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Formation of tissue-engineered cartilage is greatly enhanced by mechanical stimulation. However, direct me-
chanical stimulation is not always a suitable method, and the utilization of mechanisms underlying mechano-
transduction might allow for a highly effective and less aggressive alternate means of stimulation. In particular, the
purinergic, adenosine 5¢-triphosphate (ATP)-mediated signaling pathway is strongly implicated in mechan-
otransduction within the articular cartilage. We investigated the effects of transient and continuous exogenous ATP
supplementation on mechanical properties of cartilaginous constructs engineered using bovine chondrocytes and
human mesenchymal stem cells (hMSCs) encapsulated in an agarose hydrogel. For both cell types, we have
observed significant increases in equilibrium and dynamic compressive moduli after transient ATP treatment
applied in the fourth week of cultivation. Continuous ATP treatment over 4 weeks of culture only slightly
improved the mechanical properties of the constructs, without major changes in the total glycosaminoglycan
(GAG) and collagen content. Structure–function analyses showed that transiently ATP-treated constructs, and in
particular those based on hMSCs, had the highest level of correlation between compositional and mechanical
properties. Transiently treated groups showed intense staining of the territorial matrix for GAGs and collagen type
II. These results indicate that transient ATP treatment can improve functional mechanical properties of cartilagi-
nous constructs based on chondrogenic cells and agarose hydrogels, possibly by improving the structural orga-
nization of the bulk phase and territorial extracellular matrix (ECM), that is, by increasing correlation slopes
between the content of the ECM components (GAG, collagen) and mechanical properties of the construct.

Introduction

Articular cartilage (AC) is a tissue highly prone to
injury and pathological degeneration, that is constantly

exposed to high stresses, which arise from joint motion and
load bearing.1 Adult AC has limited ability for spontaneous
healing, largely due to the lack of vascularization.2,3 These
two factors are underlying the need for devising effective
strategies for AC repair/regeneration or replacement.4,5 Var-
ious cell-based regenerative approaches have been proposed,
including tissue engineering (TE) of cartilage equivalents6

using chondrocytic cells,7–9 embryonic stem cells,10–12 and
mesenchymal stem cells (MSCs) from various tissues.13–16

Regardless of their origin, chondrogenic cells require an
appropriate biomechanical environment to produce func-
tional cartilage.17–20 To recreate the physiologic loading en-
vironment, a majority of TE studies have focused on various
ways of applying direct compression in combination with
application of growth factors.21–23 This external mechanical

stimulation leads to activation of mechanotransduction cas-
cades, which promote chemical signaling inside the cell.24

These intracellular mechanotransduction pathways are still
being defined.25,26

ATP (adenosine 5¢-triphosphate) has been indicated as one
of the first molecules to be released in response to mechanical
stimulation.27–31 Recently, efforts have been made in the di-
rection of harnessing the ATP-mediated, purinergic signaling
pathway in cartilage TE with the goal of recreating the
physiologic loading environment in the absence of externally
applied forces.32

The effects of extracellular ATP on mechanical properties
of engineered cartilage constructs are currently not fully
defined. To investigate the effects of extracellular ATP on
mechanical properties of cartilaginous constructs, we evalu-
ated the effects of low-dose supplementation of ATP (60 uM)
to chondrocytes (CH) and chondrogenic human MSCs
(hMSCs) encapsulated in the agarose hydrogel for 4 weeks,
cultured in a chondrogenic serum-free medium
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supplemented with the transforming growth factor (TGF)-b3
during the first 2 weeks of culture.23,33

A recent study by Ng et al.34 reported that the tissue
stiffness is not dependent on the type of the anabolic growth
factor, but rather on its temporal application. We hypothe-
sized that the same principle of temporal application can be
applied to extracellular ATP when used at a dose that in-
duces anabolic effects on engineered cartilage. To test this
hypothesis, we investigated the continuous versus transient
ATP application initiated at different time points during
culture.

Initially, we performed a set of preliminary studies with
the goal to determine if there are measurable effects of ATP
supplementation in our model system, and if these effects are
dependent on the timing of ATP supplementation. This is the
reason why we distinguish the results of preliminary and
detailed experimental studies. Based on the results of such
preliminary studies on CH constructs with different starting
points and durations of transient ATP treatment, we selected
day 21 of culture to start the 1-week-long transient treatment
with ATP. Several other intervals (1, 2, and 3 weeks in du-
ration, initiated on day 7 or day 14 of culture) of transient
ATP supplementation were tested in cartilaginous constructs
with respect to the DNA content and functional mechanical
properties that are the equilibrium (EY) and dynamic (G*)
modulus (Supplementary Fig. 1A; Supplementary Data are
available online at www.liebertpub.com/tea). The prelimi-
nary results showed that the 1-week-long ATP treatment
started on day 7 led to increased proliferation (increase in
total and %ww DNA content), but did not increase me-
chanical properties (EY and G*). When initiated on day 14,
the 1-week-long ATP treatment led to increases in DNA
(%ww) and EY relatively to day 21 controls, but not to the
increase in G*. The 2-week-long ATP treatment initiated on
day 14 did not increase the G*, DNA content, or EY.

To assess the ATP-mediated effects on CH- and hMSC-
laden agarose constructs, we have evaluated the functional
mechanical properties (EY and G*), biochemical content
(DNA, s-glycosaminoglycan [GAG], collagen), and expres-
sion of collagen type I, II, and X as well as of P2Y2, a pur-
inergic receptor, which has been reported as the
predominant receptor in ATP binding.27,28,30,32 To investi-
gate the relationship between the extracellular matrix (ECM)
composition and mechanical moduli, we have performed the
structure–function correlation analysis for each cell type in
untreated, continuously ATP-treated/and transiently ATP-
treated constructs.

Materials and Methods

Chondrocyte and MSC isolation and expansion

AC was harvested from fresh bovine carpometacarpal
joints obtained from 4-to 6-month-old calves. Cartilage was
rinsed and digested in the Dulbecco’s modified essential
medium (DMEM) with 0.5 mg/mL collagenase type IV
(Sigma Chemicals) for 10 h at 37�C with stirring. The re-
sulting cell suspension was filtered through a 70-mm pore
size mesh to isolate individual cells.33 After rinsing the pel-
lets, the CH were plated at high density ( > 1 · 105 cells/cm2)
in the chondrocyte culture medium (high-glucose DMEM–
hgDMEM supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100mg/mL streptomycin).

Bone-marrow derived hMSCs from passage 3 were cul-
tured in an expansion medium (hgDMEM supplemented
with 10% FBS, 100 U/mL penicillin, 100mg/mL streptomy-
cin, and 1 ng/mL of the basic fibroblast growth factor).

Cell seeding in hydrogel

To produce cell-laden agarose gels, type VII agarose (AG)
(Sigma Chemicals) was dissolved in phosphate-buffered sa-
line (PBS) at a concentration of 4% w/v, autoclaved, and
cooled to 40�C. AG was combined with the cell suspension
(40 · 106cells/mL) in a 1:1 ratio to result in a seeding density
of 20 · 106 cells/mL in a 2% w/v AG, which was cast be-
tween two glass plates separated by 2.5-mm spacers. After
cooling, cylindrical disks (4 mm in diameter · 2.5 mm thick)
were cored out using a biopsy punch as in our previous
studies33,35 resulting in 6.2 · 105 cells per scaffold.

Construct cultivation and ATP supplementation

Constructs from all groups were maintained in culture for
up to 28 days, with a twice weekly change of the chondro-
genic serum-free growth medium known to foster cartilage
tissue formation (hgDMEM supplemented with 5 mg/mL
proline, 1% ITS + , 100 nM dexamethasone, 50 mg/mL ascor-
bate, and 10 ng/mL TGF-b3) for the first 2 weeks.6

Three days after seeding, culture media were supple-
mented with freshly prepared 60 uM ATP (ATP-disodium
salt hydrate powder, Sigma-Aldrich Ltd.) added at each
change of the medium throughout the whole 4-week culture
period. Transient ATP supplementation, that is, beginning at
day 21, was performed for 1 week in additional groups for
each cell type.

Mechanical properties

Individual constructs were tested on a weekly basis,
starting from d7, in unconfined compression using our es-
tablished custom-designed testing system.23,36 Briefly, after
equilibration under a tare load of 0.5 g, stress relaxation tests
were conducted at a ramp rate of 1mm/s to 10% strain. The
equilibrium Young’s modulus (EY) was calculated from the
equilibrium stress and strain values based on the measured
construct dimensions. Unconfined dynamic modulus (G*)
was performed via the application of a sinusoidal deforma-
tion of 1% applied at 1.0, 0.2, and 0.1 Hz. The data for 0.2 and
0.1 Hz were included in statistical analyses only for the
constructs with extremely low stiffness (very early time
points for hMSC constructs), where loading at 1 Hz results in
a high noise level. For all other samples, data obtained at
1 Hz were used. After mechanical testing, constructs were
frozen at - 20�C for biochemical evaluation or fixed in 4%
paraformaldehyde (PFA) and transferred to PBS for later
histology and immunohistochemistry.

Biochemical composition

Tissue constructs were blotted dry, weighed, and lyophi-
lized overnight. Dry samples were digested with proteinase
K overnight at 56�C, as described previously.22 For the GAG
content, aliquots of digest were analyzed using the 1,9-
dimethylmethylene blue dye binding assay.37 For the DNA
content, additional aliquots were analyzed using the Pico-
Green assay (Invitrogen). For the total collagen content,
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aliquots were acid hydrolyzed in 12N HCl at 110�C for 16 h,
dried over NaOH, and resuspended in an assay buffer
(24 mM citric acid monohydrate, 0.012% v/v glacial acetic
acid, 85 mM sodium acetate trihydrate, 85 mM sodium hy-
droxide, pH 6.0). The orthohydroxyproline (OHP) content
was determined via a colorimetric assay by reaction with
chloramine T and dimethylaminobenzaldehyde35 that was
scaled down for microplates. The OHP content was con-
verted to total collagen content using the 1:7.64 ratio of OHP
to collagen.38 For each biochemical constituent (DNA, GAG,
and collagen), the total content per construct as well as
concentrations after normalization to wet weight are given.

Histology and immunocytochemistry

Samples from each experimental group at each time point
were fixed overnight at 4�C in 4% PFA, embedded in par-
affin blocks, and cut in cross sections to 4 mm. Sections were
stained for sulfated GAG (Alcian Blue), total collagen (Pi-
crosirius Red), and overall histomorphology (hematoxylin
and eosin staining H&E) using previously described proto-
cols.39

For immunocytochemical (ICC) staining, tissue sections
were first deparaffinized in Citrisolv (Fisher) and rehydrated
in a series of alcohols of descending concentrations. Antigen
retrieval was performed by heating in a 0.01 M citrate buffer
pH = 6.0 for 10 min and quenching of endogenous peroxidase
through immersion in 0.3% H2O2/methanol for 10 min at
room temperature. Slides were incubated for 20 min with
Blocking Serum from Vectastain ABC Kit (Vector) and incu-
bated with a primary antibody (Anti-Collagen Type II–
AB2031, in 1:100 dilution, Anti-Collagen Type I–AB749P,
1:300, and Anti-Collagen Type X–234196, all from Chemicon–
Millipore) overnight at 4�C. Next, the biotinylated secondary
antibody (Vector) was applied to the sections, and the anti-
body binding was detected with a Vectastain ABC Kit (Vec-
tor). Native cartilage sections were used as a positive control,
while construct samples without the applied primary anti-
body were used as a negative control. The samples were im-
aged using a color CCD camera mounted onto an inverted
microscope (Olympus IX-81) and analyzed using MetaMorph
(Molecular Devices).

Statistical analysis

Statistics were performed with GraphPadPrism 5.01
software. For the chondrocyte groups, each data point
represents the average – SD of n = 4–6 samples. For the
hMSC groups, n = 2–5. Each group was examined for sig-
nificant differences by one-way ANOVA, with EY, G*,
thickness, diameter, wet weight, sGAG-, hydroxyproline-,
or DNA- content as the dependent variable using the Tu-
key’s honest significant difference test. For correlation and
regression analyses, the data were fit using linear regression
and t-tests were used to evaluate correlation slopes between
conditions as described by Erickson et al.21 We have em-
ployed both statistical methods—correlation (testing the
statistical significance of the association between variables)
and linear regression (describing the relationship precisely
by means of an equation that has a predictive value) to
calculate the correlation slopes and coefficients for statisti-
cal comparison as well as to have appropriate graphic
presentation (Fig. 3), respectively.

Results

Effect of continuous ATP supplementation
on mechanical construct properties

The equilibrium (EY) and dynamic (G*) compressive
properties of CH and hMSC constructs were evaluated every
week, starting from day 7 (d7). The EY and G* in both cell-
type control constructs (CTRL, not stimulated with ATP)
increased with time in culture (Fig. 1A–C). The EY and G* of
hMSC constructs were significantly lower than those of CH
constructs (Fig. 1G, H), consistent with previous reports.21

Continuously added ATP had no significant effect on the
CH-seeded constructs versus CH-CTRL (Fig. 1B, C). A sim-
ilar functional maturation process in CTRL and continuously
ATP-treated groups was observed also in hMSC-seeded
constructs. (Fig. 1E, F).

Effect of transient ATP supplementation on mechanical
properties of cartilaginous constructs

The EY and G* of CH-seeded constructs that received
transient 1-week-long ATP treatment measured on the final
day of culture (d28) were significantly higher than those of
CTRL constructs (Fig. 1B, C). hMSC-seeded constructs trea-
ted transiently with ATP during the last week of culture
(d21–d28), also had significantly higher EY and G* values,
compared to same day CTRL constructs. Furthermore, EY

values for d21_d28ATP hMSC constructs were significantly
higher than for continuously ATP-stimulated constructs on
d28, which was not the case for CH constructs (Fig. 1E).

Effect of continuous ATP supplementation
on construct compositions

Biochemical analyses of CH and hMSC constructs were
performed after each mechanical testing session. The DNA
content increased over time for all CH constructs, d7CTRL
versus d28CTRL, and d7ATP versus d28ATP, but there were
no significant differences between CTRL and continuously
ATP-supplemented constructs (Table 1). The s-GAG content
(mg/construct) of CH constructs increased significantly over
time, both in ATP-treated and CTRL groups: d7CTRL versus
d28CTRL and d7ATP versus d28ATP. Only at d14 were the
CTRL compositions significantly better, that is, the GAG and
collagen content were higher than for the ATP-treated con-
struct (Table 1). In line with this result, the d14ATP EY was
lower than d14CTRL EY, but not significantly (Fig. 1B). There
were no significant differences between s-GAG (% ww) of
CTRL and ATP-treated CH constructs at any time point (Fig.
2B). The collagen content (mg/construct) of CH constructs
increased significantly over time in both CTRL and ATP-
treated constructs: d7CTRL versus d28CTRL and d7ATP
versus d28ATP. In general, the collagen concentrations (%
ww) were comparable among the CTRL and ATP groups
(Fig. 2C).

The DNA content of hMSC-CTRL constructs did not
change significantly over time, and only slight decreases
were observed for d7CTRL versus d28CTRL constructs. In
ATP-supplemented constructs, we detected a nonsignificant
decrease in DNA (Table 1). In hMSC constructs, the s-GAG
content (mg/construct) increased significantly over time,
both in ATP-treated and CTRL constructs: d7CTRL versus
d28CTRL, and d7ATP versus d28ATP (Table 1). There were
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no significant differences between controls and ATP-treated
constructs at any time point. However, we did observe sig-
nificant increases in wet weights of ATP-treated constructs at
d21, compared to d21CTRL (Table 1), along with a decrease
in the GAG content (% ww, Fig. 2E). The decreases in
d21ATP EY and G* were not significant compared to CTRL
(Fig. 1). The bulk collagen content increased significantly
with time in both CTRL and ATP-treated hMSC constructs
(Table 1, Fig. 2F), but was comparable between the CTRL
and ATP hMSC groups, similar to CH groups.

Effect of transient ATP supplementation
on construct compositions

The total DNA content in transiently treated CH con-
structs (d21 vs. d28ATP) was not significantly different from
CTRL constructs (Table 1). However, the DNA concentration
(% ww) was significantly higher for transiently ATP-treated
constructs than either d28CTRL or d28ATP constructs (Fig.
2A). Transient 1-week-long ATP treatment started on d21
did not lead to significant increases of total s-GAG on d28. In
both CH constructs and hMSC constructs, there was a slight,
but not significant increase of total s-GAG in comparison
with respective same day controls (Table 1) (Fig. 2B, E).

The bulk collagen content in transiently ATP-treated CH
constructs was similar to d28CTRL and significantly higher
than in continuously ATP-treated constructs (Table 1). For
hMSC-laden constructs, the DNA content in transiently

treated constructs increased, but not significantly compared
to CTRL and d28ATP. There was no significant difference
between CTRL, d28ATP and d21-d28ATP DNA when nor-
malized to wet weight (Fig. 2D). In both CH and hMSC d21-
d28ATP constructs, the total collagen content was similar to
that in d28CTRL and d28ATP constructs of the same cell
type. The same was true for collagen as percentage of wet
weight (Table 1) (Fig. 2C, F).

Effect of ATP supplementation on structure–function
correlations for cartilaginous constructs

For better understanding of the relationship between the
effects of ATP supplementation on matrix deposition and
functional maturation, we performed correlation analyses
between the content of each biochemical component and the
specific functional mechanical properties of the constructs —
EY and G* are separately correlated to the bulk contents
of s-GAG and collagen in each group (CTRL, ATP, and
d21_d28ATP) and for each cell type (CH and hMSC) (Fig. 3;
the slopes and correlation coefficients are listed in Table 2).

For CH-seeded constructs, a strong linear fit was observed
for mechanical parameters (EY, G*) versus s-GAG content,
with p-values ranging 0.01–0.04, and R2 values ranging 0.89–
0.97, implying strong structure–function correlations in all
the groups. Notably, the slopes of correlation differed among
groups, with the significantly highest slope detected for the
EY versus GAG content in the d21-d28ATP group relatively

FIG. 1. Experimental design. (A, D) Experimental groups: CTRL untreated, adenosine 5¢-triphosphate (ATP) continuously
treated, d21-d28ATP transiently ATP treated. Duration of transforming growth factor (TGF)-b3 application is also indicated.
(B, E) Young’s modulus and (C, F) dynamic modulus (G*) of agarose hydrogels seeded with chondrocytes (CHs) (red) or
human mesenchymal stem cells (hMSCs) (green) measured weekly over a 28-day culture period. (G, H) Same scale com-
parison of mechanical properties for both cell types (CH and hMSCs). Data represent the mean – SD of 4–6 (CH) and 2–5
(hMSC) samples from two replicate studies. *p < 0.05, **p < 0.01. For clarity, the statistical differences are not labeled in G, H
due to the large number of groups. Color images available online at www.liebertpub.com/tea
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to CTRL and ATP groups (Table 2, Fig. 3A). The G* versus
GAG content correlation in the d21-d28ATP group also had
the significantly highest slope versus both CTRL and ATP
groups (Table 2, Fig. 3A). For EY versus collagen content
correlations, we observed the linear fit in all groups, but the
only statistically significant correlation was detected for
transiently treated d21-d28ATP constructs (Table 2, Fig. 3B).
For G* versus total collagen content correlations, significance
was detected for both the CTRL and d21-d28ATP groups,
with the higher slope in the ATP-treated groups. For the ATP
group, G* versus collagen correlation was not significant
(Table 2, Fig. 3B).

In the hMSC-seeded constructs, we could not detect cor-
relation in all groups for GAG. For EY versus GAG content,
only the d21-d28ATP group had significant linear fit with
R2 = 0.91; the slope for this group was also the highest (Table
2, Fig. 3C). For G* versus GAG, the group with continuous
ATP treatment lacked a significant linear fit, while the slope
for the d21-d28ATP group was the highest (Table 2, Fig. 3C).
For both EY and G* versus total collagen in hMSC constructs,
the linear fit and correlation were significant for all the

groups. For EY versus collagen, transiently treated constructs
exhibited the highest slope of correlation (Table 2, Fig. 3D).
Similarly, for G* versus collagen correlation, the
d21_d28ATP group had the highest slope, compared to
CTRL and continuously ATP-treated constructs (Table 2)
(Fig. 3D). The correlation slopes were significantly lower for
the hMSC constructs, ( p < 0.001) than CH constructs, both
within the same treatment groups (e.g., ATP–CH vs. ATP–
hMSC) and different treatment groups (e.g., CTRL-CH vs.
ATP-hMSC) (Fig. 3E, F).

Effects of ATP supplementation
on construct histomorphology

Histological and ICC evaluation were performed after
mechanical testing of each construct, to obtain consistent
data for structure–function analyses. Due to no detectable
differences between the CTRL and ATP-treated groups at
earlier time points, only day 28 results of histological/ICC
evaluation are presented in Figure 4. The matrix accumula-
tion increased with time in all groups, as evidenced by

FIG. 2. Construct compositions.
The biochemical content is shown as
a percentage of wet weight for CH
and hMSC constructs as a function
of time and ATP treatment. (A, D)
DNA content, (B, E) s-glycosami-
noglycan (GAG) content, (C, F) total
collagen content. Data represent the
mean – SD of 4–6 (CH) and 2–5
(hMSC) samples from one of two
replicate studies. ***p < 0.001.
Color images available online
at www.liebertpub.com/tea
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Alcian Blue staining for sulfated GAG and Picosirius Red
for total collagen. For both CH and hMSC constructs, the
d21-d28ATP group had the most intense GAG staining, es-
pecially in the territorial matrix, and the strongest overall
collagen staining both in the inter- and territorial matrix. The
collagen type II immunostaining was the strongest in the
d21-d28ATP group for both CH and hMSC constructs, and
prominently localized to the territorial matrix, in particular,
in the hMSC constructs (Fig. 4B). Hematoxylin and eosin
staining indicated that the cells were multiplying in all the
groups for CH constructs (white arrows pointing to local
multiplication of cell nuclei), and only in the d21-d28ATP
group of hMSC constructs, in line with the measured in-
crease of DNA content in this group, Figure 4.

Neither CH nor hMSC constructs showed collagen type I
expression, indicating that ATP treatment did not induce
fibrocartilage-like collagen accumulation. Collagen type X
was detectable at very low levels in all groups of CH con-
structs (Fig. 5A), indicating that transient ATP treatment did
not induce a hypertrophic phenotype. There was no collagen
type X expression detectable in hMSC-seeded constructs,
Figure 5B. ICC staining for the P2Y2 receptor, which is re-
garded to have a predominant role in ATP binding, revealed
different patterns of expression between cell types (CH or
hMSC) and ATP-treatment groups (CTRL, continuous ATP,
transient d21-d28ATP). For CH, P2Y2 expression on the final
day of culture (d28) was increased in continuously ATP-
treated (d28ATP) versus control (d28CTRL) and versus
transiently ATP-treated (d21_d28ATP) constructs. The P2Y2
expression appeared to be localized over the whole cell

surface in d28ATP constructs and to have a more punctuated
pattern in d28CTRL and d21-d28ATP constructs. In hMSC
constructs, d28CTRL and d28ATP groups had similar pat-
terns of P2Y2 expression localized to the cell surface in the
vicinity of the territorial matrix, while in the transiently ATP-
treated group (d21-d28ATP), the expression was detected on
the whole cell surface, similar in pattern, but in a lesser de-
gree than for d28ATP-CH (Fig. 6).

Discussion

ATP has been indicated as one of the first molecules to be
released in response to mechanical stimulation. The ATP-
mediated, purinergic signaling pathway may be exploited
to recreate the physiologic loading environment for en-
gineered cartilage in the absence of externally applied forces.
In the current study, we hypothesized that the timing of
ATP supplementation will play a role in the development
of structural and mechanical properties of cartilaginous
constructs. We have focused on the effects of ATP as the
extracellular signaling molecule, rather than its role in
the intracellular energy metabolism which, in turn, would
require an entirely different set of molecular tools. We in-
vestigated the effects of transient and continuous supple-
mentation of ATP on structural and mechanical properties of
cartilaginous constructs engineered using immature bovine
CH and hMSCs encapsulated in agarose hydrogel and
cultured for 4 weeks in free-swelling conditions. Structure–
function analyses showed that transiently ATP-treated con-
structs exhibited the highest correlation slopes between

FIG. 3. Structure–function correlations for cartilaginous constructs. Correlation plots relate the measured mechanical
properties (Eg and G*) and concentrations of matrix components (total s-GAG and total collagen). (A, B) Plots for CH-seeded
hydrogels. (C, D) Plots for hMSC-seeded hydrogels. (E, F) Same scale comparison for both cell types. Lines show the linear fit
for each group. Color images available online at www.liebertpub.com/tea
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compositional and mechanical construct properties. This
finding indicates that transient ATP supplementation leads
to increased functional consequence of a given amount of
ECM component (GAG and collagen), that is, to superior
ECM assembly.

For both cell types (CH and hMSCs), we observed statis-
tically significant increases in equilibrium (EY) and dynamic
moduli (G*) in comparison to CTRL, after transient, but not
continuous ATP treatment. In many instances, the increases
in mechanical properties were not followed by correspond-

ing increases in GAG and collagen contents, a result in line
with previous reports for the effects of growth factors on
engineered cartilage, which also detected disparity between
the structural composition and mechanical properties and
showed that this disparity is due to the changes in the type,
size, structure, and/or spatial location of the matrix com-
ponents affected by the growth factors.34 The fact that groups
with similar biochemical contents had different mechanical
properties further supports the notion that mechanical
properties depend on the organization or the modulation of

Table 2. Structure–Function Correlations

EY vs. [GAG] EY vs. [COLL]

CH Slope R2 p Slope R2 p

CTRL 327.7 0.90 0.04* 1096 0.89 0.06 ns
ATP 348.2 0.92 0.03* 1458 0.90 0.05 ns
d21_d28ATP 379.0 0.90 0.01* 1282 0.88 0.02*

G* vs. [GAG] G* vs. [COLL]

Slope R2 p Slope R2 p

CTRL 1.322 0.97 0.01* 4.4 0.96 0.02*
ATP 1.643 0.93 0.04* 6.7 0.9 0.05 ns
d21_d28ATP 1.668 0.89 0.02* 5.6 0.87 0.02*

EY vs. [GAG] EY vs. [COLL]

hMSCs Slope R2 p Slope R2 p

CTRL 68.4 0.83 0.09 ns 130.4 0.93 0.04*
ATP 65.3 0.85 0.08 ns 105 0.99 0.004**
d21_d28ATP 76.9 0.91 0.01* 150.6 0.94 0.006**

G* vs. [GAG] G* vs. [COLL]

Slope R2 p Slope R2 p

CTRL 544.7 0.94 0.03* 973.6 0.92 0.04*
ATP 499.2 0.86 0.06 ns 782.2 0.99 0.007**
d21_d28ATP 568.3 0.97 0.003** 1083 0.95 0.005**

Correlation coefficients relating measured functional mechanical properties (EY and G*) with total contents of s-GAG and collagen for
CH- and MSC-seeded constructs. *p < 0.05, **p < 0.01; ns, no significant difference.

FIG. 4. Tissue morphology.
Histology and immunohisto-
chemistry data are shown for
(A) CH-seeded and (B)
hMSC-seeded constructs on
day 28. First row: hematoxy-
lin–eosin (H&E) staining,
white arrows pointing to lo-
cal multiplication of cell nu-
clei; second row: Alcian blue
(AB) staining of deposited s-
GAG; third row: Picrosirius
Red (PR) staining of total
collagen and immunohisto-
chemistry for collagen type II
(COL II); fourth row: scale
bar = 100 mm. Color images
available online at www
.liebertpub.com/tea
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the size of macromolecular proteoglycan aggregates, which
might explain the detected progressive Alcian blue staining
in the absence of increased total GAG content and not only
the amounts of the ECM components.22,39,40 In this context,
several studies have shown the roles of crosslinking matrix
molecules (such as cartilage oligomeric matrix protein—
COMP,22 type IX collagen,41 type XI collagen, link protein33)
in the development of functional mechanical properties of
cartilage constructs. Ng et al.34 stressed the need to address
these disparities in further studies via molecular biology
techniques such as RT-PCR and calcium imaging, which

would allow for better understanding of the signaling pro-
cesses underlying detected macroscale phenomena. Calcium
imaging would be important for better defining of purinergic
signaling pathways.30,42,43 Such studies could be further sup-
ported by precise imaging of the matrix ultrastructure, extra-
and pericellular distributions of matrix components,44–46 and
the interactions between proteoglycans and collagen, and
between collagen fibers.47,48

We are currently undertaking further studies to determine
whether the effects of transient ATP stimulation are also
transient, or the effects are sustained following the removal
of the ATP stimulus. Other questions of interest include
differential effects of ATP on the territorial and interterrito-
rial cartilaginous matrix, and on primary CH and chondro-
genic hMSCs. Notably, hMSCs were more receptive to the
effects of ATP (e.g., 72% vs. 16% increase in GAG content for
hMSCs and CH, respectively), suggesting a strong role of
ATP during chondrogenesis. Immunostaining for the pur-
inergic receptor P2Y2 also indicated different responses of
CH and chondrogenic hMSCs to exogenous ATP stimula-
tion, although in all the groups, the P2Y2 expression was
limited to the cell surface and not the nucleus, which is in
line with further reports.49 For CH, P2Y2 expression was
increased in continuously ATP-treated (d28ATP) versus
control (d28CTRL) and versus transiently ATP-treated
(d21_d28ATP) constructs, while in hMSCs, similar patterns
as in the d28ATP-CH group was detected for the transient
d21_d28ATP-hMSC group, but in a lesser degree. At this
point, it is difficult to directly correlate the effect of the P2Y2
overexpression/change in the expression pattern detected in
different groups to the structural/mechanical properties.
Xing et al. investigated the impact of P2Y2 overexpression in
chondrocyte mechanosensitivity using a murine inducible
chondrogenic cell line (ATDC5) and concluded that different
expressions of ATP receptors (such as P2Y2 receptor) and
their regulators (such as GRK2) may contribute to the en-
hanced mechanosensitivity in differentiated cells primarily
via the ERK1/2 response.50 Knight et al. detected the differ-
ence in P2Y2 expression between superficial and deep zone
cells in human cartilage and even suggest the possibility that
different signaling mechanisms may occur within these two
cell populations.51

Future studies will be necessary to quantify and interpret
these differences in detail as well as to determine if such
changes in expression also occur with other purinergic re-
ceptors sensitive to ATP. It would also be of interest to ex-
amine the age dependence of the bovine chondrocyte
response to ATP stimulation. As we have detected differ-
ences in P2Y2 expression between chondrogenic hMSCs,
which might be taken as analogs of fetal cartilage,52 and
native juvenile CH, it could be hypothesized that P2 ex-
pression pattern changes during chondrogenesis, affecting
the tissue response to ATP supplementation. Temporal ex-
pression dependency, that is, different expression at different
developmental stages has been established for a number of
receptors detected in developing CH.53

Previous studies have reported negative effects of extra-
cellular nucleotides on cartilage metabolism such as pro-
motion of proteoglycan breakdown,54 GAG release55,56 and
stimulation of inflammatory mediators, nitric oxide (NO)
and prostaglandin E2.32,57 Other studies reported chon-
droprotective effects of extracellular ATP,56 such as the

FIG. 5. Distributions of tissue components. Immuno-
histochemistry of (A) CH-seeded and (B) hMSC-seeded con-
structs on day 28 for collagen type I (COL I)–first rows and
collagen type X (COL X)–second rows. Scale bar = 100mm.
Color images available online at www.liebertpub.com/tea

FIG. 6. Expression of P2Y2 receptors. Fluorescence im-
munostaining of CH-seeded (upper row) and hMSC-seeded
constructs on day 28 for P2Y2 receptors (green, indicated by
white arrows) and nuclear label (DAPI-blue). Scale bar = 100
mm. Color images available online at www.liebertpub.com/tea
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upregulation of proteoglycan synthesis, collagen accumula-
tion,58,59 increase in indentation modulus,32 suppression of
inflammatory mediator (NO) production,60 a dose-dependent
stimulation of formation of chondrocytic nodules,61 elevated
protein expression of chondrogenic transcription factor Sox 9
and mRNA levels of collagen II and aggrecan.59

The ATP concentration and lifetime in culture are likely to
play major roles in the resulting effects. The concentrations of
ATP released in response to mechanical loading were at the
order of 10 - 5M,27 and varied with the magnitude of applied
loading.27 In contrast, higher concentrations of ATP, at the
order of 10 - 4 to 10 - 3 M, caused the release of inflammatory
mediators57,62 and matrix mineralization.63,64 We therefore
applied exogenous ATP in the low-dose range (60 mM) to
avoid potential catabolic effects. The half-life for ATP was
measured to be 2.4 h in pellet culture58 and 5.3 h in bovine
AC explants.56 Notably, significant long-term effects were
observed in spite of the short ATP half-life, suggesting that
extracellular ATP quickly binds to its receptors eliciting
further downstream signaling cascades. Another study de-
termined that ATP can pass through the agarose gel and
pericellular matrix, bind to purinoceptors, and increase in-
tracellular calcium concentrations.42

Purinergic signaling data for hMSCs are scarce and con-
troversial.65 Recent studies demonstrated that P2 receptors
are expressed and functional in hMSCs and that activation
by their natural ligand ATP can mediate fast changes in the
intracellular ion homeostasis.65,66 Another study docu-
mented the flow rate-dependent release of ATP from hMSCs
and showed that ATP is unique, among nucleotides, in its
ability to induce hMSC proliferation.67 In contrast to the
previous studies, where ATP was applied over very short
time periods,65–67 our study has focused on the effects of
prolonged (continuous *4 week long and transient 1 week
long) ATP application on CH and chondrogenic hMSCs in a
3D setting, under serum-free conditions with TGF-b3 sup-
plementation, which is a state-of-the-art protocol for induc-
ing and maintaining chondrogenesis.6,22,34

The highest improvements of mechanical properties
(equilibrium modulus EY and dynamic modulus G* in un-
confined compression) were observed for cartilaginous con-
structs subjected to transient ATP treatment for both the CH
and hMSCs. The related increase in the DNA concentration
(%ww) without a significant increase in the total DNA con-
tent, but with detected cell nuclei multiplication implies that
transient ATP treatment affected also the tissue hydration
and not solely the cell proliferation. These effects are in line
with the results of studies reported by Waldman et al.32

The cells were multiplying in all the groups of CH con-
structs, but only in the d21-d28ATP group of hMSC con-
structs, consistent with the detected increase in the DNA
content in this group. The absence of intensive proliferation
in CTRL and continuously ATP-treated hMSC groups is in
line with the results of Coppi et al.66 who detected that
hMSCs at early stages of culture spontaneously release ATP,
which decreases cell proliferation. Apparently, continuously
added ATP intensified this effect in our study. In addition,
the slight decrease in the DNA content observed for d7CTRL
versus d28CTRL hMSC constructs can be explained by the
absence of proliferation combined with the low level of ap-
optosis, which is inevitable in the process of chondrogen-
esis.68 However, transient ATP treatment at a later stage of

culture (d21_d28) did not decrease proliferation, evidenced
by the cell multiplication. Therefore, ATP effects on prolif-
eration might be dependent on the maturation stage of the
chondrogenic cells. Further studies are necessary to investi-
gate in detail the multiple effects of ATP and the timing of its
supplementation on the cellularity in correlation to the ma-
trix composition and mechanical properties of cartilage
constructs.

The most significant changes in the functional properties
in ATP-treated constructs observed after the cessation of
TGF-b3 supplementation in both CH and hMSC constructs
suggest interactions between ATP and TGF-b3. In CH, TGF-
b1-dependent signaling has been implicated in the elabora-
tion of inorganic pyrophosphate (PPi).69 On the other hand,
exogenous ATP can be directly involved in the generation of
PPi, via purinergic receptors.63,70 In addition, the levels of
exogenous ATP are modulated by TGF-b1 signaling,63 and
the responses of CH to ATP were enhanced by TGF-b1.55 In
light of these data, it is interesting that the ATP treatment
was most effective when started after the end of TGF-b3
supplementation (i.e., d14-d21 and d14-d28 groups, Sup-
plementary Fig. 1). The significant increase in EY and G*
observed only in the d21-d28ATP group, further supports
the hypothesis of TGF-b3/ATP interactions in cartilaginous
constructs. ATP binding was shown, using other experi-
mental systems, to be essential for the bioactivity of several
other growth factors such as the FGF-271 and vascular en-
dothelial growth factor.72 However, it is also possible that
factors other than the TGF-b3/ATP interaction had similar or
more influential effect. The efficiency of ATP stimulation
might be dependent on the amount of ECM the cells had
produced before ATP application, or it might be necessary to
have a certain number and/or certain types of P2 receptors
expressed at the time of ATP stimulation. The expression of
P2 receptors may be influenced by the developmental stage73

as well as by the factors, which vary during culture time
(e.g., pH level.74).

Our study and the study reported by Waldman et al.32

differ in their scope, model system, and methodology. In the
Waldman et al.32 study, CH were cultured on type II colla-
gen-coated filters to form a thin ( £ 100 mm) layer of carti-
laginous tissue, as compared to three-dimensional tissue
constructs formed in our study by cell encapsulation in
agarose hydrogel. ATP diffusion through agarose gels and
pericellular matrix, which was earlier described by Elfervig
et al.,42 has likely changed the effective concentrations at the
cell surfaces. We selected the agarose hydrogel cell encap-
sulation system as the only approach that resulted in the
formation of physiologically stiff cartilaginous con-
structs,23,34,75 and because human chondrocyte-laden aga-
rose alginate hydrogels have shown good clinical outcomes
in Phase III clinical trials (http://clinicaltrials.gov/ct2/
show/NCT00945399).76,77 Another difference is that Wald-
man et al.32 used a medium supplemented with serum, while
we opted for the serum-free medium. Substantial ATP deg-
radation activity of serum55 makes the estimation of the
actual ATP dose that the cells receive rather difficult. Finally,
serum variability78 and its negative effects on the chon-
drocyte phenotype79 may complicate potential clinical ap-
plications. Some of the differences in measured mechanical
data (in particular the magnitude of detected increase in
mechanical moduli) also come from the methodological
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differences between the two studies. Waldman et al. used
unconfined indentation testing of the tissue filter unit,32 a
method that determines the elastic modulus based on scaling
factors (cartilage thickness, indenter radius, and Poisson’s
ratio) and yields Young moduli that are significantly higher
(30%–107%) compared to unconfined compression testing.80

In summary, our aim was to use a model system with
biological fidelity (three-dimensional hydrogel), under con-
ditions relevant to potential clinical application (serum-free
medium), and with conservative evaluation of the effects of
ATP on the compositions and mechanical properties of car-
tilaginous constructs. Under these conditions, we evaluated
two types of cells of interest (CH and hMSCs) and several
regimes of ATP supplementation. We propose that pur-
inergic stimulation is a promising mechanism for improving
results of the functional cartilage engineering, both via ex-
ogenous supplementation of culture media with purinergic
nucleotides that could improve biochemical and functional
mechanical properties of the in vitro engineered cartilaginous
tissues and via pharmacological manipulation of P2 recep-
tors. The ultimate goal of such a strategy is the improvement
of tissue function, which in turn implies both the composi-
tional and organizational aspects of tissue development.

Further studies are necessary to define the most efficient
protocol for cartilage TE using purinergic stimulation. Pos-
sible avenues for optimization include the use of ATP ana-
logues, such as adenosine-50-O-3-thiotriphosphate (ATPgS),
and nonhydrolyzable ATP analogues (a,b-methylene ATP or
b,c-methylene ATP), which are described as more stable than
ATP itself73,81 and adenosine-diphosphate or adenosine itself
to dissect more subtle effects of these products of ATP hy-
drolysis. Another possibility includes pharmacological ma-
nipulation of P2 receptors via application of agonists/
antagonists. In this context, we are undertaking studies on P2
receptor expression in the process of chondrogenesis.

Finally, there are still many insufficiently defined aspects
of the purinergic signaling cascades, which hinder safe
clinical application, for example, as intra-articular injection of
purinergic nucleotides. While anabolic effects of ATP on
chondrogenic cell constructs were reported,28,32,58 there are a
number of ATP-induced tissue reactions that could interfere
with the normal function of cartilage cells and other cell
types in the joints such as synoviocytes and bone cells, which
also express P2 receptors.82 For example, exogenous ATP
could activate the P2X7 receptor in synoviocytes, which
further may induce the release of the proinflammatory fac-
tors into the synovial fluid (e.g., interleukin-1b, prostaglan-
dins, proteases that are associated with clinical symptoms of
rheumatoid arthritis).83,84 Besides the release of inflamma-
tory molecules, human therapy-challenging effects of exog-
enous ATP include the induction of catabolic processes,
disturbed regulation of PPi, and mineralization.55,63,85–87 The
therapeutic modalities that could utilize ATP signaling, as a
substitute for mechanical stimulation, are numerous, even
though the effects of ATP are not necessarily identical to
those of mechanical stimulation. We anticipate that it will be
possible to optimize the cell therapy protocols, such as au-
tologous chondrocyte implantation and matrix-induced au-
tologous chondrocyte implantation, where usually cells are
grown in vitro for 4 to 6 weeks,88 to incorporate 1 week of
exogenous ATP stimulation during the in vitro expansion
protocol. This could motivate further studies of the effects

and mechanisms of ATP stimulation in the context of carti-
lage regeneration.
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