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Abstract

The management and reconstruction of damaged or diseased skeletal tissues have remained a
significant global healthcare challenge. The limited efficacy of conventional treatment
strategies for large bone, cartilage and osteochondral defects has inspired the development of
scaffold-based tissue engineering solutions, with the aim of achieving complete biological
and functional restoration of the affected tissue in the presence of a supporting matrix.
Nevertheless, significant regulatory hurdles have rendered the clinical translation of novel
scaffold designs to be an inefficient process, mainly due to the difficulties of arriving at a
simple, reproducible and effective solution that does not rely on the incorporation of cells
and/or bioactive molecules. In the context of the current clinical situation and recent research
advances, this review will discuss scaffold-based strategies for the regeneration of skeletal
tissues, with focus on the contribution of bioactive ceramic scaffolds and silk fibroin, and

combinations thereof, towards the development of clinically viable solutions.

1. Introduction

Trauma and disease of skeletal tissues often involve structural damage to bone and cartilage,
resulting in severe pain and disability for millions of people worldwide and represent major
clinical challenges. Over the past two decades, significant advances have been made in the

development of biomaterial scaffolds for the repair and regeneration of skeletal tissues via
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tissue engineering strategies (Fig. 1). Many promising results have been obtained in the
laboratory and in preclinical models, but clinical translation has remained a lengthy process.
A highlight of this review is the development of silk-coated ceramic scaffolds for more
effective reconstruction of skeletal tissues, which holds potential for rapid clinical translation.
Building towards this, the role of ceramic scaffolds as competitive choices for clinical bone
reconstruction will be discussed, as well as research into silk fibroin as a promising
polymeric biomaterial for the regeneration of skeletal tissues. The review will also address
current progress and challenges in the regeneration of osteochondral tissues at joint surfaces,
which involve both articular cartilage and subchondral bone. An overview of existing
scaffold strategies for osteochondral regeneration will be presented, and potential

contributions of silk and silk-coated ceramic scaffolds will be highlighted.

Scaffold-based tissue engineering
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Fig. 1 The concept of skeletal tissue regeneration via scaffold-based tissue engineering

strategies.
2. The need to develop biomaterial scaffolds for the regeneration of skeletal tissues
Many clinical treatment options exist for the healing of bone and cartilage defects. However,

none has proven to be fully satisfactory in terms of achieving optimal regenerative outcomes

or the complete and permanent restoration of function. Large defects have remained

particularly problematic due to the lack of adequate clinical options for their treatment to date.

Such clinical challenges have necessitated the development of biomaterial scaffolds to

augment the repair and regeneration of skeletal tissues.
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2.1 Clinical status for the treatment of bone defects and scaffold requirements

Bone is a highly dynamic and vascularised tissue that provides vital structural support to the
body, and undergoes constant remodelling via the processes of bone deposition by osteoblasts
and bone resorption by osteoclasts. For this reason, bone has innate regenerative potential
and most bone lesions can heal well with conventional conservative therapy or surgery
provided that skeletal continuity is not disrupted. However, complete repair is unlikely if the
defect reaches a critical size and natural bone tissue cannot regenerate across the gap.2 Such
defects, if left untreated, will not heal spontaneously during the lifetime of the animal.’
Table 1 shows the critical sizes of bone defects in humans and various in vivo models. The
treatment of large traumatic and post-surgical bone defects is challenging, and often requires
reconstructive orthopaedic surgery for skeletal continuity to be restored and bone function to
be regained.® The current clinical dilemma is that the two main categories of surgical
treatment for large bone defects, namely bone transport methods (Ilizarov technique) and
bone graft transplantation, still experience significant limitations that impair their success.
Bone transport methods take advantage of the regenerative potential of bone.” However,
these procedures require long recovery times, bring substantial inconvenience to the patient,
and often result in high complication rates.”® Bone grafts are widely used for the clinical
reconstruction of critical-sized bone defects and represent the second most common
transplantation tissue.” Autograft transplantation remains the gold standard for bone grafting
and has high success rates of 80-90% with no risk of immune rejection.” However,
complications and non-unions are also common, and application of the procedure is restricted
by donor site morbidity and limited availability for large reconstructions.”'® Allograft
transplantation is frequently performed as an alternative. Although more abundant, allografts
yield more variable clinical results and pose potential risks of immune rejection and disease

11,12

transmission. Freeze-drying the allograft minimises immunogenicity but reduces its

mechanical integrity and ability to integrate with host bone.’

Due to the challenges experienced with clinical reconstruction of critical-sized bone defects
using conventional approaches, there has been increasing research focus towards the
development of biomaterial scaffolds to serve as synthetic bone graft substitutes. The healing
of critical-sized bone defects often requires regeneration of large amounts of cancellous bone,
which is an interconnected network of small bone trabeculae containing vasculature and bone
marrow.! The extracellular matrix (ECM) of bone consists of an organic phase comprising

collagen fibres (mainly collagen type I) and noncollagenous proteins (including osteopontin,
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bone sialoprotein, osteonectin and osteocalcin), and a mineral phase comprising plate-like

hydroxyapatite crystals which occupy discrete spaces within the organic matrix.”> An

optimal bone scaffold replicates the structure and functions of the ECM to provide guidance
and support during bone tissue development, and should have the following
characteristics:'*"

e Biocompatible and facilitates integration with native bone, by allowing the formation of
bone tissue, and not fibrous tissue, at the bone-scaffold interface to provide anchorage.'®

e  Osteoconductive and osteoinductive. An osteoconductive scaffold allows the attachment,
growth, and ECM formation of bone-related cells on its surface and pores, while an
osteoinductive scaffold can actively induce new bone formation via biomolecular
signalling and recruitment of osteoprogenitor cells.'®

e Mechanically compatible with native bone and promote proper load transfer, by
matching the mechanical properties of cancellous bone which have midrange values of
2—12 MPa for compressive strength and 50-500 MPa for modulus.'”'*

e Highly porous and interconnected to promote vascularisation and facilitate nutrient and
oxygen exchange. The scaffold should match the porosity of cancellous bone at 50—
90%,'” and pore sizes of 100-500pum are considered as optimal for encouraging cell
attachment, migration and ingrowth throughout the scaffold.*

e Have suitable surface characteristics, including surface chemistry and topography, to
direct the attachment, proliferation and differentiation of osteoprogenitor cells.

e Biodegradable at a controlled rate that is coupled to the rate of new bone formation with

no release of toxic or inhibitory products.

2.2 Clinical status for the treatment of cartilage defects and scaffold requirements

Articular cartilage is composed of hyaline cartilage and allows smooth and frictionless joint
motion with substantial durability.?' However, once damaged, articular cartilage has limited
capacity for self-repair and regeneration due to its avascular and aneural nature.”> A further
limiting factor is its low density of chondrocytes, which have low mitotic potential and are
embedded in rich hydrated ECM composed primarily of collagen type II and proteoglycans
(mainly aggrecan).”>> There are two types of focal cartilage defects: partial-thickness and
full-thickness.”* A partial-thickness defect is limited to the cartilage and has poor capacity
for spontaneous repair. A full-thickness defect penetrates through the cartilage to the level of

the subchondral bone, and is classified as an osteochondral defect in the event that the
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damage extends into the subchondral bone (Fig. 2).” Such defects can access stem cell
populations to undergo some spontaneous healing through the formation of fibrocartilage,
which contains a high percentage of collagen type I. However, fibrocartilage is mechanically
and biologically inferior to hyaline cartilage and undergoes gradual degradation.24 Both
partial- and full-thickness cartilage defects, as well as osteochondral defects, can expand over
time and escalate degenerative processes resulting in osteoarthritis.® Table 1 shows the
critical sizes of cartilage defects in humans and various in vivo models. The adequate
treatment of cartilage defects has been a longstanding clinical dilemma. Current cartilage
repair techniques mainly benefit by relieving symptoms and functional limitations rather than
the restoration of fully functional hyaline cartilage, and long-term outcomes are often
unsatisfactory. Surgical treatment for cartilage defects can be reparative or restorative.
Reparative or marrow stimulation techniques, including microfracture, can reduce pain and
swelling by inducing the formation of fibrocartilage to cover exposed bone, but lack clinical
durability and show functional decline over time.”””® Restorative techniques include joint
replacements, osteochondral grafts and autologous chondrocyte implantation (ACI). Joint
replacements are performed in cases of cartilage layer separation from subchondral bone or
large osteochondral defects, which provides functional restoration but is limited by the
lifetime of the prosthesis (approximately 20 years).24 Osteochondral grafts include autografts
(mosaicplasty) and allografts. Although effective with good long-term outcomes, this
technique can only be applied to small lesions less than 4cm? and is limited by the availability
of donor tissue.”’ ACI is used for full-thickness cartilage defects or osteochondral defects,
and involves harvesting and in vitro expansion of autologous chondrocytes which are
subsequently implanted into the defect. The first generation of this technique produced 80—
90% satisfaction with good medium- to long-term outcomes,”~° but experienced limitations
relating to graft fixation®' and chondrocyte senescence and dedifferentiation in culture.”> To
address these limitations, second generation matrix-induced ACI (MACI) has been developed
and utilises a biomaterial scaffold such as a collagen membrane to act as a chondrocyte
carrier. This technique has generally shown good short- to medium-term clinical results,****
but long-term results are still lacking. Recent third generation techniques aim to reduce
surgical intervention, as well as improve mechanical and biological properties of the implant

and initial fixation, but very limited clinical information is available on their use.**

The lack of a consistent, superior and reliable clinical method for the treatment of cartilage

defects has directed research towards tissue engineering strategies. Unlike for bone, the
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essential properties of a scaffold for cartilage regeneration are less clearly defined. In general,
the scaffold should be biocompatible and provide initial mechanical stability. For effective
cartilage regeneration, the scaffold should promote uniform cell distribution and occupy the
entire defect site to achieve optimal integration with surrounding native cartilage.** The
scaffold should also have sufficient mechanical properties to withstand in vivo articulation
forces, while allowing remodelling and gradual replacement by naturally synthesised
cartilage ECM.>> Optimal regenerative outcomes may rely on the ability of the scaffold to
drive cell proliferation and differentiation by mimicking the ECM environment of native
cartilage.’® To this end, several natural polymers have been employed as cartilage scaffold
materials including collagen, hyaluronic acid, gelatin, fibrin glue, chitosan, agarose and
alginate. These materials can facilitate enhanced biological interaction, but may experience
problems with suboptimal mechanical strength, antigenicity, and rapid or variable host-

related degradation.’’

Articular cartilage
1 — e I = I ]

Subchondral bone

Normal joint Partial-thickness Full-thickness Osteochondral
cartilage defect cartilage defect defect

Fig. 2 Types of focal defects in articular joint injury.

2.3 Scaffold fabrication techniques

The engineering of functional tissues relies on the realisation of scaffold designs which
facilitate cell distribution, guide tissue regeneration in three dimensions, and mimic the
macroscopic and microscopic features of native tissues. A variety of fabrication techniques
have been utilised to manufacture 3D scaffolds from ceramic and polymeric biomaterials for
the regeneration of bone, cartilage and osteochondral tissues (Fig. 3). These techniques are

summarised in Table 2 together with a list of example studies.
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Fig. 3 Representative internal structures of porous scaffolds produced via (A) polymer
sponge replication,*® (B) impregnate sintering,” (C) gel-cast foaming,*® (D) solid free-form
fabrication,”’ (E) solvent casting and particulate leaching,42 (F) phase separation,43 (G)
microsphere sintering,44 and (H) electrospinning.45 (A) Adapted with permission from
Elsevier, Copyright © 2013; (B) adapted with permission from John Wiley and Sons,
Copyright © 2006 Orthopaedic Research Society; (C, D) adapted with permission from
Elsevier, Copyright © 2011; (E) adapted with permission from Elsevier, Copyright © 2005;
(F) adapted with permission from American Chemical Society, Copyright © 2004; (G)
adapted with permission from John Wiley and Sons, Copyright © 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; (H) adapted with permission from Elsevier, Copyright ©
2006.

3. Bioactive ceramic scaffolds for bone regeneration in a clinical setting

Bioactive and biodegradable ceramic scaffolds are competitive choices for bone graft
substitutes in the clinical reconstruction of critical-sized bone defects. The most widely
studied ceramic scaffolds for clinical bone regeneration include hydroxyapatite, beta-
tricalcium phosphate (B-TCP), biphasic calcium phosphate (BCP), and bioactive glass. These
materials are inherently bioactive as they share similarities in chemical composition and
surface structure with the mineral phase of bone, which consists of plate-like hydroxyapatite
crystals.””  The bioceramic can form a direct bond with bone through ion release and
substitution mechanisms at the scaffold surface,*® as well as mediate the adsorption of bone
ECM proteins.*” These processes create a favourable environment for the attachment,
proliferation and differentiation of osteoprogenitor cells resulting in enhanced bone

formation.”” An additional advantage offered by ceramic scaffolds in bone regeneration is
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their relative ease of fabrication into a porous and interconnected structure resembling

cancellous bone, through methods such as polymer foam replication***’

and, more recently,
solid free-form fabrication (or rapid prototyping).”® Ceramic scaffolds which are frequently
employed for clinical bone reconstruction will be discussed, and some of the common and

unaddressed challenges will be identified.

3.1 Calcium phosphates

Calcium phosphate ceramics have had a long history of application in bone regeneration due
to their chemical similarity to the natural composition of bone mineral. The bioactive
properties of calcium phosphate-based scaffolds originate from their ability to form a
carbonate apatite (CHA) layer at the bone-scaffold interface.”’ This creates an intimate
physicochemical and mechanical bond between the scaffold and host bone, which encourages
bone formation and ingrowth.”> The mineralised interface is thought to be formed by a cell-
mediated dissolution and precipitation process, where the release of calcium and phosphate
ions from the scaffold into the microenvironment encourages the precipitation of CHA
microcrystals. The bone ECM surrounding the scaffold hence becomes richly mineralised,
producing a favourable environment for bone formation.” Furthermore, there is evidence to
suggest that the higher concentrations of extracellular calcium and phosphate adjacent to the

scaffold may exert beneficial effects in osteogenesis. High calcium concentrations can

54,55 54,56

stimulate chemotaxis and osteogenic differentiation of osteoprogenitor cells, while
phosphate is believed to play a key role in bone matrix mineralisation, partly by inducing the
production of mineralisation-related proteins such as osteopontin via the activity of alkaline
phosphatase.’® The most commonly used calcium phosphate-based ceramics for clinical
bone reconstruction are hydroxyapatite, B-tricalcium phosphate (B-TCP) and biphasic

calcium phosphate (BCP).

3.1.1 Hydroxyapatite
Commercially available hydroxyapatite is either naturally derived from sea coral or
synthetically prepared by precipitation under basic conditions and subsequent sintering.
Stoichiometric hydroxyapatite (Ca;o(PO4)s(OH),) has a calcium to phosphate (Ca/P) ratio of
1.67 and is the closest in composition to bone mineral.”® Early uses of porous hydroxyapatite
as a bone graft substitute showed no adverse reactions and good functional recovery over 5
years of long-term follow-up.®® Clinical reports on bone reconstruction using hydroxyapatite

scaffolds combined with autologous osteoprogenitor cells have demonstrated good scaffold-
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bone integration in large (4—7cm) bone defects within 2 months post-implantation61 which
was maintained over 67 years,”” functional restoration of a stable and biomechanically
sound thumb after 28 months in a distal phalanx replacement,”” and immediate healing
potential when implanted into bone defects created by tumour resection.** Experimental
studies have confirmed the ability of hydroxyapatite to induce changes in osteoblast gene
expression to influence osteogenic outcomes.”* However, the application of hydroxyapatite
in bone reconstruction at load-bearing sites is limited by its low solubility and mechanical
properties.  Hydroxyapatite scaffolds and particles showed little biodegradation after

617 and in the mandible for 9 years.68

implantation in long bone segmental defects for 5 years
Persisting hydroxyapatite at the implantation site interferes with bone formation and is prone
to mechanical failure. This weakness is amplified by the brittleness of hydroxyapatite and its
low resistance to crack growth and propagation.”” Furthermore, due to its low surface
reactivity, hydroxyapatite is osteoconductive but not osteoinductive,*’ and often needs to be
combined with autologous stem cells to enhance its bioactivity in clinical applications.
Recent research has attempted to address these drawbacks by making ionic substitutions in

the structure of hydroxyapatite.”® Cationic substitutions for calcium include zinc,”"’

73,74 76,77

strontium>* and magnesium,”” while anionic substitutions for phosphate include silicate,
all of which are essential trace elements in the human body with the ability to stimulate bone
formation and/or reduce bone resorption. These substitutions have been shown to improve

the bioactivity and biodegradability of hydroxyapatite.

3.1.2 B-TCP
B-TCP is the stable phase of tricalcium phosphate (Ca3(POs),) at low sintering temperatures
(below 1100°C) and has a Ca/P ratio of 1.5.””7® Its high biodegradability allows rapid
precipitation of a surface CHA layer in physiological fluid,” which contributes to the
reported osteoconductive and sometimes osteoinductive properties of B-TCP. B-TCP
scaffolds implanted into in vivo models showed the presence of new bone after 7 days and
consistent bone formation over 4 weeks in the rat femoral condyle,*® complete repair of a
goat tibial defect with restoration of normal biomechanical properties after 32 weeks when
combined with autologous bone marrow stromal cells,*" and ability to induce ectopic bone
formation in dog dorsal muscle as evidence of their osteoinductive properties.** When
employed as a bone graft substitute in clinical bone reconstruction, B-TCP scaffolds showed
excellent incorporation and remodelling into new bone, coupled with good resorption, over

follow-up periods of 2-3 years by clinical, radiographic and histological assessment in a wide
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spectrum of indications.*>* Early histological assessment of implanted scaffolds showed
bioresorption by osteoclasts, osteoblast attachment, and wvascular invasion into the
macropores after 14 days, as well as direct bonding with host bone and prominent bone
formation after 28 days (Fig. 4).° B-TCP scaffolds used to treat bone cavity defects were
reported to allow fast functional recovery with return to unrestricted daily activities within 3

86

months,” while those used to fill bone defects from tumour resection encouraged bone

remodelling by undergoing complete or partial resorption and replacement by new bone.’*®
The results of these clinical studies established the osteoconductive properties of B-TCP,
while its osteoinductive properties were suggested by the ability of B-TCP particles to attract

and localise osteoprogenitor cells in human maxillary sinus floor elevation.®

A major
drawback of B-TCP scaffolds in clinical application, however, is its rapid degradation in vivo
accompanied by loss of scaffold integrity, which may impede bone formation. One study
reported less than 5% of B-TCP scaffolds remaining after being implanted for 24 weeks in the
cancellous bone of sheep, and faster scaffold resorption was correlated with lower bone
content.”® Another study reported that the rapid dissolution of B-TCP scaffolds in rabbit
osteochondral defects resulted in loss of scaffold integrity and generated significant amounts
of loose particulate debris, which provoked an inflammatory response leading to impaired
and reversed bone apposition at the defect site.” The high solubility of p-TCP may exceed
the rate of tissue regeneration and complicate clinical outcomes due to decoupling of scaffold

degradation and bone formation,*® and may lead to imbalances in bone remodelling resulting

in net bone loss at the defect site.””

Fig. 4 Histological assessment of a porous B-TCP implant harvested 4 weeks after

implantation into the femur of a patient. Haematoxylin and eosin staining showed marked
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new bone formation around the implant which was (A) directly connected to existing bone
with lamellar structure, and (B) lined by osteoblasts. (C) Silver impregnation of a serial
section of (A) showed (D) numerous collagen fibrils within the implant which was directly
connected to the newly formed bone. Original magnification: (A-C) 50x; (D) 200%.%
Adapted with permission from Elsevier, Copyright © 2006.

3.1.3 BCP
BCP is a two-phase ceramic composed of hydroxyapatite (HA) and B-TCP phases, which is
obtained by either physically mixing the two powders or chemically sintering calcium-
deficient apatite (Ca/P ratio < 1.67) at temperatures above 700°C." The reactivity of BCP
increases with decreasing HA/B-TCP ratio. The biodegradability of BCP can therefore be
tailored to match the rate of bone formation, by controlling the phase composition to achieve
an optimal balance between the more stable hydroxyapatite phase and the more soluble [3-
TCP phase.” BCP ceramics with HA/B-TCP ratios between 20/80 to 60/40 have typically
displayed favourable degradation behaviour and ability to induce bone formation in vivo.”>”’
The osteoconductive and osteoinductive properties of BCP have been demonstrated in a wide
range of in vivo models. BCP scaffolds implanted in the canine femoral cortex showed
vascularised bone ingrowth after 6 weeks, the outer region of which was transformed into
cortical bone after 18 weeks and was accompanied by bone remodelling.” In the rabbit
femur or femoral condyle, extensive osteoconduction and major bone mass gain was
observed in BCP scaffolds, with direct deposition of well-organised and mineralised lamellar
bone around and inside the scaffold pores after 1-2 months.”'*" BCP scaffolds loaded with
mesenchymal stem cells (MSCs) were able to completely bridge critical-sized femoral
defects in the rat and dog after 8 and 16 weeks, respectively.'® Compared to hydroxyapatite
or B-TCP scaffolds, BCP scaffolds showed advanced bridging of orthotopic bone defects in
the dog'™ and goat'® with significantly higher rate and amount of bone formation. The
osteoinductive properties of BCP ceramics were demonstrated by ectopic bone formation in
various in vivo models including the mouse,” rabbit,'*>1% dog,m’106 g021t,104’107’108 sheep109
and pig,'"® where BCP was found to be superior to hydroxyapatite,'°*'**1°¢197 g_TCP,'% or
both,” and was even comparable if not superior to autograft and allograft controls when

combined with autologous MSCs.'*®

Furthermore, the ectopic bone induced by BCP
implants was shown to be mature'® and sustainable in vivo."'"® More definitive evidence for

the osteoinductivity of BCP ceramics was established by in vitro and in vivo studies
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specifically investigating the interactions between BCP and MSCs. [n vitro studies showed
that BCP surfaces were able to stimulate osteogenic development in MSCs, as assessed by
gene expression and alkaline phosphatase activity, in growth medium without the addition of
osteogenic supplements.''"'"'*  An in vivo study in a canine model also proved the ability of
BCP to induce the homing of MSCs from circulation to participate in ectopic bone formation

3 Other than differences in chemical

at the implant site without growth factor delivery."'
composition, the better osteoinductive properties of BCP compared to hydroxyapatite or -
TCP may be partly attributed to differences in microstructure. Surface microporosity is
characteristic of BCP ceramics, which may improve in vivo osteogenic outcomes by
providing higher specific surface area for cellular interaction,” or facilitating multi-scale
osteointegration where micropores are filled by osteogenic cells which proceed to form

osteoid and mineralised matrix (Fig. 5)."'"*

20.0kV 4000x BSE Sur 20.0kV  5000x BSE

Fig. 5 Bone formation in BCP scaffolds following in vivo implantation commenced with
coating of the micropores. (A) Histological staining showed scaffold micropores coated with
red/pink staining indicative of mineralised bone (white arrows), while the interiors stained
blue/purple similar to osteoid or other soft tissue. (B) Bone coating in the same area as (A)
was also shown via backscatter electron mode (BSE) scanning electron microscopy (SEM)
(black arrows). BSE SEM images of fracture surfaces from implanted scaffolds showed (C)
uniform bone coating approximately 1um thick (white arrowheads) deposited within the
micropores of BCP (black stars), the interiors of which appeared to be filled with
unmineralised tissue (black arrowheads), and (D) a micropore of the BCP scaffold that was

almost completely filled with bone (white diamond). (E) Surface microstructure of BCP
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scaffold prior to implantation contained micropores measuring approximately Sum. Scale
bars: (A) 50um; (A, inset) 12.5um. Survival times: (A—C) 12 weeks; (D) 6 weeks.'!*
Adapted with permission from Elsevier, Copyright © 2010.

Clinically, various forms of BCP have found application in maxillary sinus augmentation,
filling of tibial osteotomies, and a wide range of orthopaedic reconstructions. Solid or
macroporous particles of BCP used in maxillary sinus augmentation showed close contact

H3116 a5 well as excellent implant

with new bone which frequently bridged the particles,
survival and maintenance of function over 1-2 years.'"” When used as fillers in high tibial
osteotomy, BCP in the form of macroporous granules achieved bone union by clinical and
radiographic evaluation with no sign of osteotomy after 2 years,118 while macroporous
wedges showed considerable ingrowth of well-organised and mineralised lamellar and
trabecular bone at 1 year with coupled implant degradation (Fig. 6).'" Porous forms of BCP
employed in a range of orthopaedic procedures showed fast integration and bone

98,120

reconstruction both close to and within the implants, with good to excellent final

! Nevertheless, the application of BCP ceramics in clinical bone reconstruction is

results.'?
limited by their lack of mechanical strength, particularly in the porous forms required to
encourage bone formation and ingrowth. For this reason, BCP is more frequently utilised in
particulate form and as fillers, and its current uses are typically restricted to the treatment of
bone defects at non-load bearing sites.'** Alternatively, BCP implants need to be combined
with internal or external fixation to achieve favourable reconstructive outcomes in large or

load-bearing bone defects.''*!

AC/\D B

3

1_2
3!

Fig. 6 (A) Schematic showing the use of a macroporous BCP wedge as filler in high tibial
osteotomy. (B) 3D reconstruction of a biopsy using microtomography after 1 year of

implantation into a patient, and (C) cross-section of the biopsy. Newly formed bone was
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shown in transparent grey and residual BCP was shown in black. The interconnected
trabecular structure of the BCP implant was transformed into bone and only residual BCP
particles remained, which were fully integrated and in close contact with the newly formed

bone. '’ Adapted with permission from Elsevier, Copyright © 2009.

3.2 Bioactive glasses

Bioactive glasses consist of a silica network containing network modifiers bonded to the
network via non-bridging oxygen bonds, such as calcium, sodium and phosphorus. The
original and most widely investigated bioactive glass composition is Bioglass® 45S5 (45 wt%
Si0,, 24.5 wt% NayO, 24.5 wt% CaO and 6 wt% P,0s).'"* Hench, who pioneered the
concept of bioactive glass, systematically studied a series of glasses in the Si0,—Na,0O—-CaO—
P,0s four-component system with constant 6 wt% P,Osand divided their compositions into
different regions based on bioactivity.'** Bioactive glasses in region A with <60 mol% SiO»,
high Na,O and CaO content, and high CaO:P,0Os ratio are highly bioactive and can bond
chemically to bone. 458S5 is representative of glasses with the highest level of bioactivity at
the centre of region A, which bond rapidly with bone and even with soft tissues.'”® Different
compositions of bioactive glass have been produced via the incorporation of various metallic
oxides including MgO, SrO, ZnO, Fe;0s, B,0;, K0, CaF, and TiO,, although the best
biological properties remain to be held by the original 45S5 composition.'*® The bioactivity
and bone bonding ability of bioactive glass are the result of rapid surface reactions which
occur within 24 hours of implantation, thereby accelerating the formation of a CHA layer on
the glass surface."* This CHA layer, which has similar composition to bone mineral, is
believed to initiate the biochemical adsorption of growth factors and a synchronised sequence

of cellular events that result in rapid formation of new bone.

The osteogenic properties of bioactive glass have been confirmed via a range of in vitro
studies. Osteoprogenitor cells cultured on bioactive glass were able to proliferate, express
markers of the osteoblast phenotype and form mineralised nodules as evidence of
commitment to osteogenesis in the absence of osteogenic medium supplements.'*”"** Similar
observations were made in human foetal osteoblasts exposed to dissolution products of
Bioglass 45S5, suggesting that bioactive glass implants have the ability to recruit
osteoprogenitor cells in vivo and induce differentiation along the osteogenic lineage."*"'*

The ionic dissolution products of bioactive glass, such as calcium and silicon, have been

shown to affect the osteoblast cell cycle and induce both intracellular and extracellular
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responses.' The activation or upregulation of several families of genes have been reported,
including cell cycle regulators, growth factors, cell surface receptors and extracellular matrix

B4 Importantly, there is evidence that bioactive glass upregulates a

regulators (Fig. 7).
range of bone-related genes including Cbfal/Runx2, collagen type I, alkaline phosphatase,
bone sialoprotein, osteopontin, osteocalcin, osteonectin, and bone morphogenetic protein
(BMP)-2."*" Bioactive glass has also been shown to stimulate the secretion of angiogenic
growth factors such as vascular endothelial growth factor (VEGF) in vitro and enhance
vascularisation in vivo, which becomes relevant for the production of large tissue engineered

constructs. 138,139

Bioactive glass
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Fig. 7 Mechanisms of gene expression regulation by bioactive glasses.'’’ Reprinted with

permission from Springer, Copyright © 2006.

Two compositions of bioactive glass are in clinical use for orthopaedic reconstructions in
particulate form: 45S5 and S53P4 (53 wt% SiO,, 23 wt% Na,O, 20 wt% CaO and 4 wt%
P,05).'* The feasibility of using bioactive glass particles to repair cancellous bone defects
has been demonstrated in several in vivo models. Early and significant bone ingrowth was
observed in the rabbit femur, with compressive properties of grafted defects matching normal

17 showed that

bone by 12 weeks."**'** Other studies in the rabbit,'*'* dog'*® and monkey
both the quantity and rate of bone formation at the defect site were superior for bioactive
glass particles compared to hydroxyapatite and other calcium phosphates. The osteoinductive

properties of bioactive glass were also demonstrated by ectopic bone formation in a canine
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148
1.

mode Clinically, bioactive glass particles elicited excellent tissue response in the

treatment of periodontal defects, with stable outcomes over 1-2 years which were

149-154 . .
Bioactive

comparable to or exceeded conventional surgical or grafting procedures.
glass particles used as a bone graft substitute in the treatment of tibial plateau fractures
showed comparable performance to bone autografts both functionally and clinically while

155,156 Qimilar results were observed in the treatment of

avoiding donor site complications.
benign bone tumours with good long-term outcomes."””'** Other clinical uses of bioactive
glass particles as a bone graft substitute also showed optimistic results with few
complications, including in maxillary sinus augmentation,'*’ spinal fusion'® and treatment of
osteomyelitis.'®" The benefits of using bioactive glass as a bone graft substitute lie in its bone
bonding ability and osteogenic properties, as well as ease in controlling its chemical
composition to produce tailored degradation rates matching the rate of bone ingrowth and
remodelling.'®® However, the particulate systems in clinical use lack dimensional stability
and, in the absence of additional fixation, are only useful in the treatment of bone cavity
defects. Bioactive glass scaffolds are likely to be much more effective as synthetic bone
grafts, since they can act as porous templates that imitate the structure of cancellous bone, but
these scaffolds have not yet reached clinical translation for two main reasons. Firstly, the low
mechanical strength and fracture toughness of bioactive glass are exacerbated in porous form,
which limits its application at load-bearing sites.'” Secondly, when glass particles of
commercial composition 45S5 or S53P4 are fused via sintering to form porous scaffolds, they
crystallise or partially crystallise to form a glass-ceramic. However, full crystallisation
reduces bioactivity while partial crystallisation can lead to instability, which weakens the
osteogenic ability of the scaffold.'® Recent research has attempted to overcome this problem

164-166

by modifying the glass composition to prevent crystallisation during sintering, avoiding

the sintering required for conventional melt-derived glasses by synthesising sol-gel

167-170

glasses, and exploring different processing routes to produce porous bioactive glass

40,41,48,171-174

scaffolds from both melt- and sol-gel derived glasses (Fig. 8).

Fig. 8 (A) Mesoporous bioactive glass scaffolds prepared for bone tissue engineering

applications. SEM images showed that these scaffolds (B) had highly porous and
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interconnected internal structure, (C) induced the formation of a CHA layer on the scaffold
surface after soaking in simulated body fluid (SBF) for 24 hours, and (D) promoted the
attachment and spreading of primary human bone-derived cells (arrows; image taken at 3

days).171 Adapted with permission from Elsevier, Copyright © 2008.

3.3 Clinical challenges experienced with ceramic bone substitutes

Despite the ability of bioactive ceramic materials to integrate with bone tissue and promote
bone formation and ingrowth, their clinical use has been restricted to scaffolds for the
grafting of small areas of bone loss and particles for the filling of contained bone defects, and
only at non-load bearing sites. Several challenges remain to be addressed before bioactive
ceramics can find broad application in clinical bone repair and regeneration. Firstly, most
bioactive ceramics have flexural strength, strain-to-failure, and fracture toughness that are
significantly less than bone but an elastic modulus that is much higher than bone.'” This
gives rise to inherent brittleness and suboptimal mechanical performance in a dynamic and
high load-bearing environment. For example, fracture toughness and modulus values for
hydroxyapatite are 0.8—1.2 MPa.m"? and 100 GPa, respectively, while those for Bioglass
4585 are 0.5-1.0 MPa.m"? and 35 GPa, compared to 2-12 MPa.m"? and 12-18 GPa for

human cortical bone (or 0.05-0.5 GPa modulus for cancellous bone).'”'"

Compressive
strength of porous scaffolds with 30-90% porosity is generally in the range of 0.8-342 MPa
for calcium phosphate scaffolds'”” and 0.2-150 MPa for bioactive glass scaffolds.'®® The
large variations in these reported values are due to structural factors such as microporosity,
grain size and presence of impurities.'”® Scaffolds with >70% porosity, which better
resemble the structural characteristics of cancellous bone and facilitate improved bone
ingrowth, typically display compressive strengths toward the lower end of the reported ranges
(Fig. 9)."°*'"7 This trend highlights the dilemma in the design of ceramic scaffolds for bone
regeneration, as their mechanical properties decrease significantly with increasing porosity,'”
and their susceptibility to crack growth and propagation makes brittle fracture more likely at
higher porosities."** Secondly, increasing porosity and pore sizes can generate improved
osteogenic outcomes by providing more surface area and space for cell adhesion and bone
ingrowth, while complete pore interconnectivity facilitates better cell distribution and
migration, as well as efficient vascularisation to sustain bone formation and remodelling.”*
However, due to mechanical constraints, clinically used ceramic materials are only available
either in particulate form or as porous blocks with low interconnectivity, which hardly match

the structural characteristics of cancellous bone.'”®  Thirdly, low or unpredictable
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biodegradation has been reported for ceramic bone substitutes, which may complicate long-

.. 1
term clinical outcomes.®”6887:158

These challenges have inspired research into developing
novel biomaterials and scaffold designs to improve bone regeneration outcomes, many of
which feature quite complex systems and incorporation of cells and/or bioactive

molecules.'*!”?

Despite promising results obtained in the laboratory, however, clinical
translation has been inefficient due to stringent regulatory requirements. For this reason,
established ceramic materials which have been in clinical use over the past few decades, such
as calcium phosphates and bioactive glasses, have remained as the mainstream of bone graft

substitute materials.
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Fig. 9 Dependence of compressive strength on porosity for bioactive ceramic scaffolds;

plotted data ranges are representative of studies reviewed elsewhere. !’

Calcium silicates represent a novel class of bioactive ceramics which, although not yet in
clinical use, possess the same advantages as commercially available ceramic bone graft
substitutes but with the potential to address some of the common aforementioned challenges.
Similar to bioactive glasses, the high bioactivity of calcium silicates originates from the rapid
formation of a surface CHA layer and ionic dissolution of calcium and silicate into the

180,181
% and

extracellular environment, which has been shown to promote osteogenesis in vitro
in vivo."®® However, the biological application of pure calcium silicate (CaSiOs3) is limited by

its high dissolution rate,'® which may raise the pH of the surrounding environment to levels
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unfavourable for cellular activity.'™ For this reason, a number of studies have focused on the
chemical modification of calcium silicate to maximise its potential for clinical translation, via

the incorporation of bioactive ions to produce novel ceramic compositions including

185 188
)

zirconium (baghdadite ™), zinc (hardystonitel%), strontium (Sr-CaSiO;187 Sr-hardystonite ™),
and magnesium (akemanite,' bredigite,"”® diopside'’'). Recently, the unique composition of
Sr-hardystonite-gahnite was developed by sintering Sr-hardystonite with aluminium oxide,
giving a bioactive ceramic with greatly improved strength and toughness compared to
conventional ceramic materials which are in current clinical use as bone graft substitutes.”®
Besides the capacity to undergo controlled degradation, all of these calcium silicate-based
ceramic compositions were shown to stimulate osteogenesis in vitro via the release of
bioactive ionic products. Notably, cell-free porous scaffolds of baghdadite192 and Sr-
hardystonite—gahnite38 were able to achieve complete bridging and satisfactory regeneration
of critical-sized bone defects in the rabbit over 12 weeks with improved outcomes compared
to calcium phosphate controls (Fig. 10). Although verification in large in vivo models is
pending, these results underline the prospect of introducing novel calcium silicate-based

ceramic scaffolds for translational use, with the potential of alleviating the structural and

mechanical constraints experienced by current ceramic bone graft substitutes.

Cc

Baghdadite Sr-HT-Gahnite

Fig. 10 Cell-free porous scaffolds of (B) baghdadite' and (D) Sr-hardystonite-Gahnite™
achieved complete bridging of critical-sized bone defects in the rabbit over 12 weeks, with
improved radiographic outcomes compared to (A, C) BCP controls. (A, B) Adapted with
permission from Elsevier, Copyright © 2012; (C, D) adapted with permission from Elsevier,
Copyright © 2013.

3.4 The role of bioactive ceramics in the regeneration of cartilage and osteochondral
tissues
Due to their inherent bioactivity and widespread clinical use in bone reconstruction, calcium

phosphates and bioactive glasses have found additional application in research strategies
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directed at the regeneration of cartilage and osteochondral tissues, under the rationale that the
support provided by intact subchondral bone is a prerequisite to effective cartilage restoration
at articular joints.'” Particles of nano-hydroxyapatite,'”* p-TCP,">"” amorphous calcium

phosphate,198 and Bioglass 4585" have been incorporated into synthetic polymer matrices in

194,198 195-197,199

monophasic or biphasic scaffold systems for chondral and osteochondral repair.
When implanted into a range of orthotopic in vivo models, these scaffold systems promoted
bone formation and ingrowth in the subchondral region coupled with the regeneration of
hyaline-like cartilage in the chondral region. The inclusion of bioactive ceramic particles was
found to improve the quality of osteochondral repair in several studies, as implants with
ceramic additives in the subchondral bone phase of a biphasic polymer construct resulted in
the best cartilage repair,"”® while monophasic polymer implants without ceramic additives
resulted in little bone formation and inferior cartilage repair with fibrocartilaginous
tissue.'”*"”®  Furthermore, the degree of mineralisation within the subchondral region of a
biphasic implant was shown to have a positive correlation with mechanical properties of the

5

. . 19 . . .
overlying neocartilage. A more common use of bioactive ceramics for scaffold-based

regeneration of chondral and osteochondral tissues is in the form of a porous scaffold

composed of hydroxyapatite,””*" B-TCP,****'' BCP,*'* other calcium phosphates,”*>" or

16 d 200,204-207
9

bioactive glass.2 The ceramic scaffold may constitute a monophasic scaffol

201,202,213
=== or the subchondral bone

subchondral support for a top layer of chondrogenic cells,
phase of a biphasic or multiphasic construct.**?*%212214216 o the latter two types, ectopic
implantations into immunodeficient mice demonstrated the formation of region-specific

tissues in the cartilage and bone segments of the construct.?'2%*2"

Experiments in
orthotopic in vivo models showed that the concurrent restoration of hyaline-like cartilage and
subchondral bone was possible using monophasic ceramic scaffolds or those with an
additional cellular cartilaginous layer, although this relied on the inclusion of bioactive

molecules®® or cells within®**?"’

or on top of the ceramic scaffold.****"* Some studies also
noted substantial fibrocartilage formation®™ and focal separation of the cartilage layer from
the ceramic scaffold.”"® Biphasic or multiphasic constructs incorporating a ceramic scaffold
as the subchondral bone phase were generally effective at promoting osteochondral
regeneration in a range of in vivo models, although the inclusion of cells particularly in the
cartilage phase of the construct appeared to be necessary for the formation of hyaline-like

: 208-210,215,216
cartilage. o

In some studies, the implant produced comparable results to
osteochondral autograft in overall histological score and biomechanical properties,”” and

biphasic constructs containing a bioactive ceramic scaffold as the subchondral bone phase
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achieved superior integration to host bone and regeneration of hyaline-like cartilage

216

compared to those containing a bone allograft. Other studies showed evidence of zonal

210215 5 nd formation of a clear tidemark

arrangement in the newly formed osteochondral tissue
between cartilage and bone segments (Fig. 11).*?'° These studies underline the feasibility
of incorporating a bioactive ceramic component in improving the outcomes of scaffold-based
osteochondral regeneration strategies. A more thorough discussion of this topic can be found

in Section 6.

Fig. 11 Osteochondral defect repair in a porcine model after 6 months using a biphasic
construct containing a bioactive ceramic scaffold (B-TCP) as the subchondral bone phase and
seeded with chondrocytes and osteoblasts respectively in the cartilage and bone phases.
Defects implanted with the biphasic construct were repaired with hyaline-like cartilage and
new bone tissue, which fused with a clear tidemark and integrated well with native tissues, as
shown by (A) macroscopic appearance, haematoxylin and eosin staining at (B) low and (C)
high magnifications, (D) Safranin O staining, and (E) immunohistochemical staining for
collagen type II. Scale bars: (A) 8mm; (B, D, E) 2mm; (C) 200um.208 Adapted with
permission from Elsevier, Copyright © 2011.

4. Silk fibroin as a biomaterial for the regeneration of skeletal tissues

Silk fibroin has gained increasing popularity in recent years as a candidate material for a wide
range of tissue engineering applications due to its unique combination of properties including
biocompatibility, biodegradability, outstanding mechanical properties as a natural polymer,
and ability to tailor its properties via versatile processing methods and chemical or surface
modification.”'” Silks are natural fibres produced by a variety of insects, which consist of a
filamentous core of fibroin protein coated by glue-like sericin proteins.”'® Fibroin from the
silk of the domesticated silkworm, Bombyx mori, is a fibrous protein composed primarily of
the amino acids glycine (43%), alanine (30%) and serine (12%).*'” B. mori silk fibroin has
been used in over 85% of studies investigating silk fibroin as a scaffold material for tissue
engineering’"’ and will also be the focus of this review. Silkworm silk has been

commercially used as biomedical sutures for decades. Early problems with biocompatibility
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and hypersensitivity to virgin silk were found to be mainly caused by sericin proteins, which
are now typically removed in hot alkaline solution (degumming) during silk processing for

. . . 220221
tissue engineering applications.”

Degummed silk fibres can be used to fabricate fibre
biomaterials or, more commonly after dissolving in hot salt solution and dialysing out the salt,
they can be processed into aqueous silk fibroin solution for the preparation of various
regenerated morphologies including films, hydrogels, non-woven mats and sponges for
217,221

different applications (Fig. 12). In addition, dissolving lyophilised silk fibroin solution
in an organic solvent such as hexafluoroisopropanol (HFIP) provides solvent-derived
processing options.”*'*** Upon exposure to increased salt concentrations, polar solvents such
as methanol, changes in temperature or pH, or mechanical stresses such as shearing, drawing
and spinning, silk fibroin irreversibly forms water insoluble crystalline B-sheets which
contribute to its mechanical properties.”” In fibre form, the mechanical properties of silk
fibroin exceed most other polymeric materials, possessing high tensile strength (500-700
MPa) coupled with remarkable toughness and elasticity (elastic modulus of 10-15 GPa and

217

up to 20% strain-to-failure). Although the mechanical properties of silk products

regenerated from silk fibroin solution are substantially weaker than native fibres due to the

lack of structural and hierarchical features,***

they generally still exceed other natural
polymers and some synthetic polymers of equivalent morphologies,217 while recent research
is making continuous improvements. Predictable biodegradation of silk fibroin has been
demonstrated both in vitro and in vivo, which proceeds as a function of proteolytic

degradation and hydrophilic interactions within the protein structure.”>>*

For example, silk
fibroin scaffolds can be made to retain over 50% of their mechanical properties after two
months of in vivo implantation and completely degrade within one year, and such time frames
can be controlled by processing route. The biocompatibility of silk fibroin is demonstrated
by its minimal inflammatory potential.****** When combined with stem cells in a range of
skeletal tissue engineering applications, various forms of silk fibroin have been reported to
support stem cell adhesion, proliferation and differentiation in vitro and promote tissue repair

in vivo.!

The versatility of sterilisation options is an additional advantage in tissue
engineering, where several conventional sterilisation treatments were shown to have little
effect on the structural and material properties of silk fibroin scaffolds, and their mechanical
properties could be preserved by dry autoclaving.”* This section will specifically discuss the

use of silk fibroin as a biomaterial in scaffold-based tissue engineering of bone and cartilage.
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Fig. 12 Regenerated morphologies fabricated from silk fibroin using both aqueous-derived
and organic solvent-derived processing methods. The silk fibroin extraction process takes 4
days and further time required to process the silk fibroin solution into the morphology of
choice is indicated within the arrows.””' Reprinted with permission from Macmillan

Publishers Ltd: Nature Protocols, Copyright © 2011.

4.1 Silk fibroin in bone regeneration

The use of silk fibroin for bone regeneration has been extensively studied both in vitro and in
vivo and features a variety of regenerated morphologies. Silk fibroin films, hydrogels, non-
woven mats and porous sponges have been reported to promote in vitro osteogenesis in a
range of bone-related cell types including mesenchymal stem cells, bone marrow stromal
cells, osteoblasts and osteoblast-like cell lines derived from different sources. Silk fibroin
films modified with BMP-2,"° Arg-Gly-Asp (RGD) biomimetic peptide,>* nano-

5

hydroxyapatite particles,” silica particles,”® or grooved patterns®’ mimicked native bone

surfaces and enhanced the osteogenic activity of cultured cells. Silk fibroin hydrogels could

be prepared via different processing methods™® and supported the activity of human

239,240

osteoblast-like cells. Non-woven silk fibroin mats generated via electrospinning
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resembled the nanofibrous structure of bone ECM,**' while high porosities and large pore

242,243

sizes could be introduced by the addition of salt particles as porogens, which were

shown to support the growth and differentiation of osteoprogenitor cells. Cell functionality

244
and

was improved with the incorporation of nano-hydroxyapatite into this system,
significantly enhanced with further addition of BMP-2 as assessed by calcium deposition and
osteogenic gene expression.*’ Porous scaffolds of silk fibroin can be made with geometry
and topography suitable for bone regeneration via control of different processing parameters

42045 . : . . 245
“* silk fibroin solution concentration,”~ and

such as choice of solvent (water or HFIP),
preparation methods including salt leaching, gas foaming and freeze-drying.*  These
parameters can be used to regulate the porosity and pore size, and to some extent the
biodegradability and mechanical properties, of silk fibroin scaffolds, which in turn influence

osteogenic outcomes (Fig. 13).246’247

The ability of silk fibroin scaffolds to support the
osteogenic differentiation of bone marrow-derived human mesenchymal stem cells (hMSCs)
has been demonstrated via histological, biochemical and gene expression analyses in a
number of studies. Advanced bone tissue development was observed in the scaffold within 8
weeks of dynamic culture in a spinner flask bioreactor.”*® Variations in scaffold geometry,
such as pore size and distribution, porosity, and interconnectivity were shown to have

249,250

significant effects in directing the morphology of regenerated bone. Osteogenic

outcomes were improved in silk scaffolds compared to control collagen scaffolds,™'*** in
aqueous-derived compared to HFIP-derived silk scaffolds,” and when BMP-2 or BMP-7
was included in the silk system as loaded proteins®* or protein-encoding adenoviruses,” or
produced by hMSCs transfected prior to seeding.”>**’ To better imitate the composition of
natural bone and improve the bioactivity of silk fibroin scaffolds, calcium phosphate has been
incorporated into the scaffold system via different approaches including alternate soaking to

258-260
d,

mineralise the scaffol co-precipitation to generate CaP/silk hybrid powders which can

be integrated into the scaffold,*"*** and mechanical mixing.’**** Enhanced bone-related

259,261,263

outcomes were achieved with these composite scaffolds using hMSCs and animal-

derived osteoprogenitor cells.”%*%

Notably, one study reported that silk scaffolds
impregnated with hydroxyapatite microparticles induced the formation of mineralised bone
matrix by hMSCs in the absence of osteogenic growth factors, with significant increases in
mechanical properties over the culture period.”®® Calcium phosphate in the silk system may
exert its beneficial effects by enhancing osteoconductivity and providing nucleation sites to

direct mineral deposition.
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Fig. 13 In vitro osteogenesis of hMSCs in aqueous-derived and HFIP-derived silk scaffolds
after 16 and 56 days of dynamic culture in osteogenic medium was shown by (A) von Kossa
staining for mineralised matrix deposition (arrows), and (B) immunohistochemical staining
for collagen type I (arrows) within the scaffold structure (stars). The extent of osteogenesis
as indicated by mineralised ECM deposition was greater in the aqueous-derived silk scaffolds,

which had higher degradation rate compared to the HFIP-derived silk scaffolds. Scale bar:
100pm.**” Reprinted with permission from Elsevier, Copyright © 2010.

Various bone defect models have been used to evaluate the in vivo osteogenic capacity of the
above silk fibroin systems. An injectable silk fibroin hydrogel was found to promote better
healing and accelerate remodelling of a critical-sized femoral defect in the rabbit compared to
a commercial synthetic polymer.* Use of silk hydrogel as a delivery vehicle for BMP-2
also resulted in functional repair of a critical-sized rat femoral segmental defect, with

265

biomechanical properties comparable to the intact femur.”” When electrospun morphologies

of silk fibroin were tested, a nanofibrous membrane with potential application in guided bone

266
and

regeneration achieved complete healing of a rabbit calvarial defect over 12 weeks,
repaired a rat calvarial defect with much higher bone volume than the control synthetic
polymer.** Porous aqueous-derived silk fibroin scaffolds implanted into the rabbit femoral
condyle without seeded cells were shown to support the ingrowth of cancellous bone.”’ Silk
scaffolds seeded with hMSCs and pre-cultured under osteogenic conditions for 5 weeks
demonstrated advanced bone formation and almost complete bridging of critical-sized defects

268

when implanted into mouse calvaria for 5 weeks™" and rat mid-femoral segmental defects for

2% n both studies, bone formation was also observed in scaffolds seeded with

8 weeks.
undifferentiated hMSCs and unseeded scaffolds but to a lesser extent. Such differences in the

extent of bone formation between groups were found to be minimised by the inclusion of
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BMP-2 into the scaffold system.”” Silk fibroin scaffolds containing hydroxyapatite in
certain ratios were reported to achieve complete union®’' or substantial bone regeneration”’>
in rabbit bone defects over 2—3 months, while similar outcomes were observed in rat femoral
defects after 3 weeks.”®* Silk scaffolds incorporating CaP/silk hybrid powders promoted new
bone formation in mouse calvarial*®' and rat osteoporotic femoral defects.”** Premineralised
silk scaffolds containing osteogenically induced autologous bone marrow stromal cells
achieved complete repair of mandibular border defects in a canine model after 12 months,
with bone mineral densities and quantities of new bone area comparable to autograft controls
(Fig. 14).”” The combination of premineralised silk scaffolds and gene therapy, where
transfected bone marrow stromal cells over-expressing BMP-2 were seeded in the scaffolds
and used to repair rat mandibular bone defects, was reported to maximise the osteogenic

capacity of the system.”™*

silk scaffold +
cells

Autograft

Fig. 14 (A) Premineralised silk scaffolds were fabricated by depositing an apatite coating on
the silk surface. When combined with osteogenically induced autologous bone marrow
stromal cells, these scaffolds (top row) achieved comparable results to bone autograft (bottom
row) in the repair of mandibular border defects in a canine model after 12 months, as shown
by (B, E) radiographic, (C, F) macroscopic, and (D, G) histological examination. Scale bar:
5mm.”” Adapted with permission from Elsevier, Copyright © 2009.

4.1.1 Challenges encountered in the translation of silk matrices for bone
regeneration

The translation of silk fibroin systems for use in clinical bone reconstruction faces certain

common challenges, which current research is attempting to address. One of these is the

requirement for rapid and stable vascularisation to be established following biomaterial

implantation to ensure implant survival and tissue integration. To this end, the co-culture of

human endothelial cells with primary osteoblasts on silk fibroin scaffolds was found to cause

gradual tissue-like self-assembly with the formation of microcapillary-like structures,””
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which resulted in rapid anastomosis with the host vasculature after implantation into a mouse
model.*”® Other studies have established that the initiation of scaffold vascularisation by
endothelial cells in such systems was driven by the activity of osteoblasts,””’ and that their
osteogenic differentiation contributed to the progressive maturation of pre-vascular
structures.”” This co-culture-based method of scaffold pre-vascularisation holds potential for
the clinical treatment of large bone defects. Another major challenge is the general inability
of polymer-based systems to satisfy the mechanical requirements of bone regeneration at
load-bearing sites. To overcome this, a composite silk scaffold containing an inorganic phase
of calcium phosphate has been developed with average compressive strength and modulus of
14 MPa and 175 MPa, respectively.”” However, this design involved cumbersome
fabrication processes and generated small pore sizes of 50-100pm which might deter bone
ingrowth and vascularisation. Recently, some reinforced silk-silk composite scaffolds have
been developed to improve on the mechanical properties of silk fibroin systems while
maintaining adequate architecture for bone regeneration. The incorporation of milled silk
particles into the porous silk matrix led to significant improvements in mechanical properties
with yield strength and compressive modulus up to 200 kPa and 2 MPa, respectively. !
Loading the silk matrix with fine silk fibres could further increase the compressive modulus
up to 13 MPa.** Although the mechanical properties of such reinforced silk systems may be
sufficient for regenerating cancellous bone at certain sites, further improvements are

necessary to meet the practical requirements for load-bearing bone reconstruction.

4.2 Silk fibroin in cartilage regeneration

A wide range of studies have investigated the use of silk fibroin for cartilage regeneration in
combination with stem cells or chondrocytes, and include several regenerated morphologies
and polymer blends. Different morphologies of silk fibroin were shown to support the
growth and ECM production of human articular chondrocytes.283 Particular formulations of
silk fibroin hydrogel supported the proliferation and maintenance of phenotype in
encapsulated bovine chondrocytes and yielded cartilaginous constructs over 6 weeks of
culture.”™ Nanofibrous silk fibroin meshes similar to the structure of natural ECM could be
produced by electrospinning and significantly enhanced the activity of human articular
chondrocytes when surface hydrophilicity was increased by microwave-induced argon
plasma treatment.”*>**® Electrospun silk fibroin mats were also used to develop an in vitro
model of mesenchymal condensation to understand the process of chondrogenesis during

embryonic development.®® hMSCs could sense subtle variations in the morphology and
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stiffness of the nanofibrous silk matrix and were observed to undergo maximal migration in
matrices with lower stiffness, which allowed them to assume rounded and aggregated
morphologies leading to chondrogenesis. Porous silk fibroin scaffolds with varying porosity,
pore interconnectivity and mechanical properties could be produced for cartilage tissue
engineering by controlling the processing method and using different initial concentrations of
silk fibroin solution.®® The feasibility of using silk scaffolds to promote chondrogenesis has
been established in vitro when combined with both hMSCs and chondrocytes. Silk scaffolds
were able to promote chondrogenesis in hMSCs as evidenced by gene expression,

histological and immunohistochemical analyses,zgg'291

and produced constructs with spatial
cell arrangement and collagen type II distribution resembling native articular cartilage after 3
weeks of culture (Fig. 15).* Compared to control collagen scaffolds, hMSCs cultured in
silk scaffolds showed enhanced chondrogenic activity in terms of cell distribution and
deposition of glycosaminoglycan (GAG) and collagen type IL****' Chondrogenic outcomes
could be further improved by controlled release of insulin-like growth factor (IGF)-I from the
silk scaffold.””* As an alternative cell source to mesenchymal stem cells, chondrocytes have
been combined with silk fibroin scaffolds for in vitro cartilage tissue engineering in a range
of studies. Silk scaffolds supported the attachment, proliferation and re-differentiation of
culture-expanded human articular chondrocytes over 3 weeks, and initial seeding density was
identified as an important factor contributing to chondrogenic outcomes in this system.””
Rabbit chondrocytes have been more frequently used to investigate the chondrogenic
capacity of silk scaffolds due to their better accessibility. The amount and distribution of
cartilage tissue formation by cultured rabbit chondrocytes were shown to be influenced by the
surface topography, biodegradability and mechanical properties of silk scaffolds produced via

different processing methods.**

One scaffold system produced by phase separation of frozen
silk fibroin solution encouraged the formation of hyaline cartilage-like tissue over 4 weeks,
and allowed the proliferation of rabbit chondrocytes without loss of differentiated phenotype
as evidenced by the production of cartilage ECM components.295 The distribution of

cartilaginous tissue was shown to be more uniform in scaffolds with 100-140um pores

297,298 1299

compared to those with smaller pore sizes.*”® The dynamic viscoelastic and frictiona
properties of the regenerated cartilage from this scaffold system were also evaluated. In
another scaffold system, the effect of a silk scaffold with the Arg-Gly-Asp-Ser (RGDS)
sequence genetically interfused in the fibroin protein on initial adhesion and cartilage
synthesis by rabbit chondrocytes was investigated.”® The adhesive force of these cells on

silk fibroin substrate was previously shown to undergo time-dependent changes.””’ The
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interfused RGDS sequence increased cell adhesive force to the silk scaffold and enhanced the
early expression of integrins a5 and B1, as well as aggrecan, which contributed to the

maintenance of chondrogenic phenotype.’”

£

Alcian blue Col-11 Col-1 Von Kossa

3D cell pellet

Silk scaffold
+hMSCs

Fig. 15 Silk scaffolds containing hMSCs (bottom row) achieved a similar extent of
chondrogenesis as high-density pellet culture (top row) under the same chondrogenic
conditions after 3 weeks of in vitro culture, as shown by histological and
immunohistochemical evaluation of cartilage-specific ECM components via (A, E) alcian
blue staining for sulfated proteoglycans and (B, F) immunohistochemical staining for
collagen type II, and absence of (C, G) immunohistochemical staining for collagen type I and
(D, H) von Kossa staining for mineral deposition. Scale bar: 200um.”*’ Adapted with

permission from Elsevier, Copyright © 2005.

To approximate the dynamic loading environment which native articular cartilage is exposed
to in vivo, mechanical stimulation has been introduced into various in vitro systems of
chondrogenesis and reported to improve the matrix composition and mechanical properties of
tissue-engineered cartilage generated using chondrocytes’*** and hMSCs.*****  Similar
results were obtained in silk fibroin scaffold systems. Silk scaffolds seeded with ESC-
derived hMSCs and cultured in a perfusion bioreactor for 4 weeks contained significantly
higher amounts of DNA, GAG, total collagen and collagen type Il compared to static culture,
with distinct improvements in mechanical stiffness and expression of chondrogenic
markers.’” A hydrodynamic environment created by rocking culture was found to encourage
the proliferation, integrin gene expression, chondrogenic differentiation with limited
hypertrophic differentiation, and production of cartilaginous matrix by rat chondrocytes
cultured in silk scaffolds for 2 weeks, which exerted a synergistic effect with higher scaffold
porosities around 90%.>”” Rabbit chondrocytes seeded on silk scaffolds and cultured in a

stirring chamber bioreactor for 3 weeks showed significant increases in DNA and GAG
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content compared to static controls, and histological examination of proteoglycan and
collagen type II deposition also confirmed maturation of the cartilaginous tissue regenerated
under dynamic conditions.®® The clinical feasibility of this system was assessed by
implanting the cartilage construct into critical-sized defects in the rabbit knee joint, which
resulted in histological repair of the defect with hyaline cartilage-like tissue after 12 weeks.
Comparable results were obtained in a separate study utilising a similar in vivo model and
silk constructs containing placenta-derived hMSCs cultured statically for 8 days prior to

implantation.*”’

Several blends of silk fibroin with other natural polymers have been explored for use in
cartilage regeneration. Silk fibroin/chitosan blended scaffolds were developed on the basis
that chitosan bears structural resemblance to glycosaminoglycans, and such systems were
reported to improve GAG and collagen deposition in the scaffold by bovine chondrocytes®'”
and rat MSCs.*"" Silk fibroin/chitosan scaffolds combined with chondrogenically induced
bone marrow-derived MSCs also achieved good repair of cartilage defects in the rabbit knee
over 12 weeks by macroscopic, histological and immunohistochemical examination.’'? Silk
fibroin/hyaluronic acid blended scaffolds exploit the biological characteristics of hyaluronic
acid as one of the most ubiquitous glycosaminoglycans in the human body. These systems

313

promoted cellular ingrowth and chondrogenic gene expression in cultured hMSCs,”” and

mechanical properties were also improved as hyaluronic acid could enhance the formation of

B-sheet structures in silk fibroin.*"*

To produce more stable and ordered polymer composite
structures for cartilage tissue engineering, genipin cross-linked blends of silk
fibroin/chitosan,’"” silk fibroin/hyaluronic acid,*'® and silk fibroin/gelatin®'’” were developed
as scaffolds or hydrogels and shown to support the activity of skeletal tissue-related cell lines.
An electrospun blend of silk fibroin/wool keratose, which contained amino acid sequences to
induce cell adhesion, was reported to promote chondrogenesis in neonatal human articular
chondrocytes, particularly when treated with microwave-induced argon plasma.318 Unlike for
applications in bone regeneration, however, the efficacy of silk fibroin-based scaffolds for

cartilage regeneration remains to be verified in large in vivo models before clinical translation

can be envisaged.

5. The effective reinforcement of ceramic scaffolds with polymer coatings and the

unique combination of silk-coated ceramic scaffolds
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To broaden the applications of clinically established ceramic materials in bone repair and
regeneration, increasing research has been directed at improving the structural integrity and
mechanical properties of ceramic scaffolds, with the aim of producing reinforced scaffolds
which are suitable for use at load-bearing sites even at high porosities. The coating of
ceramic scaffolds with biocompatible and biodegradable polymers represents a particularly
promising approach, which can lead to effective reinforcement while conserving the high
porosity and interconnectivity of the scaffold. The approach has been extended to include
scaffolds with interpenetrating network structures, where the polymer not only constitutes a
surface coating but is also made to infiltrate the struts of the ceramic scaffold through
processes such as coating in vacuum or centrifugation. The polymer-coated ceramic
scaffolds mimic the composite structure of bone, and hold potential for rapid clinical
translation due to simplicity of the fabrication process. In general, a ceramic scaffold has
open micropores and surface defects such as microcracks in the struts after sintering. The
polymer can fill existing voids in the ceramic microstructure, resulting in structural
reinforcement and reduced brittleness by lowering the chance of crack propagation under
load (Fig. 16).>" During fracture, the polymer filaments function in crack-bridging and
energy dissipation, thereby retarding advancement of the crack tip and increasing fracture
toughness of the scaffold,’” in a similar manner as collagen fibres enhance the fracture

toughness of bone.™'

) ) Polymer-coated
Polymer solution Ceramic scaffold ceramic scaffold

»,

Ceramic

Fig. 16 Mechanism of structural reinforcement in polymer-coated ceramic scaffolds.
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A wide range of polymer-coated ceramic scaffolds have been developed using different

combinations of clinically used bioactive ceramics, including hydroxyapatite,’**>*’ B-

TCP,?** BCP,'™** and bioactive glasses,”***"' and natural or synthetic polymers,

including collagen,326’349 343,348,349,351 322,334,344,347,349
(PHB),***** polylactic acid (PLA),'****'** poly(L-lactic acid) (PLLA),**"?**3733 poly(D,L-

lactic acid) (PDLLA),*****° poly(lactic-co-glycolic acid) (PLGA),***%3>3¢ and

alginate, gelatin, poly(3-hydroxybutyrate)

325,328,331-333,339-342,349

polycaprolactone (PCL). The majority of studies reported significant

improvements in mechanical properties of the polymer-coated scaffolds, particularly in terms
of strength and toughness, without substantial reductions in scaffold porosity and
interconnectivity. Notably, a number of coated scaffolds exhibited compressive strengths
which were within the range of cancellous bone and at least several folds higher than those of

324,327,330,331,336,338,340 Other

uncoated  controls. important  improvements  in

‘toughness,3 30,332,333,339,342 bending strength3 30346 and work of fracture®**-4
Some studies evaluated the influence of the polymer coating on biological properties of the

. : - : 325,329,335,337,339,343
scaffold, mainly via attachment and proliferation of bone-related cells,”™>“>""">"" as

330340392395 and in vivo.'"23% Theoretically, as naturally

well as osteogenic activity in vitro
derived polymers which bear resemblance to ECM, coatings of collagen, alginate and gelatin
should enhance bioactivity and osteoconductivity of the scaffold, but these beneficial effects
were either not evaluated or shown to be not significant in the case of collagen®*® and

alginate.’*

The motivation for their use is therefore diluted considering that they also
produced only moderate improvements in mechanical properties. Other polymeric coatings
of PHB, PLA, PLLA, PDLLA, PLGA and PCL can significantly enhance mechanical
properties of the ceramic scaffold, but require the use of organic solvents in the fabrication
process which may be harmful to transplanted cells or host tissues if not completely removed.
These coatings are also more inert and may mask bioactivity of the underlying ceramic
substrate, as exemplified by a study which showed delayed orthotopic bone formation in a
goat model due to the addition of a PLA coating to implanted BCP scaffolds.'®  This
problem can be addressed by the incorporation of a bioactive ceramic component into the

337,338,340

coating, including hydroxyapatite powder,”® hydroxyapatite nanoparticles, calcium

324,336 S 1 34
and bioactive glass nanoparticles.

phosphate deposi‘[ion,328 bioactive glass powder,
Such strategies are effective at improving osteoconductivity of the coated surface, but rely on
homogeneous dispersion of the ceramic component in the coating, introduce additional
processing complexity, and do not circumvent the use of organic solvents during fabrication.

The potential use of the polymer coating as a delivery vehicle for drugs or bioactive

were also observed.
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molecules to enhance scaffold functionality and bioactivity has also been explored in several
studies. Coatings of PCL*? or PCL-based hybrids’>?*® and PHB*’** significantly
increased the compressive strength and toughness of bioactive ceramic scaffolds, while

facilitating the sustained release of model proteins (bovine serum albumin®?) or antibiotic

353,354,358 355—357)

drugs (tetracycline and vancomycin
5.1 Silk-coated ceramic scaffolds and their unique characteristics

Compared to other polymers, the use of silk fibroin as a coating material to enhance the
properties of bioactive ceramic scaffolds for broader applications in clinical bone
reconstruction offers unique advantages. The coating of silk fibroin on polyurethane foams
resulted in increased biocompatibility, as demonstrated by improved human fibroblast
adhesion, proliferation and metabolic activity.”>> A silk fibroin coating on PDLLA films also
enhanced osteoblast interaction with the substrate and their differentiated function.’®**'
Backed by the rich body of literature supporting the use of silk fibroin in osteogenesis, as
well as unique characteristics of the material including the capacity for aqueous processing
and versatility of sterilisation options, the biological effects of silk fibroin coatings motivate
the development of silk-coated ceramic scaffolds for bone regeneration. Limited studies have
investigated the efficacy of this unique combination, comprising coatings of single silk layer
on bioactive glass,’® hybrid silk/PCL layer on BCP,** and multiple silk layers on BCP.***
These studies provided evidence that the silk coating could simultaneously improve
mechanical and biological properties of the scaffold while maintaining a highly porous and
interconnected architecture. Mechanical reinforcement of the ceramic scaffold by the silk
coating was significant in all studies, producing improvements of 4-6 folds in compressive

362-364
h,

strengt over 6 folds in failure strain,’® and up to 12 folds in toughness.®* Also worth

noting was the elastic behaviour of the silk-coated scaffolds in compression as evidence of
reduced brittleness.’>** This was particularly pronounced in the scaffold with multiple silk
coatings, which resembled an interpenetrating composite structure with silk-infiltrated

ceramic struts (Fig. 17).*** In terms of biological behaviour, prominent improvements in the

. L . 363 362
osteogenic activity of primary human osteoblasts,”” human bone marrow stromal cells,

and hMSCs*** were observed in the silk-coated compared to bare ceramic scaffolds during

362,363

both short-term (1-2 weeks) and long-term (up to 6 weeks)*® in vitro culture, as

assessed by attachment, proliferation, bone-related gene expression and alkaline phosphatase

activity. To augment the biological properties of the scaffold, drug delivery capabilities of

223,365

the silk fibroin coating can be exploited and warrant further investigation, and
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preliminary tests have already been performed.’®® Strategies such as optimisation of the silk
coating process and deposition of multiple silk layers may maximise the efficacy of the
system, and potentially obviate the need to improve coating properties by incorporation of
other polymers. Due to their unique combination of properties, silk-coated ceramic scaffolds
possess distinct advantages over other polymer-coated systems for use in bone regeneration,
and represent a simple and effective method of reinforcing porous ceramic bone substitutes

from a translational perspective.

2 am
|

Fig. 17 SEM images showing the unique structure of a silk-coated ceramic (BCP) scaffold
with multiple silk coatings. Silk fibroin not only deposited on the ceramic scaffold surface
but also infiltrated the scaffold struts, resulting in the formation of a structure that was highly
porous and interconnected on the macroscopic level and an interpenetrating polymer-ceramic

. . . 4
composite on the microscopic level.*

In the context of bone regeneration, coating porous
ceramic scaffolds with silk fibroin represents a simple and effective method of reinforcement.

Reprinted with permission from American Chemical Society, Copyright © 2013.

6. An insight into the regeneration of osteochondral tissue: current progress and

potential contribution of novel scaffold designs

Osteochondral defects encompass damage to the articular cartilage, subchondral bone and

interfacial tissues, often resulting in mechanical instability of the joint and ultimately
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contributing to the development of degenerative osteoarthritic changes.366 Backed by such
realisations and fuelled by the gradual maturation of tissue engineering techniques to tackle
the regeneration of complex and hierarchical tissues, the challenging field of osteochondral
tissue regeneration has received increasing research attention in recent years. The
development of relevant scaffold strategies is complicated by the different compositional,
structural, mechanical and biochemical requirements of each osteochondral tissue segment.
On the most basic level, cartilage differentiation is induced by softer or natural polymeric
matrices and low porosity to limit vascularisation, as well as in the presence of a different set
of bioactive molecules compared to bone differentiation, which is induced by stiffer or
inorganic matrices and high porosity to promote vascularisation.®®” To satisfy these
requirements, osteochondral scaffold designs need to incorporate bioactive material
compositions and biomimetic structures for both cartilage and bone, while still being able to
maintain sufficient mechanical integrity to restore the load-bearing characteristics of the joint.
Furthermore, adequate integration between phases is imperative for multiphasic designs, and
the degradation rate should also be coupled between phases while being matched to the rate
of tissue formation and/or remodelling. Many osteochondral scaffold designs have emerged
and achieved variable levels of success in vitro and in vivo, which can be grouped according

368-372

to different strategies, although an optimal strategy or ‘ideal’ design has not yet been

realised. Table 3 gives an overview of current scaffold strategies for osteochondral
regeneration together with a list of representative studies (representative images are shown in
Fig. 18). Closer examination of these studies allows the identification of several prominent
issues irrespective of scaffold strategy, which may explain the scarcity of commercialised

products for the specific treatment of osteochondral lesions. Firstly, some scaffold designs

44,373-386

have only been characterised in vitro or ectopically in immunodeficient

203,383,387-389

mice, and their efficacy remains to be verified in orthotopic in vivo models.

Secondly, perhaps influenced by the intrinsic regenerative ability of the in vivo model

selected, orthotopic scaffold-based osteochondral regeneration has generally yielded

promising results in small animals such as the rat'?***° and rabbit,197’202’210’215’216’3 91407 byt

satisfactory results appear more difficult to achieve in larger animals such as the

195,196,208,408 409,410 204-207,209,213,411

goat and sheep. Some of the persistent issues which

pig,
remain to be addressed include the formation of repair tissue that resembles fibrocartilage

195,204,210,398,407.408,410 . -
AR the lack of complete integration between

196,197,210,390,403,404,408

rather than hyaline cartilage,
neocartilage and native tissues, and the rare formation of a continuous

and integrated bone-cartilage interface.”  Furthermore, mechanical properties of the
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regenerated tissue as a measure of functional restoration were only evaluated in selected

studies, of which the majority conducted tests on the cartilage layer only rather than the entire

-, 195-197,205,208,209,213,403,407
osteochondral unit.

Thirdly, in anticipation of stringent regulatory
requirements, solutions featuring scaffold-only designs are more appealing for clinical
translation. However, in vivo studies to date suggest that the majority of osteochondral
scaffold designs require the inclusion of cells and/or bioactive molecules to achieve

. : 195,202,213,215,393,395,396,399,400,406,408,411,412
satisfactory regenerative outcomes, 77 072770 T AT AR AT
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Fig. 18 Representative images of current scaffold strategies for osteochondral regeneration.
(A) Monophasic scaffold: microporous B-TCP scaffold which was implanted into a sheep
model;*” (B) cells for cartilage phase and scaffold for bone phase: porcine chondrocytes
were grown on top of a base scaffold (PLLA, PDLLA or collagen-hydroxyapatite) and
formed an osteochondral construct ready for implantation after 3—4 weeks;*™ (C) assembled
scaffold with individual scaffolds for cartilage and bone: PLGA cartilage phase and
tricalcium phosphate bone phase were pre-cultured separately with chondrocytes and
osteoblasts and sutured together before implantation into a mini-pig model;”® (D)
homogeneous scaffold with different cell populations for cartilage and bone: agarose
hydrogel containing chondrocytes and MSCs in two layers generated region-specific tissue

. . . . . . 8
after implantation into immunodeficient mice;’™

(E) homogeneous scaffold with continuous
gradient of bioactive molecules: growth factors for chondrogenesis and osteogenesis were
affinity bound to an alginate scaffold to form a bioactive gradient for implantation into a

rabbit model;*”* (F) single scaffold with integrated phases: PLGA cartilage phase (arrow)
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and PLGA/B-TCP bone phase (bracket) were formed into a single scaffold via solvent casting
and particulate leaching, which was implanted into a mini-pig model."”® (A, D) Adapted with
permission from Elsevier, Copyright © 2013; (B) Adapted with permission from Elsevier,
Copyright © 2004; (C) Adapted with permission from Elsevier, Copyright © 2011; (E)
Adapted with permission from Elsevier, Copyright © 2012; (F) adapted with permission from
John Wiley and Sons, Copyright © 2007 Orthopaedic Research Society.

6.1 Commercially available scaffolds for the treatment of osteochondral defects

Despite the above challenges, a small number of scaffold designs which do not incorporate
cells or bioactive molecules, or necessitate use in combination with other treatment
techniques, have become commercially available for the clinical treatment of osteochondral
defects.”® Chondromimetic™ and Trufit™ are both biphasic scaffolds which are currently
undergoing clinical investigation. ~Chondromimetic™ consists of collagen type I and
chondroitin-6-sulfate in the cartilage phase and calcium phosphate in the subchondral bone
phase, while Trufit™ consists of poly(D,L-lactide-co-glycolide) and poly(glycolic acid) fibres
in the cartilage phase and calcium sulphate in the subchondral bone phase. The performance
of these two scaffolds in repairing osteochondral defects of the knee joint was compared in a
goat model, which showed significantly higher total histological score for Chondromimetic™™
implants.*'* At 26 weeks post-implantation, Chondromimetic™ showed hyaline-like
cartilage regeneration in 75% of defects compared to 50% for Trufit™, with a lower
incidence of subchondral bone cysts (17% compared to 67%). Although there is a lack of
published studies on clinical results of the Chondromimetic™ implant, a series of studies
have reported on the short- to long-term clinical outcomes of the Trufit™ implant. Earlier
case reports showed failure of incorporation with foreign-body giant cell reaction when used

415 as well as delayed incorporation when used to treat cartilage

as a bone graft substitute,
defects with eventual symptom alleviation after 24 months.*'® More recent reports of short-
term outcomes showed that Trufit'™ implantation did not damage the opposing native

417

cartilage and allowed the formation of cartilage-like tissue inside the implant,” * although

MRI outcomes were modest with 20% of patients displaying persistent or increased clinical

18 Unfavourable outcomes by CT assessment were reported in a study with

symptoms.
follow-up periods of 2 to 63 months, where the implant showed no evidence of bone
ingrowth, osteoconductivity or integration with native tissue, with decline in density over
time to that of fibrous tissue.*’® Osteochondral regeneration using MaioRegen®, a

biomimetic multiphasic scaffold currently undergoing an extensive clinical trial in Europe
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involving 150 patients, has demonstrated more optimistic results.*** This scaffold consists of
three layers to mimic the different regions of osteochondral anatomy, namely a cartilage layer
composed of collagen type I overlying intermediate and subchondral bone layers composed
of collagen type I and magnesium-hydroxyapatite in different ratios (60:40 and 30:70
respectively) (Fig. 19). Preliminary investigations showed that the scaffold layers were well
integrated with the ability to differentially support cartilage and bone formation in an ectopic
mouse model.**! Preclinical studies involved implantation into deep osteochondral defects of
load-bearing joints in the sheep** and horse*** for 6 months. While the horse model showed
fibrocartilaginous resurfacing of the defect, hyaline-like cartilage formation was observed in
the sheep model. The scaffold promoted bone regeneration in both models which integrated
well with surrounding bone, and a tidemark line was visible at the interface with regenerated
cartilage in the horse model. Since its introduction into clinical practice, several studies have
reported encouraging short-term results of using this scaffold for the treatment of
osteochondral defects in the knee joint. An earlier case report showed good restoration of the
articular surface with a hyaline-like signal by MRI evaluation, and functional restoration after
12 months.*** Pilot clinical trials with treated defect sizes of 1.5-6¢cm” and follow-up periods
of 1-6 months* and 6-24 months*°® showed complete defect filling in the cartilage region
and complete integration of the scaffold in the majority of implanted defects. Clinical studies

2 427

involving patients with large defect sizes of 4-8cm and osteochondritis dissecans with

average defect size of 3.4cm” ***

showed similar results, with significant improvement in all
clinical scores at follow-up times of 1 and 2 years. Nevertheless, these studies also noted
subchondral bone changes such as oedema and sclerosis in the majority of patients.***** The

long-term clinical viability of this scaffold design remains to be confirmed.

Fig. 19 (A) Macroscopic and histological view of the MaioRegen®™ scaffold, which consists
of three integrated layers.*”* This scaffold is undergoing extensive clinical testing for

osteochondral regeneration and (B) is implanted using a press-fit technique.*”> (A) Adapted
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with permission from Springer, Copyright © 2009; (B) adapted with permission from
Elsevier, Copyright © 2009.

6.2 Looking into the future: potential contribution of novel scaffold designs

Comparison of preclinical and clinical outcomes amongst the commercially available
osteochondral scaffolds suggests that natural composites are more effective at supporting the
restoration of osteochondral tissue. The two scaffold designs which utilise natural polymeric
materials, namely Chondromimetic™ and MaioRegen®, both consist of collagen type I as a
prominent component of the cartilage phase. Compared to collagen, silk fibroin possesses
many favourable characteristics for this application including lower inflammatory

2% more versatile processing”'’

potential,”° higher mechanical integrity of porous scaffolds,
and sterilisation™” options, and better ability to support chondrogenic differentiation of
hMSCs.?**! The demonstrated efficacy of silk fibroin in bone regeneration is an additional
advantage. These properties of silk fibroin raise possibilities of developing novel
osteochondral scaffold designs via its incorporation into the cartilage and subchondral bone
phases. Human bone marrow stromal cells have been shown to undergo selective
chondrogenic or osteogenic differentiation depending on medium composition when cultured

on silk scaffolds in a rotating bioreactor for 5 weeks, "’

which underlines the ability of silk-
based matrices to facilitate differentiation of relevant stem cell populations towards the
formation of osteochondral tissue when exposed to the correct environmental cues. Since
then, a number of studies have reported on the use of silk-based scaffold systems for
osteochondral regeneration with optimistic results (summarised in Table 4). Nevertheless,

these studies involved mostly in vitro characterisations****

436
L,

and the only in vivo study was
performed in an orthotopic rat model,””” which provide insufficient evidence to establish the
clinical relevance of such scaffold systems. A primary concern of using silk-based scaffold
systems for regenerating the entire osteochondral unit is that the subchondral bone phase,
even when reinforced with various modifications, may not have adequate mechanical
properties to withstand in vivo forces in a high load-bearing environment. This issue is
actually common to most, if not all, osteochondral scaffold designs. The difficulty of
achieving satisfactory subchondral bone restoration in scaffold-based osteochondral
reconstruction is highlighted by the clinical results obtained using MaioRegen®™. *>***
Recently, increasing focus has been directed to the critical role of the subchondral bone in the
pathophysiology of osteochondral defects,”’ as well as its importance as the key foundation

for successful cartilage repair.'”> Emerging evidence suggests that structural changes of the
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subchondral bone resulting from inferior repair of this tissue may translate into altered
biomechanical properties of the entire osteochondral unit and ultimately impact the long-term
performance of cartilaginous repair tissue.*® Experimental evidence has also indicated that
the chondrogenesis of MSCs in an osteochondral environment is mediated by the subchondral

439
bone.

In the context of osteochondral defect reconstruction, therefore, better and more
durable cartilage restoration may be anticipated for scaffold systems which facilitate adequate
regeneration of the subchondral bone and its integration with native tissues. In light of this,
silk-coated ceramic scaffolds may find a unique niche in functioning as the subchondral bone
phase of novel osteochondral scaffold systems, while silk-based scaffolds may be integrated
into such systems as the cartilage phase to complete the design. The efficacy of this approach
may be further enhanced by the concurrent development of innovative bioactive ceramic
scaffolds as discussed in Section 3.3. The continuous development of novel osteochondral
scaffold designs exploiting different material combinations, methods of fabrication and repair

strategies will ultimately result in the realisation of simple, effective and durable solutions for

the clinical treatment of osteochondral defects to prevent or retard degenerative processes.

7. Conclusions

Scaffold-based tissue engineering strategies for the repair and regeneration of skeletal tissues
need to meet the physical, mechanical and biological requirements of the target tissue and, in
the case of osteochondral tissue, the requirements of each segment need to be incorporated
into the scaffold design. The difficulty of reaching a clinically viable scaffold design is
accentuated when the practical requirements of clinical translation are taken into
consideration, including the ease of manufacture and sterilisation, reproducibility of material
properties, low demand for storage conditions, cost effectiveness, and preference for cell-free
approaches. From a translational standpoint, scaffold designs incorporating natural and/or
bioactive materials which have already obtained regulatory approval for human use possess a
distinct advantage. In light of this, novel scaffold systems involving silk matrices, silk-coated
ceramic scaffolds or potential combination of these show promise in satisfying the diverse
sets of requirements for the regeneration of bone, cartilage and osteochondral tissues.
Continuous research advances in scaffold-based tissue engineering and their efficient
translation is fundamental to the achievement of tangible and clinically relevant outcomes in

the treatment of skeletal tissue defects.
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Table 1. Critical sizes of bone and cartilage/osteochondral defects in a range of in vivo models and in humans.

In Vivo Model
Compared to

Bone Defects

Cartilage/Osteochondral Defects

Average Cartilage Thickness

Typical Diameter of

Human LIRS QLECE: L EEIBCEE RIS (Medial Femoral Condyle)****"! Critical-Sized Defect'"’
Mouse Calvarial 4mm diameter”®®
R Calvarial 8mm diameter**? 0.1lmm 1.5mm
at
Long bone segmental 8mm length'®
Calvarial 15mm diameter**
Rabbit ® 0.3mm 3mm
Long bone segmental 15mm length
Dog Long bone segmental 21mm length'®? 0.6-1.3mm 4mm
Calvarial 10mm diameter**
Pig o 1.5-2.0mm 6mm
Long bone segmental 25-30mm length
Horse 4™ metatarsal bone segmental 4mm length** 1.5-2.0mm 9mm
g g
Goat Long bone segmental 26mm length81 0.7-1.5mm 6mm
Sheep Long bone segmental 30mm length445 0.4-0.5mm 7mm
Long bone segmental 4—7cm length® < 2.0cm small, 2.0—2.9cm4 »
Human 2.2-2.5mm intermediate, > 3.0cm large

Segmental

>3cm length'!

(1.5-16.0cm’ defect volume

426,446
)
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Table 2. Fabrication techniques for the processing of ceramic and polymeric biomaterials into porous scaffolds for the regeneration of skeletal tissues.'”**"*!
Example studies were selected from references cited elsewhere in this review.

Scaffold Fabrlc.atlon Brief Description Main Advantages Main Disadvantages Exam.ple
Type Technique Studies
Polymer foam Ceramic slurry is used to infiltrate and coat a Can produce highly porous and Large samples may require

replication sacrificial polymer foam template with desired pore | interconnected structures resembling | long burnout times to 38,48.380
structure, which is removed during sintering leaving | cancellous bone completely remove the
a ceramic scaffold that replicates the foam structure | Offers control over pore structure polymer
Impregnate Particles of an organic phase are mixed with Simple and efficient process of Less control over pore
Ceramic sintering ceramic powders to act as porogens during scaffold | generating highly porous structures structure and interconnectivity 107172
scaffolds shaping, and are later removed during sintering for bone regeneration
Gel-cast Organic monomers mixed within ceramic powders | Can produce highly porous and Less control over pore
foaming form a gel during polymerisation which binds the interconnected structures resembling | structure and interconnectivity
ceramic together and is later removed during cancellous bone Optimisation of process may 40
sintering, foaming is induced prior to gelation via Improved mechanical properties over | be difficult due to numerous
vigorous agitation with the aid of a surfactant other sacrificial polymer techniques | variables
Solvent casting | Polymer solution is cast into a mould containing Simple process of generating highly | Less control over pore shape
and particulate soluble porogens (e.g. NaCl), the polymer scaffold | porous structures that allows control | and interconnectivity
leaching forms after solvent evaporation and leaching away | over pore size and porosity Limited scaffold thickness 42:196.245.389.
the porogen with water to create pores (porogen leaching requires 3%
contact with water)
Low mechanical strength
Phase separation | Thermal treatment (e.g. low temperature) causes a | Can generate highly porous and Pores are often small and pore
homogeneous polymer solution to become interconnected structures, and size ranges may be limited
thermodynamically unstable and separate into potentially anisotropic and tubular Long time required to sublime 43296299
polymer-rich and polymer-lean phases, the former pores non-aqueous solvent
Polymer lidifies to form the polymer scaffold while the
scaffolds and 1S ol b P f Y ! |
polymer- . atter ecomes pores after solvent remo_vg : . _
based Mlcrqsphere Polymer n'ncr.osph'eres are stgcked and joined Can form g.radle'nt stmctures by qu interconnectivity of pores
composite sintering together via sintering (by being exposed to heat or encapsglajung blogctlve molecules or Mlcrospherg scaffolds have
scaffolds solvent) to form microsphere scaffold (or template) | cells within the microspheres low mechanical strength 44,394,395
Can make scaffolds with graded pore | Microsphere templates require
sizes from templates comprising removal with organic solvents
different sized microspheres
Electrospinning | The polymer solution is loaded in a capillary tube Can generate nanofibrous structures | Potential issues with beading
and a jet is ejected from the tip as the surface resembling natural ECM, with high and small pore sizes
tension is overcome by applied voltage, the jet dries | porosity and surface area to volume May be difficult or time- 45,195 241243,

during flight and elongates due to external and
internal electric forces, eventually depositing on a
conductive substrate in the form of uniform
nanometre-sized fibres

ratio

consuming to generate thick
scaffolds

407
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i;‘;)f:()ld g:?;;ci:t;zn Brief Description Main Advantages Main Disadvantages Es)i?::llilélse
Solid Free-form | A range of computer-controlled scaffold fabrication | Can generate scaffolds with complex | Higher cost compared to
Fabrication techniques for the realisation of 3D computer-aided | and customised geometries to traditional techniques
(SFF) design (CAD) models; the CAD model is expressed | precisely match the tissue defect Relatively limited material
as a series of cross-sections and manufactured layer | Allows precise control over material | selection
by layer using a SFF machine from material stock composition, and offers the potential | Limited accuracy and
) (solid sheet, liquid or powder) of generating composite structures resolution particularly for
Ceramic 3D printing | The inkjet head prints binder fluid on a powder bed | with multiple materials or material small-scale systems
scaffolds, to bind the material powder layer by layer until the | gradients Various technical difficulties, 384
polymer 3D scaffold is complete, after which the loose Offers complete control over internal | e.g. poor binding of material in
scaffolds and powder is removed structure without processing or size | 3D printing, thermal
E;’;Z?er' Fused Thermoplastic fibres are heated and selectively limitations experienced by traditional | degradation of material in
composite Deposition | extruded through a nozzle layer by layer, scaffolds techniques frolds with hiol FDM, nozzle clogging in 95107
scaffolds Modelling with honeycomb-like internal structures are formed | Can produce scaffolds with higher robocasting ’
(FDM) by changing the direction of material deposition for | Strength to porosity ratio compared to | The gain in biological
consecutively deposited layers tradltlonal. techmque; o perform%mce‘ due to
Robocasting | Strands of material slurry are extruded from a Reproducible and reliable fabrication | geometrical improvements has
robot-controlled nozzle in a defined trajectory to not been quantified 41,114,174

form each layer of the scaffold, the slurry in each
layer must solidify before the next layer is added
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Osteochondral Representative
hemati Description Advanta, Disadvanta .
Scaffold Strategy Sche ¢ escriptio dv ges sadv ges Studies
Fabrication simplicity an . .
. - bric on SIMPHCILY d Homogeneous properties typically do
Homogeneous material composition |reproducibility; ability to regenerate . . 194.204-
. . . o . . . not address the different requirements ’
Monophasic with no spatial variations in both cartilage and bone reported in . . 207.390.399.405.406.408
R - : . of two tissues; cartilage and/or bone AT
scaffold structure, cell type or distribution of |some in vivo models, particularly in

bioactive molecules

combination with cells and/or
bioactive molecules

regeneration is often incomplete
particularly in large animal models

411

Cells for cartilage
phase and scaffold
for bone phase

Cartilage phase is scaffold-free and
consists of cells (chondrocytes or
MSCs) grown on top of the bone
phase scaffold

Relative ease of production; evidence
for seeded cells to form neocartilage
on top of bone phase in vitro and in
Vivo

Cell layer prone to delamination due
to low interfacial shear strength;
necessity for pre-culture of cells prior
implantation may hinder translation

202,213,373,377,385,386

Assembled
scaffold with
individual
scaffolds for
cartilage and bone

Cartilage and bone phases (often
seeded or pre-cultured separately)
sutured, glued or pressed together
before or during implantation

Straightforward method of producing
two phases with different properties;
evidence for variable degrees of
osteochondral regeneration in a range
of in vivo models

Good integration between phases may
be difficult to achieve; distinct
interface does not allow gradual
transition of properties; heavy
reliance on pre-culture of cells;
several in vivo studies reported
substantial fibrocartilage regeneration

195,197,208-
210,215,379,381,382,391,
400,403,404,410

Homogeneous
scaffold with
different cell

populations for

cartilage and bone

Scaffold has homogeneous
composition and structure, but its
two ends contain different cell
populations respectively intended
for cartilage and bone regeneration

Potential of producing stratified
layers of cartilage and bone tissue
with well integrated interface, and
maintenance of cell phenotype
without ongoing bioactive molecule
supplementation

Necessitates pre-culture of cells;
hydrogel systems often employed as
scaffold which may have insufficient
mechanical integrity; lack of evidence
for performance in orthotopic in vivo
models

376,383,387,388

Scaffold has homogeneous

Evidence for selective differentiation

Processing complexity may hinder

Homogeneous .. . . . .
sca ffo% d with composition and structure, but of cells to form cartilage and bone translation; difficult to determine
continuous contains one or more bioactive tissue according to spatial optimal dosage, distribution and
. molecules bound to the scaffold or |presentation of bioactive molecules |release rate of bioactive molecules; 374,394,395,402,452
gradient of S L L . .
L encapsulated in microspheres to in vitro and in vivo, without scaffold often consists of hydrogels
bioactive . . .. . . .
molecules form a continuous concentration necessitating different cell or microspheres which may have
gradient populations or even inclusion of cells | insufficient mechanical integrity
Cartilage and bone phases integrated | Integrated phases have heterogeneous | Potential processing complexity and
during fabrication, with interface properties to suit each osteochondral |lack of reproducibility for multi- 44,196203,216,375,378 3
Single scaffold featuring continuous transition or an |segment, with continuous transition |component designs; variable level of | s :334.389392,393.396-
with integrated intermediate layer; alternatively a at interface(s) and reduced risk of integration between phases depending | 395401 .407.409.412.414,
phases homogeneous scaffold is delamination; extensive in vitro and |on fabrication method; effective 421-423

@deoee

differentially modified along its
length to form two or more phases

in vivo evidence of adequate
osteochondral regeneration

regeneration often relies on inclusion
of cells or bioactive molecules
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Table 4. Summary of silk-based scaffold systems for osteochondral tissue regeneration.

Scaffold Cartilage Subchondral . . o 1.
Strategy Study Phase Bone Phase Integration Experimental Model Findings
. During co-culture, formation of bone-like
Bone marrow-derived .
tissue progressed to a much greater extent than
hMSCs were pre-cultured : > . .
in separate silk scaffolds in cartilage-like tissue in all three types of media,
Silk scaffold  |Silk scaffold |Scaffolds for cartilage P . .| while chondrogenic medium produced the best
. . chondrogenic or osteogenic |. .
with cells with cells and bone phases were . ) integration between phases
Augst . . medium for 3 weeks in a
430 |grown in grown in pre-cultured separately, . ) For all constructs, GAG content was
2008 . . . o rotating bioreactor, then . . : :
chondrogenic |osteogenic then joined with silk . significantly higher in the cartilage phase
. . combined and co-cultured . . . .
medium medium suture before co-culture |, . while calcium deposition was only present in
in vitro for another 3 weeks
. : . |the bone phase
in chondrogenic, osteogenic had 1 . dul
Assembled or growth medium Constructs had very low compressive modulus
tfold of 20-30kPa at the end of the culture period
sc:Vi tﬁ Rabbit bone marrow- Cartilage phase showed higher expression of
individual Scaffolds for cartilage |derived stromal cells were |aggrecan and higher GAG deposition, while
scaffolds for Silk scaffold  |Silk scaffold |and bone phases were |pre-cultured in separate silk |bone phase showed higher expression of
cartilace | Chen with cells with cells pre-cultured separately, |scaffolds in chondrogenic |collagen I and osteonectin and exclusive
and boi e 2013 42 |grown in grown in then combined using  |or osteogenic medium for 2 |calcium deposition
chondrogenic |osteogenic RADA self-assembling |weeks, then combined and |Intermediate region expressed the hypertrophic
medium medium peptide before co- co-cultured in vitro for markers collagen X and MMP-13, with
culture another 2 weeks in cocktail |interface-like structures shown by GAG and
medium calcium staining
o In vivo implantation of the All implants were positive for collagen type I
Silk discs were stacked and GAG, while collagen type II was only
Mulberry or Mulberry or assembled scaffold (cell- . e
together to form the . significantly positive in non-mulberry
Saha non-mulberry non-mulberry -\ U5 cochich were | T6¢) in osteochondral implants; more intense staining was observed
2013 ¥ |silk scaffold +/-|silk scaffold +/- | " P55, . defects of the rat patellar 1mp ’ . &
joined using fibrin glue . in implants containing growth factors
TGF-B3 BMP-2 . . groove (1.8mm diameter .
before implantation All implanted defects showed
Imm deep) for 8 weeks o
neovascularisation at the base
Bone phase scaffold
Single ?;a{fl tﬁgﬁii?;giilk Scaffold showed porous and interconnected
scaffold Silk / calcium & o structure with good integration between phases
. Yan . porogen (NaCl) was Preliminary .
with 435 |Silk scaffold  |phosphate o Compressive modulus reached 16MPa
. 2014 added on top, followed |characterisations . o
integrated scaffold by drvi Only the bone phase showed mineralisation
phases y Gryiig, porogen ability in simulated body fluid
removal and
lyophilisation




Journal of Materials Chemistry B

Page 46 of 66

Scaffold C.ell P.opulations / .
Strategy Study Scaffold Bioactive Molecule Experimental Model Findings
Gradient
Separate culture of rabbit bone
Scaffold was first marrow gtromal cells iq the . .
cultured with bone scaffpld in chondr'ogemc An osteochondral interface layer' formed with lower
marrow stromal cells medium and rabbit ostpoblasts GAG content and lower expression of the chondrogenic
Chen Silk scaffold in chondrogenic on a cell culture plate in growth |markers collagen type Il and aggrecan, but higher
2012 3 medium an%i lat medium for 1 week, then the expression of the hypertrophic markers collagen X and
Homogeneous cuel tulle d with O™ Iscaffold was placed in contact | MMP-13 compared to scaffolds not co-cultured with
scaffold with osteoblast laver with the osteoblast layer and co- | osteoblasts
different cell 4 cultured in vitro for another 3
populations for weeks in chondrogenic medium
cartilage and Scaffold was seeded Rabbit bone marrow stromal Cartilage-like tissue formed in the chondrogenic region
bone with bone marrow cells were seeded in the scaffold |(positive for GAG with higher expression of collagen
Silk-RADA stromal cells and the and cultured in vitro for 2 weeks |11, aggrecan and Sox9), while bone-like tissue formed
Chen entide hvbrid | two ends were in a static two-chambered co-  |in the osteogenic region (mineralisation with higher
2013 ! Is)czll)ffol d y exposed respectivel culture well, which held expression of Runx2 and osteopontin)
to Ic):hon droginicﬁig choqdrogenic and osteogenic Hypertrophic chgndro_cytes were found in the
osteogenic medium medium in two separate intermediate region with calcified ECM containing
chambers GAG and collagen [, I and X
In the alginate hydrogel, silk microspheres were more
2111110(1}15;(1);22;26;2“ efﬂciegt in delivering BMP-2 but less efﬁcient in
1. Alginate hBMP-2 was used d;hvermg IGF-1 compgred to PLGA microspheres;
hydrogel for osteogenesis single and reverse gradients of IGF-1 and BMP-2
Homogeneous = . . induced both chondrogenesis and osteogenesis in
. containing Microspheres In vitro culture of bone marrow- . .. .
scaffold with PLGA or silk | encapsulati . . |hMSC:s, but levels of differentiation did not follow the
. psulating growth |derived hMSCs encapsulated in . L .
contl'nuous Wang434 microspheres factors were used to | alginate hydrogel for 3 weeks gradient and were randomly distributed in the hydrogel
gradient of {2009 ) L > | The silk scaffold showed formation of a deeper and
bioactive . create a smgl ©or or seeded in silk scaffold for 3 more linear growth factor gradient; hMSCs showed
2. Silk scaffold |reverse gradient in the | weeks, all in cocktail medium . gradient, Ly
molecules containing silk |alginate hydrogel or chondrogenic and osteogenic differentiation (confirmed
microspheres | silk scaffold via a by gene expression and staining for prpteoglygan and
modified gradient mlnerallsgtlon) along the BMP-2 gradient which was
maker enhanced in the BMP-2/IGF-1 reverse gradient,

although the IGF-1 gradient alone had no effect
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