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Abstract
Human articular chondrocytes (hACs) are scarce and lose their chondrogenic potential during
monolayer passaging, impeding their therapeutic use. This study investigated (a) the translatability
of conservative chondrogenic passaging and aggregate rejuvenation on restoring chondrogenic
properties of hACs passaged up to P9; and (b) the efficacy of a combined treatment of
transforming growth factor-beta 1 (TGF-β1) (T), chondroitinase-ABC (C), and lysyl oxidase-like 2
(L), collectively termed TCL, on engineering functional human neocartilage via the self-assembling
process, as a function of passage number up to P11. Here, we show that aggregate rejuvenation
enhanced glycosaminoglycan (GAG) content and type II collagen staining at all passages and
yielded human neocartilage with chondrogenic phenotype present up to P7. Addition of TCL
extended the chondrogenic phenotype to P11 and significantly enhanced GAG content and type II
collagen staining at all passages. Human neocartilage derived from high passages, treated with TCL,
displayed mechanical properties that were on par with or greater than those derived from low
passages. Conservative chondrogenic passaging and aggregate rejuvenation may be a viable new
strategy (a) to address the perennial problem of chondrocyte scarcity and (b) to successfully
rejuvenate the chondrogenic phenotype of extensively passaged cells (up to P11). Furthermore,
tissue engineering human neocartilage via self-assembly in conjunction with TCL treatment
advances the clinical use of extensively passaged human chondrocytes for cartilage repair.

1. Introduction

Human articular chondrocytes (hACs) are used clin-
ically to repair cartilage lesions. In addition to cur-
rent surgical approaches including microfracture,
mosaicplasty, and cell-based techniques (e.g., matrix-
induced autologous chondrocyte implantation [1–
3], a variety of tissue-engineered cartilage products
derived from expanded hACs are in the develop-
mental pipeline [4, 5]. Limited cellularity in cartilage
requires passaging to obtain sufficient cells, but chon-
drocytes are prone to dedifferentiation during expan-
sion [6]. Strategies to retain chondrogenic potential of
hACs while expanding are necessary to advance cell-
based therapies for cartilage.

Monolayer chondrocyte expansion results in
rapid dedifferentiation [6, 7], characterized by type
I collagen expression [7] and fibroblastic morpho-
logy [8]. Articular chondrocytes at up to passage 3
(P3) have been reported as used in tissue engineered
cartilage products for clinical trials in the pipeline
[4, 5]. Extensively passaged cells (i.e. ⩾P3) barely
or no longer generate cartilage-specific matrix pro-
teins (e.g. aggrecan and type II collagen) [9], which
diminish in a passage number-dependent manner
[6]. While P1 chondrocytes formed tissues con-
taining glycosaminoglycan (GAG) and type II col-
lagen, P5 cells no longer exhibited chondrocytic
morphology or produced cartilage-specific matrix
[10]. To overcome such limits, various media and
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3D culture systems have been examined to retain or
to improve the chondrogenic potential of passaged
chondrocytes [11–14]. Despite these endeavors, it is
still recognized that phenotypic changes in passaged
chondrocytes hamper their clinical use, particularly
when cells at P3 or higher are required due to cell
scarcity.

Culturing cells in 3D aggregates prior to neocar-
tilage formation appears to be beneficial to chon-
drocyte redifferentiation [15]. Previously, the effect
of aggregate culture on the chondrogenic proper-
ties of hACs has been demonstrated [16]. In this
prior study, with aggregate culture, hACs expressed
significantly increased chondrogenic gene expres-
sion (i.e. Col2A1, Col2A1/Col1A1 ratio, Sox9, and
ACAN expression) when compared to cells that
did not undergo aggregate culture, suggesting that
aggregate culture has an ability to improve chondro-
genic properties of hACs. Furthermore, the effect of
exogenous growth factors during aggregate culture
has also been demonstrated. In particular, ‘aggreg-
ate redifferentiation’, an aggregate culture in the
presence of TGF-β1, enhances the post-expansion
chondrogenic phenotype of chondrocytes, allowing
their use in tissue engineering [16, 17]. Aggreg-
ate redifferentiation has been used on P7 leporine
chondrocytes, allowing them to yield functional neo-
cartilage [18]. Another version of aggregate rediffer-
entiation, combining aggregate culture with a growth
factor cocktail of transforming growth factor-beta 1
(TGF-β1), bone morphogenetic protein-2 (BMP-2),
and growth differentiation factor-5 (GDF-5), pro-
moted P2 hACs to express chondrogenic genes,
such as Sox9, ACAN, and Col2A1, and further
enhanced cartilage matrix production [17]. How-
ever, despite significant results regarding this process
(termed ‘aggregate rejuvenation’), questions remain
on whether the efficacy can be replicated for extens-
ively passaged human chondrocytes.

Toward applying tissue-engineered neocartilage
in joint repair, generating neocartilage that is not only
engineered from appropriate redifferentiated chon-
drocytes but also exhibits suitable functional prop-
erties to sustain mechanical load in vivo is critical.
Engineering neocartilage constructs with TGF-β1,
chondroitinase-ABC (c-ABC), and lysyl oxidase-like
2 (LOXL2), has been shown to improve neocartilage
functional properties (i.e. biochemical and mech-
anical properties). TGF-β1 is well-known for indu-
cing chondrogenesis [19] and increasing neocartil-
age functional properties [20, 21]. C-ABC, an enzyme
that degrades GAG, enhances neocartilage collagen
content and tensile properties [22–24]. LOXL2 cre-
ates pyridinoline (PYR) crosslinks between collagen
fibers [25, 26], yielding improvements in neocartil-
age tensile properties [27]. In response to TGF-β1
and c-ABC, engineered bovine neocartilage exhib-
ited enhanced functional properties when compared
to individual factors [28]. A combined treatment

of TGF-β1, c-ABC, and LOXL2 (termed TCL) was
more effective in enhancing functional properties
of engineered bovine neofibrocartilage when com-
pared to other combinations [29]. Importantly, the
efficacy of TCL treatment at neocartilage formation
was successfully translated to human neocartilage
derived from P3 hACs [30]. However, it is unknown
whether these stimuli can continue to be applic-
able to human neocartilage derived from extens-
ively passaged chondrocytes to enhance functional
properties.

Inasmuch as extensively passaged hACs have not
been successfully used to engineer human neocar-
tilage, the study’s objectives were: (a) to translate
conservative chondrogenic passaging and aggreg-
ate rejuvenation on extensively passaged hACs to
yield chondrocytes suitable for engineering human
neocartilage of sufficient functionality; and (b) to
augment the effects of conservative chondrogenic
passaging and aggregate rejuvenation on extensively
passaged hACs by employing TCL treatment to fab-
ricate functional human neocartilage. The scaffold-
free, self-assembling process [31, 32], previously
demonstrated to generate mechanically robust neo-
cartilage, was used to form human neocartilage.
It was hypothesized that the efficacy of aggregate
rejuvenation in improving chondrogenic properties
would be applicable to human cells at high passages
(i.e. P7 and P9). It was also hypothesized that aggreg-
ate rejuvenation, followed by TCL treatment, would
revert hACs at high passages (e.g., P7, P9, and P11)
to a chondrogenic phenotype and lead to the forma-
tion of mechanically robust human neocartilage on
par with those formed by hACs at lower passages
(e.g., P3 and P5).

2. Methods

2.1. Human articular chondrocyte isolation and
expansion
Chondrocytes were isolated from human articular
cartilage from the knees of three donors without
signs of musculoskeletal pathology. The donor tis-
sues were obtained from the Musculoskeletal Trans-
plant Foundation (Kansas City, MO) under an IRB
exemption as it does not constitute as human subject
research; the donor tissues were discarded samples
from deidentified donors. These donors were a
43 year-old Caucasian male (donor 1), a 18 year-
old Hispanic female (donor 2), and a 34 year-old
Caucasian male (donor 3). Cells from different
donors were not intermixed. Donors 2 and 3 were
used to examine the study’s repeatability. Minced
cartilage was digested in 0.2% collagenase type II
(Worthington, Lakewood, NJ) solution containing
3% fetal bovine serum (FBS, Atlanta Biologicals,
Lawrenceville, GA) for 18 h at 37 ◦C, followed by
filtration through a 70 µm strainer. Isolated cells
were counted, resuspended in freezing medium
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Figure 1. Schematic diagram of the study. (a) Use of extensively passaged hACs to engineer human neocartilage. Three steps are
involved: (1) conservative chondrogenic passaging, (2) aggregate rejuvenation, and (2) tissue engineering via self-assembly.
(b) Study I: the effects of aggregate rejuvenation and TCL treatment on engineering functional human neocartilages derived from
extensively passaged hACs (up to P9 with an expansion factor of∼1.5 million) from donor 1 were evaluated. (c) Study II:
repeatability of the treatments was examined using two additional donors (donors 2 and 3). Donor 2’s hACs were expanded up to
P9 with an expansion factor of∼94 000, and donor 3’s hACs were expanded up to P11 with an expansion factor of∼12.6 million.

consisting of 90% FBS and 10% dimethyl sulfox-
ide, and stored in liquid nitrogen until use. For
expansion, a conservative chondrogenic passaging
method was used, based on a previously reported
chondrogenically tuned expansion [33] (figure 1).
Briefly, hACs were seeded at 25 000 cells cm−2

and expanded in chondrogenic culture medium
(CHG) (DMEM with high glucose/GlutaMAX™, 1%
penicillin–streptomycin–fungizone (P/S/F), 1% non-
essential amino acids (Gibco), 1% ITS+ premix (BD
Biosciences), 50 µg ml−1 ascorbate-2-phosphate,
40 µg ml−1 L-proline, 100 µg ml−1 sodium pyr-
uvate, and 100 nM dexamethasone), supplemen-
ted with 2% FBS, 1 ng ml−1 TGF-β1 (Peprotech,
Rocky Hills, NJ), 5 ng ml−1 bFGF (Peprotech), and
10 ng ml−1 PDGF (Peprotech). Cells were passaged
using 0.05% trypsin-EDTA (Gibco), followed by
0.2% collagenase type II solution containing 3% FBS,
and frozen at P2, P4, P6, P8, and/or P10 in liquid

nitrogen until use. After thawing, cells underwent
one more passage, leading to P3, P5, P7, P9 and/or
P11; cells then underwent either (a) self-assembly
(control) or (b) aggregate rejuvenation followed by
self-assembly. Cell expansion metrics were calculated
[18] using cell doubling number = log(expansion
factor)/log(2); expansion factor = final cell
number/initial cell number (supplemental table 1
(available online at stacks.iop.org/BF/13/035002/
mmedia)).

2.2. Chondrogenic differentiation in aggregate
rejuvenation
Cells at P3, P5, P7, and P9 derived from donor 1
were seeded at 750 000 cells ml−1 in 1% agarose-
coated plates for aggregate rejuvenation. The plates
were placed on an orbital shaker for 24 h to allow
for cells to form aggregates, and the aggregates were
maintained in CHG supplemented with 10 ng ml−1
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TGF-β1, 100 ngml−1 GDF-5, and 100 ngml−1 BMP-
2 for 7 d [16, 17]. Then, aggregateswere digested using
0.05% trypsin-EDTA for 45 min, followed by 0.2%
collagenase type II solution containing 3% FBS for
up to 2 h. For the repeatability study, cells at P5 and
P9 derived from donor 2 and cells at P3, P7, and P11
derived from donor 3 underwent aggregate rejuvena-
tion. The resulting cells were self-assembled to form
neocartilage (figure 1).

2.3. Neocartilage self-assembly
Neocartilage was formed using the self-assembling
process as previously described [31, 32]. Briefly, 2%
agarose wells were formed in 48 well plates using
custom-made stainless-steel molds with 5 mm dia-
meter cylindrical prongs. The wells were washed with
DMEM with high glucose/GlutaMAX™ containing
1% P/S/F twice prior to seeding. Suspended in 100 µl
of CHG supplemented with 200 units ml−1 hya-
luronidase type I-S from bovine testes (Sigma Ald-
rich, St. Louis, MO) and 2 µM cytochalasin D (Enzo
life Sciences, Farmingdale NY), 2 × 106 hACs were
seeded in each well. After seeding for 4 h, an addi-
tional 400 µl of CHG supplemented with 2 µM
cytochalasin D was added to the wells. Medium
was exchanged every 24 h, and cells were treated
with 2 µM cytochalasin D for the first 72 h. After
neocartilage constructs were unconfined from the
wells, medium was exchanged every other day. The
self-assembled human neocartilages were maintained
for 5 weeks.

2.4. TCL treatment
Control constructs were maintained in CHG. For the
TCL-treated group, constructs were maintained in
CHG supplemented with 10 ng ml−1 TGF-β1. On
t = 7 d, constructs were treated once with 2 unit ml−1

of c-ABC (Sigma Aldrich) for 4 h at 37 ◦C, followed
by a 10min, 1mM zinc sulfate quench at 37 ◦C. From
t = 7–21 d, 0.15 µg ml−1 of LOXL2 (SignalChem,
Richmond, BC, Canada), 0.146 mg ml−1 hydroxylys-
ine, and 1.6 µg ml−1 copper sulfate were added
(figure 1).

2.5. Mechanical testing and biochemical evaluation
After 5 weeks, samples were mechanically tested.
For compressive testing, sampleswere preconditioned
with 15 cycles at 5% compressive strain using an
Instron 5565. At a strain rate of 1% sample height
per second, incremental stress-relaxation was per-
formed for 10% and 20% strain. Relaxation mod-
ulus (Er), instantaneous modulus (Ei), and coeffi-
cient of viscosity (η) were calculated using a stand-
ard linear solid model [34]. For tensile testing,
samples were created in the shape of dog bones
using dermal punches; in general, sample dimen-
sions were 4.7 ± 0.8 mm (length) by 0.5 ± 0.1 mm
(width). The samples were photographed, and the
ends of the dog bones were glued to paper tabs

with the narrow region of the dog bone exposed
within a gauge length of 1.3 mm. The cross-sectional
area of the samples was measured by Image J. The
samples on the paper were placed into grippers. A
TestResources 840L or an Instron 5565 was used to
track force and displacement over time as the samples
deformed under uniaxial testing. Samples were pulled
apart at a constant rate of 1% of the gauge length
per second until failure, and a force-displacement
curve was generated. Using the cross-sectional area
and the gauge length, data were converted to a
stress–strain curve, from which the Young’s modu-
lus (EY), ultimate tensile strength (UTS), toughness
(UT), resilience (Ur), and strain at failure values were
derived.

For biochemical assays, wet weights (WWs) of
samples were recorded. Lyophilized samples were
digested in 125 µg ml−1 papain (Sigma Aldrich) in
50 mM phosphate buffer containing 2 mM N-acetyl
cysteine (Sigma Aldrich) and 2 mM EDTA for 18 h
at 60 ◦C. GAG was quantified using the Blyscan
GAG Assay kit (Biocolor, Newtownabbey, Northern
Ireland). Total collagen content was assessed using
a modified chloramine-T hydroxyproline assay [35]
and a SIRCOL collagen standard (Accurate Chemical
and Scientific Corp, Westbury, NY).

2.6. Histology and immunohistochemistry
Formalin-fixed samples were paraffin-embedded,
sectioned, and stained with hematoxylin and eosin
(H&E); safranin-O and fast green. Immunohisto-
chemical staining for collagen I and II used rabbit
anti-type I collagen (Abcam, Cambridge, MA) and
rabbit anti-type II collagen (Abcam), using Vecta-
stain ABC and DAB substrate kits (Vector Laborator-
ies, Inc, Burlingame, CA).

2.7. Statistics
All data are shown in mean ± SD. Statistical differ-
ences among conditions were analyzed using one-way
ANOVAwith Tukey’s post hoc test (p< 0.05) (JMP12).
Statistically significant differences are shown by bars
not sharing the same letter.

3. Results

3.1. Gross morphological and histological
evaluation of human neocartilage
3.1.1. Study I: generation of human neocartilage
(donor 1)
For donor 1, untreated P3 and P5 neocartilage con-
structs were curled and folded. Untreated P7 and
P9 hACs formed spherical constructs (figure 2).
Treated with aggregate rejuvenation, P3 and P5 hACs
self-assembled into flat constructs, and P7 hACs
generated flat constructs with significantly smal-
ler diameter (4.4 ± 0.2 mm) than treated P3 and
P5 constructs (6.1 ± 0.2 mm and 6.4 ± 0.1 mm,
respectively; p < 0.05). With aggregate rejuvenation,
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Figure 2. Gross morphology of human neocartilage derived from donor 1. Top and side views of human neocartilage constructs
derived from P3, P5, P7, and P9. The effects of no treatment (Ctrl), aggregate rejuvenation (Agg), and aggregate rejuvenation
followed by TCL treatment (Agg+ TCL) on human neocartilage derived from P3, P5, P7, and P9 are shown. Abbreviations: TCL,
TGF-β1+ c-ABC+ LOXL2.

P9 constructs were curled and folded, similar to P3
and P5 untreated controls (figure 2).

TCL treatment following aggregate rejuvenation
yielded more opaque morphologies at P3 and P5,
when compared to aggregate rejuvenation treatment
only. TCL treatment allowed P7 and P9 hACs to
form flat constructs but with significantly smal-
ler diameters (4.3 ± 0.0 mm and 3.8 ± 0.1 mm,
respectively) when compared to P3 and P5 constructs
(5.7± 0.1 mm, 5.7± 0.1 mm, respectively; p < 0.05)
(figure 2).

Histologically, untreated human neocartilage did
not display the spherical cell morphology associ-
ated with chondrocytes (figure 3(a)) at any of the
examined passage numbers.With aggregate rejuvena-
tion, P3 and P5 hACswere spherical and embedded in
lacunae. However, as the passage number increased,
presence of lacunae gradually diminished; treated
P9 control constructs barely exhibited lacunae and,
instead, contained fibroblast-like cells. TCL treatment
following aggregate rejuvenation resulted in the pres-
ence of spherical cells residing in lacunae for all pas-
sages examined (figure 3(a)).

With aggregate rejuvenation, human neocartil-
age at all passage numbers stained for safranin-O
and showed significantly more intense staining com-
pared to control neocartilage (figure 3(b)). How-
ever, staining intensity decreased with increasing pas-
sage number. TCL treatment following aggregate
rejuvenation further enhanced safranin-O intensity.
Staining intensities were comparable at P3 and P5,
and, to some extent, the intensity decreased in P7 and
P9 constructs.

Aggregate rejuvenation by itself increased type
II collagen staining over controls at all passages,
though staining intensity decreased with increasing
passage number (figure 3(c)). TCL treatment led to
greater type II collagen staining (figure 3(a)) at all
passages compared to aggregate rejuvenation treat-
ment only. Interestingly, with aggregate rejuvena-
tion, more intense type I collagen was observed in P5
and P7 constructs compared to P3 and P9 constructs
(figure 3(d)). TCL-treated P3 and P5 constructs were
negative for type I collagen staining, though at P7
and P9 treatment yielded constructs with minimal
staining.

3.1.2. Study II: repeatability (donors 2 and 3)
Aggregate rejuvenation and TCL treatment were
applied to form neocartilage derived from two
additional donors. Untreated P5 control constructs
derived from donor 2 were curled and folded, sim-
ilar to untreated P3 and P5 control constructs from
donor 1. Untreated P9 control constructs formed
thin and relatively flat constructs with small dia-
meter (<3 mm). In contrast, with aggregate rejuven-
ation and TCL treatment, P5 and P9 hACs yielded
opaque and flat constructs. Similar gross morpho-
logies were observed in neocartilages from donor 3.
Untreated control constructs at all passages (P3, P7,
and P11) exhibited either curled, folded, or spherical
shapes. With treatment, cells at all passages formed
neocartilages with flat morphologies. Consistent with
the gross morphology of neocartilage from donor 1,
treated donors 2 and 3 neocartilages at high passages
displayed significantly smaller diameters (donor 2 P9:
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Figure 3. Histology and immunohistochemistry of human neocartilage derived from donor 1. (a) H&E, (b) safranin-O staining,
(c) type II collagen staining, and (d) type I collagen staining of human neocartilage constructs derived from P3, P5, P7, and P9.
The effects of no treatment (Ctrl), aggregate rejuvenation (Agg), and aggregate rejuvenation followed by TCL treatment
(Agg+ TCL) on human neocartilage are shown. Nucleus pulposus from human native intervertebral disc was used for positive
and negative controls for type II and I collagen, respectively. Annulus fibrosus was used for positive and negative controls for type
I and II collagen, respectively.

4.7 ± 0.1 mm, donor 3 P7 and P9: 4.1 ± 0.0 mm
and 4.3 ± 0.1 mm, respectively) when compared to
those derived from cells at low passages (donor 2 P5:
5.4 ± 0.1 mm, donor 3 P3: 5.2 ± 0.1 mm; p < 0.05)
(figure 4(a)).

Untreated control neocartilages from donors 2
and 3 at any passage number did not contain cells with
spherical morphology. With treatment, neocartilages
from both donors exhibited chondrocytes embed-
ded in lacunae at all passage numbers (figure 4(b)).
Treated neocartilages showed significantly enhanced
staining of safranin-O and type II collagen, and
exhibited significantly decreased staining of type I
collagen at all passage numbers, when compared to
untreated control neocartilages (figure 5).

3.2. Biochemical andmechanical properties of
human neocartilage
3.2.1. Study I: generation of human neocartilage
(donor 1)
Aggregate rejuvenation, with or without TCL treat-
ment, exhibited a range of enhancements in donor
1 neocartilage’s biochemical and mechanical proper-
ties at different passages (figure 6). GAG per WW
(GAG/WW) tended to decrease with increasing
passage number (figure 6(a)) in untreated control

neocartilages. With aggregate rejuvenation only,
GAG/WW at every passage was significantly higher
(3 to 4-fold) compared to controls. At each passage,
when TCL was appliedGAG/WW further increased
from aggregate rejuvenation treatment only by
1–4.5-fold. With TCL treatment, GAG content for
P7 and P9 constructs was on par with that of P3
and P5 constructs. Total collagen content per WW
(COL/WW) was highest in P5 control constructs
compared to control constructs at other passages
(figure 6(b)). Although COL/WW in P3 and P5 con-
structs was significantly decreased with aggregate
rejuvenation by 50% and 65%, respectively, P7 and
P9 constructs showed increased COL/WW by 57%
and 157%, respectively, over control neocartilages.
COL/WW was further increased in human neocar-
tilage at each passage with TCL treatment by 0.3–
1.8-fold when compared to human neocartilage with
aggregate rejuvenation treatment only.

Control constructs were not testable for com-
pression and tension at any passage (figure 6).
With aggregate rejuvenation, P3, P5, and P7 con-
structs demonstrated compressive relaxation mod-
ulus and instantaneous modulus values that were
not statistically different, while P9 constructs were
not evaluated in compression due to their shape

6
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Figure 4. Gross morphology and H&E staining of human neocartilage derived from donors 2 and 3. (a) Top and side views and
(b) H&E staining of neocartilage constructs derived from P5 and P9 donor 2 hACs, and from P3, P7, and P11 donor 3 hACs. The
effects of no treatment (Ctrl), and aggregate rejuvenation followed by TCL treatment (Agg+ TCL) on human neocartilage are
shown.

(figures 6(c) and (d)). The relaxation modulus value
of P7 constructs treated with TCL was 1.4-fold of
P7 constructs treated with aggregate rejuvenation
treatment only. Compressive instantaneous modu-
lus was significantly increased with TCL treatment
in neocartilage at P3, P5, and P7, by 1.6–2.7-fold
when compared to neocartilage with only aggreg-
ate rejuvenation. The compressive properties were
not statistically different, regardless of passage num-
ber, among the TCL-treated constructs. No signific-
ant difference in coefficient of viscosity was observed
regardless of treatment and passage number (supple-
mental figure 1). With aggregate rejuvenation, tensile
stiffness and strength exhibited comparable values
among P3, P5, and P7 constructs, whereas P9 con-
structs demonstrated significantly enhanced tensile
properties when compared to constructs from other
passages (figures 6(e) and (f)). Toughness and resili-
ence of P9 constructs were significantly higher than
those of P3, P5, and P7 constructs, an effect which
was also seen with tensile stiffness and strength (sup-
plemental figure 1). Addition of TCL treatment sig-
nificantly increased tensile stiffness in human neo-
cartilage at P3, P5, and P7 by 20.0-fold, 12.5-fold,
and 4.8-fold, respectively, and tensile strength by
5.0-fold, 3.5-fold, and 1.3-fold, respectively, when
compared to aggregate rejuvenation treatment only.
Tensile properties in TCL-treated P9 constructs were
comparable to the properties in P9 constructs with

aggregate rejuvenation treatment only. No significant
difference in tensile properties was observed among
TCL-treated human neocartilage. TCL-treated con-
structs showed comparable toughness, resilience,
and strain at failure regardless of passage number
(supplemental figure 1)

3.2.2. Study II: repeatability (donors 2 and 3)
Aggregate rejuvenation and TCL treatment allowed
neocartilages for both donors 2 and 3 at high pas-
sage numbers to exhibit improved biochemical prop-
erties compared to their respective untreated control
neocartilages (figure 7(a)). Aggregate rejuvenation
and TCL treatment allowed P5 and P9 cells from
donor 2 to form constructs with significantly higher
GAG/WW and COL/WW by 14.0 to 21.5-fold and
1.4 to 2.0-fold, respectively, when compared to no
treatment. With treatment, P9 constructs produced
significantly decreased GAG/WW compared to P5
constructs. With regard to donor 3, treated con-
structs at all passage numbers produced signific-
antly higher amount of GAG when compared to
untreated controls by 22.0 to 29.0-fold. Interest-
ingly, COL/WW was significantly higher in treated
P7 and P11 constructs compared to treated P3 con-
structs by 0.9 and 1.3-fold, respectively and their
respective untreated control constructs by 0.1 to
2.0-fold.
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Figure 5. Safranin-O staining and immunohistochemistry of human neocartilage derived from donors 2 and 3. (a) Safranin-O
staining, (b) type II collagen, and (c) type I collagen of neocartilage constructs derived from P5 and P9 donor 2 hACs, and from
P3, P7, and P11 donor 3 hACs. The effects of no treatment (Ctrl), and aggregate rejuvenation followed by TCL treatment
(Agg+ TCL) on human neocartilage are shown.

As with donor 1, aggregate rejuvenation and
TCL treatment significantly increased the mechanical
properties of neocartilages, compared to control neo-
cartilages from donors 2 and 3 (figures 7(b) and (c)).
Treated P9 constructs fromdonor 2 exhibited signific-
antly decreased instantaneous modulus and Young’s
modulus by 0.6-fold and 0.3-fold, respectively, com-
pared to treated P5 constructs, while there were no
significant differences in the compressive relaxation
modulus and UTS between the treated P5 and P9
constructs. Coefficient of viscosity, toughness, resili-
ence, and strain at failure were not significantly differ-
ent between the treated P5 and P9 constructs (sup-
plemental figure 1). Treated donor 3 neocartilages
showed comparable compressive and tensile proper-
ties as a function of passage number. Coefficient of
viscosity of the treated P7 and P9 constructs were
comparable with or significantly improved than that
of the treated P3 constructs. Toughness, resilience,
and strain to failure were not significantly different

among the TCL-treated human neocartilage (supple-
mental figure 1).

4. Discussion

The dearth of hACs and chondrocyte dedifferenti-
ation during expansion hamper translation of tis-
sue engineered products to human clinical use. This
study sought to extend the usefulness of passaged
hACs through a process involving three steps: (a) con-
servative chondrogenic passaging, (b) aggregate reju-
venation, and (c) tissue formation via self-assembly.
An aggregate rejuvenation step was hypothesized to
improve chondrogenic properties of extensively pas-
saged hACs (i.e. low passages: P3 and P5; high pas-
sages: P7, P9, and P11). In contrast to untreated
controls, aggregate rejuvenation allowed: (a) hACs
at both low and high passages (i.e. P3, P5, and
P7) to self-assemble into flat discs; (b) significant
GAG increases at each passage; and (c) increased
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Figure 6. Biochemical and mechanical properties of human neocartilage derived from donor 1. (a) GAG content normalized by
WW, (b) COL/WW, (c) instantaneous modulus, (d) relaxation modulus, (e) Young’s modulus, and (f) UTS of human
neocartilage constructs derived from P3, P5, P7, and P9 cells. The effects of no treatment (Ctrl), aggregate rejuvenation (Agg),
and aggregate rejuvenation followed by TCL treatment (Agg+ TCL) on human neocartilage are shown.

collagen content with passage number. It was also
hypothesized that aggregate rejuvenation followed
by TCL treatment would retain the chondrogenic
potential of high passage hACs at levels of those
derived from low passage hACs. When compared
to constructs treated with aggregate rejuvenation
only, (a) TCL treatment generated human neocar-
tilage constructs of greater opacity and flatness at
all passages; (b) with TCL treatment, both biochem-
ical and mechanical properties of constructs derived
from P7 and P9 hACs were on par with or greater
than those derived from P3 and P5 hACs. Repeat-
ability of these findings was demonstrated using

two additional donors where passaging was exten-
ded to P11. This new strategy of using conservat-
ive chondrogenic passaging followed by aggregate
rejuvenation on extensively passaged hACs appears
to resolve the well-established limitations in human
chondrocyte availability. The strategy followed by
self-assembly using TCL treatment advances the use
of extensively passaged hACs in cartilage repair and
regeneration.

Effects of aggregate rejuvenation on construct
morphology and cell phenotype were dramatic
throughout all passages. Previously, morpholo-
gical changes due to aggregate redifferentiation (i.e.
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Figure 7. Biochemical and mechanical properties of human neocartilage derived from donors 2 and 3. (a) GAG and COL/WW,
(b) instantaneous modulus and relaxation modulus, and (c) Young’s modulus and UTS of neocartilage constructs derived from
P5 and P9 donor 2 hACs, and from P3, P7, and P11 donor 3 hACs. The effects of no treatment (Ctrl), aggregate rejuvenation
(Agg), and aggregate rejuvenation followed by TCL treatment (Agg+ TCL) on human neocartilage are shown.

aggregate culture with TGF-β1) were seen for lepor-
ine neocartilage [18], and, similarly, aggregate reju-
venation (i.e. aggregate culture with TGF-β1, GDF-5,
and BMP-2) resulted in significant changes in con-
struct morphology of human neocartilage. Treated
human cartilage retained flattened morphology up to
P7 while untreated human neocartilages were curled
and oblong (P3-5), or spherical (P7-9). Chondro-
cyte dedifferentiation is characterized by decreases
in type II collagen and proteoglycan production and
by an elongated fibroblastic morphology [6, 8]. By
reverting dedifferentiated chondrocytes to a spher-
ical morphology (e.g., via hydrogels [13, 14, 36]
or actin cytoskeleton disruption [37, 38]), cells re-
expressed a chondrogenic phenotype. In this study,
untreated constructs contained hACs with fibro-
blastic morphology and lack of type II collagen stain-
ing. With aggregate rejuvenation treatment, hACs
became rounded, embedded in lacunae, and stained
for type II collagen up to P7.With increasing passage,
the efficiency of aggregate rejuvenation decreased; P9
showed no type II collagen (figure 3). Nonetheless,
P9 constructs treated with aggregate rejuvenation

resembled untreated P3 and P5 controls, hinting at a
possible ‘rejuvenation’ of high passage chondrocytes
toward characteristics of chondrocytes of low passage
numbers.

Several differences exist in the effect of aggregate
culture on animal and human cells. While no major
difference was found in leporine cells’ production
of type I and II collagen by passage number [18], a
passage-dependent decrease in type II collagen and a
passage-specific increase in type I collagenwere found
for hACs. Also, aggregate culture enhanced hACs’
GAG production for all passages, but it did not influ-
ence GAG production of leporine cells [18]. Because
the prior work applied only TGF-β1 on leporine cells,
while this study used a combination of TGF-β1, GDF-
5, and BMP-2 (TGB), the growth factors involved
during aggregate culture can be another determin-
ing factor affecting matrix production at different
passage numbers. However, previous studies suggest
that the discrepancymay be due to species-variations,
e.g., growth factor responsiveness by species. For
example, in contrast to the leporine neocartilage,
aggregate redifferentiation (i.e. aggregate culture with
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TGF-β1) significantly increased aggrecan and collage
II expression in human neocartilage [17]. In general,
the effectiveness of treatments on animals or animal
cells does not necessarily translate to the same res-
ults in humans or human cells. This is an exceed-
ingly well-known fact; for example, the Food and
Drug Administration states that only 8% of med-
ical compounds that work in animals will eventu-
ally work in humans [39]. Thus, it was crucial to
establish the translatability of aggregate culture of
human cells toward eventual medical products for
human use. Indeed, the efficacy of aggregate rejuven-
ation, applied after conservative chondrogenic pas-
saging, was demonstrated in extensively passaged
human cells.

This study showed that treating neocartilage with
TCL following aggregate rejuvenation improved the
chondrogenic phenotype of hACs at high passage
numbers. As discussed above, a spherical cell shape
is strongly associated with the chondrogenic phen-
otype [13, 14, 36–38]. While aggregate rejuvenation
by itself was insufficient in rescuing P9 hACs from
a fibroblastic morphology, the added TCL treatment
altered P9 hACs into spherical cells in lacunae; this
effect persisted up to P11. Correspondingly, type II
collagen staining and GAG production were observed
in TCL-treated P9 and P11 constructs. It has been
well-characterized that self-assembled neocartilage
derived from primary chondrocytes forms flat con-
structs [40, 41]. The flatter morphology of con-
structs derived from high passages with TCL treat-
ment likely resulted from the morphological changes
of cells to a rounded shape that is characteristic
of the phenotype seen for primary chondrocytes.
This correlation between cell morphology and con-
struct morphology was also seen in P3, P5, and P7
constructs with aggregate rejuvenation (figure 2). It
was also noted that high passage (P7, P9, and P11)
constructs appeared smaller than those formed by
cells of low passages (P3 and P5). The cause of
these smaller constructs from high passages is not
evident, but, for future studies, it would be benefi-
cial to identify methods that would allow for high
passage constructs to attain the same size as con-
structs of lower passages. These data suggest that
both aggregate rejuvenation and TCL treatments pro-
mote redifferentiation of hACs, leading to chon-
drogenic cells capable of forming flat and robust
constructs similar to those derived from primary
chondrocytes.

In this study, the biochemical and, importantly,
mechanical properties of high passage (P7, P9, and
P11) constructs were on par with low passage (P3
and P5) constructs due to treatment with TCL. For
example, with TCL treatment, GAG content increased
in constructs derived from P7 and P9 hACs to a
level that was not significantly different than the
GAG content of TCL-treated constructs derived from
P3 and P5 cells. With additional TCL treatment,

the instantaneous modulus and relaxation modu-
lus were comparable for constructs across all pas-
sage numbers. Tensile strength, toughness, resili-
ence, and strain at failure of TCL-treated constructs
were comparable across all passage numbers. Pre-
viously, neocartilage constructs derived from pas-
saged hACs (P2), expanded and rejuvenated in the
same way as the current study, but without TCL
treatment, exhibited an average compressive instant-
aneous modulus and Young’s modulus of 82 kPa
and 660 kPa, respectively [16]. Excitingly, in the
present study, with the addition of TCL treatment,
the compressive and tensile properties exhibited up
to 584 kPa (P7 constructs from donor 3) and 3 MPa
(P5 constructs from donor 2). Thus, this study indic-
ates that TCL treatment in conjunction with reju-
venation of highly passaged cells leads to enhance-
ments in not only biochemical but also mechanical
properties.

The ways by which TCL treatment alters neocar-
tilage matrices to yield mechanically robust human
neocartilage can be understood through the effects
of its various parts, TGF-β1, c-ABC, and LOXL2.
While TGF-β1 plays a biochemical role in cartil-
age matrix production, c-ABC has been shown to
exhibit a biophysical role by increasing collagen fib-
ril diameter and density [28]. LOXL2 has also been
shown to modify matrix by forming PYR crosslinks
among collagen fibers [27]. Fibrillar and planar sub-
strates influence cell differentiation differently, pos-
sibly due to altered cell attachment (i.e. arrange-
ment of focal contacts) [42], which leads to changes
in cell shape, an important factor that modulates
cell fate and differentiation. Cell shape, as controlled
by cell attachment, has been shown to determine
how mesenchymal stem cells differentiate into osteo-
blasts versus adipocytes [43]. The effect of cell shape
has also been seen in chondrocytes: the rounded
shape of chondrocytes, restored using an inhibitor
of actin assembly (i.e. inhibition of cell spreading),
stimulated proteoglycan synthesis [37]. These previ-
ous studies strongly indicate the significant role of
interactions between cell and microenvironment in
regulating cell fate and differentiation. From a tis-
sue engineering point of view, the resulting interac-
tions between cell and matrix can influence the func-
tional properties of engineered neotissues. For this
study, it is possible that TCL modifies cell-matrix
interactions which may have yielded enhanced func-
tional properties of constructs derived from high
passages, comparable with those derived from low
passages.

Monolayer expansion up to P11 and the res-
ulting neocartilage’s mechanically robust functional
properties due to aggregate rejuvenation and TCL
treatment can be impactful on the advancement of
current therapies. It has been reported that cell yield
from human articular cartilage of the medial femoral
condyle was ∼10 000 cells mm−1 [44]. Thus, with
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Figure 8. Novel strategy to use extensively passaged hACs for cartilage repair. (a) Conservative chondrogenic passaging, aggregate
rejuvenation, and self-assembly with TCL treatment: (1) address cell scarcity, (2) rejuvenate extensively passaged hACs, and (3)
generate mechanically robust human neocartilage. (b) A small number of primary hACs or a miniscule amount of cartilage will
be needed to generate extensively passaged hACs (up to P11) to repair cartilage defects in the knee.

one single chondrocyte and an expansion factor of
12.6 × 106 (supplemental table 1), a 1 cm3 neocar-
tilage can be engineered (figure 8). Also, at P11, a
1 cm3 cartilage biopsy can yield chondrocytes to treat
defects of 5 cm2 at a thickness of 2 mm in 10 mil-
lion patients. The articular surface of an adult human
knee is ∼10 200 mm2 [45]. If the thickness of artic-
ular cartilage were uniformly 2 mm, the volume of
the entire knee would be ∼20 400 mm3. Thus, at
P11, only 16 donor chondrocytes will be potentially
needed to cover an entire knee. For knees that are
larger or have thicker cartilage, more cells would be
needed; the self-assembly approach has been used
to engineer constructs of various sizes and thick-
nesses [18, 46]. Cell yield after aggregate rejuvenation,
however, was significantly decreased with increas-
ing passage number, and the level of the decrease
was varied by donor (supplemental table 2). As pas-
sage number increased, the number of cells with his-
tological appearance of a chondrogenic phenotype
decreased. It is possible that aggregate rejuvenation
did not convert all cells but, instead, purified the cell
population by removing cells that did not possess
chondrogenic potential. Further studies are needed
to continue to refine these methods to improve
cell yield. Nonetheless, the findings presented here
provide a good starting point for resolving issues
that arise from a limited availability of healthy donor
cartilage.

The robustness of this study’s stimuli needs to
be established in future work as a function of donor
age. This is because the response to TGF-β1, bFGF,
and PDGF (TFP), a cocktail of growth factors used
in conservative chondrogenic passaging in this study,
has previously been shown to be age-dependent, and

cells passaged with or without TFP may have dif-
ferent sensitivities to downstream processing steps,
such as aggregate rejuvenation or TCL. For example,
the post-expansion chondrogenic properties of TFP-
treated pellets were better when the donor’s age was
younger than 40 [47]. In future work, it will be of
interest to examine how the restoration of the chon-
drogenic potential, as demonstrated in this study, is
affected by (a) the presence/absence of TFP, (b) cells
from donors of different ages, and (c) cells that are
extensively passaged (i.e.⩾P3).

Furthermore, changes in proliferation in response
to TGF-β1 were found with different ages in hACs
[48]. LOXL2 is known to be expressed abundantly
in neonatal relative to adult equine cartilage [49].
Age-dependent changes in growth factor responsive-
ness and in endogenous growth factor levels warrant
future investigations into applying aggregate rejuven-
ation and TCL treatment to hACs isolated from addi-
tional donors.

Evaluating cartilage healing response, as well as
the maturation and integration of tissue engineered
cartilage, in vivo using an animal model is a crit-
ical step toward establishing the translational poten-
tial of neocartilage. With regard to the cartilage heal-
ing response, although the functional properties of
human neocartilage generated in this study are still
lower than those observed in native cartilage, based
on prior work, the neocartilage can still be beneficial
for cartilage healing. Previously, cartilage implants,
generated from porcine rib cartilage cells, exhibited,
on average, only 42% of the biochemical and bio-
mechanical properties of the native tissue, but these
implants demonstrated outstanding healing and signs
of remodeling after 8 weeks in temporomandibular
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joint defects in minipigs [50]. This prior study sug-
gests that implants intended for cartilage repair do
not need to be identical to native cartilage to achieve
healing. Thus, although our engineered human neo-
cartilages’ biochemical andmechanical properties are
lower than those of native cartilage, there is poten-
tial for the human neocartilages created as described
here to mature in vivo and to elicit a healing response
in a cartilage defect. With regard to maturation in
vivo, a previous study has shown that pre-treatment of
LOXL2 in vitro significantly promoted maturation of
neocartilage in an in vivomodel with enhanced tensile
properties and PYR content by 3 and 14-fold, respect-
ively [27]. Finally, in terms of integration, LOXL2-
treated engineered constructs were shown to integrate
with native articular cartilage in vitro with ∼2 times
greater interfacial tensile strength than control con-
structs [51]. Further, it has been shown that priming
neofibrocartilagewithTCL treatment led to enhanced
integration with native fibrocartilage in vivo; both
interfacial tensile stiffness and strength increased by
∼7-fold [29]. These previous reports suggest that
in vitro stimuli can act as ‘pre-treatments’ that carry
over in vivo to enhance implantmaturation and integ-
ration. In the future, whether TCL can serve as a
pre-treatment for humanneocartilage implants needs
to be investigated. Additionally, evaluation of any
potential loss of function of regenerated neocartilage
in the in vivo environment should also be assessed
(e.g. dedifferentiation and hypertrophy). Subsequent
investigations on the maturation of TCL-treated
human neocartilage with respect to passage number,
as well as the effect of the pre-treatment respons-
ible for integration with native tissue in an in vivo
model, will be necessary to further promote the treat-
ment of aggregate rejuvenation and TCL for clinical
uses.

5. Conclusion

Inherently limited access to sufficient numbers of
primary hACsnecessitates cell expansion. The present
study identified an effective strategy to address the
perennial problems of chondrocyte scarcity and rapid
dedifferentiation, using conservative chondrogenic
passaging and aggregate rejuvenation to achieve suc-
cessful redifferentiation of cells at an expansion factor
of 12.6 × 106 and a cell doubling number of ∼24.
It also allowed the tissue engineering of functional
human neocartilage from extensively passaged hACs
up to P11, using the self-assembling process in con-
junction with TCL treatment. Without aggregate
rejuvenation, the chondrogenic phenotype was lost.
Aggregate rejuvenation by itself elicited significant
changes in construct and cell morphologies, result-
ing in flattened constructs with chondrogenic phen-
otype present, formed from cells passaged up to P7.
The addition of TCL treatment following aggregate

rejuvenation generated constructs with flat construct
morphology and cells in lacunae for all passage num-
bers including P9 and P11. Even at high passages,
a combination of aggregate rejuvenation and TCL
treatment yielded neocartilage with functional prop-
erties on par with or greater than those of neocar-
tilage derived from low passages. These results show
that the challenge of using hACs at high passages may
be overcome. This study’s well-defined protocol for
recovering the utility of extensively expanded hACs
may be useful in advancing the translational use of
tissue-engineered products for cartilage repair and
regeneration.
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