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Successful repair of osteochondral defects is challenging, due in part to their complex gradient nature. Tissue
engineering approaches have shown promise with the development of layered scaffolds that aim to promote
cartilage and bone regeneration within the defect. The clinical potential of implanting these scaffolds cell-free has
been demonstrated, whereby cells from the host bone marrow MSCs inﬁltrate the scaffolds and promote cartilage
and bone regeneration within the required regions of the defect. However, seeding the cartilage layer of the
scaffold with a chondrogenic cell population prior to implantation may enhance cartilage tissue regeneration, thus
enabling the treatment of larger defects. Here the development of a cell seeding approach capable of enhancing
articular cartilage repair without the requirement for in vitro expansion of the cell population is explored. The
intrinsic ability of a tri-layered scaffold previously developed in our group to direct stem cell differentiation in
each layer of the scaffold was ﬁrst demonstrated. Following this, the optimal chondrogenic cell seeding approach
capable of enhancing the regenerative capacity of the tri-layered scaffold was demonstrated with the highest
levels of chondrogenesis achieved with a co-culture of rapidly isolated infrapatellar fat pad MSCs (FPMSCs) and
chondrocytes (CCs). The addition of FPMSCs to a relatively small number of CCs led to a 7.8-fold increase in the
sGAG production over chondrocytes in mono-culture. This cell seeding approach has the potential to be delivered
within a single-stage approach, without the requirement for costly in vitro expansion of harvested cells, to achieve
rapid repair of osteochondral defects.

1. Introduction
Osteochondral tissue is composed of articular cartilage and the underlying subchondral bone, anchored together with a calciﬁed cartilage
layer. The gradient nature of the tissue and poor intrinsic regenerative
properties of cartilage tissue makes the repair of osteochondral lesions

challenging. Current best clinical practice for the treatment of such lesions involves the use of autologous grafts harvested from non loadbearing regions within the joint that are implanted into the defect site
e.g. mosaicplasty. This approach has limitations including the lack of
availability of suitable graft tissue, donor site morbidity and poor longterm repair outcomes [1,2]. Long-term failure following mosaicplasty
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roughly 1800 per mm3 [11]. Furthermore, they have a reduced ability to
migrate into a scaffold as they are embedded within a dense matrix of
proteoglycans and collagen [12]. Thus, seeding the cartilage region of the
scaffolds with a chondrogenic cell population prior to implantation may
present an improved approach to enhance the regeneration of the cartilage tissue, leading to more rapid repair of cartilage tissue and enabling
the treatment of larger defects. Recently the potential of cell-seeded
scaffolds for the promotion of osteochondral defect repair has been
demonstrated [13,14] although to date neither the ideal cell seeding
approach nor ideal cell type, has been determined. While chondrocytes
represent the most obvious cell choice for cartilage tissue engineering
applications, their low density generally requires a two-stage procedure
whereby cells are harvested during the initial procedure and then
expanded in vitro prior to re-implantation in a second stage procedure
[12,15]. This approach is currently used clinically in both autologous
chondrocyte implantation (ACI) and matrix-assisted ACI (MACI) techniques. Limitations of these approaches include the cost associated with
the two-stage procedure, and the costs and risk of chondrocyte dedifferentiation associated with in vitro chondrocyte expansion. In order to
circumvent these issues a wide range of alternative cell types have been
investigated, including bone marrow MSCs (BMMSCs), infrapatellar fat
pad MSCs (FPMSCs), nasal chondrocytes, human embryonic stem cells
(hESCs), induced pluripotent stem cells (iPSCs), adipose-derived stem
cells (ADSCs) and allogenic chondrocytes [16–21]. BMMSCs and FPMSCs
have shown particular potential for cartilage repair as they are readily
available in large numbers [22–28], and in addition, they demonstrate
immunomodulatory effects which can enhance tissue repair [29,30].
Currently, BMMSCs are used to stimulate cartilage repair in the microfracture technique, where the surgeon creates small drill holes in the
subchondral bone to stimulate BMMSC release into the defect site. When
larger cell numbers are required, BMMSCs are accessed from a secondary
location, such as the iliac crest. This second surgical site, however, can
add a further risk of infection and required increased surgical time [31].
FPMSCs have been proven to be an abundant source of cells that can be
easily harvested at diagnostic arthroscopy without causing morbidity to

osteochondral autograft transfer is reportedly 51% with a mean time to
failure of 8.4 years [2]. Thus, it is imperative to develop new approaches
to treat this clinical challenge.
Recently tissue engineering approaches have shown some promise
whereby biomaterial scaffolds, cells and signalling factors are combined
in order to promote tissue regeneration. Speciﬁcally for osteochondral
tissue engineering, there has been a focus on the development of layered
scaffolds that aim to promote cartilage and bone regeneration within the
requisite regions of the defect site [3–6]. Within our lab, we have
developed a tri-layered scaffold for osteochondral defect repair consisting of cartilage, bone and intermediate regions (Fig. 1) [4]. This highly
porous scaffold (>98.8% porosity) has a seamlessly integrated layer
structure that enables cellular inﬁltration throughout the scaffold. The
layers of the scaffold have been tailored in terms of their composition,
architecture and mechanical properties to mimic the native tissues and
promote the formation of bone, cartilage and an intermediate ‘tidemark’
layer to form a boundary between the two regions and thus prevent bony
overgrowth into the cartilage region which commonly occurs during
osteochondral defect repair [7]. The scaffold has a compressive modulus
of 0.51 kPa and average pore diameters of 126 μm, 112 μm and 136 μm in
the cartilage, intermediate and bone layer scaffolds respectively [4]. Full
characterisation of this scaffold has been previously reported [4]. This
biomimetic tri-layered scaffold has shown success in vivo as an
off-the-shelf cell-free scaffold in focal defects in a rabbit medial femoral
condyle model at 3 months post implantation [8], in goat medial femoral
condyle and lateral trochlear ridge models at 12 months post implantation [9], and clinically in an equine case study for the treatment of
bi-lateral osteochondritis dissecans [10]. The scaffold recruits host cells
from the bone marrow and directs them to form bone and cartilage in the
requisite layers, with restoration of the anatomical tidemark, resulting in
joint regeneration.
While a rich supply of bone marrow MSCs is available from within the
bone marrow cavity beneath the subchondral bone, chondrocytes (CCs)
are present at a low density within the native cartilage making up only
1.7% of the cartilage matrix, with a corresponding numerical density of

Fig. 1. Tri-layered scaffolds consisting on a cartilage layer, intermediate layer and bone layer are seeded with chondrocytes (CCs), infrapatellar fat pad MSCs
(FPMSCs) at low and high density and a co-culture of CCs and FPMSCs.
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tray (internal diameter 60 mm  60 mm) and freeze-dried at a constant
cooling rate of 1  C/min to a ﬁnal freezing temperature of 10  C and
dried under a vacuum pressure of 200 mTorr. Cylindrical scaffold plugs 7
mm in diameter were then cut using a biopsy punch.
In order to achieve the required mechanical and degradation properties to support chondrogenesis, the cartilage layer scaffold combined
type II collagen, the main collagen component of native cartilage tissue,
with type I collagen. This cartilage layer scaffold, consisting of Col1
[0.25% (w/v)], type II collagen (Col2) [0.25% (w/v) porcine Col2,
Symatese, France] and hyaluronic acid (HyA) [hyaluronic acid sodium
salt derived from streptococcus equi., Contipro, Czech Republic] [0.05%
(w/v] [4], was fabricated by adding 0.6 g of Col1 collagen and 0.6 g of
Col2 to 200 ml of 0.5 M acetic acid solution. This was blended using an
overhead blender (Ultra Turrax T18 overhead blender, IKA Works Inc.,
USA) at 15,000 rpm at 4  C for 90 min with repeated visual inspection for
clumping and to ensure all collagen was homogenously distributed
throughout. 0.11 g of HyA was solubilised in 40 ml of 0.5 M acetic acid
and then added dropwise to the blending type I/type II collagen suspension. The blender was maintained at 15,000 rpm for a further 90 min.
Prior to freeze-drying, degassing was carried out in a vacuum chamber
(50 mTorr) and 15.6 ml of the suspension was pipetted into a
stainless-steel tray and freeze-dried at a constant cooling rate of 1  C/min
to a ﬁnal freezing temperature of 10  C and dried under a vacuum
pressure of 200 mTorr. Cylindrical scaffold plugs 7 mm in diameter were
cut from the scaffold sheet using a biopsy punch.
Following this, tri-layered scaffolds were fabricated as previously
described [4]. Brieﬂy, the ﬁrst step involved the fabrication of the bone
scaffold as above. Following freeze-drying the scaffold was cross-linked
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC)/N-hydroxysuccinimide (NHS) (Sigma–Aldrich, Arklow, Ireland) at a concentration of 6 mM EDAC/g of collagen, and a 5:2 M ratio of EDAC:NHS for
2 h at room temperature [41]. The scaffold was then hydrated with
0.025 M acetic acid solution in a stainless-steel tray to provide support for
the bone layer scaffold during the addition of the next layer. The second
step was to add 7.8 ml of the intermediate layer suspension on top of the
hydrated bone layer scaffold with freeze-drying repeated as before. The
last step involved adding 15.6 ml of the cartilage layer suspension. The
process of freeze-drying was repeated as described previously, incorporating prolonged freezing and drying steps to ensure optimal
freeze-drying of the tri-layered construct. Following freeze-drying, the
scaffolds were dehydrothermally (DHT) cross-linked in a vacuum oven
(VacuCell, MMM, Germany) for 24 h. The DHT cross-linking was carried
out at a pressure of 50 mTorr, and a temperature of 105  C to generate
cross-links through a condensation reaction, while also sterilising the
scaffolds. The entire construct was then chemically cross-linked again
under sterile conditions with EDAC as before and dried in the
freeze-dryer. Finally, cylindrical scaffold plugs 9.5 mm in diameter were
cut from the tri-layered scaffold sheet using a biopsy punch.

the patient, thereby avoiding the requirement for multiple invasive
procedures [32,33]. FPMSCs have been shown to retain their chondrogenic potential, even in the diseased state, and the safety and suitability
of FPMSCs from OA patients has been proven in vitro and in clinical
studies [25]. This is clinically important for patients who may present
late with osteochondral defects that already show evidence of osteoarthritic changes. Furthermore, FPMSCs have shown a higher capacity for
chondrogenic differentiation than MSCs from body fat, bone marrow,
synovial membrane and Wharton's jelly of the umbilical cord [27,34].
Recent research has demonstrated the potential of co-cultures of CCs and
MSCs for the treatment of cartilage defects. This co-culture approach has
been shown to achieve increased cartilage matrix production in vitro over
CCs and MSCs mono-cultures [35–40].
Within this study, we explored the development of a cell seeding
approach that would provide a cell-seeded scaffold capable of achieving
articular cartilage repair without the requirement for in vitro expansion of
the cell population. In order to achieve this goal, the ability of the
intrinsic properties of the scaffold to direct stem cell differentiation in
each layer of the scaffold was ﬁrst explored. Following this, the optimal
chondrogenic cell source capable of enhancing the regenerative capacity
of the tri-layered scaffold was investigated. To this end, the scaffolds
were seeded with rapidly isolated CCs, FPMSCs and a co-culture of
FPMSCs and CCs and the ability of the different cell combinations to
support chondrogenesis was investigated.
2. Materials and methods
2.1. Scaffold fabrication
In order to determine the optimal cell-seeding approach each layer of
the tri-layered scaffold was ﬁrst fabricated as individual scaffolds. The
bone layer scaffold consisting of 0.5% (w/v) type I microﬁbrillar bovine
tendon collagen (Col1, Collagen Matrix Inc., NJ, USA) and 1% (w/v)
hydroxyapatite (HA, Plasma Biotal, CAS No. P288R, Capital R) was
fabricated as previously described [4]. Brieﬂy, 1.8 g of microﬁbrillar
bovine tendon collagen was added to 320 ml of 0.5 M acetic acid solution
(Fisher Scientiﬁc, CAS No. 64-19-7) and blended (15,000 rpm, 4  C, 90
min) using an overhead blender (Ultra Turrax T18 Overhead Blended,
IKA Works Inc., USA). A HA suspension was created by adding 3.6 g of
HA to 40 ml of 0.5 M acetic acid solution. This suspension was added to
the blended collagen in 10 ml aliquots every 20 min. The entire suspension was then blended for a subsequent hour to obtain a homogenous
suspension. Prior to freeze-drying, degassing was carried out in a vacuum
chamber (50 mTorr) to removed air introduced during blending. 15.6 ml
of the bone layer suspension was pipetted into custom-made stainless
steel trays (internal dimensions, 60 mm  60 mm) and the trays were
then placed on the shelves within the freeze-dryer (Virtis Genesis 25 EL,
Biopharma, Winchester, UK) and freeze-dried at a constant cooling rate
of 1  C/min to a ﬁnal freezing temperature of 40  C and dried under a
vacuum pressure of 200 mTorr. Finally, cylindrical scaffold plugs 7 mm
in diameter were cut from the scaffold sheet using a biopsy punch.
The intermediate layer scaffold consisting of Col1 [0.5% (w/v)], and
hyaluronic acid sodium salt derived from streptococcus equi. (HyA)
[0.05% (w/v), Contipro] was fabricated as follows: a hyaluronic acid
solution was then made up by adding 0.11 g of hyaluronic acid (hyaluronic acid sodium salt derived from streptococcus equi.) (SigmaAldrich, CAS No. 53747-10G) to 40 ml of the 0.5 M acetic acid and
stirring for 60 min [4]. 1.2 g of Col1 was then blended with 200 ml of the
0.5 M acetic acid solution (15,000 rpm, 4  C). The hyaluronic acid solution was added dropwise to the blending collagen to avoid clumping.
The slurry was blended for a further 60 min until homogenous. Prior to
freeze-drying, ﬁnal degassing was carried out in a vacuum chamber (50
mTorr) and 15.6 ml of the suspension was pipetted into a stainless-steel

2.2. Assessment of the intrinsic ability of the tri-layered scaffold to promote
MSC differentiation
2.2.1. BMMSC isolation and cell seeding
The intrinsic ability of the individual layers of the tri-layered scaffold
to promote osteogenesis and chondrogenesis was ﬁrstly investigated
using rat BMMSCs (rBMMSCs). rBMMSCs were isolated from 8-week-old
female Fischer 344 rats with the approval of the Research Ethics Committee of the RCSI (REC Approval No. 237). After euthanasia, marrow
was ﬂushed from the tibiae and femora with phosphate buffered saline
(PBS; Sigma-Aldrich, Ireland) and a single cell suspension was recovered.
After centrifugation (600 g, 10 min), cells were plated at 120  106 cells/
cm2, in standard rBMMSC growth medium [10% foetal bovine serum
(FBS; Hyclone, Fisher Scientiﬁc, Ireland), 45% F12-Ham and 45% α-MEM
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2.2.2. Assessment of calcium production
A quantitative calcium assay was performed to assess mineral production in the bone layer and intermediate layer scaffolds cultured in
standard and osteogenic medium and to assess calcium production in the
tri-layered scaffold when cultured in standard, osteogenic, chondrogenic
and osteochondrogenic medium. This assay was performed using a
StanBio Calcium Liquicolour Kit (StanBio 0150). Scaffolds were placed
on a shaker in 0.5 M HCl over 24–48 h at 4  C until digested. The assay
was then carried out according to the manufacturer's instructions. Brieﬂy,
triplicates of 10 μl of each sample were added to 200 μl of working solution (1:1 binding reagent and working dye) in a 96 well plate and
absorbance was measured using a photometric plate reader (Wallac 1420
Victor 2 D, Perkin Elmer, MA, USA) based on absorbance at 595 nm
against a standard curve of known values.

(Biosciences, Ireland) supplemented with antibiotics (100U/ml penicillin
G and 100 μg/ml streptomycin sulphate; Gibco)]. Flasks were incubated
at 37  C in 5% CO2/90% humidity. After 8 days, colonies became
compact and cells were detached with 0.25% trypsin/EDTA and re-plated
at 2000 cells/cm2. Subsequently, cultures were passaged at 5–7 day intervals and expanded to passage 5 for experimentation. The rBMMSCs
were cultured in Dulbecco's Modiﬁed Eagles Medium 5671 (SigmaAldrich, Ireland) supplemented with 2% penicillin/streptomycin (SigmaAldrich, Ireland), 1% L-glutamine (Sigma-Aldrich, Ireland), 10% FBS
(BioSera, UK), 1% glutamax (Biosciences, Ireland) and 1% non-essential
amino acids (Biosciences, Ireland).
The bone layer, intermediate layer and cartilage layer scaffolds were
hydrated in PBS until saturated, then placed into non-adherent 24 well
plate. rBMMSCs were suspended at a density 1  106 cells/34 μl and 17 μl
of the cell suspension was then placed on the surface of each scaffold.
Scaffolds were incubated at 37  C for 15 min to allow the cells to attach
prior to turning and seeding the other side with a further 17 μl of cell
suspension. Scaffolds were incubated at 37  C for 15 min prior to the
addition of 2 ml of complete MSC growth medium to each well of the 24
well plate. The plates were then returned to the incubator at 37  C in 5%
CO2/90% humidity. MSC growth medium was replaced every 2 days for a
period of seven days to allow the cells to attach to and inﬁltrate into the
scaffold.
In order to explore the intrinsic ability of each scaffold to direct MSC
differentiation, theywere then transferred to either standard growth
medium, osteogenic medium [(Sigma; Dulbecco Modiﬁed Eagles Medium 5671, 10% FBS (Biosera; S1900/500), 100 nM Dexamethasone
(Sigma; CAS No. 50-02-2), 50 μM Ascorbic acid 2-Phosphate, (Sigma;
CAS No. 66170-10-3), 10 mM β-glycerophosphate (Sigma; CAS No.
13408-09-8), 10000 U/mL penicillin and 10 mg/ml streptomycin
(Sigma; P4333-100 ml)] or chondrogenic medium [(Dulbecco Modiﬁed
Eagles Medium D5671), 10% FBS, 2% 10000 U/mL penicillin and 10
mg/ml streptomycin, 0.5% L-Glutamine (Gibco), 0.5% Glutamax 100x
(Gibco), 1% non-essential amino acids (NEAA) (Gibco), 20 ng/ml Human
TGF-β3 (Prospec), 50 μg/ml Ascorbic Acid, 40 μg/ml Proline (Sigma),
100 nM Dexamethasone (Sigma), 1x ITS supplement (Insulin, transferrin,
sodium selenite) (BD), 0.11 mg/ml Sodium Pyruvate (Sigma)]. This
timepoint was labelled as day zero.
The bone layer scaffolds were cultured in either standard growth
medium or osteogenic growth medium (n ¼ 5 per timepoint). The intermediate layer scaffolds were cultured in osteogenic medium or standard medium (n ¼ 5 per timepoint). The cartilage layer scaffolds were
cultured in standard medium or chondrogenic medium (n ¼ 5 per
timepoint). One scaffold from each group was prepared for histological
analysis. Four scaffolds from each group were ﬂash frozen using liquid
nitrogen and stored at 80  C prior to analysis.
Following assessment of the individual layers, the ability of the trilayered scaffold as a whole to direct osteogenic and chondrogenic differentiation was investigated. rBMMSCs were seeded onto the tri-layered
scaffolds at a seeding density of 0.5  106 cells per scaffold using the
seeding technique outlined above. Scaffolds were cultured in standard
growth medium for one week. The medium was then completely
removed and replaced with either standard, chondrogenic, osteogenic or
osteochondrogenic medium [(Dulbecco Modiﬁed Eagles Medium
D5671), 10% FBS, 2% 10000 U/mL penicillin and 10 mg/ml streptomycin, 0.5% L-Glutamine, 0.5% Glutamax 100x, 1% non-essential amino
acids (NEAA), 20 ng/ml Human TGF-β3, 50 μg/ml Ascorbic Acid, 40 μg/
ml Proline, 100 nM Dexamethasone, 1x ITS supplement, 0.11 mg/ml
Sodium Pyruvate, 10 mM β glycerophosphate (Sigma)]. This was marked
as Day 0 and the constructs were cultured to timepoints of 14 and 28 days
(n ¼ 4) with a partial medium exchange of appropriate supplemented
medium every 2–3 days.

2.2.3. Assessment of sulphated GAG production
A Blyscan sulphated glycosaminoglycan (sGAG) assay (Biocolour Ltd,
UK) was used to measure the quantity of sGAG laid down in the cartilage
layer and the intermediate layer scaffolds and to assess calcium production in the tri-layered scaffold when cultured in standard, osteogenic,
chondrogenic and osteochondrogenic medium. Samples were digested in
papain enzyme solution (10 mg of papain with 10 ml of papain buffer
made of PBS, 1% 0.5 M EDTA and 0.79 mg/ml of cysteine-HCl) and 100
μl of each sample was added to 500 μl of Blyscan dye reagent. Tubes were
then placed in a mechanical shaker for 30 min to allow the sulphated
glycosaminoglycan-dye complex to form and precipitate out of the soluble unbound dye and then spun at 12,000 rpm for 10 min. The Blyscan
dissociation agent was then added (500 μl per tube) to release the bound
dye back into solution, duplicates of 200 μl of each sample were placed in
individual wells of a 96 well plate. Absorbance was measured using a
photometric plate reader (Wallac 1420 Victor 2 D, Perkin Elmer, MA,
USA) at an absorbance of 656 nm and volumes were determined using a
standard curve.
2.2.4. Histological analysis
At each timepoint, one scaffold from each group was ﬁxed in 10%
formalin for 1 h for histological analysis and then processed in an automatic tissue processor (ASP300, Leica, Wetzlar, Germany). Scaffolds
were then embedded in parafﬁn wax and sectioned at a thickness of 10
μm using a rotary microtome (RM2255, Leica microtome, Leica). The
individual scaffolds were sectioned transversely and tri-layered scaffolds
were sectioned longitudinally to demonstrate all layers within a single
slice. Sections were stained with Alizarin Red to stain for calcium [42],
Toluidine Blue to stain glycosaminoglycans [8], or stained using immunohistochemical staining techniques to identify the presence of type II
collagen [33], an important marker of hyaline cartilage formation. Digital images were obtained using a microscope (Nikon 90i, Nikon, Japan)
and attached camera unit (Nikon DS Camera control unit, Nikon, Japan)
to evaluate the calcium deposition and cartilage production within the
individual layers of the scaffold.
2.3. Development of an optimal cell seeding approach for the tri-layered
scaffold
2.3.1. CCs, FPMSC and BMMSC isolation
Following assessment of the intrinsic chondrogenic and osteoinductive properties of the tri-layered scaffold using rBMMSCs, a more translationally relevant cell source was then used in order to develop the
optimal cell seeding approach for the tri-layered scaffold. Goats are a
favourable large animal model for assessment of osteochondral defect
repair [43] and our ultimate focus was to test the solution devised in this
paper in vivo in a caprine model [9] thus the use of goat CCs, BMMSCs
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deceleration set to 0 and acceleration set to 1. When the centrifugation
was complete the mononuclear cell layer residing at the interface of the
Lymphoprep™ and the cell suspension was removed and cells were
counted using trypan blue.
The ability of the isolated FPMSCs and BMMSCs to differentiate down
osteogenic, chondrogenic and adipogenic routes was then assessed to
conﬁrm their tripotentiality. To assess osteogenic potential, cells were
cultured at a density of 1  105 cell per well in 6 well plates (n ¼ 6) in
osteogenic media [10% foetal bovine serum (FBS; Hyclone, Fisher Scientiﬁc, Ireland), 90% DMEM þ GlutaMAX (Gibco) supplemented with
antibiotics (100 U/ml penicillin G and 100 μg/ml streptomycin sulphate;
Gibco) dexamethasone 0.4 μg/ml (Sigma), β-glycerol phosphate 0.01 M
(Sigma) and ascorbic acid 6.9 mg/ml (Sigma)] opposite negative controls
in standard expansion media for a total of 21 days followed by staining
with alizarin red (Sigma) staining for calcium. To assess chondrogenisis
cell pellets with 250,000 cells per pellet were cultured in a chondrogenic
media [10% foetal bovine serum (FBS; Hyclone, Fisher Scientiﬁc,
Ireland), 90% DMEM þ GlutaMAX (Gibco) supplemented with antibiotics (100 U/ml penicillin G and 100 μg/ml streptomycin sulphate;
Gibco) with 10 ng/ml of TGF-β3 (R&D Systems) Dexamethasone 0.4 μg/
ml (Sigma), ascorbic acid 0.5 mg/ml (Sigma), lineloic acid 47 μg/ml
(Sigma), and ITS 1X; (Sigma)] for 7 days and assessed for sulphated GAG
levels using Blyscan Sulphated Glycosaminoglycan (sGAG) assay (Biocolour Ltd, UK). Lastly, to assess adipogenic ability cells were seeded at a
density of 1  105 cell per well in 6 well plates (n ¼ 6) and then cultured
in adipogenic media [10% foetal bovine serum (FBS; Hyclone, Fisher
Scientiﬁc, Ireland), 90% DMEM þ GlutaMAX (Gibco) supplemented with
antibiotics (100 U/ml penicillin G and 100 μg/ml streptomycin sulphate;
Gibco) dexamethasone 20 μg/ml, (Sigma) 0.5 mM IBMX (Sigma) 50 μM
indomethacin (Sigma)] opposite negative controls in standard expansion
media for 21 days. The presence of vacuoles observed using optical microscopy indicated adipogenesis of the MSCs. Cell viability was assessed
using trypan blue exclusion.

and FPMSCs was explored here. Euthanasia of a skeletally mature male
goat was performed, and chondrocytes, FPMSCs and BMMSCs were
harvested under Ethics licence approved by the Animal Research Ethics
Subcommittee (AREC-P-12-71-Brama). The stiﬂe joint was carefully
opened under sterile conditions, and the infrapatellar fat pad was
removed in its entirety, placed in PBS and stored at 4  C. The knee joint
was then disarticulated and the cartilage surface exposed. The cartilage
was harvested from the distal femur with a 6 mm punch biopsy and the
cartilage strips placed in PBS with antibiotic supplementation (100 U/ml
penicillin G and 100 μg/ml streptomycin sulphate, and 50 μl of
Amphotericin B; Gibco). The distal femur was then opened and the bone
marrow was removed using a sterile spatula and placed directly into a 50
ml falcon tube, 5 ml/tube with 10 ml of expansion medium [Gibco
DMEM þ GlutaMAX (61965, Gibco) þ 10% FBS (Foetal Bovine Serum,
(Labtech, UK) þ 10 ml (100 U/ml penicillin G and 100 μg/ml streptomycin sulphate; Sigma)].
The chondrocytes were isolated from the harvested cartilage tissue
using a rapid-isolation technique using collagenase and plastic adherence
[25,33,44,45]. The cartilage pieces were removed from the antibiotic
supplemented PBS and the cartilage was then sliced to pieces less than 1
mm in size, prior to rinsing again with antibiotic supplemented PBS and
placing in sterile 50 ml tubes. Collagenase (Worthington, LS004176
Collagenase Type CLS-2) was dissolved in medium [Gibco DMEM þ
GlutaMAX (61965, Gibco)] (350 U/ml) (8 ml/g cartilage), and sterile
ﬁltered and rotated in the collagenase solution (2 h, 37  C) prior to
passing through a 40 μm cell strainer. Collected cartilage particles were
then crushed using a pipette tip and added to 8 ml/g collagenase solution
rotating for a further 1 h (37  C). The sieved medium was added to
stopping medium [Gibco DMEM þ GlutaMAX (61965, Gibco) þ 10% FBS
(Foetal Bovine Serum, (Labtech, UK))] of equal volume and mixed. The
crushed cartilage was then removed from the rotator and stopping medium of equal volume added and mixed. This was again strained in a 40
μm cell strainer and centrifuged at 650 g for 10 min. The supernatant was
discarded, and the pellet re-suspended in standard expansion medium
[Gibco DMEM þ GlutaMAX (61965, Gibco) þ 10% FBS (Foetal Bovine
Serum, (Labtech, UK) þ 10 ml (100 U/ml penicillin G and 100 μg/ml
streptomycin sulphate)] and counted using a trypan blue exclusion test.
The chondrocytes were then plated into T175 ﬂasks at a density of 875 
103 cells/ﬂask and expanded to 90% conﬂuency.
The FPMSCs were isolated as per previously published protocols [25,
33,44]. The fat pad digestion was carried out using collagenase dissolved
in medium (750 U/ml, 4 ml/g of tissue). As previously, the tissue was
minced and placed into sterile 50 ml falcon tubes. 4 ml of collagenase
solution was added per gram of tissue. The tubes were rotated in a tube
rotator at 37  C for 3–4 h. Two volumes of stopping medium were added
to the tissue collagenase mixture. The solution was then passed through a
sieve (150 μm) into fresh sterile tubes and centrifuged for 10 min at 650
g. The ﬂoating fat fraction containing the adipocytes was aspirated off
and discarded. The pellet was resuspended in fresh standard expansion
medium and then passed through a 40 μm strainer into a fresh tube.
Further medium was added, and the suspension centrifuged once more at
650 g for 5 min. The pellet was resuspended and counted using trypan
blue.
The BMMSCs were isolated as previously described [44]. Brieﬂy, the
medium/marrow solution was titrated with a 16 G needle to break up
any clumps, then the volume was made up to 40 ml using expansion
medium and mixed to form a homogenous solution. The tube was then
centrifuged twice at 650 g for 5 min, with the supernatant removed and
discarded each time. The cell pellet was then resuspended in 10 ml and
triturated using a 16 G needle prior to passing through a 40 μm strainer
into a fresh and topping up to 20 ml. In order to separate the mononuclear cells, 20 ml of Lymphoprep™ (Axis-Shield, Norway) was placed
in a 50 ml falcon tube and the 20 ml suspension added gently on top. The
solution then underwent centrifugation for 20 min at 650 g with

2.3.2. Identiﬁcation of optimal cell seeding approach
The harvesting of BMMSCs in a clinical setting presents signiﬁcant
challenges that reduce their potential for use in a single-stage surgical
approach. The harvesting procedure would require either lengthening
the wound and performing a tibial osteotomy to harvest cells [12], or
creating a second surgical site at a different location, i.e. the iliac crest,
which would increase surgery time as well as the impact on the patient.
Due to these limitations, an initial comparison of the chondrogenic potential of goat BMMSCs and FPMSCs was ﬁrstly carried out. BMMSC and
FPMSC cell pellets containing 250,000 cells were ﬁrstly created by
centrifugation and the cells were cultured in pellet form in a chondrogenic medium (n ¼ 3). The pellets were cultured with a medium change
every 2–3 days, and three samples of each were taken off at day 0 and day
7. These samples were then assessed for sGAG production using the
Blyscan sGAG assay as above. This comparison showed that higher levels
of chondrogenesis were achieved from the FPMSCs than the BMMSCs
(Supplementary Figure S1). Therefore, BMMSCs were not taken forward
to the next stage of testing.
To compare chondrogenesis between the cell types, the cartilage layer
of the tri-layered scaffold was utilised. Scaffolds were seeded with CCs
and FPMSCs according to the following ﬁve groups (Fig. 1). CCs were
seeded at a low seeding density (CC LD) of 125,000 cells per scaffold, and
a high-density (CC HD) at 500,000 cells per scaffold. The low-density
group (CC LD) was selected to mimic a clinical situation by providing a
relevant number of chondrocytes to that available clinically from a
subcritical size defect, likely to self-heal. The high-density group (CC HD)
was designed to mimic the use of expanded cells as currently used in ACI
and MACI procedures. FPMSCs were also seeded on the scaffold at a low
seeding density of 125,000 (FPMSCs LD) and a high seeding density of
500,000 (FPMSCs HD). The ﬁnal group consisted of a co-culture of

5

T.J. Levingstone et al.

Materials Today Bio 12 (2021) 100173

(0.5% (w/v) Col1, 1% (w/v) HA) in osteogenic medium was demonstrated by quantiﬁcation of calcium deposition within the scaffold. A
signiﬁcant increase in the amount of calcium laid down by rBMMSCs in
the bone layer of the scaffold was observed over the 28-day duration of
the study when cultured in osteogenic medium (p < 0.001) (Fig. 2A),
with a 2.48-fold increase in the mineralisation in the scaffold between
day 0 and day 28. This demonstrates the ability of the scaffold to support
osteogenic differentiation of the scaffold and thus its osteoconductive
properties. Having demonstrated the ability of the bone layer scaffold to
support the osteogenic differentiation of rBMMSCs in osteogenic medium, the osteoinductive properties were then assessed by culturing the
seeded scaffolds in standard growth medium. Calcium levels were seen to
have a 1.74-fold increase between day 0 and day 28 (p < 0.001) indicating that mineral is being deposited by the rBMMSCs within the scaffold, without the addition of any exogenous osteogenic factors (Fig. 2B).
This demonstrates the potential osteoinductive properties of the scaffold
resulting from its composition, microarchitecture and mechanical properties. This supports the ﬁndings of a previous study that demonstrated
the osteoinductive properties of this bone layer scaffold by showing its
capacity to form ectopic bone after surgical implantation into the rat hind
limb muscle pouch model [46]. Histological analysis of the scaffolds at
each timepoint supported the results of calcium quantiﬁcation (Fig. 2C).
Alizarin red staining was positive at all timepoints as a result of the
presence of HA within the scaffold composition. HA was observed to be
evenly distributed throughout the scaffold microarchitecture at Day 0.
The intensity of staining was observed to increase over the 28-day time
frame with mineral deposition observed throughout the scaffold. At the
21 and 28 day timepoints in both groups, higher levels of staining were
observed in the osteogenic media group than the standard media group,
with the highest intensity staining observed towards the periphery of the
scaffold indicating potentially higher cell density in this region.

FPMSCs and CCs at a ratio of 3:1 of FPMSC to CCs and a seeding density
of 500,000 cells per scaffold (FPMSCs:CC). This group reﬂects the
number of CCs that can be harvested from a subcritical defect without
expansion (125,000, i.e. the CC LD group), augmented with FPMSCs [23,
35].
Following cell seeding, scaffolds were cultured in standard growth
medium for 3 days to facilitate cell attachment and inﬁltration into the
scaffold. Scaffolds were then cultured in chondrogenic medium for 0, 14,
21 and 28 days. At each timepoint, four scaffolds from each group were
ﬂash frozen in liquid nitrogen and stored at 80  C prior to sGAG was
quantiﬁed as described above. At each timepoint, one scaffold from each
group was prepared for histological analysis as described above. Sections
were stained with haematoxylin & eosin staining (H&E) to assess cell
proliferation and inﬁltration, (haematoxylin stains the DNA and RNA
rich cell nuclei purple, eosin stains the extracellular matrix pink). Sections were also stained with safranin-O to evaluate cartilage production
(safranin-O stains sGAG red). Digital images were captured as before.
2.4. Statistical analysis
All statistical analyses were performed using statistics software Prism
7 GraphPad (GraphPad Software, California USA). Statistical signiﬁcance
was assessed using One-way analysis of variance (ANOVA) or Two-way
ANOVA followed by a pairwise multiple comparison procedure (Tukey
test). Statistical signiﬁcance was declared at p  0.05.
3. Results
3.1. Assessment of osteogenesis within the bone layer scaffold
Osteogenic differentiation of rBMMSCs in the bone layer scaffold

Fig. 2. Calcium deposition in the bone layer scaffold and intermediate layer scaffold. A) Calcium deposition in the bone layer scaffold in osteogenic media. B)
Calcium deposition in the bone layer scaffold in standard growth media. C) Alizarin red staining of the bone layer scaffold in osteogenic and standard media (Scale ¼
1000 μm). D) Calcium deposition in intermediate layer scaffold. (***p  0.001, *p  0.05).
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cartilage layer scaffolds cultured in both medium types was observed
over time, with higher levels in the chondrogenic media group as
expected.

3.2. Assessment of osteogenesis within the intermediate layer
Mineral deposition in MSC seeded intermediate layer scaffolds (0.5%
(w/v) Col1, 0.05% (w/v) HyA) in standard medium and osteogenic
medium at timepoints up to 28 days showed an increase in the calcium
deposition in the osteogenic medium group over the 28-day culture
period, whereas there were no signiﬁcant levels of calcium observed in
the standard growth medium group (Fig. 2D). This demonstrates that
while the intermediate layer scaffold can support osteogenesis in osteogenic supplemented medium, it does not have intrinsic osteoinductive
properties.

3.4. Assessment of osteogenesis and chondrogenesis within the tri-layered
scaffold
Having demonstrated the osteoinductive properties of the bone layer
and chondrogenic properties of the cartilage layer, this study aimed to
assess the differentiation of BMMSC in the complete tri-layered scaffold.
While separate osteogenic and chondrogenic culture of BMMSCs has
been well established within the literature [47], the in vitro culture of
osteochondral scaffolds containing both a cartilage layer and a bone layer
has presented a challenge. Thus, we explored osteogenesis and chondrogenesis in the tri-layered scaffolds cultured in standard growth medium, osteogenic, chondrogenic and osteochondrogenic medium at
timepoints of 0, 14, 21 and 28 days. Assessment of osteogenesis in the
tri-layered scaffold in osteogenic media showed a signiﬁcant increase in
calcium production at day 28 compared to standard, chondrogenic and
osteochondrogenic media types at day 28 and to all groups at day 14, 21
and 28 (Fig. 4A). In order to qualify the results generated, and to assess
the distribution of deposited mineral, histological analysis of the
tri-layered scaffold was carried out. Alizarin red staining demonstrated
that in all media types, calcium deposition was conﬁned to the bone and
intermediate layers of the scaffold with greater levels of staining in the
bone layer. As expected, greater levels of staining were observed in the
osteogenic media than in the other media types. Mineral was seen to be
evenly distributed throughout the bone layer. No positive mineral
staining was observed in the cartilage layer (Fig. 4B). sGAG quantiﬁcation also demonstrated an increase in sGAG content over time, with
signiﬁcantly higher levels of sGAG production in both the chondrogenic
medium (p ¼ 0.0106) and the osteochondrogenic medium (p ¼ 0.0233)

3.3. Assessment of chondrogenesis in the cartilage layer scaffold
Following the assessment of osteogenesis within the bone layer and
intermediate layer scaffolds, the chondrogenic properties of the cartilage
layer scaffold (0.25% (w/v) Col1, 0.25% (w/v) Col2, 0.05% (w/v] HyA)
were then examined using a sGAG assay. Culture of rBMMSCs within the
cartilage layer scaffold in chondrogenic medium containing TGF-β3
showed signiﬁcant increases in sGAG deposition at each timepoint with a
10-fold increase (p < 0.0001) in sGAG production over the 28 day study
(Fig. 3A). This demonstrates the ability of the scaffold to support
rBMMSC chondrogenesis. Culture of this scaffold with rBMMSCs in
standard growth medium demonstrated a signiﬁcant increase in chondrogenesis at day 14 compared to day 0 (p ¼ 0.0274) and day 7 (0.0269),
demonstrating the ability of the scaffold to direct stem cells toward a
chondrogenic lineage without exogenous stimulus. There was, however,
no signiﬁcant difference between the 21 and 28 timepoints (Fig. 3B).
Toluidine blue for sGAG deposition (Fig. 3C) and staining for type II
collagen (Fig. 3D) showed positive staining at all timepoints due to the
presence of both sGAG and type II collagen in the scaffold composition.
An increase in the amount of sGAG and collagen II staining in the

Fig. 3. Chondrogenesis in the cartilage layer scaffold. A) Quantiﬁcation of sGAG in the cartilage layer in chondrogenic media. B) Quantiﬁcation of sGAG in the
cartilage layer in standard growth media. C) Toluidine Blue staining of cartilage layer scaffold cultured in chondrogenic media and standard media (Scale ¼ 1000 μm).
D) Collagen II immunohistochemical staining of cartilage layer scaffold (Scale ¼ 500 μm). (****p  0.0001, ***p  0.001, **p  0.01, *p  0.05).
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Fig. 4. Chondrogenesis and osteogenesis in the tri-layered scaffold. A) Calcium deposition in the tri-layered scaffold in standard, osteogenic, chondrogenic and
osteochondrogenic media. B) Alizarin Red staining for calcium at day 28 following culture in osteogenic media, chondrogenic media, osteochondrogenic media (Black
¼ bone layer, green ¼ intermediate layer, yellow ¼ cartilage layer) C) sGAG deposition in the tri-layered scaffold over 28 days in standard, osteogenic, chondrogenic
and osteochondrogenic media. D) Toluidine Blue staining of representative samples of the scaffolds at day 28 cultured in standard, osteogenic, chondrogenic and
osteochondrogenic media (Black ¼ bone layer, green ¼ intermediate layer, yellow ¼ cartilage layer).

Regions of high proliferation were observed at day 28 in the CC HD, FP
HD and FPMSCs:CC groups (Fig. 6 Day 28 B, D and E).
Safranin-O staining (Fig. 7) conﬁrmed the ﬁndings of the quantitative
analysis with increased uptake of red/purple stain demonstrating higher
levels of sGAG deposition in the higher seeding density groups. At early
timepoints, staining was observed mainly in the periphery of the scaffold
with migration of cells and positive staining observed towards the centre
of the scaffold at day 21 (Fig. 7-Day 21 E). By day 28, sGAG deposition
appeared to be more evenly distributed throughout the scaffolds with
visibly higher levels of staining observed for the FP HD, CC HD and
FPMSC:CC co-culture groups over the other groups (Fig. 7- Day 28 B, D
and E). Taken together these results indicate that the highest levels of
chondrogenesis were achieved in the FPMSC:CC group compared to
other groups.

at day 28 compared to day 0 (Fig. 4C). Toluidine blue staining of the
tri-layered scaffold conﬁrmed cartilage matrix formation predominantly
within the cartilage layer (Fig. 4D). No difference in the intensity or
distribution of staining could be observed between the three media types.

3.5. Development of optimal cell seeding approach
The optimal cell culture regime and cell seeding density were then
investigated by quantifying sGAG deposition within the cartilage layer
scaffold cultured with the different regimes. At day 0 highest levels of
sGAG deposition were observed in the high density chondrocyte (CC HD)
group compared to all other groups (Fig. 5A). Higher sGAG deposition
was also observed in the low density chondrocyte (CC LD) group
compared to the low density FPMSC (FPMSCs LD) group (p ¼ 0.0024).
For the day 14 (Fig. 5B) and day 21 (Fig. 5C) timepoints signiﬁcantly
higher levels of sGAG deposition was observed in the FPMSCs:CC coculture group compared to all other groups. At day 28 the highest level
of sGAG deposition was again observed in the FPMSCs:CC co-culture
group with signiﬁcantly higher levels observed compared to both the
FPMSCs LD (p ¼ 0.0040) and CC LD (p ¼ 0.0040) groups (Fig. 5D). These
results show that the addition of FPMSCs to the CC LD group (i.e., the
FPMSC:CC group) led to a 7.8-fold increase in sGAG over the CC LD by
day 28. Notably, the levels sGAG produced by FPMSCs and CCs were
signiﬁcantly higher than the sGAG levels deposited by rBMMSCs despite
the higher seeding density of 1  106 cells per scaffold in the rBMMSCs
study (Fig. 3). H&E staining (Fig. 6) showed that cells were concentrated
around the periphery of the scaffold at day 14 with increased migration
towards the centre of the scaffold observed at the day 21 and day 28
timepoints. In general, lower levels of cell migration were observed in the
FP LD and CC LD groups than in FP HD, CC HD and FPMSC:CC groups.

4. Discussion
Osteochondral defects are challenging to treat due in part to the
heterogeneous gradient nature of osteochondral tissue. While cell-free
scaffolds have shown potential for the treatment of focal osteochondral
defects, cell-seeded scaffolds may offer enhanced regenerative potential
and enable the treatment of larger joint defects. However, current approaches require in vitro expansion, with associated limitations relating
to costs and increased surgical time. Therefore, the goal of this study was
to identify a cell seeding approach that would enable a single-stage
surgical approach without the requirement for in vitro expansion of
cells. Initially, the intrinsic ability of a tri-layered scaffold previously
developed in our group to direct stem cell differentiation was explored.
The results show that the tri-layered scaffold has the capability to direct
the differentiation of bone marrow MSCs (BMMSCs) down an osteogenic
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Fig. 5. sGAG deposition in the cartilage layer scaffold seeded with FPMSCs at low and high density (FPMSCs LD and FPMSCs HD). CCs at low and high
density (CC LD and CC HD) and a co-culture of FPMSCs and CCs (FPMSCs:CC). A) At day 0 a signiﬁcant increase in sGAG production was observed in the CC LD
group compared to the FMSCs LD group and in the CC HD group compared to other groups. B) At day 14 a signiﬁcant increase in sGAG in the co-culture group was
observed over all groups. C) At day 21 again the co-culture group shows signiﬁcantly higher levels of sGAG production over all other groups. D) At day 28 signiﬁcantly
higher sGAG levels were observed in the co-culture group compared to the FPMSC LD, and CC LD groups. (****p  0.0001, ***p  0.001, **p  0.01, *p  0.05).

medium, demonstrating the osteoconductive properties of the scaffold.
These results support the ﬁndings of previous studies where the ability of
this scaffold to support mineralisation by MC3T3 mouse pre-osteoblast
cells was demonstrated [4,42]. Furthermore, the intrinsic properties of
the scaffold were also shown to direct the osteogenic differentiation of
MSCs without exogenous growth factors indicating the osteoinductive
properties of the scaffold [48,49]. The results show a 1.74-fold increase
in the mineral deposition in standard growth medium without any
exogenous osteogenic growth factors thus demonstrating the scaffold's
potential ability to direct the osteogenic differentiation of inﬁltrating
MSCs following implantation of the scaffold into an osteochondral lesion.
Cells bind to collagen scaffolds through integrin-mediated cell adhesion.
Type I collagen possesses multiple binding sites, such as GFOGER and
GROGER, capable of being recognized by α2 I and α10 I domains of
integrin respectively [50,51]. The interaction of the α2 integrin subunit, a
component of major collagen receptor α2 β 1 integrin, with type 1
collagen plays a crucial role in the expression of osteoblastic phenotypes
of MSCs [52,53]. The osteoinductive properties of the scaffold are promoted as a result of the presence of HA particles [42,48,49,54]. The
combination of Ca2þ and PO4
3 ions trigger osteogenic differentiation
through BMPs/SMAD and RAS signalling pathways, involving genes
typically regulated during dexamethasone (DEX) induced differentiation

route leading to bone formation conﬁned within the bone layer and down
a chondrogenic route leading to cartilage formation conﬁned within the
uppermost cartilage layer. In order to enhance the regenerative potential
of this tri-layered scaffold, chondrogenesis within the cartilage layer of
the scaffold following seeding with rapidly isolated CCs and FPMSCs, at
low and high seeding densities or as a FPMSC:CC co-culture was then
investigated. The results demonstrated that a co-culture of FPMSCs and
CCs represented the optimal seeding approach with a 7.8-fold increase in
the sGAG production observed in this group compared to seeding with
chondrocytes alone (CC LD). This approach demonstrates that by adding
FPMSCs to a relatively small number of chondrocytes high levels of
chondrogenesis can be achieved while avoiding the requirement for in
vitro expansion.
The intrinsic properties of the tri-layered scaffold to direct MSC differentiation were explored using bone marrow derived MSCs. The ability
of the individual scaffold layers to direct osteogenesis and chondrogenesis was ﬁrstly assessed, prior to exploring calcium and sGAG deposition by rBMMSCs within the full tri-layered scaffold. Quantiﬁcation of
mineral deposition within the bone layer of the tri-layered scaffold
demonstrated the scaffold's ability to support osteogenesis. The results
show a 2.48-fold increase in the mineral deposition within the scaffold
between the Day 0 and Day 28 timepoints when cultured in osteogenic
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Fig. 6. H&E staining of representative samples from Day 14, 21 and 28 for each cell group. A) Low density FPMSCs (FPMSCs LD) B) High density FPMSCs
(FPMSCs HD), C) Low density CCs (CC LD), D) High density CCs (CC HD) and E) Co-culture of FPMSCs and CCs (FPMSCs:CC). Areas of high proliferation are visible in
B, D and E at the day 28 timepoint, showing increased cell proliferation in the high seeding density groups (Black arrows). Scale ¼ 500 μm.

scaffold in the presence of chondrogenic factors as demonstrated by an
increase in sGAG levels. Chondrogenesis was also observed in standard
growth medium without exogenous chondrogenic supplements, albeit to
a lesser extent. This indicates that the scaffold has some intrinsic ability
to guide differentiation of MSCs down a chondrogenic route. Matrix
produced within the scaffold was shown, using immunohistochemistry,
to contain collagen type II consistent with hyaline cartilage. Hyaline
cartilage repair is preferable to ﬁbrocartilage repair, found with bone
marrow stimulating repair techniques, as ﬁbrocartilage is a mechanically
inferior scar tissue unable to deal with the shear stresses and strains of the
articulation [61–63]. Both type I and II collagen have been shown to
support the attachment, proliferation and chondrogenic differentiation
of MSCs [64]. The increased collagen type II observed within the cartilage layer scaffold is consistent with the increased sGAG and stimulation
of matrix production seen in other scaffolds fabricated using type II
collagen [50,65,66]. The chondroinductive properties of type II collagen
reportedly derive through β1 integrin-mediated Rho A/Rock signalling
[50]. The HyA component of the cartilage layer has also been shown to
promote chondrogenesis [67,68]. Cells interact with HyA through surface receptors such as CD44, which enable modulation of cell activities
such as migration, proliferation and differentiation, as well as matrix
secretion [67,69]. The tailored stiffness of the cartilage layer of the
tri-layered scaffold also plays a role in promoting chondrogenesis.

[55]. The stiffness of the scaffold has also been shown to inﬂuence the
differentiation of MSCs [56,57]. Speciﬁcally, RUNX2 expression, an indicator of osteogenic differentiation, by MSCs on collagen-based scaffolds of similar stiffness to the bone layer scaffold investigated here (1.5
kPa) has been shown to be higher compared to expression on scaffolds of
lower stiffness [56].
The intermediate layer of the scaffold is aimed at regenerating the
calciﬁed cartilage layer of the native joint and is a protective tidemark
against the vascularisation and encroachment of the subchondral bone
into the cartilage layer. Such encroachment can cause thinning of the
overlying cartilage and can even exacerbate the initial morbidity. It is
often seen following repair techniques, such as microfracture, and in
scaffold-free repair [58,59]. Therefore, one of the most important ﬁndings relating to the intermediate layer was that a signiﬁcant increase in
mineral deposition in standard growth medium was not demonstrated.
Alizarin red staining of the tri-layered scaffold showed no mineralisation
advancing beyond the tidemark and into the cartilage layer over the
course of the study. It can therefore be surmised that when implanted in
the joint and exposed to the stimulating differentiation factors, the intermediate layer will resist mineralisation and protect the overlying
cartilage from hypertrophy and vascularisation which would lead to
ossiﬁcation and thinning of the gliding surface [9,60].
Chondrogenesis by MSCs was observed within the cartilage layer
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Fig. 7. Safranin-O staining of scaffolds seeded with each cell group at Day 14, Day 21 and Day 28. A) Low density FPMSCs (FPMSCs LD) B) High density
FPMSCs (FPMSCs HD), C) Low density CCs (CC LD), D) High density CCs (CC HD) and E) Co-culture of FPMSCs and CCs (FPMSCs:CC). Higher levels of sGAG
deposition were observed in the co-culture group (E) at day 21 and the high-density groups (B, D and E) at day 28 (black arrows). Scale ¼ 500 μm.

of the scaffold. In order to develop the optimal approach for osteochondral defect repair a rapid isolation approach was successfully used to
isolate bone marrow mesenchymal stem cells, fat pad mesenchymal stem
cells and chondrocytes. Currently cell-based therapies for cartilage repair
require two operations, with a gap of roughly six weeks in order to
harvest and expand the chondrocytes in vitro prior to re-implantation [12,
73]. This means that the patient has to rehabilitate twice, as well as the
increased ﬁnancial costs of the surgery and the in vitro expansion [15].
Rapid isolation and immediate re-implantation of cells seeded onto the
scaffold using this single-stage approach would overcome the challenges
of existing techniques. Here BMMSCs and FPMSCs were explored as
potential cell sources. The harvesting BMMSCs has some disadvantages
as it requires either lengthening the wound and performing an osteotomy
[12], while FPMSCs can be harvested through same arthroscopic incision
as the CCs which limits the insult to only one surgical site. Furthermore,
an assessment of the chondrogenic potential of these cells shown higher
levels of chondrogenesis were achieved by FPMSCs than BMMSCs.
Therefore, only MSCs derived from the fat pad were taken forward. A
further advantage of FPMSCs is that they have been shown to maintain
their chondrogenic capacity in osteoarthritic donors [74], which is
crucial in order to be able to treat those who present late with the defect.
A further advantage of this cell type is that allogenic FPMSCs have shown
potential for therapeutic application which would eliminate the need to

Scaffolds with stiffnesses in the range of 0.5 kPa–1 kPa have previously
been shown to promote SOX9 expression and thus induce MSCs differentiation down a chondrogenic lineage [56].
Investigation of a suitable culture media formulation for in vitro culture of osteochondral scaffolds demonstrated that a combination medium
containing both chondrogenic and osteogenic supplemented factors, i.e.,
osteochondrogenic medium, enabled chondrogenic and osteogenic differentiation of BMMSCs within the relevant regions of the tri-layered
scaffold. Attempting to recreate an environment in vitro to replicate the
gradient nature of the osteochondral defect is a challenge that has not
been explored greatly in the literature. There have been some attempts at
a minimum common differentiate medium [70] mixed medium [71] or
using custom wells with a membranes separating the layers of scaffold
into different medium types [72]. The results show that the tri-layered
scaffold, when cultured as a whole in an osteochondrogenic medium,
has the ability to cause an increase in sGAG in the cartilage layer and a
simultaneous increase in the mineralisation in the calcium layer while
maintaining the tidemark in between. These ﬁndings further demonstrate the intrinsic ability of the tri-layered scaffold to promote chondrogenesis and osteogenesis with the requisite layers of the scaffold.
Following demonstration of the intrinsic osteogenic and chondrogenic properties of the tri-layered scaffolds, the study then explored cell
seeding techniques with the aim of enhancing the regenerative potential
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study will provide important information about the ability of this cell
seeding approach to achieve a clinically relevant increase in osteochondral defect repair.

harvest the patient's own cells. Han et al. demonstrated that the allogenic
FPMSCs effectively achieved repair of the articular cartilage in a rabbit
articular cartilage defect model without eliciting a negative immune
response [75]. Furthermore, Toghraie et al. explored the use of allogenic
FPMSCs in a rabbit OA model and reported that no obvious immunologic
response was observed [76].
When examining the cartilage formation within the cartilage layer
scaffold, the high seeding density groups demonstrated increased cartilage formation compared to the low seeding density groups [77–79].
Overall, at both high and low seeding densities CCs resulted in higher
sGAG production than FPMSCs, which is consistent with both their
phenotype, and previous studies [80]. However, the highest levels of
chondrogenesis was observed in the co-culture group, where FPMSCs and
CCs were combined in a 3:1 ratio [23,35]. The FPMSC:CC group investigated here uses the same overall number of cells as both the CC HD and
the FPMSC HD groups. This important result shows that there is a synergistic effect of the co-culture, whereby the FPMSCs and the CCs
together can achieve a higher level of sGAG production than either can
separately. It is also important to note that the number of CCs used in the
FPMSC:CC group is the same as the clinically relevant number used in the
CC LD group. While the exact molecular mechanism leading to the increase in sGAG production in co-cultures of CCs and MSCs over CCs and
MSCs monocultures is still unclear, multiple mechanisms have been
postulated [34–40,81]. Acharya et al. report that within CC:MSC
co-cultures a limited fraction of the MSC population was stimulated to
express higher type II collagen and lower type X collagen, and chondrocytes proliferated without losing their differentiated phenotype [81].
However, studies by Wu et al. and Meretoja et al. report that increased
chondrogenesis in CC:MSC co-cultures was not due to increased chondrogenic differentiation of MSCs and instead resulted from chondrogenic
inducing cytokines and growth factors, e.g. TGF-betas, BMP-2 and IGF-1,
produced by MSCs exerting a trophic effect on the chondrocytes, stimulating their proliferation and matrix deposition [39,40]. More recently,
Huang et al. reported that CC:FPMSC co-cultures did not change the
chondrogenic capacity of either cell type, with no signiﬁcant difference
in expression of the marker genes COL2A1, ACAN, and SOX9 between the
CC:FPMSC co-culture group and the monoculture controls. In addition,
they report no signiﬁcant difference in COL1A1 expression between CC
monoculture and the co-culture group, indicating that the ﬁbroblastic
differentiation of CCs was not reduced in the co-culture. They propose
that hypertrophy of MSCs was inhibited in co-culture, with a signiﬁcant
difference in COL10A1 expression between the MSC monoculture group
and the co-culture group observed. This inhibition of MSC hypertrophy
might be attributed to the parathyroid hormone-related protein (PTHrP)
secreted by CCs throughout the coculture as reported by Fischer et al.
[38].
This shows that, avoiding the in vitro expansion phase by adding
FPMSCs to a relatively small number of chondrocytes, can lead to an
almost 8-fold increase in the sGAG produced over just the chondrocytes
alone further demonstrating the potential of this methodology as a singlestage cell-based approach for osteochondral defect repair.
Taken together, the above ﬁndings demonstrate the layer speciﬁc
osteoinductive and chondrogenic properties of our tri-layered scaffold
resulting from the macromolecules present in each layer of the scaffold.
These results demonstrate the capability of this biomimetic scaffold to
direct the differentiation of inﬁltrating BMMSCs. Exploring the optimal
cell seeding approach showed highest levels of chondrogenesis were
obtained when seeding the scaffold with a co-culture of FPMSC:CC,
isolated using a rapid isolation technique, due to the synergistic effect of
the co-culture. Overall, this study shows the development of a cell-seeded
scaffold for osteochondral defect repair based on a single-stage surgical
approach that eliminates the requirement for in vitro expansion of cells.
This approach has the potential to achieve more rapid tissue repair than
could be achieved through the use of cell-free scaffolds. The optimal cell
group in combination with the tri-layered scaffolds is currently under
further investigation in an in vivo caprine model. The outcomes of this

5. Conclusion
This study investigated the optimal cell seeding approach for trilayered scaffolds designed for osteochondral defect repair. The capability of the intrinsic properties of the tri-layered scaffold to direct stem
cell differentiation in each layer of the scaffold was demonstrated. The
bone layer demonstrated osteoconductive and osteoinductive properties
and the cartilage layer demonstrated chondroconductive properties
while the intermediate layer resisted hypertrophy and mineralisation,
therefore protecting the tidemark between the subchondral bone and
overlying cartilage. The regenerative potential of the scaffold was
augmented through the addition of rapidly isolated chondrocytes (CCs)
and fat pad MSC cells (FPMSCs). The greatest level of chondrogenesis
were achieved in the FPMSC:CC co-culture group, demonstrating a synergistic effect between these two cell types. The results showed that
adding FPMSCs to a relatively small number of chondrocytes resulted in a
7.8-fold increase in the sGAG production over chondrocytes alone. We
conclude therefore that FPMSC:CC co-culture is a viable method to
maximise cartilage production in a single-stage surgical approach.
Overall, the combination of the intrinsic properties of the tri-layered
scaffold and the optimised seeding approach developed here results in
a promising approach for the treatment of challenging osteochondral
defects.
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