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ORIGINAL ARTICLE

Intracellular Calcium and Sodium Modulation
of Self-Assembled Neocartilage Using Costal Chondrocytes

Gaston A. Otarola, MS, Jerry C. Hu, PhD, and Kyriacos A. Athanasiou, PhD, PE

Ion signaling through Ca2+ and Na+ plays a key role in mechanotransduction and encourages a chondrogenic
phenotype and tissue maturation. In this study, we propose that the pleiotropic effects of Ca2+ and Na+ mod-
ulation can be used to induce maturation and improvement of neocartilage derived from redifferentiated
expanded chondrocytes from minipig rib cartilage. Three ion modulators were employed: (1) 4a-phorbol-12,13-
didecanoate (4-aPDD), an agonist of the Ca2+-permeable transient receptor potential vanilloid 4 (TRPV4), (2)
ouabain, an inhibitor of the Na+/K+ pump, and (3) ionomycin, a Ca2+ ionophore. These ion modulators were
used individually or in combination. While no beneficial effects were observed when using combinations of
the ion modulators, single treatment of constructs with the three ion modulators resulted in multiple effects in
structure–function relationships. The most significant findings were related to ionomycin. Treatment of neo-
cartilage with ionomycin produced 61% and 115% increases in glycosaminoglycan and pyridinoline crosslink
content, respectively, compared with the control. Moreover, treatment with this Ca2+ ionophore resulted in a
45% increase of the aggregate modulus, and a 63% increase in the tensile Young’s modulus, resulting in
aggregate and Young’s moduli of 567 kPa and 8.43 MPa, respectively. These results support the use of ion
modulation to develop biomimetic neocartilage using expanded redifferentiated costal chondrocytes.

Keywords: ion modulation, costal chondrocytes, self-assembling, neocartilage

Impact Statement

New cost-effective, replicable, and highly controllable strategies are required to develop neocartilage with biomimetic
properties akin to native tissue. Ion signaling plays a key role in mechanotransduction, promoting chondrogenic phenotype.
Using rib cartilage, we proposed that Ca2+ and Na+ modulation could be used to induce maturation of neotissue derived
from redifferentiated, expanded costal chondrocytes, improving its mechanical properties. Our results indicate that Ca2+

modulation with ionomycin, which stimulated extracellular matrix deposition and collagen crosslinking, improved mor-
phological and mechanical features of neocartilage constructs, and holds potential as a powerful tool to engineer hyaline-
like tissues.

Introduction

Stimulation of tissue maturation through mechano-
transduction stands as a promising strategy to engineer

neocartilage with appropriate biomechanical properties.
Maturation of neotissues grown in vitro is a key step toward
improving the mimicry of neocartilage to its native counter-
part. For example, treatment of neocartilage constructs with
Lysyl oxidase-like 2 (LoxL2), which catalyzes the pyri-
dinoline (PYR) crosslink typically found in mature articular
cartilage (AC), is highly efficient but has a narrow target
effect.1 Conversely, the use of bioreactors to simulate me-
chanical cues found in the joint enables the activation of

signaling cascades with pleiotropic effects in the neotissue.2

Stimuli, such as compression, tension, fluid shear, and
hydrostatic pressure, have been employed to improve the
biomechanical properties of engineered neocartilage.3–6

The activation of chondrogenic signaling pathways
through mechanotransduction has been shown to favor a
more cartilaginous extracellular matrix (ECM) in terms of
composition (e.g., collagen types and content), macromol-
ecule bonding (e.g., PYR crosslinks), and collagen align-
ment (anisotropy).7,8 Taking into consideration the multiple
targets of mechanical stimulation, it is essential that a more
critical breakdown of its various effects is carried out to
inform cogent tissue engineering approaches.
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Ion signaling plays a key role in mechanotransduction.
The well-characterized mechanoelectrical transduction (MET)
channels found in the stereocilia of hair cells are directly
modulated by sound waves, which open the channels by
bending of the stereocilia.9 Opening of the MET channels
allows the influx of Ca2+, depolarizing the cell and convert-
ing the mechanical stimuli into an electrical signal. Piezo1,
a depolarizing nonselective cationic channel permeable to
Na+, K+, and Ca2+ that regulates vascular development, is
activated by deformations in the plasma membrane induced
by blood flow-derived shear stress.10

Similar to the MET channels, the mechanosensitive K+

TREK-1 channel responsible for pain perception in neurons
is opened by cell swelling and membrane stretching, and has
further shown sensitivity to changes in temperature and
voltage.11,12 In chondrocytes, compressive loading on AC
causes fluid loss and osmotic changes that induce an in-
crease in intracellular Ca2+, which in turn drives gene ex-
pression toward ECM synthesis.13,14

Likewise, Na+ concentration is involved in the regulation
of chondrocyte hydration and osmosis through interaction
with positively charged molecules, such as glycosaminogly-
can (GAG), thus attracting water.15 Modulation of intra-
cellular ion concentrations, particularly Ca2+, is a common
downstream effect of various responses to mechanical stimuli.

Ion modulation regulates the chondrogenic phenotype and
encourages tissue development through multiple ion-specific
and loading-specific mechanisms. For example, TRPV4 medi-
ates the response to osmotic changes and mechanical stimuli
through its interactions with integrins and other elements of the
cytoskeleton, using Ca2+ as a secondary messenger.16 The
current understanding points that the prochondrogenic gene
expression is activated through the Ca2+/calmodulin pathway.17

Modulation of Ca2+ is also necessary for mechano-
transduction of hydrostatic pressure, as evidenced by a lack
of response in the presence of Ca2+ chelators.18 In this case,
mechanosensitive Ca2+ channels induce an increase in the
intracellular concentration of the cation. The increase in
Ca2+ concentration activates secondary messengers such as
calmodulin, calmodulin kinase type II, and calcineurin,
which in turn initiate signaling cascades toward changes in
gene expression, likely through Indian hedgehog (Ihh) and
Parathyroid hormone-related peptide (PTHrP) pathways.19,20

Modulation of intracellular Na+ has also been implicated
as an effector of mechanical cues in chondrocytes. Previous
work has shown that hydrostatic pressure inhibits Na+/K+

pumps, producing an accumulation of intracellular Na+.21

Moreover, epithelial sodium channels (ENaC), which are
expressed in articular chondrocytes, are also believed to en-
able mechanotransduction in chondrocytes.22 Colocalization
of ENaC with integrins, voltage-activated Ca2+ channels,
and Na+/K+ pumps has provided further support to ENaC
playing a part in the molecular machinery of mechano-
transduction. Other sodium channels that belong to the
degenerin/epithelial sodium channel (DEG/ENaC) superfam-
ily are acid-sensing ion channels (ASICs). A study published
this year linked ASICs to transduction of mechanical cues.23

While the exact role of ASICs has yet to be determined,
their functionality during mechanotransduction has been
shown in gastrointestinal responses, bladder compliance,
and vascular remodeling, among others.24–26 ASIC1 is ex-
pressed in chondrocytes, and a recent study has shown that

deregulation of ASIC1 function is associated with the
degradation of AC.27 In short, regardless of upstream acti-
vation or downstream effects, ion modulation has often as-
sociated with a prochondrogenic response.

Ion modulation, hence, could serve to improve tissue-
engineered neocartilage. Using neocartilage constructs derived
from primary bovine articular chondrocytes, the effects of
Ca2+ modulation were determined using the TRPV4 agonist,
4a-phorbol-12,13-didecanoate (4-aPDD), to promote TRPV4
activation and Ca2+ influx.28,29 The increase in intracellular
Ca2+ resulted in an increase in the collagen content and tensile
properties. The involvement of the TRPV4 ion channel in
remodeling and strengthening the matrix of neocartilage
constructs was further shown using tensile bioreactors.4

Another tissue engineering study examining ion mod-
ulation consisted of Na+ and Ca2+ modulation using oua-
bain, an inhibitor of the Na+/K+ pump, and ionomycin, a
Ca2+ ionophore.30–32 This work reported an increase in the
tensile modulus compared with the untreated control by both
ion modulators, and an increase in the ultimate tensile
strength (UTS) by ouabain.

A more recent study aiming to induce maturation of
cardiomyocytes with electrical stimulation found that Ca2+

influx mediated by ionomycin also triggers a comparable
intracellular cation increase, possibly mediating a similar
response.33 Ion modulation, as an effector of mechano-
transduction, could bypass the need of mechanical stimu-
lation bioreactors and be used as a downstream prompt to
enhance engineered tissues.

In this work, we applied, for the first time, the Ca2+

modulators, 4-aPDD and ionomycin, and the Na+ modulator
ouabain on neocartilage derived from minipig expanded and
redifferentiated costal chondrocytes to improve the proper-
ties of the tissue-engineered cartilage. It was hypothesized
that the modulation of Ca2+ and Na+ ions would modify
the biochemical content of the neotissues, resulting in an
improvement of the mechanical properties. This hypothesis
was tested by determining the effects of 4-aPDD, ouabain,
and ionomycin on their own (Phase 1) and in combination
(Phase 2).

Methods

Isolation and expansion of costal chondrocytes

Juvenile porcine costal chondrocytes were isolated from
the unmineralized portion of floating ribs of three juvenile
minipigs obtained from Premier BioSource no later than
48 h after slaughter. Cartilage from ribs cleaned of all non-
cartilaginous tissue was cut into 1 mm3 pieces and washed
three times with GlutaMAX Dulbecco’s modified Eagle’s
medium containing 4.5 g/L glucose (DMEM; Gibco) and
1% (v/v) penicillin/streptomycin/fungizone (PSF; Lonza,
Basel, Switzerland).

The cartilage was then digested with 0.4% pronase
(Sigma, St. Louis, MO) in DMEM for 1 h at 37�C, and then
in 0.2% collagenase type II (Worthington Biochemical,
Lakewood, NJ) in DMEM supplemented with 3% (v/v) fetal
bovine serum (FBS; Atlanta Biologicals, Lawrenceville,
GA) for 18 h at 37�C. Cells were then strained through a
70 mm strainer, washed with red blood cell lysis buffer34 for
4 min, counted, and frozen in freezing medium containing
90% (v/v) FBS +10% (v/v) DMSO (Sigma).
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Primary (P0) costal chondrocytes were thawed and see-
ded in T225 flasks at a density of *2.5 million cells per
flask in chondrogenic medium (CHG) consisting of Gluta-
MAX DMEM, 1% (v/v) PSF, 1% (v/v) insulin–transferrin–
selenium (BD Biosciences, San Jose, CA), 1% (v/v)
nonessential amino acids (Thermo Fisher Scientific),
100 mg/mL sodium pyruvate (Thermo Fischer Scientific),
50 mg/mL ascorbate-2-phosphate (Sigma), 40 mg/mL
L-proline (Sigma), and 100 nM dexamethasone (Sigma).
Throughout expansion, medium was supplemented with 2%
(v/v) FBS, 1 ng/mL TGF-b1, 5 ng/mL bFGF, and 10 ng/mL
PDGF (PeproTech). Cells were cultured at 37�C in 10%
CO2, and passaged to P3 at confluence using 0.05% trypsin-
EDTA (Invitrogen) and 0.2% collagenase type II solutions.

Aggregate culture redifferentiation and neocartilage
construct seeding

Passaged costal chondrocytes from each donor were
seeded in equal parts on 1% (w/v) agarose-coated plates at
a density of 750,000 cells/mL (30 mL total) per plate with
CHG supplemented with 10 ng/mL TGF-b1, 100 ng/mL
GDF-5, and 100 ng/mL BMP-2 (PeproTech). Plates were
placed on an orbital shaker at 50 rpm for 24 h at 37�C in
10% CO2, and then kept static, changing medium every
4 days. At 14 days of aggregate redifferentiation, the aggre-
gates were digested using 0.05% trypsin-EDTA and 0.2%
collagenase type II solutions. Cells were strained through a
70 mm cell strainer, washed twice, and resuspended in CHG.

For the self-assembling of neocartilage constructs, 2 million
cells were seeded in 5 mm diameter nonadherent 2% (w/v)
agarose wells at a density of 20 million cells/mL. At 4 h
after self-assembling, additional 400 mL of CHG (control) or
CHG supplemented with 10 ng/mL TGF-b1 were added.

This medium was replaced daily until unconfinement (at
day 3 after self-assembly), after which, constructs were kept
in 2 mL of medium, replaced every 2 days. The CHG con-
trol group was maintained in CHG medium. For all other
groups, TGF-b1, chondroitinase ABC (c-ABC), and LoxL2
treatment (termed TCL) was used as follows: TGF-b1 was
applied at 10 ng/mL after seeding and until day 28, c-ABC
(Sigma) was applied at 2 U per mL for 4 h in day 7, and
LoxL2 (Signal Chem) was applied at 0.15 mg/mL between
days 7 and 21 after self-assembly, together with 0.146mg/mL
hydroxylysine (Sigma) and 1.6mg/mL copper sulfate (Sigma).

Chemical treatments

For all experiments, the constructs were randomly as-
signed across treatment groups. Modulation of ions in the
constructs was performed between days 12 and 16 (i.e., for
5 days) after self-assembly. For every group in Phase 1,
medium was replaced with 400mL of CHG containing
10 mM 4-aPDD (4a; Enzo Life Sciences), 20mM ouabain
(Ou; Sigma), 0.3 mM ionomycin (Io; Sigma), or blank CHG
(control), incubated for 1 h, and then washed twice using
DMEM 1% (v/v) PSF before resuming culture in CHG media.

A full-factorial design was used in Phase 2 to determine
any additive or synergistic effects across treatments. Ion
modulation was performed at the same time using 400mL of
CHG containing the four possible combinations of 4-aPDD,
ouabain, and ionomycin, and compared with an additional

TCL-treated control group (control+), the current gold stan-
dard in tissue-engineered constructs, to examine further
changes.

Mechanical testing

Tensile properties were determined using uniaxial tension
in an Instron model 5565 (Instron, Canton, MA). Dog bone-
shaped samples were obtained from every engineered
cartilage construct with a gauge length of 1.55 mm and pho-
tographed to measure thickness and width in ImageJ. The
ends of the dog bone were fixed to paper with cyanoacrylate
to increase the gripping area for testing. A strain rate of 1%
of the gauge length per second was used until failure. The
Young’s modulus was obtained from the linear region of the
stress–strain curve and the ultimate tensile strength (UTS)
was defined as the maximum stress obtained.

Compressive properties of the engineered cartilage con-
structs were determined by creep indentation testing.
Briefly, 2.5 mm punches obtained from every construct were
submerged in phosphate-buffered saline (PBS) until equi-
librium and indented with a flat porous 0.5 mm diameter tip
perpendicular to the surface of the sample to *10% strain.
The aggregate modulus (HA) and shear modulus (ms) were
obtained using a semianalytical, seminumerical, biphasic
model and finite-element optimization.35,36

Biochemical testing

Cartilage constructs (*2–3 mg) were weighed to obtain
wet weight, lyophilized for 3 days, and weighed again to
obtain dry weight. Lyophilized samples were digested in
125mg/mL papain (Sigma) +5 mM N-acetyl-L-cysteine
+5 mM EDTA in phosphate buffer pH 6.5 for 18 h at 60�C.
GAG content was quantified using the Blyscan GAG Assay
Kit (Biocolor, Newtownabbey, Northern Ireland). Total col-
lagen content was quantified using a chloramine-T hydro-
xyproline assay (Accurate Chemical and Scientific Corp.,
Westbury, NY). DNA content was quantified with a
PicoGreen assay (Thermo Fisher Scientific).

For the quantification of PYR crosslinks, separate tissue
samples (*0.2–1 mg) were weighed, lyophilized, and acid
digested for 12 h in 6N HCl. After evaporation, the dried
hydrolysate was resuspended in a 75%/25% (v/v) solution of
0.1% formic acid and acetonitrile. Samples were measured
through mass spectrometry using a cogent diamond hydride
column and a PYR standard.

Histology

Samples were fixed in 10% neutral-buffered formalin,
embedded in paraffin, and sectioned at a thickness of 6 mm
for histological evaluation. Sections were later processed
and stained with Hematoxylin and Eosin (H&E), Safranin
O, and Picrosirius Red using standard protocols.

Statistical analyses

All quantitative biochemical and biomechanical tests were
performed using n = 6–8. All data are presented as mean –
standard deviations. A single-factor one-way ANOVA was
employed in each phase of the study to assess differences
among experimental groups. Multiple comparison was per-
formed using a Dunnett’s post hoc test. The Dunnett’s test
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compares the mean from every experimental group against
a control group mean to determine significant differen-
ces. All statistical analyses were performed using GraphPad
Prism version 8.4.1 for Windows (GraphPad Software,
San Diego, CA). Groups marked with * indicate that there
are statistically significant differences compared with the con-
trol group ( p < 0.05).

Experiment

Gross morphology and histology of stimulated
neocartilage constructs

Neocartilage constructs engineered using expanded costal
chondrocytes were exposed to exogenous stimuli corre-
sponding to 4-aPDD, ouabain, or ionomycin to investigate
their effects on improving functional properties. Gross mor-
phology images of the self-assembled constructs of each
group and overall values are shown in Figure 1A and
Table 1. Treated groups showed on average a 3.33% re-
duction in the diameter compared with the untreated control
group. However, treated groups were 18.5% thicker com-
pared with the control group, with a significant increase
in the 4-aPDD and ionomycin-treated constructs. A similar
trend was observed in the mean wet weights among groups,
with all constructs having on average a 70.5% water content.

For histological evaluation, the neocartilage constructs
were assessed using H&E, Safranin O, and Picrosirius Red
staining (Fig. 1B). Picrosirius Red staining showed a local-
ized increase in collagen deposition in the outermost region
of untreated controls and, more markedly, in ouabain-treated

constructs. Collagen deposition in 4-aPDD and in ionomycin-
treated constructs appeared more homogeneous and evenly
distributed throughout the construct. GAG deposition, as
seen in Safranin O staining, appeared more intense in
ionomycin-treated constructs, followed by 4-aPDD-treated
constructs. In contrast to Picrosirius Red staining, the untreated
constructs and ouabain-treated constructs showed a decrease in
Safranin O intensity, especially in the outermost region.

Effect of ion modulation in the biochemical
and mechanical properties of neocartilage constructs

The amounts of DNA, total collagen, GAG, and PYR
crosslink content of the different groups at 4 weeks were
evaluated per wet weight (Fig. 2). All treated constructs
showed an increase in the DNA content, with an averaged
34% increase in all groups compared with the control group.
The amount of collagen was also increased with all treat-
ments, but only significantly higher in constructs treated
with ouabain, which showed a 63% increase over the un-
treated group.

In concordance to the histological observations, all
treatment groups showed an increase in the GAG content,
with a 61% significant increase in ionomycin-treated con-
structs. Ionomycin also had an effect in the concentration of
PYR crosslinks, which bond collagen triple helices through
the oxidation of lysine residues by lysyl oxidases. The
amount of PYR crosslinks was significantly higher in the
presence of ionomycin, with a 115% increase compared
with the control group.

FIG. 1. (A) Gross morphology of
neocartilage constructs: All constructs
appear homogeneous, flat, and with no
visible abnormalities. The ionomycin-
treated constructs appear to be the
thickest. (B) Histological analysis of
neocartilage constructs: Overall cellular-
ity and neotissue composition appears
comparable among all groups as
observed in Hematoxylin and Eosin
staining. Picrosirius Red staining shows a
localized distribution in untreated con-
structs and ouabain-treated constructs
display. Safranin O intensity is higher in
4-aPDD and ionomycin-treated con-
structs. 4-aPDD, 4a-phorbol-12,13-
didecanoate. Color images are available
online.
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The HA increased an 18% with 4-aPDD or ouabain treat-
ments, but only ionomycin induced a significant increase, with
an HA of 567 kPa, resulting in a 45% increase over the control
group (Fig. 3A). The same trend was observed in the ms, but
with no significant differences (Fig. 3B). Likewise, 4-aPDD
and ouabain resulted in higher Young’s modulus values
compared with the control group (7.37 and 6.67 MPa,
respectively), although not significant. Ionomycin, however,
produced a significant increase in the Young’s modulus
(8.43 MPa), corresponding to a 63% increase over the control
group (5.16 MPa) (Fig. 3C). The UTS values of 4-aPDD,
ouabain, and ionomycin corresponded to 1.87, 2.02, and
2.24 MPa, respectively, compared with the 1.79 MPa observed
in the control group (Fig. 3D).

Effect of treatment combinations in neocartilage
constructs

To study possible synergistic effects among 4-aPDD,
ouabain, and ionomycin, the four different combinations
(‘‘4a+Ou,’’ ‘‘4a+Io,’’ ‘‘Ou+Io,’’ and ‘‘4a+Ou+Io’’) were
tested. In consideration of the potential effects of the TCL

treatment, data for TCL-treated constructs were additionally
collected in Phase 2 as control (Control+). The values for the
phase 2 untreated constructs (Control) for gross morphol-
ogy (diameter: 5.96 – 0.17 mm; thickness: 0.47 – 0.04 mm;
wet weight: 14.7 – 2.03 mg; hydration: 80.85% – 2.3%), bio-
chemical content (DNA: 17.02 – 2.19 mg; collagen: 2.4% –
0.12%; GAG: 8.74% – 1.03%; PYR: 113.6 – 46.3 ng/mg),
and mechanical properties (HA: 431.8 – 37 kPa; Shear
modulus: 208.7 – 40.63 kPa; Young’s modulus: 5.24 –
1.25 MPa; UTS: 1.07 – 0.49 MPa) were comparable to val-
ues obtained for the control group in Phase 1.

Uniformly, the biochemical and mechanical properties of
the TCL-treated constructs (Control+) were higher than the
values of the untreated control; the biochemical values for
the TCL-treated constructs were DNA: 25.7 – 4.3mg; colla-
gen: 5.01% – 0.13%; GAG: 12.19% – 0.97%; and PYR:
150.09 – 76.51 ng/mg, and the mechanical values were HA:
499 – 111 kPa; Shear modulus: 242 – 61 kPa; Young’s
modulus: 7.8 – 0.6 MPa; and UTS: 2.2 – 0.3 MPa.

The properties of untreated and the TCL-treated constructs
differ in accordance to the literature.37 For the test groups,
diameter and thickness were unaffected by the treatment

Table 1. Gross Morphology Values

Diameter (mm) Thickness (mm) Wet weight (mg) Hydration (%)

Control 5.51 – 0.08 0.45 – 0.02 13.52 – 0.35 73.33 – 6.85
4-Apdd 5.38 – 0.05 0.51 – 0.03* 14.65 – 0.57* 72.33 – 2.42
Ouabain 5.25 – 0.06** 0.50 – 0.04 12.89 – 0.48 67.66 – 9.03
Ionomycin 5.35 – 0.06 0.54 – 0.03*** 14.36 – 0.67 68.67 – 3.25

Data are presented as mean – standard deviation. The asterisks denote significant differences compared with the control group based of
Dunnett’s post hoc test. *Denotes p < 0.05.

**Denotes p < 0.01.
***Denotes p < 0.005.

FIG. 2. Biochemical
properties of neocartilage
constructs treated with
4-aPDD, ouabain, or iono-
mycin. (A) DNA per con-
struct, (B) collagen/WW,
(C) GAG/WW, and (D)
PYR/WW. Ouabain-treated
constructs showed a 63%
increase in the collagen
content. Conversely,
ionomycin-treated constructs
showed a 61%, and a 115%
increase in the amount of
GAG and PYR crosslinks,
respectively. The asterisks
denotes significant differ-
ences compared to the con-
trol group based on
Dunnett’s post hoc test
(* denotes p < 0.05). GAG,
glycosaminoglycan; PYR,
pyridinoline.
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combinations (Table 2). Wet weight was significantly lower
in the groups where ‘‘4a+Ou’’ and ‘‘4a+Ou+Io’’ were sup-
plied, resulting in a 7% and 8% decrease, respectively (Ta-
ble 2). Hydration values and cell/DNA content were
unaffected by the different treatments, however. The amount
of GAG was significantly lower in ‘‘Ou+Io’’-treated con-
structs, showing a 34% decrease compared with the TCL
control group (Table 2). The amount of total collagens re-
mained stable, with no differences found with any treatments,
however, the concentration of PYR crosslinks was signifi-
cantly higher in the group treated with ‘‘4a+Ou,’’ with a 58%
increase (Table 2).

The compressive and tensile properties of constructs in
the presence of two or more ion modulators were also tested
(Fig. 4). The HA and ms showed no significant differences,
whereas only one group, ‘‘4a+Ou,’’ displayed an increase in
the HA, and all other combinations resulted in equal or lower
compressive properties (Fig. 4A, B); the constructs treated

with all three modulators showed a *25% decrease com-
pared with the TCL control group in both HA and ms. On the
contrary, and compared with the control group, all groups,
except the ‘‘Ou+Io’’ group showed increases in the tensile
Young’s modulus and UTS, with 1–25% and 18–31% in-
creases, respectively (Fig. 4C, D). Still, the combination of
treatments did not show additive or synergistic effects to-
ward improving the compressive or tensile properties.

Discussion

The overall objective of this work was to employ ion
modulation to develop biomimetic neocartilage using ex-
panded redifferentiated costal chondrocytes. Expansion and
redifferentiation of chondrocytes obtained from the rib tack-
les three longstanding issues in cartilage tissue engineering:
(1) it eliminates donor-site morbidity in the joint, (2) it
avoids cell-number limitations, and (3) it provides cells with

FIG. 3. Biomechanical
properties of neocartilage
constructs treated with
4-aPDD, ouabain, or
ionomycin. (A) Aggregate
modulus, (B) shear modulus,
(C) tensile Young’s modulus,
and (D) UTS. Ionomycin-
treated constructs showed a
45% increase in the aggre-
gate modulus and a 63%
increase in the Young’s
modulus. The asterisks de-
notes significant differences
compared to the control
group based on Dunnett’s
post hoc test (* denotes
p < 0.05).

Table 2. Gross Morphology and Biochemical Data of Neocartilage Constructs Treated

with Two or More Ion Modulators

Diameter
(mm)

Thickness
(mm)

Wet
weight
(mg)

Hydration
(%)

DNA/const.
(lg)

Collagen
(%WW)

GAG
(%WW)

PYR
(ng PYR/
mg WW)

Control+ 5.28 – 0.02 0.51 – 0.02 14.5 – 0.4 66.5 – 7.1 25.7 – 4.3 5.01 – 0.13 12.19 – 0.97 150.09 – 76.51
4a+Ou 5.32 – 0.07 0.46 – 0.05 13.3 – 0.6* 71.5 – 2.5 21.1 – 1.5 4.75 – 0.57 10.27 – 0.95 237.17 – 24.54*
4a+ Io 5.36 – 0.07 0.51 – 0.03 14.4 – 1.2 70.5 – 4.0 19.2 – 5.9 4.49 – 0.68 11.76 – 1.74 157.73 – 60.74
Ou+ Io 5.29 – 0.10 0.51 – 0.03 13.7 – 0.4 74.9 – 8.2 22.2 – 7.5 4.33 – 1.39 8.00 – 3.28* 174.63 – 64.84
4a+Ou+ Io 5.35 – 0.08 0.49 – 0.04 13.5 – 0.6* 71.9 – 8.4 27.3 – 4.5 5.17 – 1.31 9.92 – 2.16 141.24 – 33.71

Data are presented as mean – standard deviation. The asterisks denote significant differences compared with the control+ group based of
Dunnett’s post hoc test. *Denotes p < 0.05.
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a suitable chondrogenic phenotype toward building a hya-
line cartilage.38 The ion modulators, 4-aPDD, ouabain, and
ionomycin, change the intracellular ion concentration through
different mechanisms (Fig. 5). This work is the first to
quantify the effects of single and combined ion modulation in
neocartilage constructs and to report the measurement of PYR
crosslink, a key component of the mature cartilage ECM.39

The experimental results supported the hypothesis that
the modulation of Ca2+ and Na+ ions result in biochemical
content changes, which translate to an improvement of
neotissue mechanical properties. Particularly, neocartilage
constructs treated with ionomycin showed the highest im-
provement in mechanical properties.

Ionomycin-treated constructs showed the largest turnover
of ECM components, with a 61% increase in GAG and a
115% increase in PYR crosslink content. These changes in
the biochemical content were accompanied by an im-
provement in mechanical properties. Constructs treated with
the Ca2+ ionophore showed a 45% improvement in the com-
pressive properties, increasing the HA from 389.5 kPa (con-
trol) to 566.6 kPa. Furthermore, treatment with ionomycin
also showed a 63% improvement in its tensile properties,
increasing the Young’s modulus from 5.16 MPa (control) to
8.43 MPa. The relationship between an increase in the GAG
content and the HA has been reported in the past, as the
negatively charged GAG attract water and provide com-
pressive resistance to AC and high osmotic pressure.40,41

The connection between PYR crosslinks and compressive
properties, however, has been less discussed; it is inferred
here that a more mature collagen network with a higher
presence of crosslinks provides a restraining structure that
decreases GAG leaking and impedes interstitial fluid move-
ment from the engineered constructs.42 Strategies that result

in crosslink increases, such as hypoxia or in vivo matura-
tion,39,43 support our observations that a higher crosslink
content improves the compressive properties, and the oppo-
site is observed in diseased intervertebral disk where
crosslinks are lost.44 The increase in the Young’s modulus,
conversely, may be induced by a strengthening of the col-
lagen network, also derived from the increase in PYR
crosslink.45 These results demonstrate that Ca2+ modulation
can be directed to enhance the mechanical properties in
engineered cartilage.

Ionomycin treatment of engineered neocartilage also re-
sulted in a 20% increase of construct thickness compared
with the control group. In a similar fashion, 4-aPDD also
produced a significant 13% increase in thickness. Therefore,
it may be inferred that an intracellular increase in Ca2+

supports construct thickening. While diameter and shape
can be successfully manipulated, control over the resulting
thickness of self-assembled neotissues has proven more
challenging.46,47

Measurements of human samples have reported the AC
thickness to range between 0.35 and 6.25 mm in the tibial
plateau and from 0.89 to 5.94 mm in the patella.48 Con-
structs that aim translation should span the thickness of
human AC, and at this moment, any strategy that enables or
supports the growth of neocartilage to treat larger and
deeper chondral injuries (i.e., over the range from partial- to
full-thickness defects) is highly desirable. Consequently, the
improvement of gross morphology features also motivates
the use of ion modulators toward clinical translation. Ca2+

signaling regulates many processes in chondrocytes, includ-
ing division, migration, death, and differentiation, and more
studies are required to determine the cause of this increase
in thickness.49

FIG. 4. Biomechanical
properties of neocartilage
constructs treated with
combinations of 4-aPDD,
ouabain, and ionomycin.
(A) Aggregate modulus,
(B) shear modulus, (C) ten-
sile Young’s modulus, and
(D) tensile UTS. Abbrevia-
tions as follows: 4-aPDD
(4a), ouabain (Ou), and io-
nomycin (Io). No statistical
significance was found in any
of the mechanical properties.
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Treatment with ouabain and 4-aPDD resulted in signifi-
cant differences on the gross morphology and biochemical
content of neocartilage constructs. Ouabain treatment was
the only regime to affect construct size, reducing construct
diameter by 5%, while 4-aPDD increased wet weight.
Ouabain treatment was also the only regime to induce a sig-
nificant variation in collagen content, with a 62% increase
compared with control. Similar effects have been reported in
cartilage constructs cultured in hypertonic medium, result-
ing in an increase of collagen content and Young’s modu-
lus.15 The self-assembling process used to generate the
samples examined in this study has been demonstrated in
ample prior work as yielding neocartilage with abundant
collagen type II and no discernable collagen type I using
immunohistochemistry and proteomic analysis.50,51

In our study, ouabain also increased neocartilage tensile
and compressive properties, although not significantly. Due
to the multiple signaling pathways in which both ouabain
and the Na+/K+ ATP-dependent ion pump are involved, the
mechanisms behind these effects require further study.52,53

Still, these results demonstrate that TRPV4 activation or
Na+ modulation influence morphological and biochemical
properties of neocartilage constructs.

The existence of different independent mechanisms of
signaling through ion modulation that take place during
mechanotransduction imply the potential of synergistic or
additive effects between two or more modulators. In the
Phase 2 study, only constructs treated with ‘‘4a+Ou’’
showed an increase in PYR crosslinks, but with no syner-
gistic or additive effects in compressive or tensile proper-
ties. Although the PYR crosslink per wet weight was
significantly different between 4a+Ou and the control
group, the PYR crosslink per collagen only trended higher
for the 4a+Ou group and not significantly different than the
control, which may, in part, explain the observation that the
compressive aggregate modulus for the 4a+Ou group only
trended higher than the control as well but was not signifi-
cant (Supplementary Fig. S1).

The observations reported in this second experiment may
be due to cell saturation with ions and the desensitization
of signaling pathways, inhibiting a further response re-
gardless of the increase in cation influx. Furthermore, high
magnitudes of mechanical stimulation can elicit damaging
effects in cartilage constructs,54 and a similar effect may be
replicated when two or more ion modulators are used si-
multaneously. Overstimulation with ion modulators did not
elicit additive or synergistic effects on construct mechanical
properties.

The effects of ion modulators on neocartilage derived
from expanded and redifferentiated costal chondrocytes were
partially comparable to those seen when employing primary
articular chondrocytes. Treatment of constructs derived from
primary bovine articular chondrocytes with 4-aPDD pro-
duced an 88% increase in collagen content and a 153%
increase in tensile stiffness.29 It was also found that Na+ and
Ca2+ modulation with ouabain and ionomycin, or their
combination, increased the Young’s modulus by 40–95%
compared with untreated control.31 These observations dif-
fer from the results of the present study, and these variations
may be due to differences in cell phenotype between bovine
primary articular chondrocytes and minipig costal chondro-
cytes, which were expanded and redifferentiated. The pres-
ent work suggests that the effect of ion modulators depends
on the construct used, including cell type (articular vs.
costal), passage (P0 vs. P3), chondrogenic state (primary vs.
redifferentiated), and species (bovine vs. minipig).

The effects reported in this study are comparable to those
observed when implementing mechanical stimuli on simi-
lar scaffoldless tissue-engineered constructs. For example,
tension stimulation induced an increase in tensile properties
of bovine neocartilage constructs. Constant tension resulted
in a Young’s modulus of 5.1 – 2 MPa, which constitutes a
4.6-fold and a 1.6-fold increase in the modulus compared
with untreated (1.1 – 0.3 MPa) and TCL-treated controls
(3.1 – 1.1 MPa), respectively.4 Microarray analysis revealed
that the TRPV4 ion channel was involved in the matrix
remodeling initiated by the tensile stimulus, and inhibition
of the channel with GSK205 abolished the tissue-level re-
sponse to tension. In this study, 4-aPDD, known to activate
TRPV4, was used.

Likewise, fluid-induced shear prompted a 2.7-fold in-
crease in the Young’s modulus (2.18 – 0.74 MPa), a 1.9-fold
increase in the aggregate modulus (64 – 20 kPa), and a 1.4-
fold increase in the collagen content (15 – 3%/DW) com-
pared with controls in human neocartilage.55 Analogous

FIG. 5. 4-aPDD, ouabain, and ionomycin modulate intra-
cellular ion concentrations. Four-aPDD activates the TRPV4
transmembrane receptor, promoting intake of Ca2+. Ouabain
inhibits the Na+/K+ pump, enabling passive diffusion and
accumulation of Na+ into the cell. Ionomycin allows influx
of Ca2+ from the extracellular compartment and internal Ca2+

stores into the cytoplasm. Color images are available online.
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changes were found in this study; specifically, with iono-
mycin, we show a 1.6-fold increase in the tensile properties,
a 1.5-fold increase in the aggregate modulus, and 1.6-fold
increase in GAG content (12.09%/WW). In agreement with
our hypothesis on using ionomycin in lieu of mechan-
otransduction, the RNA-seq data suggest that these chan-
ges may be induced by the perturbation of primary cilia
and the opening of the PC1/2 complex, which allows the
influx of Ca2+. The specific mechanisms that follow ion
modulation remain ill defined, as multiple signaling path-
ways can interplay in accordance to the initial mechanical
stimulus.56

While Wnt, TGF-b1, and YAP/TAZ pathways have been
reported to become active following mechanical stresses,
the activation of the Ihh pathway and the MAPK-ERK
pathway may play a predominant role after ion modulation.
With Ca2+ mediating the initial response, Ihh transduces the
stimuli from the primary cilia.57,58 The MAPK-ERK path-
way, on the other hand, is highly dependent on ion con-
centration, particularly Ca2+, to induce a transcriptional
response.59 Future studies should aim at determining which
specific pathways are involved in transducing the effects of
both mechanically and chemically induced ion modulation
and how these pathways compare.

Intracellular Ca2+ modulation presents an attractive and
novel strategy to engineer robust neocartilage using expanded
and redifferentiated chondrocytes from the rib, a non-AC cell
source. The manipulation in ion concentration through the
use of chemical modulators is an innovative method to en-
hance the mechanical properties of engineered cartilage
compared with the use of targeted enzymatic treatments and
bioreactors. Ionomycin may be used to replace mechanical
stimulation bioreactors, often used ex vivo to induce neo-
tissue maturation.60,61 In spite of exhibiting beneficial ef-
fects, bioreactors are prone to contamination and user error,
whereas chemical ion modulation has multiple advantages: it
is cost-effective, replicable, and highly controllable.

In summary, this study investigated whether ion modu-
lation would improve the mechanical properties of engi-
neered neocartilage constructs derived from expanded and
redifferentiated costal chondrocytes. It was shown that io-
nomycin treatment resulted in an increase of neocartilage
compressive and tensile properties. This increase may be a
result of the higher GAG content coupled with an increase
in the PYR crosslinking. The use of two or more ion mod-
ulators in combination did not produce additive nor syner-
gistic effects. The results of this study demonstrate that ion
modulation with ionomycin is a powerful tool in tissue
engineering.
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