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Abstract: The osteochondral interface functions as a structural

barrier between cartilage and bone, maintaining tissue integrity

postinjury and during homeostasis. Regeneration of this calcified

cartilage region is thus essential for integrative cartilage healing,

and hydrogel-ceramic composite scaffolds have been explored for

calcified cartilage formation. The objective of this study is to test

the hypothesis that Ca/P ratio of the ceramic phase of the compos-

ite scaffold regulates chondrocyte biosynthesis and mineralization

potential. Specifically, the response of deep zone chondrocytes to

two bioactive ceramics with different calcium–phosphorus ratios

(1.35 6 0.01 and 1.416 0.02) was evaluated in agarose hydrogel

scaffolds over two weeks in vitro. It was observed that the ceramic

with higher calcium–phosphorus ratio enhanced chondrocyte pro-

liferation, glycosaminoglycan production, and induced an early

onset of alkaline phosphorus activity, while the ceramic with lower

calcium–phosphorus ratio performed similarly to the ceramic-free

control. These results underscore the importance of ceramic bio-

activity in directing chondrocyte response, and demonstrate that

Ca/P ratio is a key parameter to be considered in osteochondral

scaffold design. VC 2017 Wiley Periodicals, Inc. J Biomed Mater Res Part

A: 105A: 2694–2702, 2017.
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INTRODUCTION

Osteoarthritis is characterized by articular cartilage degenera-
tion which causes severe pain and leads to loss of joint
motion. This debilitating condition currently affects over 27
million Americans,1 with an estimated societal cost of approx-
imately $100 billion.2 Since cartilage has a limited capacity
for self-repair,3 surgical intervention such as microfracture,
mosaicplasty, or autologous chondrocyte implantation is
required to treat this condition. The long-term clinical success
of these techniques is hindered by donor-site morbidity, poor
graft integration, and the formation of fibrocartilaginous
tissue, which is nonphysiologic and mechanically inferior to
hyaline cartilage.4–7

To overcome these limitations, tissue engineered osteo-
chondral grafts have been investigated as promising alterna-
tives for cartilage repair.8–18 One of the challenges in this
approach is maintaining a stable barrier between the cartilage
and bone during the healing process. The presence of a physi-
cal barrier has been shown to prevent unwanted vascular

invasion from subchondral bone during cartilage healing,19

and it is also needed to ensure long-term cartilage integrity
and homeostasis. The native osteochondral interface consists
of a mineralized cartilage matrix containing collagen II, pro-
teoglycans, and calcium phosphate.20,21 Its functions include
anchoring articular cartilage to the subchondral bone and
enabling effective force transfer from cartilage to bone.22,23

The calcified cartilage layer is critical to maintain cartilage
integrity because it acts as a physical barrier that prevents
vascular invasion from the underlying bone. The physical bar-
rier is reported to be essential during full-thickness lesion
healing because, in the absence of a structural barrier, the car-
tilage is compromised by osseous upgrowth.19 Regeneration
of this calcified interface is therefore essential for integrative
and stable cartilage repair.

Current osteochondral interface tissue engineering efforts
began with cell-based approaches,24 followed by more recent
reports of scaffold-based approaches, such as an agarose-
hydroxyapatite (HA) composite scaffold for calcified cartilage
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formation.25,26 Agarose exhibits a fast gelation time, allowing
for homogenous distribution of mineral and cells within the
constructs. Furthermore, higher mechanical properties were
measured for deep zone chondrocyte-seeded agarose hydro-
gels than those of other hydrogels, such as alginate.26

However, triiodothyronine (T3), in combination with HA, was
necessary to promote matrix elaboration by chondrocytes in
agarose-HA constructs.26 While T3 is naturally occurring, hor-
mone stimulation is an additional step that increases cost and
complexity of care which is not ideal for clinical translation.
As an alternative to T3, it is hypothesized here that the cal-
cium phosphate composition can be optimized to promote
matrix elaboration in a hormone-free environment. While the
effect of calcium–phosphorus ratio on chondrocyte response
has not been extensively investigated, published studies
have reported that changes in the calcium–phosphorus ratio
of ceramics can modulate the adhesion, proliferation, and
matrix deposition of a variety of cells including osteoblasts,
fibroblasts, and mesenchymal stem cells.27–30

Inspired by these findings, the objective of this study is to
test the hypothesis that changes in ceramic composition, as
reflected in its calcium–phosphorus ratio, will regulate deep
zone chondrocyte response in a hydrogel-ceramic composite
scaffold. Since the mineral of the native calcified cartilage has
been reported to be a poorly crystalline, carbonated hydroxy-
apatite,20 this study will form the interface scaffolds using
two poorly crystalline hydroxyapatite particles with differing
calcium–phosphorus ratios. The response of deep zone chon-
drocytes will be tested, as their ability to form mineralized
cartilage has been demonstrated previously.24,31 It is hypothe-
sized that the calcium–phosphorus ratio of bioactive ceramics
(Ca/P< 1.67) can be tuned to increase the amount of glycos-
aminoglycan (GAG)- and collagen-rich matrix produced by
this interface-relevant cell population within agarose scaf-
folds, independent of T3 stimulation. The findings of this
study will provide new insights regarding cell–ceramic inter-
actions and guide scaffold design for osteochondral interface
tissue engineering.

MATERIALS AND METHODS

Cells and cell culture
Primary deep zone chondrocytes were isolated and pooled
from the femoral articular cartilage of five immature calf
knees (Green Village Packing, Green Village, NJ) following
published protocols.32 Briefly, the deep zone, defined as the
bottom third of the cartilage, was separated and the calcified
cartilage was removed with a scalpel. The cartilage was then
minced and digested with collagenase type 2 (310 u/mg,
Worthington, Lakewood, NJ) for 16 hours in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS, Atlanta Biologicals, Atlanta, GA), 2%
antibiotics (10,000 U/mL penicillin, 10 mg/mL streptomycin),
and 0.2% antifungal (amphotericin B). The deep zone
chondrocyte suspension was filtered before plating to remove
digested extracellular matrix (30 mm, Spectrum, Rancho
Dominguez, CA). The isolated cells were maintained in high-
density culture in fully supplemented DMEM with 10% FBS,
1% nonessential amino acids, 1% penicillin-streptomycin,

0.1% gentamicin sulfate, and 0.1% antifungal for 72 hours
prior to seeding in the hydrogel.25 All media supplements
were purchased from Cellgro-Mediatech unless otherwise
specified.

Ceramic characterization
Calcium-deficient apatite (CDA) ceramic particles were pur-
chased from Sigma-Aldrich (St. Louis, MO) and their calcium
and phosphorus content (n5 6), crystal structure (n52),
and chemical composition (n5 2) were determined. Particle
morphology (n52) and size (n520) was assessed using
brightfield microscopy (20x, Zeiss, Axiovert 25, Oberkochen,
Germany) and scanning electron microscopy (SEM, 1000x,
Hitachi S-4700, Pleasanton, CA). For SEM, particles were
sputter-coated with gold for 20 seconds (Cressington 108
Auto, Watford, UK) and imaged at 5 kV. Ceramic calcium
and phosphorus content (n5 6) was determined using
inductively coupled plasma analysis (ICP, Thermo Jarrell
Ash, Trace Scan Advantage, Franklin, MA).33 Briefly, 10 mg
of ceramic was dissolved in several drops of 17% HCl and
brought to 100 mL with double distilled water. The result-
ing solution was pumped through argon plasma excited by a
radiofrequency generator (2 kW/27.12 MHz). The concen-
tration of the element of interest was determined using its
characteristic wavelength (Ca, 317.9 Å; P, 213.6 Å).33 The
crystal structure of the ceramics was evaluated with X-ray
diffraction (XRD, X-ray Diffractometer, Inel, Artenay, France),
whereby the samples were scanned over a range of 0–1208,
with a step size of 0.0298. Ceramic chemistry was further
examined using Fourier transform infrared spectroscopy
(FTIR, FTS 3000MX Excalibur Series, Digilab, Randolph,
MA), wherein dehydrated samples were mixed with
potassium bromide and scanned in absorbance mode (400
scans, 4 cm21 resolution). Peaks of interest included
phosphorus bending peaks (961, 1030–1080, 566–
628 cm21), as well as hydroxyl (3568 cm21) and carbonate
peaks (1415–1647, 870 cm21).

Scaffold fabrication, characterization, and culture
Deep zone chondrocytes were encapsulated at a density of 10
million cells/mL in 2% low-gelling agarose (Agarose Type VII,
Sigma), and a biopsy punch (Sklar Instruments, West Chester,
PA) was used to core cylindrical scaffolds (Ø55 mm,
height52.4 mm).26 Acellular and cellular agarose scaffolds
with 1.5 w/v% ceramic (Sigma), added at the time of gelation,
and corresponding controls without ceramic were fabricated.
For cellular-ceramic scaffolds, the ceramic was added to the
cell suspension before mixing with concentrated agarose.

Gross morphology of acellular scaffolds was assessed with
a stereoscope (Olympus SZ61, Center Valley, PA) in both top
and cross-sectional views. Ceramic distribution (n52) was
visualized by environmental scanning electron microscopy
(ESEM, 15 kV, JEOL 5600LV, Tokyo, Japan). Scaffold water con-
tent (wet weight-dry weight/wet weight, n53) was calculated
following desiccation for 24 hours (CentriVap Concentrator,
Labconco, Kansas City, MO). Elemental composition (n5 2) of
the scaffolds was ascertained by energy dispersive X-ray
analysis (EDAX, 15 kV, FEI Quanta 600, FEI, Hillsboro, OR). The
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crystallinity of the hydrogel-ceramic composites was confirmed
by X-ray diffraction of the dehydrated scaffolds. Scaffold
mechanical properties (n53) were determined on a shear-
strain controlled rheometer (TA instruments, New Castle, DE)
following published protocols.26 Briefly, each sample was
placed between two flat porous platens and immersed in PBS
to prevent dehydration. First, the equilibrium compressive
Young’s modulus (Eeq) was calculated at 15% compressive
strain. Secondly, a dynamic shear test was performed (0.01–10
Hz) with a logarithmic frequency sweep at a shear strain ampli-
tude of 0.01 radian. Both the magnitude of the complex shear
modulus and phase shift angle between the applied strain and
the resulting torque were determined at 1 Hz.

To assess cell response, all samples were cultured under
humidified conditions at 378C and 5% CO2, and maintained
in ITS medium composed of DMEM supplemented with 1%
ITS1 Premix (BD Biosciences, San Jose, CA), 1% penicillin-
streptomycin, 0.1% gentamicin sulfate, 0.1% antifungal, and
40 mg/mL L-proline (Sigma). The medium was changed
every other day and freshly supplemented with 50 mg/mL
ascorbic acid (Sigma). The responses of deep zone chondro-
cytes in CDA-1, CDA-2, and ceramic-free scaffolds were
compared over a two-week culture period. Specifically, cell
viability, growth, collagen and glycosaminoglycan (GAG)
deposition, mineralization, and hypertrophy were compared
between groups as well as over time.

Cell proliferation and viability
Cell viability (n5 2) was visualized using Live/Dead staining
(Molecular Probes, Eugene, OR), following the manufacturer’s
suggested protocol. After rinsing with phosphate buffered
saline (PBS), samples were imaged at excitation and emission
wavelengths of 488 and 568 nm, respectively (Zeiss, Axiovert
25). Cell proliferation (n5 5) was determined using the
Quanti-iTTM PicoGreenVR dsDNA assay kit (Molecular Probes,
Eugene, OR) following sample digestion. Briefly, the sample
was rinsed with PBS and exposed to a freeze–thaw cycle in
500 lL of 0.1% Triton-X solution (Sigma) in order to lyse the
cells. After desiccation for 12 hours in a CentriVap Concentra-
tor (Labconco), the samples were digested for 18 hours at
658C with papain (8.3 activity units/mL) in 0.5 mL of diges-
tion buffer (0.1M sodium acetate (Sigma), 10 mM cysteine HCl
(Sigma), and 50 mM ethylenediaminetetraacetate (Sigma)).
For DNA content, a 25 lL aliquot of the sample was
mixed with 175 lL of the PicoGreenVR working solution and
fluorescence was measured with a microplate reader (Tecan,
Research Triangle Park, NC), at excitation and emission wave-
lengths of 485 and 535 nm, respectively. The conversion fac-
tor of 7.7 pg DNA/cell was used to determine cell number.34

Matrix deposition
Total collagen content (n55) was quantified using a modi-
fied hydroxyproline assay35 with bovine collagen I solution
(Biocolor, Carrickfergus, UK) as the standard. Briefly, a 40
lL aliquot of sample digest was mixed with 10 lL of 10N
sodium hydroxide and heated to 2508C for 25 min in order
to hydrolyze the collagen. The hydrolyzate was then
oxidized at room temperature for 25 min with 450 lL of

buffered Chloramine T reagent, prior to the addition of Ehr-
lich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1
isopropanol/percholoric acid). Absorbance was measured at
555 nm with a microplate reader (Tecan). All matrix values
were normalized by sample wet weight in order to account
for any differences in sample size. Additionally, collagen dis-
tribution (n5 2) was evaluated via histology. Briefly, the
samples were first fixed in neutral buffered formalin with
1% cetylpyridinium chloride (Sigma) for 24 hours, followed
by dehydration with an ethanol series. The dehydrated sam-
ples were embedded in paraffin (Paraplast X-tra Tissue
Embedding Medium, Fisher Scientific, Waltham, MA) and 7
lm sections were obtained from the center of the scaffold.
Paraffin was cleared with xylenes, the samples were rehy-
drated, stained with picrosirius red solution for 1 hour, and
exposed to 0.1N hydrochloric acid for 2 min (n52). In
addition, collagens I and II deposition were assessed using
immunohistochemistry (n5 2).26 Specifically, monoclonal
antibodies for collagen I (1:100 dilution) and collagen II
(1:100 dilution) were purchased from Abcam (Cambridge,
MA). After fixation, samples were treated with 1% hyaluron-
idase for 30 min at 378C and incubated with primary
antibody overnight. Cell nuclei were stained with 4’,6-
diamidino-2-phenylindole (Sigma). A FITC-conjugated sec-
ondary antibody (1:200 dilution, LSAB2 Abcam) was used
and samples were imaged under confocal microscopy
(Olympus Fluoview IX70, Center Valley, PA) at excitation
and emission wavelengths of 488 and 568 nm, respectively.

Sample GAG content (n5 5) was determined with a modi-
fied 1,9-dimethylmethylene blue (DMB) binding assay,36–38

with chondrotin-6-sulfate (Sigma) as the standard. The
absorbance difference between 540 and 595 nm was used to
improve the sensitivity in signal detection. In addition, proteo-
glycan distribution was visualized via Alcian blue staining
(n5 2). Deparaffinized sections were exposed to 3% acetic
acid for 3 min, stained with Alcian blue for 45 min, and rinsed
twice with acid-alcohol (pH5 1) for 1 min.39

Mineralization and calcified cartilage-related markers
Alkaline phosphatase (ALP) activity (n5 5) was measured
using a colorimetric assay based on the hydrolysis of
p-nitrophenyl phosphate (pNP-PO4) to p-nitrophenol
(pNP).40 Briefly, the samples were lysed in 0.1% TritonTM X
solution, exposed to a freeze–thaw cycle, and crushed with
a mortar. A 25 lL aliquot was added to pNP-PO4 solution
(Sigma) and incubated for 10 min at 378C. Absorbance was
measured at 405 nm using a microplate reader (Tecan). In
addition, calcium distribution (n52) was evaluated as an
indicator of overall mineral distribution.41 Briefly, depariffi-
nized histology sections were stained with alizarin red for 1
hour, rinsed with tap water, and differentiated in 0.01N HCl
in 70% ethanol for 2 min. Media calcium concentration
(n5 5) was quantified using the Arsenazo III dye (Pointe
Scientific, Lincoln Park, MI), with absorbance measured at
620 nm with a microplate reader.42

The expression (n5 3) of collagen X, matrix
metalloproteinase-13 (MMP-13), Indian Hedgehog (Ihh),
Runt-related transcription factor 2 (Runx 2), and parathyroid
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hormone-related protein (PTHrP) were measured at day 7
using reverse transcription followed by polymerase chain reac-
tion (RT-PCR), with custom-designed primers (Table I). Briefly,
total RNA was isolated via TRIzol (Invitrogen, Carlsbad, CA)
extraction, then reverse-transcribed into cDNA using the
SuperScript III First-Strand Synthesis System (Invitrogen).
The cDNA product was amplified with recombinant Platinum
Taq DNA polymerase (Invitrogen). Expression band intensities
of relevant genes were analyzed semi-quantitatively and
normalized to the housekeeping gene glyceraldehydes 3-
phosphate dehydrogenase (GAPDH).

Statistical analyses
Results are presented in the form of mean6 standard devia-
tion, with n equal to the number of samples analyzed per
group. A two-way analysis of variance (ANOVA) was per-
formed to determine the effects of ceramic type and cultur-
ing time on cell response (proliferation, matrix deposition,
ALP activity, solution calcium concentration, gene expres-
sion), as well as scaffold parameters (weight, thickness, or
water content). The Tukey-Kramer post hoc test was used
for all pair-wise comparisons, and significance was attained
at p< 0.05. All statistical analyses were performed using
JMP 4.0.4 (SAS Institute, Cary, NC).

RESULTS

Ceramic characterization
Ceramic particle shape, calcium and phosphorus content,
crystallinity, and chemistry are summarized in Figure 1. Elec-
tron microscopy revealed a shard-like morphology for CDA-1
and a globular shape for CDA-2 particles. Brightfield
microscopy revealed that the CDA-1 particles were signifi-
cantly larger than the CDA-2 particles (30.16 10.5 mm and
11.969.2 mm, respectively). Crystal planes (002, 211, 300,
and 202) were identified in the XRD spectra of both ceramics,
which are also found in the hydroxyapatite spectra (JCPDS
9–432, Fig. 1). Furthermore, the broad peaks in both spectra
indicate that the ceramics are poorly crystalline. Analysis by
FTIR confirmed phosphate presence via bending peaks corre-
sponding to three vibrational modes (961, 1030–1080, 566–
628 cm21), as well as hydroxyl (3568 cm21) and carbonate
peaks (1415–1647 cm21

; 870 cm21)33,43,44 in both ceramics
tested. In terms of molar Ca/P ratio, CDA-1 and CDA-2 were
both calcium-deficient, with CDA-1 exhibiting a significantly
lower Ca/P molar ratio than CDA-2, at 1.3560.01 and
1.4160.02, respectively. While there was no significant dif-
ference in weight fraction for combined calcium and phospho-
rus content, these two types of ceramics did differ in terms of

calcium and phosphorus weight fractions (p<0.05), with a
higher calcium and lower phosphorus content measured for
CDA-2 compared to CDA-1.

Composite scaffold characterization
Acellular control and ceramic-containing scaffolds were
characterized in terms of scaffold size, water and ash
weight, elemental composition, particle distribution and
crystallinity (Fig. 2). Visually, the agarose-only scaffolds
appeared transparent and topographically smooth under
environmental scanning electron microscopy; whereas the
ceramic-containing hydrogels were opaque, with uniformly
distributed shard-like particles for the CDA-1 scaffolds and
globular particles for the CDA-2 scaffolds (Fig. 2). No signifi-
cant differences in scaffold height or diameter were
detected between groups. Ceramic content, determined via
thermogravimetric analysis, was found to be similar for the
two ceramic scaffolds, accounting for 34.0665.5% of the
CDA-1 scaffold dry weight and 35.86 0.7% of the CDA-2
scaffold dry weight. Lower water content (p<0.05) was
measured for the ceramic-containing scaffolds compared to
the ceramic-free control, although no significant difference
was detected between the two ceramic-containing groups.
No differences were detected in mechanical properties
between the two ceramic-containing scaffold groups; how-
ever, the Young’s modulus measured for the CDA-1 scaffolds
was significantly lower (p<0.05) than that of the ceramic-
free control. Energy-dispersive X-ray analysis confirmed the
presence of peaks for carbon, oxygen, sodium, phosphorus,
and chloride in all scaffolds, which are related to the
agarose and phosphate buffered solution used. Calcium,
however, was only detected in the ceramic-containing
hydrogel groups. X-ray diffraction analysis revealed that
particles in the ceramic-containing scaffolds exhibited the
same crystalline peaks (002, 211, 300, and 202) as the
unincorporated ceramics (Fig. 2). Two background peaks,
consistent with the peaks present for phosphate buffer
saline, were also detected.

Cell growth and matrix deposition
Chondrocytes were viable in all scaffolds at day 14 (Fig. 3).
Hematoxylin and eosin staining confirmed uniform cell distri-
bution throughout the scaffolds. Between day 7 and 14, cell
number increased for the ceramic-free control and the CDA-2
group, with the highest cell number detected in the CDA-2
group (Fig. 3).

Matrix was uniformly deposited throughout all scaffolds
over time (Fig. 4). Glycosaminoglycan (GAG) content increased

TABLE I. Primer Sequences for Gene Expression.

Gene Sense Antisense Amplicon Size (bp)

Col X TGGATCCAAAGGCGATGTG GCCCAGTAGGTCCATTAAGGC 82
Ihh ATCTCGGTGATGAACCAGTG CCTTCGTAATGCAGCGACT 97
MMP13 ACATCCCAAAACGCCAGACAA GATGCAGCCGCCAGAAGAAT 109
PTHrP ACCTCGGAGGTGTCCCCTAA GCCCTCATCATCAGACCCAA 80
Runx2 AATCCTCCCCAAGTTGCCA TTCTGTCTGTGCCTTCTGGGT 82
GAPDH GCTGGTGCTGAGTATGTGGT CAGAAGGTGCAGAGATGATGA 213
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significantly for the ceramic containing groups by day 7 and for
all groups between day 7 and day 14. The highest GAG content
was detected in the CDA-2 group at day 14 (p< 0.05). In terms
of collagen deposition, a significant increase (p<0.05) was
measured for the ceramic-containing groups between day 1
and day 7, and for all groups between day 7 and day 14. Colla-
gen content was significantly higher (p< 0.05) in ceramic-
containing scaffolds than the control at day 7; however by day
14, no difference was found between groups. In addition, while

no positive staining for collagen I was observed, collagen II was
present in all scaffold groups examined (Fig. 4).

Chondrocyte mineralization and hypertrophy
In terms of ALP activity, the enzyme activity in the CDA-2
group decreased (p<0.05) between day 1 and day 7,
remaining at a basal level thereafter. Similarly for the CDA-1
and control groups, ALP activity also decreased over time.
At day 14, positive alizarin red staining was observed in

FIGURE 1. Ceramic characterization. Brightfield (203, n 5 2) and scanning electron microscopy (10003, n 5 2) reveal differences in particle shape

between calcium phosphate powders. Characteristic phosphate bending curves as well as hydroxyl and carbonate peaks were identified with

FTIR (n 5 2). XRD (n 5 2) shows that both powders are poorly crystalline. CDA-1 was found to have significantly lower calcium/phosphorus ratio

than CDA-2 as determined via inductively coupled plasma analysis (n 5 6, difference between CDA-1 and CDA-2 *p< 0.05).
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CDA-1 and CDA-2 groups at day 14, with no detectable
staining evident in the ceramic-free control.

Differences in hypertrophic markers were observed
between groups at day 7. Downregulation of collagen X
expression was measured for the CDA-2 group when com-
pared to the ceramic-free control. The expression of Runx2
was also downregulated (p<0.05) in the CDA-2 group,
when compared to the CDA-1 group. In contrast, Ihh was
upregulated (p< 0.05) for the CDA-1 group when compared
to both the ceramic-free control and the CDA-2 containing

group. Collagen X deposition was visualized via immunohis-
tochemistry. It was detected in the ceramic groups on day 7
but was absent in the ceramic-free control (Fig. 5).

DISCUSSION

This study investigated the effect of ceramic composition on the
ability of chondrocytes to form a calcified cartilage-like matrix in
hydrogel-ceramic composite scaffolds. Specifically, composite
scaffolds with distinct ceramic Ca/P ratios were formed, and it
was observed that the scaffold with calcium/phosphorus molar

FIGURE 2. As-fabricated acellular scaffold characterization. Scaffold cross-section and top-view images show uniform construct shape (stereo-

scope image, scale bar 5 2 mm, n 5 3) and size in terms of height and diameter (n 5 3). ESEM reveals homogeneous particle distribution

throughout the hydrogel. EDXA analysis confirms phosphorus and calcium content and XRD further confirms ceramic incorporation as the crys-

talline peaks present for both ceramics are also present in the composite scaffolds. The ceramic containing scaffolds have lower water content

with respect to the ceramic-free control scaffolds. (n 5 3, *p< 0.05). Mechanical testing (n 5 3) revealed similar mechanical properties for the

ceramic-containing scaffolds, although a lower young’s modulus was measured for CDA-1 scaffolds with respect to the ceramic free control.

FIGURE 3. Cell viability, distribution, and number. Live/dead staining on day 14 detects viable cells in all groups (103, bar 5 200 lm, n 5 2).

Hematoxylin and eosin staining reveals uniform cell distribution throughout the scaffolds at day 14 (53, bar 5 400 lm, day 14, n 5 2). Cell

number increased over time with the highest cell number measured for the CDA-2 group at day 14 (n 5 5, *p< 0.05 for difference between

groups, #p< 0.05, for difference from corresponding group at previous time point).
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FIGURE 4. Matrix deposition. Significantly higher GAG and collagen deposition is detected on day 7 than on day 1 for both ceramic groups

(n 5 5,*p< 0.05 for difference between groups, #p< 0.05, for difference from corresponding group at previous time point). By day 14, histology

reveals strongly positive matrix staining for all groups (alcian blue for GAG and picrosirius red for collagen, 103, bar 5 200 lm, day 14, n 5 2). The

CDA-2 group measured the highest GAG by day 14 (n 5 5, *p< 0.05). There was no difference between groups in terms of collagen deposition at day

14. All groups deposited a matrix rich in collagen type II and void of collagen type I (immunohistochemistry, 103, bar 5 200 lm, day 14, n 5 2).

FIGURE 5. Mineralization. The highest ALP activity at day 1 was measured for the CDA-2 group (n 5 5, *p< 0.05). Similar ALP activity was meas-

ured for all groups at day 7 and day 14 with similar calcium staining on day 14 for ceramic groups (alizarin red, 103, bar 5 200 lm, day 14,

n 5 2). Collagen X and Runx 2 expression are downregulated on day 7 for the CDA-2 group and Ihh is upregulated of for the CDA-1 group

(PCR, n 5 3, *p< 0.05). Collagen X immunohistochemistry staining is positive for collagen X in the ceramic groups on day 7 and negative for the

control (immunohistochemistry, 203, bar 5 200 lm, day 14, n 5 2).
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ratio of 1.41 significantly promoted chondrocyte proliferation
and matrix production, resulting in a dense matrix that was rich
in both collagen II and proteoglycans. In contrast, ceramic par-
ticles with a Ca/P ratio of 1.35 had little effect on cell prolifera-
tion or matrix production. Collectively, these results illustrate
that the cells are sensitive to changes in ceramic chemistry, and
Ca/P ratio is an important parameter guiding cell growth and
biosynthesis.

While the findings of this study confirm published results
that calcium phosphates support chondrocyte proliferation
and biosynthesis,45,46 the mechanisms of this effect remain
elusive. In this study, CDA-1 and CDA-2 differed significantly
in Ca/P ratio, while exhibiting comparable crystallinity. To
date, the response of chondrocytes to Ca/P ratio is unknown;
however, published reports in bone-related studies have dem-
onstrated that ceramic chemistry plays a central role in osteo-
blast adhesion, proliferation, and matrix deposition.28–30 For
example, Ergun et al. compared osteoblast response on eight
calcium phosphate substrates and reported that increasing
Ca/P ratio lead to increased osteoblast adhesion in vitro. In
our study, initial seeding cell seeding was controlled as cells
were encapsulated in agarose during scaffold fabrication;
however, a higher Ca/P ratio of 1.41 led to increased chondro-
cyte proliferation and proteoglycan production during in vitro
culture. Notably, in this study, the effect of crystal structure
was controlled as the ceramics displayed similar structures.
This insight helps to identify a key parameter to inform the
design of composite systems for calcified cartilage formation.

In addition to enhanced matrix production, CDA-2
promoted early onset of alkaline phosphatase activity, which
is likely related to the precipitation of calcium ions into the
scaffolds, as indicated by the significant decrease in medium
calcium concentration at day 1 for the ceramic-containing
scaffolds (data not shown). A similarly early onset of alkaline
phosphatase activity has been reported on day 1 for deep
zone chondrocytes cultured in alginate hydrogel scaffolds,25 a
matrix rich in calcium crosslinks. The elevated bioavailability
of calcium ions in both these systems may play a role in stimu-
lating alkaline phosphatase production, as it has been
reported that calcium concentration plays a role in regulating
enzyme activity in chondrocytes.47 In the current study, a sim-
ilar decrease in media calcium was seen for both ceramic
groups at early time points; however, elevated alkaline phos-
phatase activity was observed only for the CDA-2 group, indi-
cating that multiple factors may be responsible for the
observed elevation in enzyme activity, such as particle shape
and roughness. In addition, differences in local calcium ion
availability within the agarose gels proximate to the cells may
have driven changes between the groups. Ion concentration in
the micro environment within the scaffolds was not measured
in this study and should be explored in future studies.

Following the early alkaline phosphatase activity enhance-
ment, low activity was detected for all groups by day 7, with
no difference evident between groups. Moreover, at day 7,
culturing with CDA-2 resulted in downregulated collagen X
expression, indicating that the deep zone chondrocytes did
not become hypertrophic over time as was observed for those
in the alginate scaffolds. This may be caused by a difference in

calcium environments between the two systems as the algi-
nate system provides high local calcium concentrations, or
because of the inherent differences between the hydrogel net-
works which were used. In the current system, however, the
pre-incorporation of a biomimetic calcium phosphate source
likely reduces the need for cell-mediated mineralization over
time.

In addition to differences in calcium–phosphorus ratio, dif-
ferences in macroscopic particle shape between the two
ceramics may have contributed to the observed difference in cell
response. It has been observed that rod shaped b-TCP particles
result in significantly more bone formation in an in vivo rabbit
femur model after implantation for six months when compared
to globular b-TCP particles.48 Future studies should investigate
particle roughness, which may also play a role in chondrocyte
response as this parameter is known to effect stem cell prolifera-
tion on ceramic substrates,49 and surface area which may effect
ceramic solubility and will be evaluated in future studies. More-
over, the observed differences in cell response will be validated
in vivo using relevant bone healing models.

CONCLUSIONS

The results of this study demonstrate that chondrocyte
proliferation and matrix production is promoted by CDA-2, a
bioactive calcium-deficient apatite with a Ca/P ratio of 1.41.
Moreover, deep zone chondrocytes seeded in a composite
agarose-CDA-2 system produce a matrix that is rich in GAG
and collagen II in the absence of any media supplementation.
This cell-mediated matrix elaboration combined with the pre-
incorporated mineral results in a matrix that may be useful
for calcified cartilage tissue engineering or endochondral
ossification.
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