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Abstract—Due to the intrinsically poor repair potential of
articular cartilage, injuries to this soft tissue do not heal and
require clinical intervention. Tissue engineered osteochondral
grafts offer a promising alternative for cartilage repair. The
functionality and integration potential of these grafts can be
further improved by the regeneration of a stable calcified
cartilage interface. This study focuses on the design and
optimization of a stratified osteochondral graft with biomi-
metic multi-tissue regions, including a pre-designed and pre-
integrated interface region. Specifically, the scaffold based on
agarose hydrogel and composite microspheres of polylactide-
co-glycolide (PLGA) and 45S5 bioactive glass (BG) was
fabricated and optimized for chondrocyte density and
microsphere composition. It was observed that the stratified
scaffold supported the region-specific co-culture of chondro-
cytes and osteoblasts which can lead to the production of
three distinct yet continuous regions of cartilage, calcified
cartilage and bone-like matrices. Moreover, higher cell
density enhanced chondrogenesis and improved graft
mechanical property over time. The PLGA-BG phase pro-
moted chondrocyte mineralization potential and is required
for the formation of a calcified interface and bone regions on
the osteochondral graft. These results demonstrate the
potential of the stratified scaffold for integrative cartilage
repair and future studies will focus on scaffold optimization
and in vivo evaluations.
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INTRODUCTION

Arthritis is the leading cause of disability among
Americans,* and the most common form of arthritis is
osteoarthritis, with 21 million Americans suffering
from this degenerative condition.** Injury to articular
cartilage is a major contributor to the onset of osteo-
arthritis.’>** Due to the limited regenerative capacity
of adult articular cartilage, surgical intervention is of-
ten required. Existing treatment options have achieved
variable degrees of success for the repair of focal le-
sions and damage to the articular surface.””*® These
methods include abrasion arthroplasty,>’® Pridie dril-
ling,® microfracture,”” autogenous or allogeneic cell/
tissue transfer via periosteal grafts,>® tissue adhe-
sives,!"*® and autologous osteochondral grafts.’*>° For
the treatment of large osteochondral defects, one of the
options is autologous osteochondral grafts such as
those used in mosaicplasty.’®?”%® These autografts
show good initial results, but are limited by donor site
morbidity and functional incompatibility between the
host and donor tissue, which can compromise long
term graft outcome.

Tissue engineered cartilage has emerged as an alterna-
tive treatment option for cartilage lesions. Several groups
have reported on the development of tissue engineered
osteochondral grafts® ¢1721:2325.27.33.34.39.57.59.70-75.78.79.83
that have demonstrated significant potential. Most of
these osteochondral grafts use a stratified scaffold
design that facilitates the development of both carti-
laginous and bony regions. The first generation of
stratified scaffolds consisted of two different scaffold
phases each representing the cartilage or bone regions,
joined together with either sutures or sealants.”*’!
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Schaefer ef al.”' seeded bovine articular chondrocytes
on polyglycolic acid (PGA) meshes and periosteal cells
on poly(lactic-co-glycolic acid) (PLGA)/polyethylene
glycol foams, and subsequently sutured the separate
constructs together at one or four weeks after seeding.
Shortly after, Sherwood ez al.” developed a continuous
stratified scaffold using the TheriForm™ three-
dimensional printing process. An osteochondral graft
with a transition region of varied porosity and compo-
sition between a cartilage region and a bone region was
formed. These pioneering studies of stratified osteo-
chondral grafts demonstrate the feasibility of engi-
neering multi-tissue formation on a multi-phased
scaffold. Potential challenges that these grafts face
include maintaining the stability of the cartilage and
bone regions, as well as the integration of the graft with
the host tissue. One area of special importance in
osteochondral graft design that has often been
understudied is the regeneration of the osteochondral
interface, which will be critical for graft integration and
for establishing long-term functionality.

The native osteochondral interface is comprised of a
thin layer of mineralized cartilage that bridges bone
and cartilage, with the tidemark demarcating the
hyaline articular cartilage from the calcified cartilage
region.'2%:2%4%:62.64 The tidemark and the calcified
cartilage layer collectively constitute the osteochondral
interface, which facilitates the pressurization and
physiological loading of articular cartilage while
functioning as a physical barrier for vascular invasion
from subchondral bone.'”***” Advancement of the
calcified region towards the articular surface is
observed with age,*****3*62 and has been associated
with osteoarthritis.!!"!>1461:63.65 According to Collins,
the absence of a stable calcified cartilage interface
between the cartilage proper and vascular bone, whe-
ther in a joint, an intervertebral disc or a rib, indicates
that the interface is temporary, unstable and often
pathological.'” Hunziker er al**3° elegantly demon-
strated that a physical barrier is essential for main-
taining the stability of the neo-cartilage formed post
repair and would prevent unwanted bony ingrowth.
Therefore, the next stage in osteochondral graft design
must take into consideration the regeneration of the
osteochondral interface or a calcified cartilage layer
between the cartilage and bone regions.

The ideal osteochondral graft for the treatment of
articular cartilage defects needs to match the
mechanical and functional properties of the native
tissue as well as accommodate structural requirements
such as size and surface contour under various load-
bearing conditions. In addition to supporting chon-
drogenesis, it needs to functionally integrate with the
host tissue including both surrounding cartilage and
subchondral bone. Our approach is to engineer a

multi-phased osteochondral graft by combining exist-
ing cartilage and bone grafts that have the ability to
meet all the mechanical and functional properties of
the native tissue while focusing on the formation of a
functional interface between the cartilage and bone
regions in vitro. The design of this graft encompasses a
stratified scaffold system comprised of three sections
intended for the formation of three distinct yet con-
tinuous tissue regions: cartilage, interface, and bone.
Specifically in this study, a multi-phased scaffold of
hydrogel and sintered microspheres of polymer—ceramic
composite has been formed (Fig. 1). The cartilage phase
of the osteochondral graft is based on the thermal
setting agarose hydrogel (G) that has been shown to
exhibit physiologically relevant mechanical proper-
ties,*> supporting the formation of functional cartilage-
like matrix in vitro'>'®%" and in vivo.’® Moreover,
agarose hydrogel have been used extensively in chon-
drocyte biology.'®® The bone region of the
scaffold consists of polylactide-co-glycolide (PLGA)
and 45S5 bioactive glass (BG) composite micro-
spheres (PLGA-BG) sintered together to form a 3-D

FIGURE 1. Multi-phased osteochondral scaffold. The strati-
fied scaffold consisted of pre-integrated hydrogel (G),
hydrogel + microsphere interface (I) and microsphere (M)
bone regions (ESEM, day 10, 500x). Note the spherical
chondrocytes (C) within the hydrogel, and agarose can be
seen to penetrate into the pores of the microsphere phase at
the interface region (). Elongated osteoblasts are observed in
the microspheres-only region (M).
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interconnected microsphere phase (M). This PLGA-BG
composite has been shown to be biodegradable and
osteointegrative, as it forms surface calcium phosphate
deposits in a simulated body fluid, and in the presence of
cells and serum proteins in vitro.'%**** In addition, the
PLGA-BG composite exhibits improved mechanical
properties and osteointegrative potential compared to
microsphere scaffolds of PLGA alone.*® The interface
region (I) of the stratified scaffold consists of a hybrid
phase of the agarose hydrogel and the sintered PLGA-
BG microspheres, designed to promote the formation of
a calcified cartilage region that is pre-integrated with the
aforementioned agarose-based cartilage and PLGA-
BG-based bone regions.

The objective of this study is to optimize the design
of this multi-phased osteochondral graft, focusing on
(1) the effects of chondrocyte density on matrix pro-
duction and on mechanical properties of the cartilage
region as well as (2) the effects of the BG phase of the
PLGA-BG composite on chondrocyte mineralization
potential and the formation of a calcified cartilage
region. Published reports have shown that higher chon-
drocyte density in tissue engineered agarose constructs
results in enhanced graft mechanical properties.’'>*
Moreover, the effects of bioactive and osteointegrative
ceramics such as BG on chondrocyte response are not
well understood, and it is hypothesized that PLGA-BG
will promote chondrocyte mineralization and thus
facilitate the formation of a calcified cartilage matrix
on the interface region of the stratified scaffold.

Another important consideration in designing a
tissue engineered osteochondral graft is the interaction
between the different cell types, such as chondrocytes
and osteoblasts.’® This is particularly relevant as
multiple tissue types and hence multiple cell types are
inherent in the osteochondral graft and their contri-
bution to osteochondral tissue formation and the sta-
bility of each tissue region have been mostly
understudied. These heterotypic cellular interactions
may play an important role in the formation of distinct
yet continuous tissue regions, initiating the events that
lead to regeneration of the osteochondral interface.
Therefore, the third objective of this study is to
establish co-culture of chondrocytes and osteoblasts on
the multi-phased osteochondral graft, with chondro-
cytes-only in the agarose layer, chondrocytes-only in
the agarose-PLGA-BG hybrid layer and osteoblasts-
only in the PLGA-BG layer. It is hypothesized that the
region-specific distribution of chondrocytes and oste-
oblasts on the stratified scaffold would lead to the
formation of three distinct yet continuous regions of
cartilage (G), calcified cartilage (I) and bone-like ma-
trix (M) in vitro. It is anticipated that successful
regeneration of an osteochondral graft with a calcified
cartilage interface will extend graft functionality and

ensure long-term clinical success. Moreover, the multi-
phasic scaffold design principles and co-culturing
methodologies tested in this study would lead to the
development of a new generation of integrative
osteochondral graft for the treatment of osteoarthritis.

MATERIAL AND METHODS

Cells and Cell Culture

Primary articular chondrocytes and osteoblasts
were used in this study. Specifically, articular chon-
drocytes were isolated aseptically from the carpomet-
acarpal joints of 1-4 weeks old calves through
enzymatic digestion following published methods.*®
Briefly, hyaline cartilage was excised from the exposed
articular joint surface and minced into small pieces.
Articular chondrocytes were subsequently obtained
following serial enzymatic digestions of the isolated
cartilage, first with 0.25% w/v protease (Calbiochem,
San Diego, CA) in serum-free Dulbecco’s Modified
Eagles Medium (DMEM, Cellgro-Mediatech, Hern-
don, VA) for one hour, followed by a 4-h digestion
with 0.05% w/v collagenase (Sigma-Aldrich, St. Louis,
MO) in DMEM. After digestion, the cell suspension
was filtered with a 30 gm mesh (Spectrum, Rancho
Dominguez, CA). The isolated chondrocytes were then
resuspended and maintained in fully supplemented
DMEM with 10% fetal bovine serum (Atlanta Bio-
logic, Atlanta, GA), 1% P/S (10,000 I.U. penicillin,
10,000 ug/mL streptomycin) and 1% non-essential
amino acid (all purchased from Cellgro-Mediatech).

Primary cultures of bovine osteoblast-like cells were
derived from explants of bone fragments taken from the
same joints as the cartilage, following published proto-
cols.® Briefly, bone fragments were excised from the
tibia using a bone cutter. The fragments were then
washed twice with phosphate buffer saline (PBS, Sigma-
Aldrich) and placed in a 150 mm? flask (BD, Franklin
Lakes, NJ) and cultured in fully supplemented DMEM.
After 1 week of culture, the bone fragments were
transferred to a new plate to obtain the second migration
osteoblast-like cells that were used for this study. All
cells were maintained in fully supplemented DMEM
under humidified conditions at 37 °C and 5% CO,.

Multi-Phased Osteochondral Scaffold Design

A multi-phased, osteochondral scaffold (Fig. 1)
consists of three distinct yet continuous regions mim-
icking the organization in the native osteochondral
interface: a chondrocyte-containing hydrogel phase
(G) for cartilage, an interface region (I) consisting of
chondrocytes embedded within a hybrid phase of gel
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and microspheres, and an osteoblast-only bone region
consisting of polymer—ceramic microspheres (M).

The gel-only region representing articular cartilage
was formed by encapsulating chondrocytes in sterile
2% agarose (Type VII, low gelling temperature, Sig-
ma-Aldrich) following previously published method.”!
The chondrocyte density in the hydrogel was
determined based on the results of the optimization
study described below. The microsphere-only bone
region was based on a 3-D scaffold of biodegradable
polymer or polymer—ceramic composite microspheres
formed by a water/oil/water emulsion method.*
Briefly, poly(DL-lactide-co-glycolide) 85:15 copolymer
(PLGA, M, ~ 123.6 kDa, Alkermes, Cambridge,
MA) was dissolved in dichloromethane (10% w/v, EM
Science, Gibbstown, NJ), then poured into a 1%
polyvinyl alcohol (Sigma-Aldrich) solution. To form
the polymer—ceramic composite (PLGA-BG) micro-
spheres, a 4:1 mixture of PLGA and 45S5 bioactive
glass particles (BG, 20 um, MO-SCI Corporation
Rolla, MD) was used.*® Both PLGA and PLGA-BG
microspheres were subsequently sintered above the
polymer glass transition temperature at 55 °C for 20 h
in a custom mold to form 3-D interconnected scaffolds
(97.5 x 18.5 mm).

The multi-phased scaffold with pre-integrated car-
tilage, interface and bone regions was fabricated using
a custom mold. The chondrocyte-agarose suspension
was first cast into the mold, and the microsphere
scaffold was then added to the chondrocyte-agarose
suspension prior to setting. After the agarose has set,
the cartilage and bone regions were connected by the
chondrocyte-laden interface region that consisted of
hydrogel within the interconnected pores of micro-
sphere scaffold. The multi-phased constructs were then
removed from the mold. Osteoblasts were subse-
quently seeded onto the microsphere-only region of the
construct at 200,000 cells/graft following previously
published methods*” and allowed to attach for 15 min
before media was added. Total scaffold diameter and
thickness were measured following fabrication. Indi-
vidual phase thickness (n = 15) was determined by
image analysis (ImageJ, version 1.34s, NIH), while
phase diameter (n = 5) was measured using a digital
caliper. All constructs were maintained in fully sup-
plemented DMEM with 50 ug/mL of ascorbic acid
(Sigma-Aldrich) at 5% CO, and 37 °C for the duration
of the experiment.

Optimizing Chondrocyte Seeding Density in the
Cartilage Region

Chondrocyte density in the cartilage region of
the osteochondral scaffold was first optimized by

evaluating the effect of cell seeding density on matrix
deposition and mechanical properties of the hydrogel
phase. Briefly, agarose hydrogel containing 10, 20 or
60 million chondrocytes/mL were formed as described
above and cultured in fully supplemented DMEM over
time. Glycosaminoglycan (GAG), collagen deposition
and mechanical properties of the hydrogel region were
determined at 10, 20 and 30 days.

Chondrocyte Response to PLGA-BG
in the Interface Region

As the chondrocytes at the interface regions will be
exposed to PLGA-BG composite, an experiment was
first performed to compare the response of chondro-
cytes on PLGA and PLGA-BG microspheres. Briefly,
PLGA or PLGA-BG microspheres were weighed into
48-well plates and sintered at 55 °C for 20 h. After
ethanol and UV sterilization, chondrocytes (2.0 x 10°
cells/sample) were seeded on the microspheres, and cell
proliferation, alkaline phosphatase activity (ALP) and
GAG deposition on the microsphere substrates were
examined at 1, 7, 14 and 21 days.

Effects of Co-Culture and Microsphere Composition
on the Interface and Bone Regions

The effects of co-culturing chondrocytes and oste-
oblasts on the multi-phased scaffold on the formation
of distinct yet continuous cartilage, interface and bone
regions were examined over time. Specifically, at days
1, 10 and 20, the constructs were collected and in
addition to cell viability and distribution, quantitative
and qualitative analysis of both collagen and GAG
production were performed to determine matrix
deposition in each region (cartilage, interface and
bone) of the osteochondral scaffold. Additionally,
compressive mechanical properties of the scaffolds
under unconfined compression were also measured at
1, 10 and 20 days.

The effects of microsphere composition on the
interface and bone regions on matrix deposition in
these two regions were examined over time. Osteo-
chondral scaffolds with bony regions containing either
PLGA or PLGA-BG microsphere scaffolds were
formed. Matrix (collagen, GAG) synthesis and distri-
bution were determined over time via qualitative and
quantitative assays, while mineral deposition in the
three scaffold regions was evaluated by histology,
micro-CT and Energy Dispersive X-ray Analysis
(EDAX). Sample ALP activity was also measured over
time. Mechanical properties of the constructs under
unconfined compression were also examined at 1, 10
and 20 days.
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Cell Morphology, Viability and Tracking
on the Multi-phased Osteochondral Scaffold

Cell morphology in each region of the multi-phased
osteochondral scaffold was examined using environ-
mental scanning electron microscopy (ESEM, 15 kV,
FEI, OR). Briefly, at specific time points, the samples
were first washed with PBS, then fixed in Karnovsky’s
fixative and washed again with PBS prior to imaging.
In addition, as chondrocytes and osteoblasts were
co-cultured on the osteochondral scaffold, in order to
visualize the respective localization and migration of
each cell type, osteoblasts were pre-labeled with the
CM-Dil cell membrane tracking dye (Invitrogen) fol-
lowing the manufacturer’s suggested protocol. At
designated time points, cell viability was determined
with Calcein AM (Invitrogen) using the manufac-
turer’s recommended protocol. The scaffold was then
halved and cross sections were visualized under a
confocal microscope (Olympus, Melville, NY) at
excitation wavelengths of 568 and 488 nm for CM-Dil
dye and Calcein AM, respectively.

Cell Proliferation

Total DNA content (n = 6) was quantified using
the PicoGreen® dsDNA (Invitrogen) assay following
the manufacturer’s suggested protocol. Briefly, at the
designated time points, the samples were collected,
washed with PBS, then homogenized and digested
overnight at 60 °C in 2% Papain (Sigma-Aldrich)
solution. After digestion, 25 uL of the digest was added
to 175 uL of PicoGreen® reagent working solution in a
96-well plate. Fluorescence of the samples was
measured with a microplate reader (Tecan, Research
Triangle Park, NC) with excitation and emission
wavelengths of 485 and 535 nm, respectively. The total
number of cells in the sample was determined by
converting the total DNA to cell number using the
conversion of factor of 7.7 pg DNA/cell.*!

Glycosaminoglycan (GAG) and Collagen Deposition

Glycosaminoglycan content (n = 6) was quantified
with Blyscan 1,9-dimethylmethylene blue (DMMB)
assay kit (Biocolor, UK) using the manufacturer’s
suggested protocol. Briefly, samples were homogenized
and digested in 2% Papain as described above. The
digest (100 uL) was then added to 1 mL of the Blyscan
assay dye agent and mixed for 1 h. The mixture was
then centrifuged for 20 min at 10,000g to isolate the
precipitated GAG-dye complex. After removing the
supernatant, the precipitate was re-suspended in 1 mL
of Blyscan dissociation solution and sample absor-
bance was measured at 620 nm using a microplate
reader (Tecan).

Total collagen content (n = 6) was determined by
colorimetric hydroxyproline quantification after mod-
ifying the method of Reddy er al.°® Briefly, samples
were homogenized and digested in 2% Papain and
10 uL. of the sample was mixed with 90 uLL of 10 N
NaOH, and subsequently hydrolyzed for 30 min at
120 °C. The hydrolyzed solution (50 uL) was then
added to 450 uL. of 56 mM of chloramines T (Sigma-
Aldrich) solution. The oxidation reaction was allowed
to proceed for 25 min at room temperature and 500 uL
of Ehrlich’s reagent was then added to the samples and
allowed to incubate for 20 min at 65 °C. Absorbance
was read at 550 nm with a microplate reader (Tecan).

Collagen and GAG distribution within each region
of the osteochondral scaffold were visualized via his-
tology (n = 2). Briefly, the samples were first washed
with PBS and fixed in neutral formalin for 30 min, and
then embedded in PMMA. Sample sections (10 uM)
were used for standard histological analysis. Hema-
toxylin and eosin was used to visualized cell distribu-
tion and morphology, collagen and GAG deposition
was visualized using Picrosirius Red and Alcian Blue
stain respectively.*®

Alkaline Phosphatase (ALP) Activity and Mineral
Distribution

Cell ALP activity (n = 6) was quantified using an
enzymatic assay based on the hydrolysis of p-nitro-
phenyl phosphate (pNP-PO4) to p-nitrophenol
(pNP).?*! Briefly, the samples were lysed in 0.1% Triton
X solution, then added to pNP-PO, solution (Sigma-
Aldrich) and allowed to react for 30 min at 37 °C. The
reaction was terminated with 0.1 N NaOH (Sigma-
Aldrich). To examine mineral distribution within each
region of the osteochondral scaffold, the samples were
first washed with PBS and then fixed in neutral for-
malin. The specimens were then imaged using a micro-
CT (uCT) scanning system (vivaCT 40, SCANCO
Medical AG, Switzerland), with the central gage length
of 15 mm using an isotropic, nominal resolution of
21 um. The samples were also stained with Alizarin
Red S in order to evaluate mineral deposition within
each scaffold region.

Mechanical Property

Equilibrium Young’s modulus (n = 6) of the tissue
engineered osteochondral graft was determined fol-
lowing the methods of Mauck er al.’' Briefly, samples
were subjected to unconfined compression between
impermeable platens in a custom mechanical testing
device. Constructs were first equilibrated in creep
under a tare load of 0.02 N, followed by stress relax-
ation tests with a ramp displacement of 1 um/s to 10%
strain (based on the post creep thickness of the gel-only
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region). The equilibrium Young’s modulus was deter-
mined from the equilibrium response (2000 s) of the
stress-relaxation test.

Statistical Analysis

Results are presented in the form of mean =+ stan-
dard deviation, with n equal to the number of samples
analyzed. A two-way analysis of variance (ANOVA)
was performed to determine the effects of time, cell
seeding density and microsphere composition on total
cell number, matrix deposition, ALP activity and
mechanical properties. The Tukey—Kramer post-hoc
test was used for all pair-wise comparisons, and sig-
nificance was attained at p < 0.05. All statistical anal-
yses were performed using the JMP software (SAS,
Cary, NO).

RESULTS

Chondrocyte-Osteoblast Co-Culture
on the Multi-phased Osteochondral Graft

As shown in Fig. 1, a multi-phased osteochondral
graft with a hydrogel region (G) for cartilage forma-
tion, a hydrogel + microsphere interface region (I) for
osteochondral interface formation, and a microsphere
region (M) for bone formation has been formed. Both
gross examination and ESEM imaging revealed that
the construct regions were continuous and well inte-
grated with each other. The agarose gel layer pene-
trated well into the pores of the microsphere scaffolds
to form the interface region and construct integrity was
maintained over time (Fig. 1). The scaffold phases
including the pre-designed interface region remained

HMA0UY Bhangpel (1)

stable and unchanged in dimension throughout the
study.

In terms of cell morphology, it was observed that
within the hydrogel layer, the chondrocytes assumed a
characteristic spherical morphology, while both
spherical and elongated chondrocytes were seen in the
interface region, and finally, well spread and elongated
osteoblast-like cells were observed in the bone region.
These observations were confirmed by cell viability
analysis (Fig. 2i). Both chondrocytes and osteoblasts
remained viable in the construct for the duration of the
culturing period.

Moreover, cell tracking results (Fig. 2ii) revealed
that only chondrocytes were found in the hydrogel-
based cartilage layer and osteoblasts were only
observed in the microsphere-based bone region.
Interestingly, while the hybrid hydrogel + micro-
sphere interface region was dominated by chondro-
cytes (Fig. 2ii), chondrocytes at or near the surface of
the hydrogel did attach onto the microspheres in the
interface region. These observations were confirmed as
the elongated cells observed at the interface region,
unlike osteoblasts, did not stain positively for the
CM-Dil cell tracking dye (Fig. 2ii).

Optimizing Chondrocyte Seeding Density
in the Cartilage Region

Total DNA was determined in this study, with the
highest DNA content consistently found in the 60
million/mL group at all time points examined (Fig. 31).
Over time, a moderate decrease in DNA content was
evident in all hydrogel groups. As shown in Fig. 3,
by increasing chondrocyte density in the hydrogel, a
significant increase in total collagen content was

FIGURE 2. Cell viability and chondrocyte-osteoblast co-culture: (i) viability stain of the osteochondral graft confirms cell viability
and reveals region-specific cell morphology (10x, day 10); (ii) chondrocytes (green) and osteoblasts (green) at the interface region

(Calcein stain overlay CM-Dil dye, 5%, day 10).
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observed over 30 days of culture (Figs. 3ii and 3v).
When collagen deposition was normalized with total
DNA, the 20 million/mL and 60 million/mL groups
measured a comparable level of collagen content at all
time points examined (Fig. 3ii). The highest total col-
lagen deposition was found in the 60 million/mL group
at day 30, with significant differences detected between
the 60 million/mL and the 10 or 20 million/mL groups
at all time points tested (p < 0.05, Fig. 3v).

Similarly, total GAG content was the highest in the
60 million/mL group, with significant differences
detected between the 60 and 10 million/mL groups at
all three time points tested (p < 0.05, Fig. 3vi). When
GAG content was normalized with DNA content, the
20 million/mL group showed the highest GAG depo-
sition/cell by day 30 (Fig. 3iii). In terms of mechanical
properties, while no difference in Young’s modulus
was found between the three seeding densities at 10 or
20 days, a significantly higher modulus was detected in
the 20 million/mL group compared to 10 million/mL
group at day 30 (p < 0.05, Fig. 3iv), with no significant
difference seen between the 20 and 60 million/mL
groups at the same time point. Due to the significant
increase in total matrix deposition, all subsequent
studies were performed using the 60 million/mL seed-
ing density in the cartilage region.

Chondrocyte Response to PLGA-BG
in the Interface Region

The response of chondrocytes on PLGA-BG
microspheres was compared to those of PLGA. It was
observed that the ALP activity of chondrocytes peaked
at day 7, and increased significantly when cultured on
PLGA-BG scaffolds (p < 0.05, Fig. 4i), while only a
basal level of enzyme activity was observed on PLGA
scaffolds without BG. Moreover, chondrocyte GAG
production was also significantly higher on PLGA-BG
when compared to PLGA microspheres, with signifi-
cant differences detected at day 14, 21 and 28
(» < 0.05, Fig. 4ii).

Characterization of Matrix Deposition
and Mechanical Properties

Matrix synthesis and distribution on the multi-
phased osteochondral graft co-culture model was
determined over time. Total collagen content increased
over time on the osteochondral scaffold (p < 0.05,
Fig. 51), and based on histological assessment, collagen
distribution was relatively uniform on all three regions
(G, I, M) of the scaffold (Fig. 5ii). Similarly, GAG
content also increased significantly over time on the
osteochondral graft (p < 0.05, Fig. 61), however, his-
tological staining revealed that GAG deposition was
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FIGURE 4. Effects of microsphere composition on chon-
drocyte response. (i) ALP activity of chondrocytes peaked at
day 7 and increased on PLGA-BG over PLGA control
(* p<0.05). (ii) Glycosaminoglycan (GAG) production also
increased significantly on PLGA-BG over PLGA control
(* p<0.05).

limited to the cartilage (G) and interface (I) layers,
with no positive staining observed in the bone (M)
region (Fig. 6ii).

Equilibrium modulus of the construct increased
significantly with culturing time (p < 0.05, Fig. 7i).
Specifically, the scaffold Young’s modulus averaged
20 kPa at day 20, and due to the testing configuration
(10% strain) utilized, it represents largely the modulus
of only the hydrogel region. This observation was
confirmed with the modulus of the gel-only region after
the three scaffold regions were separated.

Effects of Composition on the Interface and Bone
Regions (PLGA vs. PLGA-BG)

The effects of microsphere composition on the multi-
phased osteochondral graft were determined. There
were no significant differences in either collagen (Fig. 5)
or GAG (Fig. 6) deposition or distribution between the
osteochondral grafts made with PLGA or PLGA-BG
microspheres. The equilibrium moduli of the two scaf-
folds were also comparable (Fig. 7), with no significant
difference found at all culturing times examined.
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FIGURE 5. Collagen deposition in stratified osteochondral scaffold. (i) Total collagen deposition increased with time with no
significant difference found between PLGA and PLGA-BG groups. (ii) Collagen (Co) deposition was evident throughout the
scaffold phases (Picrosirius Red, Day 10; 20x).
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FIGURE 6. Proteoglycan deposition in stratified osteochondral scaffold. (i) Total GAG deposition increased over time with no
significant difference observed between PLGA and PLGA-BG groups. (ii) a GAG-rich matrix was evident in the gel-only region and
the interface region with the hydrogel penetrating into the pores of the microsphere scaffold (Alcian Blue stain, Day 10; 20x).
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FIGURE 7. Mechanical property. (i) Equilibrium Young’s modulus of the construct increased with time, doubling about every
10 days and reached up to ~25 kPa at day 20. No difference was found between the PLGA and PLGA-BG groups. (ii) Mechanical
testing apparatus.
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FIGURE 8. Mineral distribution in Stratified osteochondral scaffold. A mineralized matrix was only detected in the PLGA-BG
group, localized at the interface and bone regions of the osteochondral graft: (i) Alizarin Red S (Day 10. 20x), (ii) micro-CT (bright
white area positive for mineral) and (iii) energy dispersive X-ray analysis (EDAX), note the distinct Ca, P and S peaks.

Evaluation of mineral deposition revealed that cal-
cification was not observed as no mineralization was
seen in grafts fabricated with PLGA microspheres
(data not shown). In contrast, both Alizarin Red
staining (Fig. 8i) and micro-CT analysis (Fig. 8ii)
revealed that a mineralized matrix was present in the
osteochondral scaffolds with interface and bone
regions consisting of PLGA-BG microspheres. As
shown in Fig. 8i, a calcified matrix was evident within
the microsphere (M) region as well as at the interface
(D) in constructs formed with PLGA-BG. This obser-
vation was confirmed with EDAX analysis (Fig. 8iii)
that revealed the presence of Ca, P peaks associated
with mineral presence, as well as a strong sulfur peak
that is commonly associated with protein deposition.

DISCUSSION

This study focuses on the design and optimization
of a novel tissue engineered osteochondral graft for
integrative cartilage repair. Specifically, a multi-phased
scaffold with PLGA-BG composite microspheres and
hydrogel was developed, and it supported the simul-
taneous co-culture of chondrocytes and osteoblasts
that led to the formation of three distinct yet contin-
uous regions of cartilage, calcified cartilage and bone-
like matrices. It was found that higher chondrocyte
density in the hydrogel region enhanced extracellular
matrix deposition and mechanical properties of the
graft over time, with 60 million cells/mL being the
most optimal density tested in the hydrogel region. At
the interface region, the hydrogel + PLGA-BG com-
posite supported chondrocyte growth and phenotype,
with the PLGA-BG phase enhancing both proteogly-
cans deposition and the mineralization potential of
chondrocytes, as evident in the significant ALP activity
measured when compared to PLGA alone. Conse-
quently, the presence of BG in the graft promoted
Ca-P deposition in the interface and bone regions of

the graft. It is important to note that the stability of the
stratified scaffold was sustained in vitro, with no
delamination observed between the scaffold regions,
that continuity was maintained between scaffold pha-
ses and that spatial control over cell distribution was
evident in the cell-tracking studies.

The stratified osteochondral graft based on PLGA-
BG composite microspheres and hydrogel consisted of
a gel-only region for chondrogenesis (G), a micro-
sphere-only region for osteogenesis (M), and a com-
bined region of gel and microspheres for the
development of an osteochondral interface (I). It was
observed that the chondrocyte-laden agarose hydrogel
phase of the graft promoted the formation of the
proteoglycan-rich matrix. It is well established that
chondrocytes embedded in agarose maintain their
phenotype and develop a functional cartilage-like
extracellular matrix in free-swelling culture.”'>1¢-31:52
The chondrocyte-seeded interface region with hydrogel
and PLGA-BG microspheres supported the formation
of a mineralized matrix within the proteoglycans- and
collagen-rich matrix. The microsphere-only phase of
the graft intended for bone regeneration supported the
growth and collagen deposition by osteoblasts.

It is observed here that the incorporation of BG in
the PLGA microspheres facilitated mineral formation
at both the interface and bone regions compared to
PLGA alone. Moreover, the PLGA-BG composite
microsphere induced an increase in ALP activity of
chondrocytes which suggests that it could facilitate
cell-mediated production of a mineralized cartilage
matrix at the interface region. Previous studies have
also found the PLGA-BG composite to be biocom-
patible, osteoconductive, and osteointegrative.*® This
is not surprising as BG is considered to be the most
bone-bioactive or osteointegrative material known to
date.*' Published studies evaluating BG as a bone graft
showed improved implant to host integration compare
to calcium phosphate-based ceramic materials such as
hydroxyapatite or tri-calcium phosphate.’’** The
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findings of this study demonstrate that the stratified
scaffold design coupled with spatial control of osteo-
blast-chondrocyte interactions promoted the develop-
ment of controlled biomimetic heterogeneity on the
graft.

In this study, the calcified interface region was pre-
incorporated into graft design by the inclusion of a
mineralized scaffold phase (PLGA-BG) infused with
chondrocyte-laden agarose hydrogel. Although a cal-
cified matrix was observed at the interface region of
our graft, at this time it is not possible to distinguish
cell-mediated mineralization from that of the inherent
transformation of the BG surface into calcium phos-
phate. It is however encouraging that chondrocytes
seeded directly on PLGA-BG microsphere exhibited
significantly higher ALP activity. In addition, while
this study did not determine the expression of hyper-
trophic markers, Khanarian et al. reported the upreg-
ulation of type X collagen by chondrocytes when
cultured in agarose hydrogel with BG particles.*
Future studies will investigate the development of
chondrocyte hypertrophy at the interface region of the
stratified scaffold.

The formation of a calcified cartilage-like zone has
also been investigated by other groups, where deep
zone chondrocytes were directly seeded on a calcium
polyphosphate scaffold.” As the cartilaginous tissue
forms, the chondrocytes infiltrated into the superficial
region of the calcium polyphosphate scaffold, resulting
in three distinct regions—cartilage, mineralized carti-
lage, and a GAG-rich layer directly above the bone
scaffold. The presence of this cell-mediated mineralized
cartilage layer has been shown to increase both the
compressive mechanical properties of the tissue engi-
neered cartilage, as well as the interfacial shear
strength of the graft.® More recently, using both col-
lagen-glycosaminoglycan-based scaffolds, Harley et al.
reported on the design of an osteochondral scaffold
with cartilage and bone regions as well as a continuous
osteochondral interface-like region in between these
two phases.”” While the potential of this collagen-
GAG scaffold system for simultaneous cartilage,
interface or bone tissue formation remains to be tested
in vitro and in vivo, it is apparent that stratified design
with pre-integrated cartilage-interface-bone regions is
a promising approach to functional and integrative
cartilage repair.

It was observed here that the osteochondral graft
supported the simultaneous growth of chondrocytes
and osteoblasts, while maintaining an integrated and
continuous structure throughout the study. In addi-
tion, chondrocytes in the cartilage region produced a
proteoglycan-rich matrix while osteoblasts in the bone
region produced a mineralized collagen-rich matrix.
These findings are consistent with our published study

where osteoblasts and chondrocytes were co-cultured
in a monolayer-over-micromass model.*® During
co-culture, both chondrocytes and osteoblasts main-
tained their respective phenotype, where chondrocytes
continued to produce proteoglycans and type II col-
lagen while osteoblasts produced type I collagen and
maintained ALP activity.

To optimize our design, this study also examined the
effects of chondrocyte density on matrix deposition
and mechanical properties. As expected, an increase in
chondrocyte density corresponded to elevated extra-
cellular matrix deposition and increased mechanical
properties of the graft under free-swelling conditions.
These findings are consistent with previously published
reports evaluating the response of chondrocytes
embedded in hydrogel. We observed a decrease in cell
number in all of our constructs with the highest
decrease seen in 60 million chondrocyte/mL group.
This is also consistent with other published results”’
where chondrocytes embedded in agarose usually do
not proliferate due to spatial constraint and usually
exhibit some cell death due to altered nutrient trans-
port to the center of the construct. Constructs seeded
with 60 million/mL measured significantly higher
young’s modulus, proteoglycan and collagen deposi-
tion after four weeks of culture.’® Therefore, the
osteochondral grafts tested in this study were seeded
with 60 million/mL, and both collagen and GAG
content within the graft as well as the mechanical
properties of the cartilage phase increased with cul-
turing time. To further optimize our graft system,
future studies will evaluate the effect of osteoblast
seeding density on matrix deposition during co-culture.

The primary rationale for encapsulating chondro-
cytes in agarose for the cartilage region over other
methods such as seeding chondrocytes directly onto a
bone graft>®® is due to the improved mechanical
strength that can be achieved. Nonetheless, the highest
modulus achieved in this study was about 20 kPa,
which is still considerably lower compared to native
cartilage.”>*>* It has been reported that combination
of dynamic loading and growth factor stimulation can
produce agarose-based tissue engineered cartilage graft
with comparable mechanical properties as those of
native cartilage.*> Therefore, future studies will focus
on utilizing biochemical factors and mechanical stimuli
to improve graft mechanical properties. Additional
planned studies include optimizing the multi-phased
scaffold to develop osteochondral grafts with a physi-
ologically relevant interface, by investigating in detail
the effect of BG on chondrocyte-mediated minerali-
zation and hypertrophy. In addition, while higher
GAG deposition was observed when chondrocytes
were seeded directly on PLGA-BG microspheres, no
apparent difference in GAG was evident histologically
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between the interface and gel-only regions of the scaf-
fold, likely due to the fact that at the interface region,
the chondrocytes were encapsulated in the hydrogel
instead of being directly exposed to PLGA-BG.
Therefore, to improve chondrocyte interaction with
PLGA-BG, agarose may be added to the hydrogel to
promote degradation of agarose matrix” in conjunc-
tion with increasing hydrogel porosity. Moreover,
although the strength of the interface region was not in
this current study, we plan to perform shear tests to
better define integration and characterize the mechan-
ical properties of the interface in future studies.’

CONCLUSIONS

This study demonstrated the successful development
of an osteochondral graft in vitro with biomimetic
multi-tissue regions, including a pre-designed and pre-
integrated interface region. The scaffold was optimized
for both cell density and microsphere composition.
Controlled chondrocyte and osteoblast culture on each
scaffold region resulted in the formation of three dis-
tinct yet continuous regions of cartilage, calcified car-
tilage and bone-like matrices. Future studies will focus
on further optimization of the functional properties of
the stratified osteochondral scaffold and in vivo eval-
vations. It is emphasized that the interface tissue
engineering strategies delineated here are applicable to
the regeneration of other soft tissue-to-bone interfaces,
and are anticipated to have a significant impact on
integrative soft tissue repair.
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