffolds were freeze-dried using a FreeZone 4.5L Benchtop Freeze Dry System
-105°C (Labconco, Kansas City, MO, USA) for 2 days. Freeze-dried scaffolds were
fractured in liquid nitrogen using a razor blade and sputter coated with gold. Pore
morphology and microstructure of the scaffolds were examined via field emission scanning
electron microscopy (FE-SEM) using Zeiss Ultra (Carl Zeiss, Oberkochen, Germany).

2.6 Mechanical properties of the biphasic scaffold

Mechanical properties of the scaffolds were determined on five independent samples for
each test. Tests conducted on the biphasic scaffold were: 1) tension testing on hydrated
modified biphasic scaffolds (where the SHG-silk scaffold had silk scaffolds attached to both
ends to allow clamping, 8.5mm diameter by 65mm gauge length) to determine interfacial
bonding strength, and 2) compression testing on hydrated biphasic scaffolds (7.5mm
diameter by 21mm height including 7mm silk scaffold height). Other tests conducted were:
1) tension testing on the silk scaffold as an independent construct (8.5mm diameter by 8mm
gauge length), and 2) compression testing on the silk scaffold and SHG-silk scaffold as
independent constructs (7.5mm diameter by 7mm height for both groups). All samples were
tested in air using a computer-controlled Instron 5567 (Buckinghamshire, UK) testing frame
equipped with a 100N capacity load cell for tension testing or a 1kN capacity load cell for
compression testing. All tests were conducted using a displacement control mode with
crosshead displacement rate of 2mm min~21. For the biphasic scaffold in tension, the
interfacial bonding strength was measured at the maximum peak on the stress-strain curve
(point of breakage). For the silk scaffold in tension, the maximum peak on the stress-strain
curve was used to determine the ultimate tensile strength and strain at failure, and the elastic
modulus was calculated as the slope of the curve in the initial linear region. For the biphasic
scaffold in compression, the compressive strength and modulus of the silk scaffold and
SHG-silk scaffold were determined separately based on the section of the stress-strain curve
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corresponding to each phase. For the silk scaffold section, the compressive strength was
measured at the point where a line drawn parallel to the initial linear region of the stress-
strain curve starting at 1% compressive strain crossed the curve, according to a previously
described method.>8 The compressive modulus was calculated as the slope of the curve in
the initial linear region. For the SHG-silk scaffold section, the highest peak in the stress-
strain curve within the first millimeter of compressive extension was used to determine the
compressive strength and modulus. Compressive strength was measured as the maximum
stress at the top of the peak, and the compressive modulus was calculated as the slope of the
curve leading up to the peak. Compression testing was performed on the silk scaffold and
SHG-silk scaffold to obtain stress-strain curves for comparison with the biphasic scaffold.

2.7 Cell culture

All reagents were purchased from Life Technologies (Grand Island, NY, USA) unless
otherwise stated. hMSCs were extracted from a single donor from commercially obtained
fresh human bone marrow aspirate (Lonza, Walkersville, MD, USA). Aspirate donors were
male, under 25 years of age and free of HIV, hepatitis B and hepatitis C. The aspirate was
diluted 10-fold with expansion medium consisting of Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), antibiotics-antimycotics (100U
mL~1 penicillin, 100pg mL~1 streptomycin, 0.25ug mL~1 fungizone), 0.1mM non-essential
amino acids, and 1ng mL~1 basic fibroblast growth factor (0FGF). The diluted aspirate was
plated in T-185 flasks at an average seeding density of 3.5 x 10° bone marrow mononuclear
cells per cmZ2. Cells were rocked daily to re-suspend non-adherent cells and were cultured
for 14 days at 37°C in 5% CO, (with 20mL of fresh medium replenished twice per week),
after which the non-adherent cells (haematopoietic cells) were removed and adherent cells
(hMSCs) were kept in expansion medium to reach confluence. No sorting of the cells was
performed and cells were tested for chondrogenic, osteogenic and adipogenic differentiation
by monolayer and micromass culture (Supplementary Fig. 2).

Biphasic scaffolds used for the in vitro experiments had dimensions of 6mm diameter by
10mm height (including 5mm silk scaffold height), while silk scaffolds, SHG ceramic
scaffolds and SHG-silk scaffolds included for comparison as independent constructs had
dimensions of 6mm diameter by 5mm height. Scaffolds were sterilised by autoclaving,
placed in 12-well plates, incubated overnight in expansion medium and aspirated prior to
cell seeding. All hMSCs used for seeding were at passage 4. After the cells reached 80-90%
confluence, they were trypsinised and subsequently suspended in expansion medium.
hMSCs were seeded by dropping the cell suspension homogeneously onto the scaffolds at a
seeding density of 1 x 10° cells per scaffold. The seeded scaffolds were incubated for 2
hours at 37°C to allow cell attachment, after which 1.5mL of expansion medium was added
to each well. After 24 hours, the expansion medium was replaced with 1.5mL of
differentiation medium. Cultures were maintained at 37°C in 5% CO,, and 1.5mL of
differentiation medium was replaced completely every 3 days. For the evaluation of cell
attachment, scaffolds were collected after 2 and 24 hours of culture in expansion medium.
For histological and immunofluorescence staining, scaffolds were collected after 21 days of
culture in chondrogenic medium. For gene expression analysis, scaffolds were collected
after 4, 14 and 21 days of culture in both chondrogenic and osteogenic media. Chondrogenic
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medium consisted of DMEM supplemented with antibiotics-antimycotics (100U mL™1
penicillin, 100ug mL™1 streptomycin, 0.25ug mL™1 fungizone), ITS* (10pug mL™1 insulin,
5.5ug mL~1 transferrin, 5ng mL=1 selenium, 0.5mg mL ™1 bovine serum albumin, 4.7ug
mL~2 linoleic acid; Sigma-Aldrich), 0.1mM ascorbic acid 2-phosphate (Sigma-Aldrich),
1.25 mg mL~1 human serum albumin (Sigma-Aldrich), 100nM dexamethasone (Sigma-
Aldrich), and 10ng mL~1 TGF-83 (PeproTech, Rocky Hill, NJ, USA). Osteogenic medium
consisted of a-minimum essential medium (a-MEM) supplemented with 10% FBS,
antibiotics-antimycotics (100U mL~1 penicillin, 100ug mL~2 streptomycin, 0.25ug mL™1
fungizone), 0.1mM non-essential amino acids, 10mM B-glycerol-2-phosphate (Sigma-
Aldrich), 100nM dexamethasone (Sigma-Aldrich), and 0.05mM L-ascorbic acid (Sigma-
Aldrich).

2.8 Cell attachment

Cultured scaffolds were analysed for the attachment of hMSCs. At each time point, scaffolds
were harvested and fixed in 4% PBS buffered paraformaldehyde for at least 24 hours. The
scaffolds were rinsed in PBS and dehydrated through graded ethanol (50%, 70%, 95% and
100%), dried in hexamethyldisilizane for 3 min and then desiccated overnight. The scaffolds
were sputter coated with gold prior to SEM examination using Zeiss Ultra (Carl Zeiss).

2.9 Histology and immunofluorescence

Scaffolds cultured in chondrogenic medium were harvested for histological and
immunofluorescence staining and fixed in 4% PBS buffered paraformaldehyde for at least
24 hours. The scaffolds were dehydrated through graded ethanol (70%, 80%, 90%, 95% and
100%), embedded in paraffin and sectioned at 8um thickness. For histological localisation of
sulfated glycosaminoglycan (GAG) distribution within the scaffolds, sections were
deparaffinised and rehydrated to distilled water, followed by staining with 0.1% Alcian blue
in 0.4M MgCl, and 0.025M sodium acetate (pH 5.6) and counterstaining with nuclear fast
red. For immunofluorescence staining of collagen type 1l deposition within the scaffolds,
non-specific binding sites were first blocked with 10% goat serum (Vector laboratories,
Burlingame, CA, USA) for 30 min. The sections were incubated with rabbit anti-collagen Il
antibody (1:100 dilution; Abcam, Cambridge, MA, USA) for 12 hours at 4°C, followed by
staining with Alexa Fluor® 594 goat anti-rabbit 1gG antibody (Life Technologies) for 1
hour. The nuclei were stained with Prolong® Antifade Reagents (Life Technologies). The
sections were mounted to slides and imaged on a Leica DM IL optical microscope (Wetzlar,
Germany) equipped with a Leica DFC295FX camera for Alcian blue images and a Leica
DFC340FX camera for immunofluorescence images.

2.10 Gene expression

Quantitative real time reverse transcription polymerase chain reaction (QRT-PCR) was used
to evaluate chondrogenic and osteogenic gene expression of hMSCs on the cultured
scaffolds. Samples of cells at day O just prior to seeding were collected in Trizol and stored
at —80°C. At each time point, scaffolds were rinsed in PBS and stored in Trizol at —80°C.
For analysis, the scaffolds were thawed and chopped using microscissors. RNA was isolated
using the single step acid-phenol guanidinium method, and purified using the PureLink®
RNA Mini Kit (Life Technologies) according to the manufacturer’s instructions. cDNA was
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synthesised from 1pg total RNA by reverse transcription using the High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. Primer sequences from TagMan® Gene Expression Assays (Life Technologies)
were used for the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
Hs99999905_m1), the chondrogenic genes Sox-9 (SOX9, Hs01001343_g1), aggrecan
(ACAN, Hs00153936_m1), collagen type 1l (COL2A1, Hs00264051_m1), and collagen
type X (COL10A1, Hs00166657_m1), and the osteogenic genes Runx2 (RUNX2,
Hs00231692_m1), collagen type | (COL1A1, Hs00164004_m1), alkaline phosphatase
(ALPL, Hs01029144 _m1), and bone sialoprotein (IBSP, Hs00173720_m1). Expression
levels of all genes were quantified using an ABI Prism 7000 Sequence Detection System
(Applied Biosystems) and normalised to GAPDH using the comparative Ct (2-22Ct) method.

2.11 Statistical analysis

Data for all experiments were obtained from four independent samples unless otherwise
specified. All data were expressed as mean + standard deviation and analysed using one-way
ANOVA. Differences were considered as statistically significant for p < 0.05.

3. Results and discussion

3.1 Optimisation of biphasic scaffold design and fabrication

The design of the biphasic scaffold was established from the combination of a flexible and
resilient silk scaffold for the cartilage phase and a mechanically strong and bioactive SHG-
silk scaffold for the bone phase. Scaffold selection for the bone phase was based on
emerging evidence that the subchondral bone could mediate chondrogenesis in an
osteochondral environment®? and play a critical role in the outcome of cartilage repair.52 It
was therefore desirable to choose a scaffold that could facilitate adequate restoration of the
subchondral bone in a load-bearing environment, which not only mimicked the structural
and mechanical characteristics of cancellous bone but also possessed bioactivity and the
ability to promote osteogenesis in vivo. The strontium-hardystonite-gahnite (SHG) ceramic
scaffold which we have previously developed was an exact match for these criteria. Its
unique properties originate from a microstructure featuring solid high-density struts and
composition containing the bioactive ions Sr, Ca, Zn and Si, which contribute to its excellent
osteogenic potential both in vitro and in vivo (rabbit segmental defect model).>® The SHG
ceramic scaffold was coated with a single layer of silk fibroin to form the SHG-silk scaffold
of the bone phase. The purpose of the silk coating was to facilitate adequate integration with
the cartilage phase and allow control over size of the interface region, with the added benefit
of enhancing the toughness of the ceramic scaffold by reducing the chance of crack
propagation under load.53 Scaffold selection for the cartilage phase depended on the choice
of a polymeric material to imitate the nature of the cartilaginous matrix, coupled with the
practical requirements of processing simplicity and ability to be integrated with the bone
phase. Natural polymers were considered as they often mimic the extracellular matrix
(ECM) and present structural and biochemical signals which are desirable for tissue
regeneration, and can also degrade in vivo without the formation of potentially harmful by-
products as often encountered by synthetic polymers.” Of these, silk fibroin was the best
candidate material as it did not face the common problems of natural polymers including
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low mechanical strength and rapid or variable degradation in vivo.5* A silk scaffold was
therefore chosen for the cartilage phase, which was backed by its ease of processing via
versatile fabrication methods,5% experimental evidence for its ability to form cartilaginous
constructs in vitro,56-71 and its long-term stability and biocompatibility in vivo.”?

Fabrication processes were optimised in order to realise the design of the biphasic scaffold
with desirable characteristics for osteochondral regeneration while ensuring a well-
integrated interface. The polymer sponge method was used to fabricate the SHG ceramic
scaffold as it could easily produce a highly porous and interconnected construct resembling
cancellous bone while offering control over the pore structure.’3 Phase separation induced
by freezing aqueous silk fibroin solution in the presence of a small amount of organic
solvent® was the method used to fabricate the silk scaffold as it allowed reliable integration
between the cartilage and bone phases, and scaffold characteristics favourable for cartilage
regeneration were produced after optimisation of this method in terms of choice of solvent,
concentration of solvent, concentration of silk fibroin solution, choice of freezing
temperature, and choice of freezing duration (data not shown). Silk coating on the SHG
ceramic scaffold was necessary for the controlled formation of the biphasic scaffold with
well-integrated and distinct phases. Biphasic scaffold formation required the bone phase
scaffold to be partially immersed in the mixture of silk and solvent used to form the cartilage
phase prior to and during freezing. Without the silk coating, a large portion of the mixture
was immediately absorbed into the SHG ceramic scaffold due to its hydrophilic surface,
producing a biphasic scaffold with weakly integrated phases and offering little control over
the size of the interface region. In contrast, the SHG-silk scaffold had a hydrophobic
surface®:74 due to the presence of the silk coating, which prevented absorption of the
mixture beyond the interface region. Optimisation of the fabrication variables hence allowed
the biphasic scaffold to be produced via a simple, reproducible and customisable procedure
(Fig. 2A). By adjusting the size of the mould used to hold the silk mixture, the size of the
polymer sponge template used to make the SHG-silk scaffold, and the amount of overlap
between the two phases, biphasic scaffolds with customised dimensions to suit
osteochondral regeneration at different sites could be easily and reproducibly prepared with
control over the proportions of the two phases and the interface region (Fig. 2B).

3.2 Morphology and microstructure of the biphasic scaffold

SEM examination showed that the biphasic scaffold contained two phases with distinctly
different pore structures which were integrated at an overlapping interface (Fig. 3A). The
silk scaffold constituted the cartilage phase in the top portion of the biphasic scaffold (Fig.
3B), and the SHG-silk scaffold constituted the bone phase in the bottom portion (Fig. 3D).
The cartilage and bone phases were integrated at a coherent interface which displayed a
transitional blend of the structural properties belonging to each of the two phases (Fig. 3C).
Closer examination showed that the silk scaffold of the cartilage phase had small pore sizes
of 100-120pm, and the pores were highly interconnected as the pore walls contained many
smaller pores of 20—40um diameter (Fig. 3E). The microscopic morphology of the silk
scaffold was similar to that observed in other studies which produced porous silk matrices
via phase separation.60:75.76 |n contrast, the SHG-silk scaffold of the bone phase had large
pore sizes of 400-500um accompanied by high porosity and interconnectivity (Fig. 3G). The
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scaffold struts were solid and continuous with no obvious defects and few micropores. This
was due to the unique microstructure of the SHG ceramic, which accounted for its
remarkable mechanical properties matching those of cancellous bone.>® The interface region
consisted of a silk matrix filling the open pores of the SHG-silk backbone with coherent
bonding between the two structures (Fig. 3F). This blending of the cartilage and bone phases
resulted in the formation of a continuous interface with smooth transition between the
phases, which could contribute to interfacial bonding strength and promote biological
interactions in the interface region. The stratified structure of the biphasic scaffold was made
possible by the thin silk coating layer on the SHG-silk scaffold (Fig. 3G, inset) as discussed
in Section 3.1, which allowed the formation of distinct cartilage and bone phases while
offering control over the size of the interface region.

The pore sizes of a scaffold are known to have profound effects in directing the
differentiation of mesenchymal progenitor cells towards the chondrocyte or osteoblast
lineage.””-"8 Smaller pores introduce hypoxic conditions with low oxygen tension, which
tend to limit vascular invasion and result in chondrogenesis. In contrast, larger pores
promote rapid vascularisation due to high oxygen tension and lead to direct osteogenesis.’®
The influence of pore size on the formation of cartilage or bone tissue was experimentally
established in studies which showed that scaffolds of the same composition induced
chondrogenesis in the presence of smaller pore sizes (80-120um) and osteogenesis in the
presence of larger pore sizes (>300um) after subcutaneous implantation into rats.89-82 The
formation of cartilage or bone tissue was related to different scaffold geometries which
restricted or enhanced vascularisation. In the biphasic scaffold, small pores in the cartilage
phase could be expected to promote chondrogenesis by limiting vascularisation, while large
pores in the bone phase could be expected to promote osteogenesis by enhancing
vascularisation. High pore interconnectivity in both phases would facilitate adequate cell
penetration and the exchange of nutrients and waste products.

The microscopic morphology of the biphasic scaffold presented unique features which were
favourable for osteochondral regeneration. The integrated phases of the biphasic scaffold
displayed heterogeneous structural characteristics which were defined by distinctly different
pore morphologies in the cartilage and bone phases to suit the regenerative requirements of
each osteochondral segment. The two phases were well-integrated at a continuous interface
to form the coherent structure of the biphasic scaffold, via a simple fabrication method that
allowed control over the size of the interface region. The realisation of this biphasic scaffold
design therefore circumvented many of the common issues encountered with other
integrated scaffold designs featuring stratified layers with heterogeneous properties,
including the lack of smooth transition between phases,38:39:4142:45:47.49 |ack of control over
the size of the interface region,*448 and complicated or tedious fabrication methods.#2:43

3.3 Mechanical properties of the biphasic scaffold

The silk scaffold was first tested independently in tension and exhibited highly elastic
behaviour which was desirable for the cartilage phase of the biphasic scaffold, with
measured values of 45 + 6 kPa for ultimate tensile strength, 39 + 9 kPa for elastic modulus,
and 91 + 13% for strain at failure. The significant strain at failure value indicated that the
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silk scaffold could stretch to approximately twice its original length before breakage, which
greatly exceeded the values observed for collagen fibres8 and synthetic polymers including
polyglycolic acid, polylactic acids and polycaprolactone.8* The silk scaffold also compared
well with other silk-based scaffolds formed via phase separation in terms of ultimate tensile
strength®0:85 and elastic modulus.8°

Interfacial bonding strength between the two phases of the biphasic scaffold was then
determined by testing modified biphasic scaffolds in tension, which consisted of long silk
scaffolds attached to both ends of the SHG-silk scaffold (Fig. 4A). During testing, a portion
of the silk scaffold at each end of the modified biphasic scaffold was clamped and the initial
gauge length was set such that the silk scaffolds at both ends were fully extended but not
stretched (Fig. 4B). As the modified biphasic scaffold was pulled in tension, the interface
between the silk scaffold and SHG-silk scaffold at either end initially exhibited elastic
deformation until the yield point was reached (Fig. 4E, orange arrow), which was followed
by plastic deformation until the breaking point (Fig. 4E, red arrow). After this, continuous
deformation led to gradual dissociation of the interface (Fig. 4C) until complete breakage
occurred (Fig. 4D). For all samples, breakage occurred in either the top or bottom interface
region of the modified biphasic scaffold. The interface behaviour of the biphasic scaffold
followed the mechanical profile of cellular solids in tension.8¢ The interfacial bonding
strength was measured to be 29 + 4 kPa between the two phases of the biphasic scaffold,
which was approximately 65% of the ultimate tensile strength of the silk scaffold and also
compared well with the failure strengths obtained for other integrated scaffold designs.39:87
The simple method used for biphasic scaffold fabrication could therefore achieve adequate
bonding between the cartilage and bone phases, with sufficient strength in the interface
region to resist shear stresses in the physiological joint environment considering that the
majority of biomechanical loading on articular cartilage occurred in compression.88

To evaluate its relevance for potential use in a load-bearing osteochondral environment, the
mechanical behaviour of the biphasic scaffold was determined in compression. The biphasic
scaffold used for testing comprised two integrated phases of approximately equal
proportions (Fig. 5A). As the biphasic scaffold was subjected to uniaxial compression, the
silk scaffold initially underwent elastic deformation (Fig. 5B) and samples retrieved at this
stage could easily recover their original shape. As the test progressed, plastic deformation
was observed in the silk scaffold (Fig. 5C) and samples retrieved at this stage exhibited
partial shape recovery with some permanent deformations. Further compressive extension
resulted in compaction of the silk scaffold and load transfer to the underlying SHG-silk
scaffold (Fig. 5D). Samples retrieved at the end of compression testing consisted of a
flattened silk scaffold which remained well-integrated to the SHG-silk scaffold with no
signs of delamination between phases, and little visible deformation was noted in the SHG-
silk scaffold (Fig. 5E). The biphasic scaffold therefore maintained its structural integrity and
adequate bonding between phases even after being tested to failure under high compressive
stresses that would not be encountered in physiological conditions. The mechanical
behaviour of the biphasic scaffold in compression was reflected by its stress-strain curve
(Fig. 5F). The first section of the curve was smooth and corresponded to the compressive
response of the silk scaffold, while the second section displayed the characteristic response
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of ceramic-based scaffolds in compression and corresponded to the SHG-silk scaffold. The
initial linear region of the curve indicated elastic deformation of the silk scaffold, followed
by a plateau region of plastic deformation during silk scaffold yielding, before densification
of the silk scaffold and transfer of the compressive load to the SHG-silk scaffold. The SHG-
silk scaffold exhibited impressive load-bearing behaviour as evidenced by the large area
under the corresponding section of the stress-strain curve, indicating that a large amount of
energy was absorbed before scaffold deformation and eventual failure.

Compressive properties of the biphasic scaffold were determined and values for each of the
two phases are presented in Table 1. The compressive modulus of native osteochondral
tissue follows a gradient that ranges from 0.079MPa in the superficial layer of articular
cartilage to 5.7GPa in the subchondral bone.89 The biphasic scaffold possessed stratified
compressive properties due to the different mechanical behaviour of its two phases, which
imitated the mechanical transition in the different segments of osteochondral tissue and also
matched the stiffness of each segment. Furthermore, consistent with its role as the load-
bearing phase of the biphasic scaffold, the SHG-silk scaffold showed compressive properties
which were well within the midrange values of cancellous bone (2-12 MPa for compressive
strength and 50-500 MPa for modulus®%:21). Mechanical stability of a scaffold implant
within the wound site is an important contributing factor to its regenerative capacity, and
implants which replicate the mechanical environment of the target tissue by mimicking
certain aspects of the native tissue architecture are likely to achieve improved reconstructive
outcomes.?2 In the case of an osteochondral defect, the native articular joint surrounding the
implant is expected to carry the majority of the applied load while the implant should
undergo deformation that is consistent with loading on the neighbouring tissue.?3 The
biphasic scaffold approximated the biomechanical behaviour of osteochondral tissue in
compression, as the compliant cartilage phase could undergo large amounts of deformation
while retaining the ability for shape recovery when hydrated, and the stiff bone phase could
withstand large compressive stresses with minimal deformation. The biphasic scaffold
therefore possessed favourable mechanical properties for promoting regeneration in a load-
bearing osteochondral environment, as it could maintain structural integrity under large
compressive stresses with no delamination or instability at the interface. Equally important
was its biphasic mechanical behaviour corresponding to the cartilage and bone segments of
osteochondral tissue, which could serve as differentiation cues as mesenchymal stem cells
are known to respond to matrix stiffness.

3.4 Cell attachment in the biphasic scaffold

Attachment and morphology of hMSCs cultured on the biphasic scaffold were assessed by
SEM. At both 2 and 24 hours, attached cells were found in both phases of the biphasic
scaffold and showed complete spreading on all surfaces (Fig. 6). The biphasic scaffold
therefore facilitated the penetration of cells throughout its entire structure by allowing cell
migration within and between phases. At 2 hours, cells in the cartilage phase formed many
extended cell processes to contact the silk matrix, and many cells had already established
connections with their neighbours (Fig. 6A). In the bone phase, cells were barely
distinguishable as they were completely flattened on the surface of the SHG-silk scaffold
(Fig. 6B). At 24 hours, cells in the cartilage phase became well-conformed to the surface of
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the silk scaffold (Fig. 6C), while cells in the bone phase formed flattened sheets on the
surface of the SHG-silk scaffold with webs of interconnected processes between adjacent
cells (Fig. 6D). The SEM images showed that the biphasic scaffold was biocompatible and
provided favourable substrates for cell attachment in its cartilage and bone phases, as well as
a continuous interface which allowed cell migration and interaction between phases.

3.5 Histology and immunofluorescence to assess chondrogenic response in the biphasic

scaffold

The chondrogenic response of hMSCs cultured in the cartilage phase of the biphasic scaffold
over 21 days in chondrogenic medium was assessed by the deposition of cartilage-specific
ECM, with the silk scaffold included as a separate group for comparison. Alcian blue
staining was used to localise sulfated GAGs in the scaffolds as evidence of proteoglycan
deposition (Fig. 7A — D). In both the silk scaffold and biphasic scaffold, cells infiltrated the
interconnected pores of the silk matrix and positive staining was observed at depths well
below the scaffold surface. The morphology of the cartilaginous matrix in the cartilage
phase of the biphasic scaffold was similar to that in the silk scaffold, with a thin but dense
outer layer of flattened cells followed by inner layers which were less dense but contained a
rich matrix with large amounts of proteoglycans (Fig. 7A, B). At higher magnification, the
elongated morphology of cells in the outer layer became evident, while cells in the inner
layers exhibited a more rounded morphology (Fig. 7C, D). In both scaffold groups, the
layered structure of the cartilaginous matrix with regional variations in cell morphology and
matrix density matched well with the zoned architecture of native articular cartilage.> The
formation of cartilage-specific ECM in the silk scaffold and biphasic scaffold was further
confirmed by immunofluorescence staining of collagen type 11 as the major matrix
component of hyaline cartilage (Fig. 7E — H). In both groups, abundant collagen type 1l
deposition was observed around the outer edges (Fig. 7E, F) of the silk matrix as well as in
the centre (Fig. 7G, H). The collagen appeared to have formed an extensive network which
enveloped the cells and was interlaced with the pore structure of the silk construct. The
collagen network observed in the silk scaffold and cartilage phase of the biphasic scaffold
was reminiscent of the structural characteristics of articular cartilage, which consists mainly
of an interconnected mesh of collagen type Il fibrils within which the chondrocytes are
embedded.%® Collectively, the results indicated that the cartilage phase of the biphasic
scaffold was able to facilitate the thorough infiltration, condensation and chondrogenic
differentiation of hMSCs in an inductive environment. The consequent formation of
cartilage-like tissue was evidenced by the deposition of proteoglycans and collagen type Il
as cartilage-specific ECM components, which were organised into a structured matrix that
showed resemblance to the characteristics of mature hyaline cartilage. The silk scaffold
achieved similar outcomes of chondrogenic induction when integrated into the biphasic
scaffold and when cultured as a separate construct. The histological appearance of the
resulting cartilaginous matrix was comparable to that observed in other studies when hMSCs
were cultured over a few weeks under chondrogenic conditions in silk scaffolds formed via
alternative fabrication routes.56:68.71 The biphasic scaffold could hence be expected to
support the formation of cartilaginous tissue during osteochondral regeneration
corresponding to the distribution and structure of native hyaline cartilage.

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2016 July 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 14

3.6 Gene expression in the biphasic scaffold and its individual components

To investigate the differentiation response of hMSCs in the biphasic scaffold and the
contribution of its individual components under in vitro conditions relevant to the
osteochondral environment, gene expression of hMSCs cultured respectively in
chondrogenic and osteogenic media on silk scaffolds, SHG ceramic scaffolds, SHG-silk
scaffolds and biphasic scaffolds was measured over 21 days, and data for all genes tested
were expressed as fold increase from undifferentiated cells at day 0. Sox-9, collagen type II,
aggrecan and collagen type X were tested as markers of chondrogenic differentiation (Fig.
8), while Runx2, collagen type I, alkaline phosphatase and bone sialoprotein were tested as
markers of osteogenic differentiation (Fig. 9).

When cultured in chondrogenic medium, differences in the expression levels of Sox-9 (Fig.
8A), collagen type Il (Fig. 8C) and aggrecan (Fig. 8E) between groups displayed mostly
similar trends. Differences between groups were not prominent at 4 days. At 14 and 21 days,
expression levels of all three genes in the SHG ceramic and SHG-silk scaffolds were
significantly higher compared to the biphasic scaffold, as well as compared to the silk
scaffold in some cases particularly at 14 days. For each gene, the silk scaffold also showed
significantly higher expression than the biphasic scaffold at either 14 or 21 days. Comparing
the changes within each group over time, the SHG ceramic and SHG-silk scaffolds showed
the same trend for Sox-9 (Fig. 8B), collagen type Il (Fig. 8D) and aggrecan (Fig. 8F), where
expression levels increased significantly from 4 to 14 days but dropped at 21 days. For the
silk scaffold, Sox-9 expression remained constant over the culture period, while collagen
type Il and aggrecan expression increased until 14 days. For the biphasic scaffold, there
were noticeable to significant increases in Sox-9, collagen type Il and aggrecan expression
compared to undifferentiated cells at 4 days, although expression levels remained relatively
low over the culture period. Patterns of collagen type X expression were somewhat different
from the other three genes when compared between and within groups. The SHG ceramic
and SHG-silk scaffolds showed significantly higher expression of collagen type X compared
to the silk scaffold at 4 days, and compared to both the silk scaffold and biphasic scaffold at
14 and 21 days (Fig. 8G). Expression levels in the silk scaffold were also significantly
higher than in the biphasic scaffold at 14 days. Over time, collagen type X expression
exhibited noticeable to significant increases in all groups except for the biphasic scaffold,
which showed stable baseline expression at all time points (Fig. 8H).

The progression of chondrogenesis is a cellular event that occurs in multiple stages.% In a
chondrogenic environment, pluripotent mesenchymal cells undergo condensation to form
cell aggregates, which is an essential process in inducing their commitment to differentiation
along the chondrocyte lineage and is marked by the expression of Sox-9.%7 This is followed
by unidirectional proliferation, the production of cartilaginous matrix proteins and
chondrocyte maturation. Collagen type 11 and aggrecan are two molecules essential to the
structure and function of cartilage ECM. Collagen type Il is the principle component of
collagen fibrils that contributes to the tensile strength of articular cartilage, while aggrecan is
the major proteoglycan by mass that contributes to compressive stiffness.?> During skeletal
growth by endochondral ossification, chondrocytes in the advancing growth plate undergo
hypertrophy and are replaced by bone. The hypertrophic differentiation of chondrocytes is
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marked by collagen type X expression, which results in matrix calcification and eventual
death of the chondrocytes through apoptosis.%8 In light of the natural progression of events
during chondrogenesis, collective analysis of the chondrogenic gene expression data
revealed some interesting points. Based on the expression levels of Sox-9, collagen type Il
and aggrecan, it appeared that chondrogenic induction in the silk scaffold proceeded to a
lesser extent than in the SHG ceramic and SHG-silk scaffolds at 14 days, but became
comparable to the SHG-silk scaffold by 21 days. As the cartilage phase of the biphasic
scaffold, the silk scaffold at least possessed similar ability as the SHG-silk scaffold of the
bone phase in promoting the in vitro chondrogenesis of hMSCs particularly with increased
time in culture. Concurrent analysis of collagen type X expression showed that significantly
lower transcript levels of this gene were found in the silk scaffold compared to the SHG
ceramic and SHG-silk scaffolds over the entire culture period. As a marker of chondrocyte
hypertrophy, the high expression levels of collagen type X in the SHG ceramic and SHG-
silk scaffolds suggested that the cells in these scaffold groups were proceeding towards
osteogenesis following chondrogenic induction in a process that was reminiscent of
endochondral ossification.8 This explanation was plausible considering the high osteogenic
capacity of the SHG ceramic and SHG-silk scaffolds,>® and was supported by the
observation that the chondrocyte phenotype was not maintained in these two groups as the
expression levels of Sox-9, collagen type Il and aggrecan dropped at 21 days compared to
the previous time point. In contrast, the silk scaffold showed smaller increases in collagen
type X expression over the culture period, which indicated the suppression of hypertrophic
conversion following chondrogenic induction. The development and maintenance of the
chondrocyte phenotype was therefore preferentially encouraged in the cartilage phase of the
biphasic scaffold rather than the bone phase. Surprisingly, although the expression of
chondrogenic markers increased over the culture period for its individual components, the
biphasic scaffold showed baseline expression levels for all markers after the first time point.
The hybrid structure of the biphasic scaffold might have provided increased surface area
which needed to be populated by cells before the essential process of mesenchymal
condensation could occur to drive chondrogenic differentiation.% The relatively low
expression of chondrogenic markers in the biphasic scaffold pointed to the possible
requirement for longer culture times!® or pre-differentiation of progenitor cells*2 to achieve
relevant chondrogenic outcomes in vitro with integrated scaffold designs.

When cultured in osteogenic medium, the scaffold groups showed time-related changes in
the patterns of gene expression which were consistent with the temporal sequence of
osteoblast development. Runx2 expression was similar between groups at 4 days but became
significantly higher in the silk scaffold at 14 days compared to all other groups, and was also
significantly lower in the biphasic scaffold compared to the SHG ceramic scaffold at 14
days and the SHG-silk scaffold at 21 days (Fig. 9A). Over the culture period, Runx2
expression remained stable in the silk scaffold, increased significantly in the biphasic
scaffold only at 21 days, and displayed similar changes in the SHG ceramic and SHG-silk
scaffolds where significantly higher transcript levels were detected at 4 days compared to
undifferentiated cells followed by a significant drop and another significant increase at the
subsequent time points (Fig. 9B). Collagen type | expression was significantly higher in the
biphasic scaffold compared to the SHG-silk scaffold at 4 and 14 days, and compared to all
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other groups at 21 days (Fig. 9C). Expression levels in the silk scaffold also significantly
exceeded all other groups at 14 days. Comparison within each group showed mostly
insignificant changes in collagen type | expression over time (Fig. 9D). Alkaline
phosphatase expression showed no prominent differences between groups except at 21 days,
where significantly higher levels were detected in both the biphasic scaffold and SHG-silk
scaffold compared to the SHG ceramic scaffold (Fig. 9E). Increases in alkaline phosphatase
expression within groups were significant at 4 days in the SHG ceramic and SHG-silk
scaffolds compared to undifferentiated cells, and also at 21 days in both groups as well as in
the biphasic scaffold (Fig. 9F). For bone sialoprotein, expression levels in the biphasic
scaffold and SHG ceramic scaffold were significantly lower compared to the SHG-silk
scaffold at 14 days, and compared to both the silk scaffold and SHG-silk scaffold at 21 days
(Fig. 9G). All groups showed pronounced increases in bone sialoprotein expression over the
culture period, particularly for the biphasic scaffold as significant changes were observed at
all time points (Fig. 9H).

In an osteogenic environment, the commitment of pluripotent mesenchymal cells to
differentiation along the osteoblast lineage is marked by the expression of Runx2.101 This is
followed by a temporal sequence of gene expression during development of the osteoblast
phenotype which is defined by three distinct periods.102:103 During the initial period of
active proliferation, cell growth-related genes are expressed together with genes associated
with the formation of bone ECM including collagen type I. Following the downregulation of
proliferation, the period of matrix maturation occurs and is characterised by a peak in
alkaline phosphatase expression, during which the composition and organisation of the ECM
are modified in preparation for mineralisation. During the final period of matrix
mineralisation, the genes of several proteins involved in mineral accumulation, including
bone sialoprotein, are induced to maximal levels. Collective analysis of the osteogenic gene
expression data indicated that the biphasic scaffold and its individual components could all
support the progression of in vitro osteogenesis under inductive conditions. At the first time
point, all groups showed elevated Runx2 expression of 1.5 to 2-fold compared to levels in
undifferentiated cells, which evidenced equal ability to induce the commitment of hMSCs to
osteogenic differentiation. In general for all of the osteogenic markers tested, mostly similar
expression levels were observed between groups at the first time point and differences only
became apparent at the later time points, further indicating that the different structural and
material compositions in the biphasic scaffold and its individual components affected the
rate of osteogenesis rather than its occurrence. The SHG-silk scaffold was shown to possess
high osteogenic capacity which became particularly evident with increased time in culture,
and greatly exceeded the SHG ceramic scaffold in the expression of markers for advanced
osteoblast development and maturation, namely alkaline phosphatase and bone sialoprotein,
at the later time points. The SHG-silk scaffold could therefore fulfill its role as the bone
phase of the biphasic scaffold, due to a strong ability to encourage the commitment of
progenitor cells to osteogenesis and the continuous progression of differentiation. However,
although the biphasic scaffold contained the SHG-silk scaffold as one of its phases, it
showed a slower rate of in vitro osteogenesis compared to the SHG-silk scaffold alone. This
finding corroborated the gene expression patterns obtained when the scaffolds were cultured
in chondrogenic medium, as the increased surface area offered by the hybrid structure of the
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biphasic scaffold might have required longer culture times for cell population and
aggregation before osteogenic differentiation could occur. As evidence of delayed
progression in osteoblast development, the biphasic scaffold showed lower Runx?2
expression, higher collagen type | expression, similar alkaline phosphatase expression and
lower bone sialoprotein expression compared to the SHG-silk scaffold at the later time
points. Based on the temporal sequence of osteogenic gene expression,192 cells in the
biphasic scaffold appeared to have only reached the end of the proliferative period and onset
of matrix maturation by 21 days and strong induction of genes for matrix mineralisation had
not yet occurred at this time point. Nevertheless, as it supported consistent increases in the
expression of markers for advanced osteogenesis over the culture period, the biphasic
scaffold was competent for promoting the osteogenic differentiation of hMSCs in an
inductive environment, and could be expected to match the enhanced osteogenic behaviour
observed in the SHG-silk scaffold with longer culture times. Interestingly, despite having a
soft and elastic matrix that was less likely to encourage osteogenic differentiation, the silk
scaffold frequently showed enhanced expression of both early and late osteogenic markers
compared to the other groups at the later time points. This was likely the result of lower
porosity and smaller pore sizes in the silk scaffold, which had known effects of inducing cell
aggregation and osteogenic differentiation in vitro’® and possibly superseded the influence
of matrix stiffness.

Several inferences could be made from the in vitro differentiation behaviour of hMSCs
cultured in the biphasic scaffold and its individual components under both chondrogenic and
osteogenic conditions. When tested in parallel as separate groups, scaffolds constituting the
cartilage and bone phases of the biphasic scaffold respectively induced chondrogenic and
osteogenic differentiation, suggesting that the biphasic scaffold had the capacity to support
stratified regenerative responses in its integrated phases corresponding to the anatomical
segments of osteochondral tissue. However, the induction of chondrogenic or osteogenic
behaviour was not necessarily exclusive to the matching phase in the biphasic scaffold, and
the biphasic scaffold itself achieved similar levels of osteogenesis compared to its individual
phases but lower levels of chondrogenesis. This might be explained by the fact that the
differentiation responses of hMSCs in vitro depended mainly on the type of inductive
medium used rather than structural or material composition of the scaffold, as shown in a
study which attempted in vitro chondrogenic and osteogenic induction of hMSCs in an
integrated scaffold which had already reached clinical translation.199 A very different
situation would be expected in vivo as cell differentiation would result from a complex
mixture of physical, mechanical and biological cues present in the osteochondral
environment.89 The role of an integrated scaffold in mimicking the structural organisation
and functionality of native ECM in order to promote appropriate tissue growth therefore
becomes more imperative in this setting.1 With the stratified properties offered by its
integrated phases, the biphasic scaffold could be expected to fulfil this role and provide an
optimal environment to guide cell ingrowth and differentiation towards in vivo
osteochondral regeneration.

The experiments performed in this study established the key physical, mechanical and in
vitro characteristics of a novel biphasic scaffold concept, and also provided insights into the
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mechanisms governing observed scaffold behaviour in the context of osteochondral
regeneration. Nevertheless, some limitations of the in vitro work remain to be addressed in
future experiments. Firstly, large errors were sometimes observed in the gene expression
results mainly for the silk scaffold and biphasic scaffold under both chondrogenic and
osteogenic conditions. This was possibly the result of diffusional limitations imposed by
static in vitro culture, as the silk scaffold and biphasic scaffold contained a silk matrix with
lower porosity and smaller pore sizes than the SHG ceramic scaffold and SHG-silk scaffold,
which were more likely to experience restrictions in the transport of oxygen and nutrients in
the deeper layers of the scaffold. This might have restricted the extent of cell growth and
differentiation in the silk scaffold and biphasic scaffold which in turn led to larger variations
in the levels of gene expression. More consistent results can be produced in future studies by
employing bioreactor cultivation to introduce a dynamic culture environment. Secondly, cell
activity in the interface region of the biphasic scaffold was not specifically investigated.
During scaffold-based osteochondral regeneration, complex cell interactions are likely to be
present in the interface and might have an important role in mediating appropriate
differentiation responses in the cartilage and bone compartments. The consequent generation
of a biomimetic interface is important to the mechanical and biological function of the
osteochondral scaffold and warrants further investigation in future studies. Lastly, this study
only characterised the in vitro behaviour of hMSCs cultured in the biphasic scaffold as a
whole compared to its individual components under different inductive conditions
(chondrogenic or osteogenic), which could not account for the potential interactions between
different cell populations in the cartilage and bone segments of osteochondral tissue or the
potential contributions of an inductive gradient of bioactive factors to the outcome of cell
differentiation. To more accurately mimic the biochemical and cellular gradient found in the
in vivo osteochondral environment, future studies will consider the co-culture of two or
more distinct cell populations in the cartilage and bone phases of the biphasic scaffold, use
of both differentiated and undifferentiated cell sources, induction of differentiation or
maintenance of differentiated phenotype using a mixture or gradient of chondrogenic and
osteogenic media, and combinations of these strategies.

4. Conclusion

The design of a biphasic scaffold with stratified properties tailored for the regeneration of
osteochondral tissue was developed and optimised in this study, and its characteristics were
systematically investigated in light of the diverse and complex sets of requirements for the
restoration of both articular cartilage and subchondral bone. Results indicated that the
rational combination of silk fibroin with a bioactive ceramic via optimised fabrication
processes could produce a unique construct that circumvented the common problems of
integrated scaffold designs. Specifically, the biphasic scaffold possessed a stratified
structure composed of distinct cartilage and bone phases which were well-integrated at a
continuous interface, contained a bone phase that was well-matched to cancellous bone in
structure and mechanical properties, and provided a gradient of physical, mechanical and
biological cues to direct the differentiation of mesenchymal stem cells corresponding to the
osteochondral anatomy. By featuring simple and reproducible fabrication methods and the
potential to be applied in absence of supplementation with cells or bioactive molecules, the
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biphasic scaffold also satisfied practical requirements which represented important but often
overlooked factors in the efficient translation of scaffold-based approaches for clinical use.
Future work will focus on in vivo integration and build towards applications in tissue

en

gineering to improve on the insufficiency of current treatment modalities for the

management and reconstruction of osteochondral defects.
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Fig. 1.
Design concept of the biphasic scaffold for osteochondral regeneration.
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A Cartilage phase B

Bone phase

Fig. 2.
(A) Biphasic scaffold with two distinct and well-integrated phases formed via an optimised

method of fabrication, and (B) range of biphasic scaffolds which could be easily and
reproducibly fabricated with customised dimensions. Scale bar = 2mm.
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Fig. 3.
Microscopic morphology of the biphasic scaffold, showing (A) complete scaffold, (B)

SHG-silk scaffold

Page 25

cartilage phase, (C) interface region, (D) bone phase, and (E-G) structural features at higher

magnifications.
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Interfacial bonding strength of the biphasic scaffold was determined in tension. (A)

Page 26

Modified biphasic scaffold used for testing, (B-D) interface behaviour in tension, and (E)
the corresponding stress-strain curve. The meanings of the arrows are explained in the text.
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Fig. 5.
Mechanical behaviour of the biphasic scaffold was determined in compression. (A) Biphasic

scaffold used for testing, (B-D) deformation behaviour in compression, (E) sample retrieved
after testing to failure, and (F) the corresponding stress-strain curve (together with stress-
strain curves of the silk scaffold and SHG-silk scaffold tested as independent constructs for
comparison).
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Page 28

24 hours

Fig. 6.
Attachment and morphology of hMSCs cultured on the biphasic scaffold after (A, B) 2

hours and (C, D) 24 hours. Arrows indicate attached cells on the scaffold surface.
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Fig. 7.
Deposition of cartilage-specific ECM by hMSCs cultured in the cartilage phase of the

biphasic scaffold compared to the silk scaffold after 21 days in chondrogenic medium, as
assessed by (A-D) Alcian blue staining for proteoglycans (blue = sulfated GAGs, red = cell
nuclei), and (E-H) collagen type Il immunofluorescence (red = collagen type Il, green = cell
nuclei). Asterisks indicate the silk matrix.
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Fig. 8.
Gene expression of hMSCs cultured on silk scaffolds, SHG ceramic scaffolds, SHG-silk

scaffolds and biphasic scaffolds in chondrogenic medium over 21 days, expressed as fold
increase from undifferentiated cells at day 0. (A, B) Sox-9, (C, D) collagen type Il, (E, F)
aggrecan, and (G, H) collagen type X. (A, C, E, G) show differences in expression levels
between groups (*p < 0.05 between groups) while (B, D, F, H) show changes in expression
levels within each group over the culture period (*p < 0.05 within the same group compared
to previous time point).
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Gene expression of hMSCs cultured on silk scaffolds, SHG ceramic scaffolds, SHG-silk
scaffolds and biphasic scaffolds in osteogenic medium over 21 days, expressed as fold
increase from undifferentiated cells at day 0. (A, B) Runx2, (C, D) collagen type I, (E, F)
alkaline phosphatase, and (G, H) bone sialoprotein. (A, C, E, G) show differences in
expression levels between groups (*p < 0.05 between groups) while (B, D, F, H) show
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changes in expression levels within each group over the culture period (*p < 0.05 within the
same group compared to previous time point).
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Table 1

Compressive properties of the biphasic scaffold presented as values for each of its two phases.

Biphasic Scaffold Phases Compressive Strength  Compressive Modulus

Cartilage phase
Silk scaffold 27+04kPa 139 + 29 kPa

Bone phase

SHG-silk scaffold 7.2+25MPa 266 + 63 MPa
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