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Perfusion Enhances Hypertrophic Chondrocyte Matrix
Deposition, But Not the Bone Formation

Jonathan C. Bernhard, PhD,1 Elizabeth Hulphers, MS,1 Bernhard Rieder, MS,2 James Ferguson, DVM,3

Dominik Rünzler, PhD,2 Thomas Nau, MD,3 Heinz Redl, PhD,3 and Gordana Vunjak-Novakovic, PhD1,4

Perfusion bioreactors have been an effective tool in bone tissue engineering. Improved nutrient delivery and the
application of shear forces have stimulated osteoblast differentiation and matrix production, allowing for
generation of large, clinically sized constructs. Differentiation of hypertrophic chondrocytes has been con-
sidered an alternative strategy for bone tissue engineering. We studied the effects of perfusion on hypertrophic
chondrocyte differentiation, matrix production, and subsequent bone formation. Hypertrophic constructs were
created by differentiation in chondrogenic medium (2 weeks) and maturation in hypertrophic medium (3
weeks). Bioreactors were customized to study a range of flow rates (0–1200mm/s). During chondrogenic
differentiation, increased flow rates correlated with cartilage matrix deposition and the presence of collagen
type X. During induced hypertrophic maturation, increased flow rates correlated with bone template deposition
and the increased secretion of chondroprotective cytokines. Following an 8-week implantation into the critical-
size femoral defect in nude rats, nonperfused constructs displayed larger bone volume, more compact miner-
alized matrix, and better integration with the adjacent native bone. Therefore, although medium perfusion
stimulated the formation of bone template in vitro, it failed to enhance bone regeneration in vivo. However, the
promising results of the less developed template in the critical-sized defect warrant further investigation,
beyond interstitial flow, into the specific environment needed to optimize hypertrophic chondrocyte-based
constructs for bone repair.
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Introduction

B iomimetic approaches recapitulating some of the
natural mechanisms of tissue formation1 have gained

increasing interest in engineering of functional bone grafts.
One of the most promising directions is the study of endo-
chondral ossification strategies in complex bone repair en-
vironments. In particular, utilization of cartilage anlage has
resulted in the ability to form bone in vivo.2–7 Among these
strategies, the use of hypertrophic chondrocytes, the cell that
orchestrates endochondral ossification, appears particularly
promising as the maturation from chondrocytes to hyper-
trophic chondrocytes resulted in significantly more bone
formation.8 The hypertrophic chondrocyte constructs have
shown an ability to create maturing bone in vitro, which

subsequently developed vasculature and bone marrow fol-
lowing subcutaneous implantation,6,9 and facilitated healing
of calvarial10,11 and long bone12 defects. Robust perfor-
mance of these constructs and their superiority over tradi-
tionally utilized osteoblast constructs11,12 suggested clinical
potential for healing complex bone fractures.

Bioreactors provide an essential tool for the creation of tissue
constructs, allowing control of numerous environmental factors
that influence construct composition and behavior.13,14 In os-
teochondral tissue engineering, perfusion bioreactors have been
applied to both osteoblasts and chondrocytes. Perfusion biore-
actors increased nutrient delivery15,16 and provided shear
stress16,17 that increased osteoblast cellularity, activity, matrix
production, and in vivo bone regeneration,18–23 as well as chon-
drocyte differentiation and cartilage matrix production.24–26
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Through the application of perfusion flow, large, autologous,
anatomically exact bone grafts were created, which success-
fully repaired craniofacial defects.23 The goal of our study was
to investigate the effect of perfusion flow on hypertrophic
chondrocyte-based bone constructs.

Although hypertrophic chondrocytes in perfusion bioreac-
tors have not been directly studied, a recent study showed that
chondrogenic culture of stem cell pellets in a perfusion bio-
reactor increased expression of hypertrophic markers, al-
though without effects on cartilaginous matrix production.27

Dynamic culture stimulated hypertrophic chondrocyte dif-
ferentiation and resulted in increased bone production.28,29

We hypothesized that the perfusion flow will facilitate hy-
pertrophic chondrocyte differentiation, deposition, and bone
formation.

To test this hypothesis, we created hypertrophic chondrocyte-
based constructs with clinical applicability in mind. Human
bone marrow-derived stem cells (BMSCs), selected because
of their extensive use in tissue engineering of bone and
cartilage, were seeded into decellularized trabecular bone
scaffolds, selected because of their osteogenic nature and
mechanical properties, and cultured for 5 weeks. Perfusion
flow was set to 4 different levels: 0 (static control), 100, 400,
and 1200mm/s, based on providing a broad range of flow
rates to discern the impact of perfusion flow, while also
providing similar rates to our previous, impactful work with
osteoblasts.30 Tissue samples were harvested after chon-
drogenic differentiation at 2 weeks and after construct cul-
tivation at 5 weeks, and evaluated for hypertrophic
chondrocyte differentiation and bone matrix deposition. At
the end of in vitro culture, tissue constructs grown without
perfusion and at the perfusion rate of 400mm/s were im-
planted into an orthotopic, critical-sized femoral defect in
athymic rats, and the bone regeneration was studied over an
additional 8 weeks following implantation.

Materials and Methods

All materials were purchased from Sigma-Aldrich (St.
Louis, MO) unless otherwise noted.

Scaffold preparation

Trabecular bone cores were harvested from juvenile bo-
vine wrists as in previous studies.12,22 Briefly, wrist joints
were obtained from a local butcher and the metacarpal bone
was isolated and cleaned from all other tissue. Diamond tip
bores (Starlite Industries, Rosemont, PA), 4 mm in diameter,
were utilized to remove trabecular bone. Scaffolds were
trimmed to 5 mm height by 4 mm diameter. Trimmed cores
were then washed of marrow and tissue by utilizing a high-
powered water jet. Scaffolds were decellularized following
our published protocols.22 Briefly, scaffolds were washed in
a series of solutions: (1) 0.1% ethylenediaminetetraacetic
acid (EDTA) in phosphate-buffered saline (PBS) for 1 h, (2)
hypotonic buffer consisting of 10 mM Tris and 0.1% EDTA
in PBS for 12 h at 4�C, (3) detergent consisting of 10 mM
Tris and 0.5% sodium dodecyl sulfate in PBS for 24 h at
room temperature on an orbital shaker at 300 revolutions/
min, and (4) enzymatic solution of 100 U/mL DNase and
1 U/mL of RNase with 10 mM Tris in PBS for 6 h at 37�C.
After multiple washes in PBS, scaffolds were frozen
and lyophilized. In an attempt to manage core variability,

scaffolds were sorted based on their bulk density (mass/
volume), with densities used for this study within the range
of -0.35 to 0.50 g/mL. Scaffolds were disinfected by incu-
bating in 70% ethanol for 2 days under ultraviolet light
before cell seeding.

Cell expansion and seeding

Human BMSCs were obtained from Lonza (Basel, CH)
and expanded until passage 5 in an expansion medium con-
sisting of high glucose medium with L-glutamine, 10% fetal
bovine serum, 1% penicillin/streptomycin (P/S), and 1 ng/mL
basic fibroblast growth factor. Before seeding, scaffolds were
rinsed of 70% ethanol with sterile PBS, and incubated for
1 day in the expansion medium. After passage 5, BMSCs
were trypsinized, resuspended in a culture medium at a con-
centration of 30 million cells/mL, and integrated into the
demineralized cancelous bone (DCB) scaffolds. As the
scaffolds had an estimated volume of 75 mL, 2.25 million
cells were seeded per scaffold.

Perfusion bioreactors and hypertrophic differentiation

The perfusion bioreactor utilized in the experiments had
previously been developed and characterized for bone tissue
engineering with osteoblasts.21,31 The bioreactor utilizes a
central input that evenly divides the flow of medium into six
individual culture wells. Polydimethylsiloxane rings were
used to seal scaffolds in the culture wells, and to route
perfusion flow into and through the scaffold. Upon pas-
sage through the scaffolds, the medium was collected in a
reservoir above the constructs, where it was continuously
equilibrated with oxygen and pH before recirculating
through the exit port back into the wells. The bioreactor was
powered by a multichannel peristaltic pump (Cole-Parmer,
Vernon Hills, IL). Each six-well bioreactor was set to a
specific flow rate, by adjusting the diameter of the tubing
(Cole-Parmer). It was determined that pump diameters of
0.51, 0.89, and 2.29 millimeters corresponded to flow rates
of 136, 413, and 1144mm/s, respectively, at a pump rate
of 225 revolutions/min (Fig. 1). Based on the analysis
completed previously,30 these rates corresponded to shear
stresses ranging from 1 to 15 MPa, with 100 and 1200mm/s
providing an order of magnitude difference in both flow rate
and shear stress, and the 400mm/s matching the optimal flow
rate and shear stress for osteoblast cultivation. For sim-
plicity, the groups corresponding to these flow rates were
labeled 100, 400, and 1200mm/s.

Seeded constructs were then placed within the bioreactor
wells and perfusion flow was started. All experimental
groups (0, 100, 400, and 1200mm/s) were cultured under the
same 5-week long differentiation regime (Fig. 1). For the
first 2 weeks, the constructs were cultured in a chondrogenic
medium consisting of high glucose DMEM (ThermoFisher,
Waltham, MA), 100 nM dexamethasone, 50 mg/mL ascorbic
acid, 50 mg/mL proline, 100mg/mL sodium pyruvate, 1%
ITS+, 1% P/S, and 10 ng/mL transforming growth factor-b3
(TGF-b3). The constructs were then matured to hypertro-
phic chondrocytes over the next 3 weeks in a hypertrophic
medium, consisting of high glucose DMEM (ThermoFisher)
supplemented with 1 nM dexamethasone, 50mg/mL ascor-
bic acid, 50mg/mL proline, 100 mg/mL sodium pyruvate,
1% ITS+, 1% P/S, 50 ng/mL L-thyroxine, and 5 mM of
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b-glycerophosphate. Constructs were harvested at 2 weeks,
at the end of chondrogenic culture, and after 5 weeks, at the
end of in vitro culture.

Biochemical assays

Constructs from both harvest time points (n = 4) were
weighed and digested with papain (40 U/mg) in digest buffer
(0.1 M sodium acetate, 10 mM cysteine HCl, and 50 mM
EDTA, pH 6.0) at 60�C overnight. DNA content was mea-
sured by the Quant-IT PicoGreen assay kit (ThermoFisher)
and normalized to the wet weight. The manufacturer’s in-
structions were followed, and the supplied lambda DNA was
used as the standard.

Sulfated glycosaminoglycan (GAG) content was mea-
sured from the papain digested constructs using the di-
methylmethylene blue dye assay, normalized to wet weight,
with chondroitin 6 sulfate utilized as control. The GAG
content was normalized to the construct DNA.

Real-time polymerase chain reaction

RNA was extracted from the constructs using TRIzol
(ThermoFisher). RNA content was measured using Nano-
Drop spectrophotometric quantitation (ThermoFisher) and
contaminating DNA was removed through DNAase I treat-
ment. cDNA was transcribed from the RNA through the
use of the High-Capacity cDNA Reverse Transcription kit
(ThermoFisher) according to the manufacturer’s instruc-
tions. Quantitative reverse transcriptase (RT) polymerase
chain reaction (PCR) was performed using Fast Sybr Green
master mix (ThermoFisher) with gene expression normal-
ized using the DCt, the Ct of GAPDH subtracted from the Ct

of the gene of interest. Samples were run in technical du-
plicates, with n = 4 biological replicates for each experi-
mental group. The genes examined were GAPDH (F: AAGG
TGAAGGTCGGAGTCAAC, R: GGGGTCATTGATGGCAA
CAATA), collagen type 10 (COL10A1, F: CATAAAAGG
CCCACTACCCAAC, R: ACCTTGCTCTCCTCTTACTGC),
RUNX2 (F: CCGTCTTCACAAATCCTCCCC, R: CCCGAG
GTCCATCTACTGTAAC), bone sialoprotein (IBSP, F: GAA
CCTCGTGGGGACAATTAC, R: CATCATAGCCATCGTAG
CCTTG), and alkaline phosphatase (ALPL, F: GGGACTGG
TACTCAGACAACG, R: GTAGGCGATGTCCTTACAGCC).

Analysis of secreted cytokines

The conditioned medium (collected over 4 days of cul-
ture) was collected from each bioreactor. Commercially
available quantitative ELISA kits were purchased for the
following cytokines: VEGF-A (RayBiotech, Norcross, GA),
BMP2 (RayBiotech), BMP7 (RayBiotech), beta-catenin
(LifeSpan BioSciences, Seattle, WA), DKK1 (RayBiotech),
and IHH (LifeSpan BioSciences). Assays were performed
according to the manufacturer’s instructions, with the con-
ditioned medium incubated overnight at 4�C. Conditioned
medium samples were pooled together for each experi-
mental group and tested in triplicate.

Defect creation and graft implantation

Animal studies were conducted under an approved pro-
tocol and with the permit of the municipal government of
Vienna, Austria. The experiments were consistent with the

Guide for the Care and Use of Laboratory Animals of the
National Institute of Health (revised 2011). Male Rowett
Nude (RNU) rats, weighing 250 g at the time of surgery,
were kept in housing cages with filter tops, in groups of two.
Preoperatively, the animals were administered subcutane-
ously 0.05 mg/kg buprenorphine (Bupaq; Richterpharma
AG, Austria) and 4 mg/kg carprofen (Rimadyl; Zoetis Os-
terreich Gesm.b.H, Austria). Anesthesia was induced with
isoflurane (Forane; AbbVie Gesm.b.H, Austria) and main-
tained with 1.5–2.5% isoflurane/oxygen by way of nose-
cone inhalation.

Once the animal was under stable anesthesia, a lateral
approach was used to expose the right femur. After fixation
with a four-pin POM fixator (modified from the method de-
scribed in Betz et al.32), a defect of 5 mm was created with a
Gigli wire saw. Grafts were trimmed to fit, placed into the
defect, and the muscle and skin were sutured around the graft
and the fixator, respectively. For the two experimental groups
(nonperfusion control; perfusion at 400mm/s), four rats in
each group underwent implantation, with an additional two
rats not receiving implants to confirm the absence of spon-
taneous healing in critical-size defects. Pain management was
completed with subcutaneous injections of 0.05 mg/kg bu-
prenorphine and 4 mg/kg carprofen over the first 4 days
postimplantation. The rats with an open defect and no implant
demonstrated a non-healing non-union failure before study
endpoint, and were euthanized. Eight weeks postimplanta-
tion, the rats were euthanized by an overdose injection of
intracardially delivered thiopental sodium, while under deep
isoflurane anesthesia. The right femur of each animal was har-
vested for detailed characterization.

Histology and immunohistochemistry

Preimplantation and postimplantation tissue samples (fe-
murs with the implanted grafts) were preserved in 10%
formalin for 24 h, rinsed excessively in PBS, decalcified
using a formic acid-based solution (Immunocal Decalcifier;
StatLab, McKinney, TX), and dehydrated in graded ethanol
solutions. After dehydration, samples were embedded in
paraffin and sectioned at 6 mm.

Sample4s of preimplantation chondrogenic constructs
were stained with Alcian blue for GAG following standard
protocols. Immunohistochemistry was performed on sec-
tions of chondrogenic construct by first incubating the
samples in 0.05% trypsin at 37�C for 15 min. After rinsing
in PBS, samples were incubated in 0.3% hydrogen peroxide
in absolute methanol for 30 min with gentle shaking at room
temperature. After washing in PBS, the Vectastain Elite
Universal staining kit (Vector Laboratories, Burlingame,
CA) was utilized to prepare and detect the primary antibody.
The collagen type II antibody was obtained from Abcam
(San Francisco, CA) and applied at a dilution of 1/50.
Samples were counterstained with Hematoxylin QS (Vector
Laboratories).

To demonstrate the progression of hypertrophic chon-
drocyte maturation, collagen type X immunohistochemistry
was performed on both chondrogenic and hypertrophic
samples from each group. Histological sections were first
incubated with 2 mg/mL hyaluronidase (type IV from bo-
vine testes) for 60 min at 37�C, followed by PBS washing,
and then incubated with 1 mg/mL Pronase E treatment for
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60 min at 37�C. After washing in PBS, the Vectastain Elite
Universal staining kit (Vector Laboratories) was utilized to
prepare and detect the primary antibody. The collagen type
X antibody was obtained from Abcam and applied at a di-
lution of 1/2000. Samples were counterstained with Hema-
toxylin QS (Vector Laboratories).

Immunohistochemistry was performed to visualize bone
sialoprotein and osteopontin in the constructs. Antigen re-
trieval was done on histological slides placed in a container
filled with citrate buffer and submerged into boiling water for
20 min. Slides were blocked by incubation of samples in
0.3% hydrogen peroxide for 30 min. The Vectastain Elite
Universal staining kit (Vector Laboratories) was utilized to
prepare and detect the primary antibody. Primary antibodies
for bone sialoprotein (1/500 dilution; EMD Millipore, Biler-
ica, MA) and osteopontin (1/500 dilution; EMD Millipore)
were incubated on the slides overnight at 4�C. Samples were
counterstained with Hematoxylin QS (Vector Laboratories).
Preimplantation and postimplantation samples were stained
with Movat’s Pentachrome (Cancer Diagnostics, Durham,
NC) according to the manufacturer’s instructions.

Microcomputed tomography

Explants were scanned on a mCT 50 (Scanco Medical,
Bruttisellen, Switzerland) using scanner settings as follows:
voltage 70 kV, current 0.200 mA, and slice thickness 10 mm.
Scans had a 10 mm isotropic resolution. Three-dimensional
(3D) reconstructions and quantitation were performed by
a global thresholding technique set at 282.9 mg hydroxy-
apatite (HA)/cm3. Bone volume and bone surface/bone

volume (BS/BV) were calculated for the scanned samples
(n = 4 biological replicates) utilizing software provided by
Scanco Medical.

Statistics

All data are presented as mean – standard deviation. Sta-
tistical significance of biochemical quantitation and real-time
PCR data was evaluated using a one-way analysis of variance
followed by Tukey’s post-test, a = 0.05, with significance
determined by p < 0.05 using statistical software (Prism
Software; GraphPad, La Jolla, CA). Statistical significance of
cytokine secretion and microcomputed tomography (mCT)
bone morphometry was determined using a Student’s t-test,
a = 0.05, with significance determined by p < 0.05.

Results

Perfusion (interstitial flow) at a set flow rate was applied
to tissue-engineered constructs to determine its effects on
hypertrophic chondrocyte differentiation and matrix pro-
duction. The effects of three different flow rates (100, 400,
and 1200mm/s) were compared to nonperfused (0 mm/s)
controls (Fig. 1).

Tissues were harvested after 2 weeks, at the endpoint of
chondrogenic differentiation, and evaluated for cartilage matrix
production (Fig. 2). The DNA content, normalized to construct
wet weight, was not significantly different between the 0, 100,
and 400mm/s constructs, whereas the 1200mm/s constructs had
significantly more DNA compared to all other three groups
(Fig. 2A). Similarly, the GAG content was highest in the

FIG. 1. Creation of hypertrophic
chondrocyte constructs through ap-
plication of variable flow rates.
Bone cores were extracted from ju-
venile bovine wrists, decellularized,
and sized to 4 mm diameter · 5 mm
height. Human BMSCs were ex-
panded and seeded into the decel-
lularized bone cores (2.25 · 106

cells/construct). Seeded constructs
were then placed into previously
validated perfusion bioreactors21,31

and differentiated for 2 weeks in the
chondrogenic medium, then ma-
tured to hypertrophic chondrocytes
over an additional 3 weeks. Flow
rates were determined by the tubing
diameter, and flow rates approxi-
mating 0, 100, 400, and 1200mm/s
were chosen for experimentation. At
the end of 5 weeks of culture, con-
structs were implanted into a 5 mm,
critical-size defect made in the right
femur of RNU nude male rats.
Construct regeneration occurred for
8 weeks in vivo before harvest and
construct evaluation. BMSC, bone
marrow-derived stem cell; RNU,
Rowett Nude; SD, standard devia-
tion. Color images available online
at www.liebertpub.com/tea
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1200mm/s group, and was significantly higher than in the 0mm/
s group (Fig. 2B). To determine matrix production per cell,
the GAG content was normalized to the amount of DNA. All
three perfusion flow groups (100, 400, and 1200mm/s) had
significantly more GAG/DNA than the control group (Fig. 2C).
The histological staining of GAG, by Alcian blue, was con-
sistent with the GAG content (Fig. 2D), and the increased flow
rate corresponded to increased Alcian blue staining. Of par-
ticular interest was the GAG staining located at the construct
centers, as an increased flow rate resulted in increased GAG
presence. Collagen type II staining matched Alcian blue, with
the 0mm/s having relatively faint staining for collagen type II
with a progression in staining intensity that corresponded with
an increased flow rate (Fig. 2D). Consistently, faster flow rates

resulted in enhanced staining for cartilaginous matrix within the
construct interior.

Collagen type X is a unique marker for chondrocyte hyper-
trophy,33 and the in vitro chondrogenic differentiation has been
associated with cell hypertrophy and collagen type X deposi-
tion.34 To evaluate the impact of perfusion on chondrocyte
hypertrophy, both during chondrogenic differentiation and in-
duced hypertrophic maturation, tissue samples were im-
munohistochemically stained for collagen type X (Fig. 3). In
general, collagen type X staining for both time points matched
the GAG and collagen type II staining, with the faster flow rates
corresponding to the higher presence of collagen type X within
the center of the constructs. Interestingly, the localization of the
collagen type X appeared to differ between the two time points.

FIG. 2. Chondrogenic differentiation and cartilage matrix production. (A) DNA and (B) GAG content normalized to the
tissue wet weight. (C) GAG normalized to DNA contents. (D) Histology and immunohistochemistry evidencing the
distribution of GAG (Alcian blue staining) and collagen type II (antibody). Magnified images are shown for the edge and
center of the construct. Data are shown as average – SD. Asterisk denotes significant differences between the groups,
p < 0.05 (n = 4). (D) Scale bars: 50mm. GAG, glycosaminoglycan. Color images available online at www.liebertpub.com/tea
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During chondrogenic culture, the collagen type X staining
seemed to be only fibrillar, and was dispersed throughout the
construct volume; during hypertrophic maturation, pericellular
localization of collagen type X was noticeable in all four groups.

The progression to hypertrophy changed the biochemical
characteristics of the constructs (Fig. 4). The DNA content
among the four groups was similar, with the 1200 mm/s
group having a twofold reduction in DNA content during the
3 weeks of hypertrophic culture (Fig. 4A). As expected with
the turnover from a cartilage matrix to a hypertrophic bone
template, the GAG content was reduced in all groups, with
the maintenance of higher GAG and GAG/DNA contents
at higher perfusion flow rates (Fig. 4B). In contrast to
the chondrogenic analysis, the hypertrophic GAG/DNA
content matched the GAG content trend, with the 1200 mm/s
containing significantly more GAG/DNA than the 0 and
100 mm/s groups (Fig. 4C). Despite the differences in matrix
content, the expression of advanced hypertrophic chon-
drocyte and bone production genes did not vary significantly
among the groups (Fig. 4D).

Histological and immunochemistry sections of the hy-
pertrophic constructs confirmed the differences in matrix
production quantified in Figure 4. Movat’s pentachrome
staining was utilized to visualize the morphology of the
constructs, with cell nuclei in dark red/black, GAG in green,

and collagen in yellow (Fig. 5). The reduced flow rates (0
and 100 mm/s) had minimal matrix deposition, with very
little GAG and collagen present in both the edge and center
sections. The cell morphology in the 0mm/s group appeared
round, while the application of 100mm/s flow appeared to
flatten the cells at the exterior of the construct. Higher flow
rates (400 and 1200 mm/s) resulted in clear presence of
GAG matching the quantitated data, with GAG surrounding
enlarged, rounded chondrocyte lacunae. Unlike any other
group, the 1200mm/s contained both GAG and collagen
within the center of the construct. Hypertrophic chon-
drocytes mediate the turnover of a cartilage matrix to a bone
template,35,36 with bone sialoprotein (BSP) and osteopontin
being important bone matrix proteins secreted by hyper-
trophic chondrocytes.37,38 Similar to GAG deposition, both
BSP and osteopontin presence increased with an increased
flow rate (Fig. 5). The edges accumulated more matrix with
the 400 and 1200mm/s groups constructing a dense matrix
with abundant GAG, BSP, and osteopontin.

With clear differences in matrix deposition during culti-
vation, the ability of BMSC-derived hypertrophic chon-
drocyte constructs to facilitate bone regeneration was
evaluated in an orthotopic, critical-size femoral defect. For
comparison, the static culture group (0 mm/s) and a faster
flow rate group (400mm/s) were implanted for 8 weeks

FIG. 3. Hypertrophic chondrocyte maturation. Immunohistochemistry for collagen type X at the end of chondrogenic and
hypertrophic culture. Magnified images are shown for both the edge of the construct and the center of the construct. Scale
bars: 50mm. Color images available online at www.liebertpub.com/tea
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within the critical-size femoral defect. The two grafts cul-
tured at the faster interstitial flow rates (400 and 1200mm/s)
were not significantly different in biochemical composition
or hypertrophic gene expression (Fig. 4), and contained
similar matrix deposition by the differentiated hypertrophic
chondrocytes (Figs. 3 and 5). Therefore, we selected the
400 mm/s group for implantation, because of the more fre-
quent and favorable use of this culture condition in previous
studies of bone tissue engineering.21,23,30 To assess the se-
creted cytokines at the time of implantation, a series of
ELISA tests were conducted on the conditioned medium
(Fig. 6A). The concentrations of VEGF, BMP2, and BMP7
were not significantly different between the groups; beta-
catenin concentration was significantly higher in the 0mm/s
group, while the concentrations of DDK1 and IHH were
significantly higher in the 400 mm/s group.

Upon harvest at 8 weeks, tissues were evaluated by high-
resolution mCT scans (10 mm) to obtain 3D reconstructions
and digital images of the graft exterior and interior
(Fig. 6B). Bone deposition was evident in both groups, as
demonstrated by the smooth, continuous sections seen
within the porous trabecular bone. The internal reconstruc-
tions demonstrated noticeable differences between the in-
ternal bone architectures and the integration with the native
femur. In the 0mm/s group, integration appeared seamless,
with only a few areas of incongruity at the proximal inter-
face. In contrast, the 400 mm/s group had noticeable spacing
between the femur and the construct at the distal interface.
Quantitation of the bone volume in the defect space dem-
onstrated slightly, but not significantly, more bone in the
0 mm/s group (Fig. 6C). Calculation of the BS/BV, an in-
dicator of deposition patterns, showed a significantly lower
level for the 0 mm/s group, indicating more compact, volu-
minous deposition, which matches the groupings seen in the
interior 3D reconstructions.

Tissue samples were then decalcified to investigate differ-
ences in bone regeneration (Fig. 7). While neither group dis-
played complete defect regeneration, bone (yellow) appeared
to be more densely deposited at the interface (dashed line)
between the native femoral bone and the implanted tissue-
engineered construct, matching the mCT reconstructions in
Figure 6B. Magnified images of the graft-bone interface
demonstrated the bone containing empty cellular lacunae, re-
presenting the decellularized bone scaffold (white arrows) and
cellularized newly formed bone. Over the majority of the in-
terface in the 0mm/s group, the newly formed bone was in
direct contact with the adjacent host bone, whereas fibrous
tissue (light red in both the defect and interface images) was
present at the interface of the 400mm/s group.

Discussion

Hypertrophic chondrocytes derived from human BMSCs
represent a promising option for bone tissue engineer-
ing.39,40 Perfusion bioreactors have demonstrated the ability
to enhance the properties of osteochondral constructs, and in
this study, our goal was to determine the effect of perfusion
flow on hypertrophic chondrocyte differentiation and sub-
sequent bone formation. As demonstrated, an increased
perfusion flow facilitated enhanced hypertrophic chon-
drocyte differentiation and bone matrix deposition in vitro,
but this did not correspond to improved bone formation
when placed in an orthotopic, critical-sized defect.

As the rate of flow has a major impact on osteoblast dif-
ferentiation,30 flow rates along a broad range were investi-
gated. With the hypertrophic chondrocyte differentiation
regime first requiring the derivation of chondrocytes, con-
structs were harvested after chondrogenic differentiation to
evaluate the impact of flow. In agreement with the published
literature on perfusion cultures of chondrocytes, increased

FIG. 4. Biochemical content and gene expression analysis of hypertrophic chondrocyte constructs. (A) DNA per unit wet
weight. (B) GAG per unit wet weight. (C) GAG per unit DNA. (D) Expression of key genes related to chondrocyte
hypertrophy and bone template formation. Data are shown as average – SD. Asterisk denotes significant differences between
the groups, p < 0.05 (n = 4). Color images available online at www.liebertpub.com/tea
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flow rates improved chondrocyte differentiation,24–26 as
shown by the increased GAG deposition per cell (Fig. 2C).
The enhanced presence of GAG and collagen type II in the
construct interiors at higher flow rates indicated that the im-
proved nutrient delivery dictated this behavior (Fig. 2D). In
particular, the ability to deliver TGF-b further into the con-
struct volume appeared to promote chondrogenic differenti-
ation and matrix production.41

Mathematical modeling of shear stress on chondrocytes
suggests that the shear stress had a negative impact on

cartilage matrix production, and instead facilitated early
hypertrophic maturation.42,43 Staining for collagen type X,
the unique collagen produced by hypertrophic chondrocytes,
was intensified at higher flow rates, indicating an advanced
state of maturation (Fig. 3). Despite increased staining, the
constructs lacked enlarged lacunae and pericellular collagen
type X staining indicative of hypertrophic chondrocytes,38

consistent with the existing literature on chondrogenic de-
velopment of hypertrophy.34,44 Cultivation in a hypertro-
phic differentiation medium promoted the hypertrophic

FIG. 5. Construct morphology and bone protein deposition. Histology and immunohistochemistry of constructs for
general histomorphology and bone-specific proteins: Movat’s pentachrome for GAG (green), collagen (yellow), decel-
lularized scaffold (dark yellow), and cell nuclei (red/black). Immunohistochemistry for BSP and osteopontin. Magnified
images are shown for both the edge and center of the construct. Scale bars: 50mm. BSP, bone sialoprotein. Color images
available online at www.liebertpub.com/tea
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phenotype, as enlarged chondrocyte lacunae and pericellular
collagen type X became apparent in all groups, with an
increased flow rate corresponding to increased collagen type
X staining (Fig. 3). Naturally, hypertrophic chondrocyte
maturation leads to the remodeling of cartilage matrix and
deposition of a bone template.36,45 All groups displayed
reduction in GAG content; however, the faster flow rates
maintained significantly higher amounts of GAG at the end
of culture (Fig. 4B, C).

In endochondral ossification, hypertrophic chondrocytes
produce a calcified cartilage bone template in which the
cartilage GAG influences mineral crystallinity and results in
an immature mineral that is the basis of the initial bone.46,47

Movat’s pentachrome stains supported the biochemical
quantitation data, demonstrating that increased flow rates
resulted in the increased presence of GAG co-localized with
BSP and osteopontin, and indicating the formation of a bone
template (Fig. 5). While in the low flow rates the protein
staining was present within the cells, the faster flow rates
had more advanced bone template deposition with the de-
posited proteins in a denser pattern, with the extracellular
matrix surrounding the enlarged hypertrophic lacunae and
resembling hypertrophic cartilage (Fig. 5).46,48 The in-
creased perfusion flow rate dictated the deposition patterns

of the hypertrophic chondrocytes, consistent with previous
studies of osteoblasts and chondrocytes.18,24–26,30 Interest-
ingly, the more advanced deposition did not correspond to
the expression of key hypertrophic genes (Fig. 4D).

We anticipated that the faster flow rate would result in
improved bone regeneration upon implantation, based on the
previous osteoblast-based work, which demonstrated that
more mature tissue-engineered grafts resulted in enhanced
bone regeneration.23 However in vivo, the nonperfused
(0mm/s control) group had more bone deposition and im-
proved integration than the 400mm/s group (Figs. 6 and 7).
As has been shown previously for critical-sized femoral
defects in rat,12 the bone tissue-engineered grafts regener-
ate through endochondral ossification, suggesting that the
nonperfused grafts may facilitate enhanced endochondral
ossification in this study. The progression of in vivo endo-
chondral ossification is thought to be controlled by a number
of cytokines, with BMPs, IHH/PTHrP, and Wnt/beta-catenin,
providing key pathways to regulate bone formation.49–51

In previous studies, cytokines produced by differentiated
hypertrophic chondrocytes influenced bone formation and

FIG. 6. Construct cytokine release and critical-size defect
regeneration. (A) Secreted cytokines into culture medium
were detected through ELISA. Cytokines investigated in-
cluded bone generation cytokines (VEGF, BMP2, BMP7,
and beta-catenin) and chondrocyte maintenance cytokines
(DKK1 and IHH). (B) mCT of the 0 and 400mm/s constructs
following 8 weeks of implantation in a critical-sized femoral
defect in nude rats. (C) The total bone volume and the BS/
BV were calculated for each group and time point based on
the mCT scans. Scale bars: 1 mm. Data are shown as aver-
age – SD. Asterisk denotes significant differences between
the groups, p < 0.05 (A: n = 6 constructs run in triplicate, C:
n = 4). mCT, microcomputed tomography; BS/BV, bone
surface/bone volume. Color images available online at www
.liebertpub.com/tea

FIG. 7. Histology of critical-size defect regeneration.
Movat’s pentachrome staining after 8 weeks of 0 and
400 mm/s construct implantation in the critical-size femoral
defect. The defect is represented by the dashed lines, where
yellow represents bone, and light red represents fibrous
tissue. Magnified images of the construct-native bone in-
terface were taken, with the black rectangle indicating the
location of the interface within the defect. The white arrows
represent the original decellularized bone, indicated by the
empty cellular lacunae. Black arrows indicate formed bone,
with FT indicating the fibrous tissue that is impeding inte-
gration. Scale bars: defect 500mm, interface 50mm. Color
images available online at www.liebertpub.com/tea
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remodeling.52 In this study, the flow rate did not affect the
BMP concentration, indicating that the BMP pathways acti-
vated by the tissue-engineered grafts upon implantation did
not play a significant role in bone regeneration. IHH is an
essential cytokine released by hypertrophic chondrocytes to
regulate the production of bone.51 Increased levels of IHH
have been shown to enhance PTHrP expression, stimulate
chondrocyte proliferation, and delay further hypertrophic
progression.51,53,54 The elevated IHH concentration released
by grafts cultured at 400mm/s suggests higher concentrations
of cells in the hypertrophic chondrocyte state. In addition, the
cytokines involved in the Wnt/beta-catenin pathway showed
significantly different secretion patterns, indicating the dif-
ferent state of each graft (Fig. 6A). DKK1 inhibits hyper-
trophy by blocking the Wnt pathway, is heavily present in
articular cartilage,55 and had a significantly higher concen-
tration in the 400mm/s grafts (Fig. 6A). In addition, beta-
catenin, responsible for locally mediating osteoblast activity
and the turnover of cartilage matrix,56 had a significantly
lower concentration in the 400mm/s group. The higher
presence of DKK1 and lower presence of beta-catenin sug-
gest that the 400mm/s group was actively signaling to
maintain its cartilage matrix, and that this signaling may
have inhibited bone formation in the implanted graft.

As shown in Figures 4 and 5, the 400 mm/s group had
significantly more bone template and collagen matrix. How-
ever, after implantation, the grafts cultured at 400mm/s were
resorbed along the graft/native bone interface and replaced
with fibrous tissue, failing to heal the critical-size defects.
This was in stark contrast to the grafts cultured without
perfusion (0mm/s), where only minimal deposition occurred
in vitro, but extensive in vivo deposition led to integration
with the native bone and regeneration of the femoral defects.
Consistent with our data, the recent study of hypertrophic
constructs by Thompson et al. showed that the grafts with a
mineralized, more bone template-like scaffold produced
inferior results in a calvarial defect model.11 In their study,
differing location and organization of host osteoblasts be-
tween the scaffolds suggested that bone template-like scaf-
fold and implanted hypertrophic chondrocytes influenced
cell infiltration and activity.11 Coupled with the cytokine
secretion data indicating an advanced graft state at 400 mm/
s, the presence of fibrous tissue at the integration site sug-
gests that the advanced matrix production during in vitro
cultivation (Fig. 5) negatively impacted host cell infiltration
and subsequent bone regeneration.

A limitation of our study was the single in vivo time point
at 8 weeks. With a more comprehensive animal study, the
progression of construct integration and bone regeneration
could be modeled with more precision. The contribution of
host and implanted cells could also be discerned, to deter-
mine the influence of bone template on the regeneration.
Better understanding of the differentiated hypertrophic state
and how the cytokine secretion influences the various stages
of endochondral ossification will be invaluable for opti-
mizing the preparation of tissue constructs for bone repair.

In addition, the in vivo implantation of only two out of
four experimental groups may also limit the impact of the
study. While the experimental data clearly demonstrate that
the perfusion flow during in vitro cultivation limits the re-
generative ability of hypertrophic chondrocyte-based bone
grafts, in vivo data from all experimental groups would

provide further insights into the impact of the degree of
perfusion in vitro on the performance of these grafts in vivo.
The study of all experimental groups in the orthotopic ani-
mal model of bone healing would also help clarify future
in vitro studies, and help evaluate the in vitro markers that
predict in vivo regeneration.

Conclusion

We documented the impact of perfusion flow on the hy-
pertrophic chondrocyte differentiation and matrix production
in tissue-engineered constructs, in vitro and in a rat model
of long bone repair. Similar to differentiated osteoblasts
and chondrocytes,18–26 we demonstrated that engineering the
environment experienced by the cells also impacted hyper-
trophic chondrocyte differentiation and activity. In particu-
lar, the application of shear stress and enhanced nutrient
delivery dictated the degree of hypertrophic differentiation
and advanced bone template deposition in vitro. The re-
sponsive nature of hypertrophic chondrocytes to perfusion
flow matched a previous study that showed their sensitivity
to specific components in engineered scaffolds11 and indi-
cates the ability to engineer an ideal environment for hy-
pertrophic chondrocyte-based bone graft creation. Unlike
with osteoblast-based bone grafts, the results of our study
suggest that the utilization of perfusion flow for the differ-
entiation and stimulation of hypertrophic chondrocytes may
not be appropriate for the construction of clinically relevant
tissue-engineered bone grafts.

The positive regeneration facilitated by the control con-
structs, with a less developed template, but enhanced cell
signaling secretion, suggests that enacting an immature,
developmental tissue engineering approach, rather than
producing tissue-engineered grafts that resemble mature
tissue, might be a better route for the future of bone tissue
engineering and its application in the clinic.1 To educate this
opinion, further investigation into the specific activity of the
differentiated hypertrophic chondrocytes, when implanted
in vivo, is needed.
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