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Temporal Enzymatic Treatment to Enhance the Remodeling
of Multiple Cartilage Microtissues into a Structurally
Organized Tissue

Ross Burdis, Xavier Barceló Gallostra, and Daniel J. Kelly*

Scaffold-free tissue engineering aims to recapitulate key aspects of normal
developmental processes to generate biomimetic grafts. Although functional
cartilaginous tissues are engineered using such approaches, considerable
challenges remain. Herein, the benefits of engineering cartilage via the fusion
of multiple cartilage microtissues compared to using (millions of ) individual
cells to generate a cartilaginous graft are demonstrated. Key advantages
include the generation of a richer extracellular matrix, more hyaline-like
cartilage phenotype, and superior shape fidelity. A major drawback of
aggregate engineering is that individual microtissues do not completely
(re)model and remnants of their initial architectures remain throughout the
macrotissue. To address this, a temporal enzymatic (chondroitinase-ABC)
treatment is implemented to accelerate structural (re)modeling and shown to
support robust fusion between adjacent microtissues, enhance microtissue
(re)modeling, and enable the development of a more biomimetic tissue with a
zonally organized collagen network. Additionally, enzymatic treatment is
shown to modulate matrix composition, tissue phenotype, and to a lesser
extent, tissue mechanics. This work demonstrates that microtissue
self-organization is an effective method for engineering scaled-up cartilage
grafts with a predefined geometry and near-native levels of matrix
accumulation. Importantly, key limitations associated with using biological
building blocks can be alleviated by temporal enzymatic treatment during
graft development.
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1. Introduction

Engineering articular cartilage (AC) that
mimics both the structure and composition
of the native tissue remains a consider-
able challenge. Shortcomings associated
with traditional top-down tissue engineer-
ing approaches has motivated interest in
scaffold-free strategies that aim to mimic
developmental processes to generate a
more biomimetic tissue.[1–8] These ap-
proaches often yield highly biomimetic
engineered cartilages as the cells, uncon-
strained by an interstitial scaffold material,
are allowed to interact with and remodel
the extracellular matrix (ECM) in a fashion
that recapitulates key events in the native
tissue’s developmental programme.[9–11]

In an attempt to scale-up the engineer-
ing of more complex tissues and organs,
emerging scaffold-free strategies seek
to use cellular spheroids, microtissues,
and/or organoids as biological building
blocks that can be combined to fabricate
larger regenerative implants. Such ap-
proaches have been applied to multiple
tissues, including bone,[12–16] cartilage,[17,18]

vasculature,[14,19–23] osteochondral,[8,24–28]
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and liver.[29] Compared to more traditional scaffold-free ap-
proaches, that use single cells as the minimal unit building block
for generating an engineered tissue, biofabrication using cellu-
lar aggregates or microtissues as biological building blocks can
offer several benefits.[5] For example, biofabrication using multi-
ple microtissues that have been individually engineered in con-
trolled conditions, as opposed to the use of a suspension of sin-
gle cells, can potentially address concerns around inhomogenous
tissue development in highly cellular constructs (i.e., core degra-
dation) and facilitate the generation of larger grafts required for
clinical use. Moreover, creating tissues/grafts with a predesigned
geometry using a suspension of single cells can be challeng-
ing. In contrast, aggregate-based approaches have been success-
fully employed to create scaled-up, functional tissues/grafts with
user-defined geometries using both manual and automated bio-
fabrication methods.[12,17,30,31] Specifically, in the field of carti-
lage tissue engineering, we have demonstrated the capacity to
manually bioassemble microtissues within a 3D-printed poly-
mer framework to generate a biphasic osteochondral implant
for joint resurfacing,[8] while others have leveraged novel bio-
fabrication strategies (including bioprinting) to spatially orga-
nize cell spheroids, organoids, microtissues, and tissue strands
for the generation of tissues/grafts with defined geometries and
architectures.[12,14,23,28,30,32–34]

Despite considerable progress in this field, ensuring com-
plete fusion between multiple biological building blocks (e.g.,
cellular spheroids/microtissues) and subsequently directing
their remodeling into a unified, geometrically defined tissue
with biomimetic organization remains a key challenge.[5,23]

While such biological building blocks generally fuse together,
[14,35–41] persistent tissue architectures tend to form within each
spheroid/microtissue and are apparent throughout the engi-
neered microtissue.[12,14,25,28,33] In order to engineer functional
tissues, these initial architectures must be effectively remodeled
to generate a tissue with native structural organization. There-
fore, microtissue “fusion” should not simply be viewed as the
merging of individual biological building blocks, but also their re-
modeling into an organized tissue. In the context of cartilage tis-
sue engineering, recapitulation of the physiological stratification
found in native AC remains a key challenge, even when using
spheroids/microtissues as part of a tissue engineering strategy.
Although the use of instructive scaffolds that provide boundary
conditions to the developing tissue have gone some of the way
in addressing the challenge of generating a stratified AC,[8,42–44]

complete recapitulation of the zonal organization within engi-
neered cartilage tissues that are compositionally similar to the
native tissue remains elusive.

In this study, we first sought to demonstrate the benefits of
engineering scaled-up cartilage grafts via the fusion of multi-
ple cartilage microtissues compared to traditional scaffold-free
strategies where the construct is generated through the self-
organization of individual cells. We then sought to address two
of the key challenges associated with the biofabrication of zonally
stratified articular cartilage using multiple cartilage spheroids or
microtissues, namely, 1) ensuring robust fusion between adja-
cent microtissues, and 2) directing the remodeling of the initial
microtissue architectures into zonally stratified tissue mimetic
of AC. To this end, we explored the use of chondroitinase-ABC
(cABC) treatment to help enhance fusion and remodeling of mul-

tiple cartilage microtissues into zonally stratified tissue by tem-
porally removing ECM components believed to negatively im-
pact collagen network development. Similar catabolic enzymatic
regimes have been successfully employed in vitro to enhance
the development of self-assembled cartilage in other scaffold-free
systems,[7,45–47] as well as in vivo to improve host-implant inte-
gration in joint resurfacing strategies.[48–51] Here, we sought to
determine the impact of such enzymatic treatment on tissue de-
velopment during the self-organization of multiple cartilage mi-
crotissues, with the aim of encouraging matrix (re)modeling and
the generation of a cartilage graft with biomimetic composition
and structural organization. Our goal was to engineer a cartilage
graft that stained homogenously for cartilage-specific ECM com-
ponents (i.e., was devoid of a necrotic core), but whose collagen
architecture was heterogenous and mimetic of the native tissue.

2. Results

2.1. Cartilage Microtissues Self-Organize into a More
Hyaline-Like Cartilage Tissue Compared to Single Cells

Given there are limited examples directly comparing single cell-
and microtissue-based self-organization strategies, this study
first sought to elucidate which method yielded a superior in vitro
cartilage. To investigate this, comparable numbers of cells (in ei-
ther single-cell or a microtissue format) were placed into hydrogel
microwells where neo-tissue growth and maturation was quanti-
fied over 28 days of chondrogenic cultivation, with weekly bio-
chemical and histological evaluation (Figure 1). In both groups,
total levels of sulfated glycosaminoglycan content (sGAG) and
collagen increased predictably throughout the duration of the cul-
ture (Figure 2A). After 28 days, the cartilage engineered via the
self-organization of microtissues contained significantly higher
levels of both sGAG and collagen compared to its single-cell
counterpart (twofold higher total sGAG and 1.2-fold higher to-
tal collagen), while the DNA content was comparable in both
groups. The sGAG-to-collagen ratio within both engineered car-
tilages revealed a nonphysiological bias toward a GAG-rich ECM
(Figure 2A). Normalization of the absolute amounts of sGAG to
DNA quantity demonstrated that biosynthesis of sGAG by res-
ident cells was significantly higher in the microtissue group at
days 21 and 28. There were no significant differences in biosyn-
thetic output of collagen per cell (Figure 2B). By day 28, both
groups exhibited near-native levels of sGAG as a percentage of tis-
sue wet weight (4.879± 0.174% and 5.546± 0.245% for single cell
and microtissues, respectively). Despite this evidence of robust
chondrogenesis, the levels of collagen (both absolute and normal-
ized) were noticeably lower than those in native AC (Figure 2C).

While both self-organization strategies supported a highly
chondrogenic phenotype, histological analysis demonstrated
clear differences between the two groups. A heterogeneity in
cell and matrix phenotype, cellular morphology, and matrix de-
position was observed through the depth of the tissues gener-
ated in the single-cell group. In addition, the cell single strat-
egy resulted in a more spherically shaped tissue, while the final
shape of the tissues generated using cartilage microtissues bet-
ter mimicked the shape of the initial hydrogel mold. While the
periphery of single-cell constructs was rich in cartilage matrix
components, its core stained weakly for sGAG and was diffusely
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Figure 1. Study Schematic. Two different cellular self-organization strategies are employed in this study. The first involves the self-organization of 3 × 106

bMSCs within a nonadherent hydrogel well. The second uses 1 × 103 early-cartilage microtissues, each containing 3 × 103 MSCs, as biological building
blocks. A study timeline is also provided that indicates the weekly endpoints used to map tissue maturation. In one arm of the study, a 4 h chondroitinase-
ABC (cABC) treatment was undertaken on day 14. Finally, a schematic representation of the analytical techniques employed to determine the quality of the
self-organized cartilages generated within this study is provided. Collectively, this work aims to provide a comprehensive timeline for tissue growth and
maturation of self-organized cartilages, as well as determining the effect enzymatic treatment has on the quality of cartilage macrotissues bioassembled
using single cells or cartilage microtissues as biological building blocks.

mineralized. These features were evident as early as day 7 and
persisted through the 28 days culture period. Cellular arrange-
ment and morphology also changed through the depth of the
single-cell constructs, appearing hyaline-like in the construct pe-
riphery, but more hypercellular and displaying an aberrant cob-
blestone morphology in the construct’s core (Figure 3A). In con-
trast, the cartilage engineered via the bioassembly of cartilage mi-
crotissues appeared more homogenous. After 14 days, the mi-
crotissues had undergone complete fusion, forming a unified
macrotissue that stained positively for both sGAG and collagen.
Unlike the single-cell approach, homogenous staining for sGAGs
was observed by day 28. Moreover, cells within the microtissue
group appeared to be round, and closely resembled native chon-
drocytes with some native-like stratification seen in the periph-
ery of the tissue. Importantly, the ECM-rich cartilage formed via
microtissue self-organization did not mineralize over 28 days of
chondrogenic culture, indicative of a more stable hyaline carti-
lage phenotype (Figure 3B). Collectively, these results provide
compelling evidence for the formation of a superior and more
homogenous engineered cartilage through the bioassembly of
microtissue precursors. Clear evidence of undesirable tissue het-
erogeneity (i.e., a core deficient in sGAGs) and mineralization
was seen in cartilages engineered using single cells as biologi-
cal building blocks, despite displaying other hallmarks of robust
chondrogenesis.

2.2. Enzymatic Treatment Supports the Development of a More
Biomimetic Cartilage Tissue

Since the use of similar enzymatic agents/regimes has shown
great promise in enhancing the quality of engineered cartilages
through modulation of the developing matrix.[7,46,47] We next in-
vestigated the effect a similar enzymatic regime would have on
the self-organized tissues generated in this study. To this end,
we exposed the engineered cartilages to a cABC solution for 4
h at the mid-point (day 14) of chondrogenic cultivation. Unsur-
prisingly, biochemical evaluation of the engineered tissues at day
28 indicated that cABC treatment effectively reduced the total
sGAG levels 2.48-fold and 2.96-fold in the single cell and mi-
crotissue groups, respectively (Figure 4A). There was still signif-
icantly higher sGAG/DNA in the cABC microtissue group com-
pared to the cABC single-cell group (Figure S1, Supporting Infor-
mation). cABC treatment had no effect on total levels of DNA or
collagen (Figure 4A,C and Figure S1, Supporting Information).
Despite having no effect on collagen synthesis, enzymatic treat-
ment proved an effective method of altering the ratio of sGAG
to collagen within the tissue toward a more collagen rich com-
position, typical of native AC (Figure 4B,C). These findings sup-
port the use of cABC treatment as a strategy to significantly in-
crease the relative amount of collagen within engineered cartilage
(Figure 4C).
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Figure 2. Cartilage microtissues self-organize a cartilage-rich ECM. A) Total levels of key cartilage ECM components; DNA, sGAG, and collagen are
provided at weekly timepoints for 28 days of chondrogenic cultivation. Total levels of sGAG and collagen are significantly higher in the microtissue group
by day 28. Additionally, the sGAG to collagen ratio within the engineered tissues is given. B) sGAG and collagen levels normalized to DNA show that
cells within the self-organizing microtissues produce significantly higher amounts of sGAG at day 21 and 28. C) sGAG and collagen levels normalized to
wet-weight (ww) demonstrate near native levels of sGAG are accumulated in both groups by day 28, with significantly higher levels achieved when using
microtissues. However, levels of collagen remain below native levels. N = 3, significant differences were determined using an ordinary two-way ANOVA
with a Šídák’s multiple comparisons test where, * denote p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, and **** denotes p < 0.0001.

In the context of engineering functional cartilage grafts, en-
suring shape fidelity, that is to say the gross morphology of the
final tissue closely matches the intended/designed geometry, as
well as generating a mechanical competent graft is of great im-
portance. To evaluate the physical properties of our engineered
tissues, height, diameter, and aspect ratio measurements were
taken throughout the study (Figure 4D). Collectively, these re-
sults indicated that engineering cartilage grafts using microtis-
sues as biological building-blocks yielded a final tissue with su-

perior shape fidelity. Specifically, consistent vertical and lateral
growth over 28 days of culture was observed, with engineered tis-
sues maintaining the initial imparted cylindrical shape. In con-
trast, the use of single cells resulted in aggressive tissue con-
traction between days 14 and 21 (Figure 7D-i). Ultimately, the
single-cell approach resulted in an engineered cartilage that was
spherical, indicated by an aspect ratio of ≈1 on days 21 and 28
(Figure 4D-iii). Enzymatic treatment decreased the overall size
(width and height) of the engineered tissues in both groups but
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Figure 3. Cartilage microtissues self-organize a homogenous matrix devoid of mineralization. Histological analysis of engineered cartilage reveals ro-
bust accumulation of key cartilage ECM components in both groups, stained for using Alcian blue (sGAG) and picrosirius red (PSR) stain (collagen).
Alizarin red staining revealed evidence of cartilage mineralization in tissues engineered using a single-cell strategy. Additionally, a heterogenous tissue
structure and matrix deposition is clearly seen in the single-cell group, whereas robust microtissue fusion results in homogenous matrix deposition in
the microtissue group by day 28. For both histological panels, an overview image is provided as well as zoomed sections for the core (left) and periphery
(right) of the construct. A) Scale bars = 500 μm (overview) and 200 μm (zoom). B) Scale bars = 700 μm (overview) and 200 μm (zoom).
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Figure 4. Enzymatic treatment results in a biomimetic ECM composition. Engineering with microtissues results in significantly better shape fidelity.
A) Biochemical analysis of the engineered tissues indicated that cABC treatment did not affect total levels of DNA or collagen. However, enzymatic
treatment did significantly decrease total levels of sGAG. B) Treatment using cABC significantly improved the collagen to sGAG ratio in both groups.
(Caption continued on the following page). C) sGAG and collagen levels as a percentage of tissue wet-weight (ww) show significant reduction in sGAG
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did not significantly impact the overall aspect ratio of the con-
struct.

There was a trend toward increased mechanical properties
with time in culture for the microtissue group (note it was not
possible to mechanically test the single-cell constructs as they
adopted a spherical shape in culture). Despite the dramatic loss
of sGAGs with cABC treatment, there was also a trend toward in-
creases in the Young’s and dynamic modulus with enzyme treat-
ment. After 28 days in culture, the compressive properties of the
graft approached that of normal AC, with a Young’s modulus of
0.266 ± 0.157 MPa and a dynamic modulus of 0.821 ± 0.298 MPa
for the enzymatically treated cartilages generated using microtis-
sues (Figure S2, Supporting Information).

2.3. Enzymatic Treatment Improves Microtissue Fusion and
Remodeling

We next sought to identify, histologically, how cABC treatment
influenced matrix structure and composition. Predictably, sGAG
staining in both cABC groups appeared weaker compared to the
untreated controls, although in line with the biochemical data,
the microtissue group appeared to have recovered more sGAG
with a less marked decrease in staining intensity (Figure 5A).
Despite not significantly increasing total collagen content (bio-
chemically), cABC treatment resulted in a notably more intense
collagen staining in both groups indicating a denser network
(Figure 5B). As before, in the cABC single-cell group, a consid-
erable portion of the engineered cartilage was composed of a
core, devoid of sGAG and positively stained for mineral deposits
(Figure 5C). Consequently, the aforementioned densification of
the collagen network was only observed in the periphery of tissue
(Figure 5B). It appeared that cABC treatment not only resulted
in increased collagen density in the microtissue group, but also
facilitated enhanced fusion and remodeling between the micro-
tissue units. As a result of this, there was little to no evidence
of their initially spherical geometry (Figure 5). In both groups,
cABC treatment appeared to increase mineralization. However,
this effect was seen to a greater extent in the single-cell group,
which exhibited diffuse mineral deposition throughout the tissue
(Figure 5C). In addition to creating a denser collagen network,
cABC treatment also appeared to result in a smaller, rounder cel-
lular morphology in the periphery of the single-cell group and
through the tissue within the microtissue group (Figure 5 and
Figure S4, Supporting Information).

2.4. cABC Treatment Modulates the Phenotype of Self-Organized
Cartilage

Having identified changes in ECM composition and structure
following enzymatic treatment, we further investigated how re-

moval of sGAGs during early tissue development influences
tissue phenotype. To probe cartilage phenotype, immunohisto-
chemical staining for collagen types I, II, and X was undertaken.
All samples showed some positive staining for collagen type I,
albeit weak, with the greatest expression in the untreated single-
cell group. In both groups, enzymatic treatment decreased the
expression of collagen type I, with the most profound effect in
the single-cell group (Figure 6A). All engineered cartilage stained
intensely for collagen type II. Relatively homogenous deposition
for collagen type II was seen in both microtissue groups, whereas
the core of the single-cell groups expressed less collagen type II
than the periphery, an outcome that was exaggerated by cABC
treatment (Figure 6B). Collagen type X was least expressed in the
untreated single-cell group, where it was predominantly found in
the core of the tissue. In contrast, expression of collagen type X
was noted in the periphery of the untreated microtissue group.
In both groups, the use of cABC appeared to increase collagen
type X deposition (Figure 6C).

2.5. cABC Alters Collagen Network Organization and Supports
the Development of a Zonally Stratified Tissue

Given the previous histological evidence of changes in the col-
lagen network within the self-organized cartilage, polarized-
light microscopy (PLM) was employed as a means of investi-
gating how enzymatic treatment influences its spatial organi-
zation. Untreated tissues assembled from single-cell building
blocks displayed localized organization. However, as a result of
their spherical gross morphology, the overall organization of
the collagen network did not closely match that of native AC
(Figure S5, Supporting Information). Despite this, cABC treat-
ment resulted in a clear change in the color of the collagen fibers
when viewed under polarized light. This color shift from green
to orange/red is typically indicative of thickening of the colla-
gen fibers, suggesting that cABC can be an effective method
for increasing collagen fiber maturity (Figure S5, Supporting
Information).

A similar color shift (from green to yellow/orange) in the col-
lagen fibers could be seen following enzymatic treatment in the
microtissue group (Figure 7A). In the context of collagen net-
work organization, cartilages formed through microtissue self-
organization exhibited superior collagen stratification when com-
pared to a single-cell approach. Quantification of fiber orientation
revealed that through enzymatic treatment, a more biomimetic
collagen network was generated (Figure 7C–E). Specifically, in
both groups (untreated and cABC), the superficial and deep
zones of the engineered tissue closely resembled native AC. How-
ever, the middle zone of the cABC-treated microtissue group
more closely matched the fiber orientation and distribution
seen in native AC. Further quantification of the collagen fiber

content with a concomitant significant increase in collagen content in both groups. Here, sGAG makes up a significantly larger portion of the total tissue
wet-weight (ww) in the microtissue group compared to the single-cell group following cABC treatment. N = 3, significant differences were determined
using an ordinary two-way ANOVA with a Tukey’s multiple comparisons test where, * denote p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001,
and **** denotes p < 0.0001. D) Physical characterization including tissue: i) height, ii) diameter, and iii) aspect ratio indicates that superior control
over tissue geometry is achievable by engineering cartilage macrotissues via the assembly of microtissues when compared to a single-cell approach.
Orange dashed lines denote the starting mold dimensions and aspect ratio. Blue dashed line denotes the aspect ratio (AR) of a sphere (AR = 1). N
= 3, significant differences were determined using an ordinary two-way ANOVA with a Šídák’s multiple comparisons test where, * denote p < 0.05, **
denotes p < 0.01, *** denotes p < 0.001, and **** denotes p < 0.0001.
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Figure 5. Enzymatic treatment results in densification of the collagen network and notably improves microtissue fusion. Histologically, both engineered
cartilages treated with cABC exhibit robust chondrogenesis, as evidenced by diffuse positive staining for sGAG (Alcian Blue) and collagen (PSR stain).
cABC treatment causes a denser collagen network in both groups as evidenced by intense PSR staining. Importantly, enzymatic treatment appeared
to significantly improve microtissue fusion. However, cABC also appeared to increase mineralization when compared to untreated equivalents. Finally,
treatment with cABC results in a smaller, rounder cell morphology in both groups. Scale bars: single cell = 500 μm (overview) and 200 μm (zoom).
Microtissue = 700 μm (overview) and 200 μm (zoom).
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Figure 6. Cartilages engineered treated with cABC exhibit a less fibrocartilaginous, but more hypertrophic phenotype. A) In both self-organized strategies,
cABC appears to reduce the expression of collagen type I. Equally, engineering cartilage via microtissue self-organization also reduces the expression of
collagen type I, with the most pronounced accumulation noted in the D28 single-cell group. B) All groups diffusely express collagen types II and out of
the three collagen sub-types it is the most abundant. C) Treatment of both engineered cartilages with cABC increases the expression of collagen type X.
Scale bar = 700 μm (overview) and 200 μm (zoom).
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Figure 7. Enzymatic treatment increases collagen fiber thickness and supports the development of a biomimetic collagen network. A) Polarized-light
microscopy (PLM) images of both untreated (top) and enzymatically treated (bottom) tissues generated by self-organization of cartilage microtissues.
B) Color maps generated from PLM images. Here, color hue is used to indicate fiber orientation where, red/pink denotes fibers oriented at 90° and
blue/cyan indicates fibers are oriented at 0°. (Scale bars: overview = 500 μm and zoom = 250 μm). C,D) Quantification of the fiber orientation within
the i) superficial, ii) middle, and iii) deep zones of the engineered cartilage are provided for C) untreated, D) cABC treated engineered cartilage, and E)
native AC. Black data points represent the mean and the white area shows the standard deviation (n = 5).
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Figure 8. Quantification of collagen fiber orientation indicates that treatment with cABC supports the development of a biomimetic cartilage tissue. A)
Mean average fiber orientation within the zones of the engineered tissues is compared with native AC. B) Fiber coherency; values approaching 1 indicate
fibers are aligned in the same direction, while a value of 0 indicates dispersion of fibers in all directions. For engineered tissues, n = 5 and native tissue n
= 3. Statistical differences are determined using an ordinary two-way ANOVA with a Dunnett’s multiple comparison test where the experimental groups
are compared to the control of native AC. ** denotes p < 0.01, *** denotes p < 0.001, and **** denotes p < 0.0001. C,D) Mean orientation versus
dispersion is given for cABC-treated microtissue engineered cartilage and native AC, respectively.

directionality within the engineered tissues demonstrated sig-
nificant improvements when using microtissues compared to
single cells. The mean fiber orientation in the superficial zone
was not statistically different to native AC for the microtissue
groups. In the middle zone, only the cABC-treated microtissue
cartilage exhibited a mean fiber orientation that was not sig-
nificantly different to native AC. In the deep zone of the tis-
sue, all groups, including native AC, had a mean fiber orien-
tation of ≈90° (Figure 8A). Fiber coherency was inferior in all
engineered tissues compared to native AC. However, the high-
est levels of fiber coherency were seen in the tissues engineered
using microtissues as biological building blocks (Figure 8B).
Collectively, PLM quantification revealed a superior tissue orga-
nization via the self-organization of microtissues compared to
a single-cell approach. Furthermore, enzymatic treatment dur-
ing the self-organization of the microtissues yielded a highly
biomimetic collagen stratification that closely mimics native AC
(Figure 8C,D).

3. Discussion

Here, we report a comprehensive comparison between the
quality of engineered cartilage tissues formed via the self-
organization of single cells and microtissues. We demonstrated
that both formats support robust chondrogenesis, however the
cartilage engineered using microtissues as biological building
blocks exhibited a significantly richer ECM with higher biosyn-
thetic output at a cellular level. This culminated in a neotissue
with near native levels of sGAG accumulation after only 4 weeks
of chondrogenic cultivation. Moreover, we demonstrate that the
application of a catabolic enzyme (cABC) during tissue develop-
ment aids in rebalancing the collagen:sGAG ratio within in vitro
engineered cartilages, which are typically sGAG rich but colla-
gen poor. Ultimately, cABC treatment promoted maturation of
the collagen network within self-organized cartilage, resulting in
the development of a highly biomimetic collagen network with a
native-like zonal stratification.
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In this study, we observed that employing a microtissue-based
strategy not only promoted superior cartilage ECM accumula-
tion, but also supported the development of a graft with more
spatially homogenous ECM deposition. Specifically, a single-cell
approach supported noticeable heterogeneity within the engi-
neered cartilage after 28 days of chondrogenic cultivation. Similar
findings have been reported in the literature, whereby unfavor-
able radial heterogeneity in cell phenotype, matrix stratification,
and occasionally the formation of a necrotic core have occurred
following the chondrogenic induction of large, self-assembled
cellular spheroids.[52–56] It seems likely that steep radial chem-
ical and nutrient gradients readily develop within high density
spheroidal cultures, leading to appropriate cellular differenti-
ation and ECM accumulation at the circumference/periphery,
but poor/off-target outcomes within the core of the implant.
This phenomenon has also been observed in scaffold-based ap-
proaches, where so-called “core necrosis” has impacted the in
vivo therapeutic efficacy an engineered implants.[57] Latent forms
of growth factors such as TGF-𝛽 have been employed in an at-
tempt to alleviate some of the diffusion-based limitations, by al-
lowing the potent growth factor to penetrate the core of the en-
gineered tissue prior to its activation and action.[58,59] Biofabri-
cation using cellular aggregates or microtissues may represent
a more effective method of generating tissues of scale, as ho-
mogenous cellular differentiation and ECM production can be
better controlled within each individual biological building block.
Microtissue building blocks have previously been used effec-
tively to engineer millimeter scale tissues for cartilage,[17,33,34,60]

bone,[12] and osteochondral[27,28,30] applications without obvi-
ous nutrient diffusion limitations. Further work is required
to demonstrate that the proposed microtissue approach can
be used to engineer more geometrically defined cartilaginous
grafts.

Engineering cartilage grafts with numerous microtissues also
yielded a tissue with superior shape fidelity when compared to
a single-cell approach. It has been previously demonstrated that
controlling tissue development and final geometry is achievable
via self-organization of mesenchymal stem/stromal cell (MSCs)
through the use of bioprinting[42,61] as well as permanent[46,62–65]

or transient cell adhesive substrates.[66] In this study, we found
that MSCs seeded into a nonadhesive hydrogel well resulted in
the formation of a large spherical aggregate, poorly suited as a
tissue graft for biological joint resurfacing. This could be a result
of increased cell-mediated contractions in MSC-only cultures.
The use of protein-coated transwell membranes has previously
been shown to allow the formation of cartilage disks rather than
spheroids via the self-organization of single cells.[3,46,62–65] How-
ever, the use of such modified membranes restricts the capacity to
engineer user-defined/complex tissue geometries and can make
the removal of the engineered tissue/graft difficult. As such, pre-
vious successful attempts of self-assembling single cells into a
cylindrical construct in a nonadhesive hydrogel well have em-
ployed chondrocytes.[10,46,47] The data presented here and in lit-
erature suggest that engineering tissues with high shape fidelity
via the self-organization of single cells is challenging and the suc-
cess, at least in terms of shape fidelity, of an approach is closely
coupled to the selected cell type. Our work indicates that using
microtissues as biological building blocks can significantly im-
prove the control over final tissue geometry and could provide a

relatively simple platform for engineering patient-specific grafts
with user-defined geometries.

Although microtissue self-organization enables the engineer-
ing of matrix-rich tissues at a millimeter scale with considerable
control over macrotissue morphology, fusion between adjacent
microtissues and in particular their (re)modeling into grafts with
biomimetic matrix organization remains a challenge. Here, we
demonstrate that the temporal introduction of an exogenous re-
modeling enzyme, chondroitinase-ABC (cABC), enhances mi-
crotissue fusion and macrotissue (re)modeling. Numerous dif-
ferent strategies have previously been employed to enhance the
functional development of self-organized cartilage, including
temporal[67] and spatiotemporal[62] exposure to physiologically
relevant growth factors,[62,67] physical confinement,[68] mechan-
ical stimulation,[69] and cABC treatment.[7,46,47] In line with our
findings, previous studies have observed that the relative amount
of collagen within engineered tissue significantly increases fol-
lowing cABC treatment.[7,47] This change in matrix composition
was correlated with significantly enhanced tensile mechanical
properties without compromising compressive properties.[7,47]

Through cleavage of sGAGs during early tissue development, we
were also able to rebalance the collagen:sGAG ratio in the de-
veloping matrix toward more physiological levels. Interestingly,
while temporal enzyme treatment led to a dramatic reduction
in sGAGs from the developing tissue, it did not negatively im-
pact the compressive mechanical properties of the engineered
graft. This can potentially be explained by the observed changes to
the organization of the engineered tissue, and specifically the de-
velopment of a more biomimetic, arcade-like collagen structure
which is known to play a key role in determining the mechanical
properties of skeletally mature AC.[70] More significant improve-
ments in tissue mechanical properties might be expected follow-
ing multiple cABC treatments and/or extended culture periods
to allow complete recovery in tissue sGAG content.[46,47] Other
approaches that could be adopted in the future include the ad-
dition of an exogenous collagen crosslinking agent such as lysyl
oxidase (LOX-2), in conjunction with cABC, to improve collagen
fibril maturity and tissue functionality.[7,45] Despite identifying
significant improvements in ECM quality following enzymatic
treatment, there were also subtle changes in tissue phenotype.
We noted an increased deposition of collagen type X, a marker of
hypertrophy, which may limit the use of such engineered carti-
lages for biological joint resurfacing. In the context of engineer-
ing phenotypically stable hyaline-like cartilage, we believe the ob-
served hypertrophic drift could potentially be addressed by using
a coculture of MSCs and articular chondrocytes[71–73] and/or the
use of a dynamic culture regime,[42,74–76] both of which have been
successfully employed in other studies. Such approaches could
enable the generation of scaled-up, phenotypically stable hyaline-
like cartilages for use in the regeneration of articular cartilage.
Additionally, future studies which aim to evaluate the therapeu-
tic efficacy of similar engineered cartilage grafts should include
transcriptomic evaluation of the resident stem cell population as
a means of robustly determining cell and tissue phenotype prior
to implantation. By doing so we aim to better understand the in-
fluence of various conditions within multifaceted biofabrication
strategies on the composition of the structural collagenous ma-
trix, in particular the expression of collagen types associated with
fibro-, hyaline-, and hypertrophic-cartilages.
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Temporal enzymatic treatment also resulted in the formation
of thicker, more organized collagen fibers. Others have also re-
ported that the addition of exogenous cABC during cartilage
development increases collagen fibril density and diameter.[7,46]

Here, we leverage the color shift in PLM as a qualitative method
of determining an increase in fibril thickness/maturity.[77,78]

Although this approach provided strong visual evidence that
changes within the collagen fibril dimeter/maturity had oc-
curred following enzymatic treatment, future studies will aim
to leverage alternative techniques such as scanning electron mi-
croscopy as a means of quantifying the changes observed in fib-
ril density and thickness. The removal of small regulatory ma-
trix molecules, such as decorin, known to play a role in regulat-
ing collagen fibrillogenesis[79,80] has been proposed as a mecha-
nism for how cABC treatment enhances collagen maturation.[47]

Importantly, following cABC treatment, there was limited evi-
dence of boundaries between adjacent microtissues, and it ap-
pears that employing this exogenous catabolic enzyme benefitted
tissue (re)modeling. The observed structural and organizational
changes to the collagen network could help to explain the encour-
aging trend toward increases in graft Young’s and dynamic mod-
ulus following temporal enzyme treatment. Although untreated
cartilage microtissues were able to fuse together and form a con-
tinuous cartilage, evidence of their initial spherical geometry was
still apparent after 28 days of culture. While it remains unclear
what impact this “more disorganized” ECM will have on implant
functionality, PLM displayed clear improvements in the organi-
zation of the collagen network within enzymatically treated car-
tilages which has implications in the broader field of aggregate-
based tissue engineering. The results of our study suggest that
temporal enzyme treatment could be applied to a range of differ-
ent tissue engineering strategies using cellular spheroids, micro-
tissues, tissue strands, or organoids as biological building blocks
to fabricate scaled-up regenerative implants.

4. Conclusion

This work has established a robust platform for engineering
biomimetic cartilage tissues via cellular self-organization. Fu-
sion of microtissue building blocks generated a more hyaline-like
cartilage tissue compared to a more traditional scaffold-free ap-
proach using individual cells. In addition, temporal exposure of
the developing tissue to a remodeling enzyme (cABC) modulated
matrix composition, enhanced microtissue fusion and tissue re-
modeling, and ultimately supported the formation of a denser,
more mature collagen network that exhibited zonal organiza-
tion analogous to the native tissue. Our findings support the use
of temporal enzymatic treatments when tissue engineering us-
ing multiple cellular spheroids, microtissues, or organoids as a
means of generating more functional grafts.

5. Experimental Section
Bone Marrow MSC Isolation and Expansion: MSCs were isolated from

the femoral shaft of 4 month old pigs under sterile conditions. They were
expanded in expansion medium (XPAN), composed of high glucose Dul-
becco’s modified Eagle’s medium (hgDMEM) GlutaMAX containing 10%
v/v fetal bovine serum, 100 U mL−1 penicillin, 100 μg mL−1 streptomycin

(all Gibco, Biosciences, Dublin, Ireland) and 5 ng mL−1 FGF2 (Prospect
Bio) under physioxic conditions (37 °C in a humidified atmosphere with
5% CO2 and 5% O2). After colony formation, MSCs were trypsinized,
counted, re-seeded at a density of 5000 cells cm−2, and expanded until
the end of passage 2.

Construct Self-Organization and Enzyme Treatment: Microwell fabrica-
tion: The procedure for fabricating the hydrogel microwell platform and
the method of generating cellular aggregates and microtissues were de-
scribed previously.[8,13] The same underpinning methodology was em-
ployed herein. Briefly, a novel stamp, fabricated using a Form 3 stere-
olithography printer (Formlabs, MA, USA), was used as the positive mold
for the microwell array. The stamps were processed accordingly post-
printing, cleaned, and gas sterilized using ethylene oxide (EtO) prior to use
(Anprolene gas sterilization cabinet, Andersen Sterilizers). Nonadherent
hydrogel microwells were fabricated under sterile conditions, by pattern-
ing a sterile 4% w/v agarose (Sigma Aldrich) solution using the positive
molds. To do so, the sterile 3D-printed stamps were inserted into molten
agarose, taking care to avoid the formation of bubbles. Once cooled, the
molds were removed from the solidified agarose, leaving an imprint of 401
microwells within each well. All agarose microwells were soaked overnight
in XPAN prior to cell seeding.

Microtissue generation and macrotissue engineering: Cartilage microtis-
sues were formed using 3 × 103 cells per microtissue in physioxic condi-
tions (37 °C in a humidified atmosphere with 5% CO2 and 5% O2). Chon-
drogenesis was initiated by culturing the cells in chondrogenic differenti-
ation medium (CDM) for 2 days. CDM was formulated by supplementing
hgDMEM GlutaMAX with 100 U mL−1 penicillin, 100 μg mL−1 strepto-
mycin (both Gibco), 1.5 mg mL−1 bovine serum albumin, 100 μg mL−1

sodium pyruvate, 4.7 μg mL−1 linoleic acid, 40 μg mL−1 L-proline, 1 ×
insulin–transferrin–selenium (ITS), 100 × 10−9 m dexamethasone, 50 μg
mL−1 L-ascorbic acid-2-phosphate (all from Sigma), and 10 ng mL−1 of
human transforming growth factor-𝛽3 (TGF-𝛽) (Peprotech, UK). After 2
days, microtissues were liberated from the microwells and harvested for
future biofabrication steps.

The capacity to form cartilage macrotissues via the spontaneous self-
organization of either cartilage microtissues or single cells was deter-
mined by seeding microtissues or a high-concentration single-cell suspen-
sion into a custom agarose well. The well was created using sterile 2% w/v
agarose cast into a 12-well plate. The central agarose well was 3 mm in di-
ameter and 1.5 mm in depth. The total number of cells seeded into the
agarose well in both groups was 3 × 106, meaning 3 × 106 MSCs in a
single-cell suspension of 8 μL, or 1 × 103 microtissues each containing 3
× 103 MSCs in 8 μL. After seeding the wells, plates were centrifuged at 400
× g for 5 min to ensure the single-cells/microtissues were collected at the
bottom of the well. Each macrowell was then topped up with 2 mL of chon-
drogenic medium and returned to the incubator and cultured in physioxic
conditions (37 °C in a humidified atmosphere with 5% CO2 and 5% O2).
After 7 days, microtissues were sufficiently fused to allow the removal of
the macrotissues from the seeding well. The cartilage tissues were then
cultured for the remainder of the study in a 12-well plate coated with 2%
agarose to prevent cellular attachment.

Chondroitinase-ABC treatment: On day 14, prior to enzymatic treatment,
constructs were washed three times in hgDMEM. Following which, they
were maintained in an enzymatic solution containing 2 U mL−1 cABC
(Sigma-Aldrich) and 0.05 m acetate (Trizma Base, Sigma-Aldrich) activa-
tor in hgDMEM for 4 h in physioxic conditions. After the treatment, the
engineered tissues were washed again three times with hgDMEM to en-
sure removal of any residual cABC before the addition of fresh chondro-
genic medium and the continuation of chondrogenic cultivation in phys-
ioxic conditions for the remaining 14 days.

Biochemical Evaluation: After retrieval, samples were washed in
phosphate-buffered saline (PBS) and their wet weight recorded imme-
diately. Samples were digested using an enzyme solution, 3.88 U mL−1

of papain enzyme in 100 × 10−3 m sodium phosphate buffer/5 × 10−3

m Na2EDTA/10 × 10−3 m L-cysteine, pH 6.5 (all from Sigma–Aldrich),
at 60 °C for 18 h. DNA content was quantified following digestion us-
ing Quant-iT PicoGreen dsDNA Reagent and Kit (Molecular Probes, Bio-
sciences). sGAG was quantified with 1,9-dimethylene blue (DMMB) at pH
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1.5; metachromatic changes of DMMB in the presence of sGAG were de-
termined using the Synergy HT multidetection microplate reader (BioTek
Instruments, Inc.) at 530 and 590 nm. 530/590 absorbance ratios were
used to generate a standard curve and determine sGAG concentration
of unknown samples, chondroitin sulfate was used as standard (Sigma-
Aldrich). Collagen content was determined using a chloramine-T assay.[81]

Samples were first hydrolyzed by mixing with 38% HCL (Sigma) and incu-
bating at 110 °C for 18 h. Next, samples were dried, and the sediment
was reconstituted in ultra-pure H2O. 2.82% w/v Chloramine T and 0.05%
w/v 4-(dimethylamino) benzaldehyde (both Sigma) were added and hy-
droxyproline content was quantified using a Synergy HT multidetection
microplate reader at a wavelength of 570 nm (BioTek Instruments, Inc.)
with trans-4-hydroxy-L-proline (Fluka analytical) standard. Total collagen
was calculated using a hydroxyproline to collagen ratio of 1:7.69.[81]

Histological and Immunohistochemical Evaluation: Histological evalua-
tion: Samples were fixed overnight at 4 °C using a 4% paraformaldehyde
(PFA) solution. After fixation, samples were dehydrated in a graded series
of ethanol solutions (70–100%), cleared in xylene, and embedded in paraf-
fin wax (all Sigma-Aldrich). Rehydrated tissue sections (5 μm) were stained
with hematoxylin and eosin (H&E), 1% w/v Alcian blue 8GX in 0.1 m hy-
drochloric acid (HCL) and counter-stained with 0.1% w/v nuclear fast red,
0.1% w/v PSR, and 1% w/v alizarin red (pH 4.1) (all from Sigma-Aldrich) to
visualize cellular distribution and morphology, sGAG deposition, collagen
content, and mineralization, respectively. Stained sections were imaged
using an Aperio ScanScope slide scanner and thickness measurements
obtained using Aperio Imagescope.

Immunohistochemical evaluation: Prior to staining, tissue sections
(5 μm) were rehydrated. For collagen type I and type II staining, antigen
retrieval was carried out using pronase (3.5 U mL−1; Merck) at 37 °C for
25 min, followed by hyaluronidase (4000 units mL−1; Sigma-Aldrich) at
37 °C for 25 min. For antigen retrieval of collagen type X, pronase (35 U
mL−1; Merck) was used at 37 °C for 5 min, followed by chondroitinase ABC
(0.25 U mL−1; Sigma-Aldrich) at 37 °C for 45 min. Nonspecific sites were
blocked using a 10% goat serum and 1% bovine serum albumin blocking
buffer for 1 h at room temperature. Collagen type I (1:400; ab138492; Ab-
cam), type II (1:400; sc52658; Santa Cruz), and type X (1:300; ab49945; Ab-
cam) primary antibodies were incubated with tissue sections overnight at
4 °C, followed by the addition of a 3% hydrogen peroxide solution (Sigma-
Aldrich) for 20 min. Next, secondary antibodies for collagen type I (1:250;
ab6720; Abcam), type II (1:300; B7151; Sigma-Aldrich), and type X (1:500,
ab97228; Abcam) were incubated for 4 h at room temperature. Finally,
samples were incubated for 45 min with VECTASTAIN Elite ABC before
staining with ImmPACT DAB EqV (both from Vector Labs).

PLM and Collagen Alignment Quantification: Sections stained with
PSR were imaged using PLM to visualize collagen fiber orientation. Quan-
tification of mean fiber orientation, fiber dispersion, fiber coherency, and
the generation of color maps was carried out using previously established
methods utilizing the “directionality” feature in ImageJ software as well as
the OrientationJ plugin.[8,42,43,82] The zones of the engineered tissue were
defined as follows: the deep-zone was characterized as the lower 50% of
the tissue, the middle-zone was the intermediate 40%, and the superfi-
cial zone was the top ≈10% of the engineered tissue. Significant tissue
contraction in the single-cell group resulted in the formation of a spher-
ical construct and made selecting suitable regions of interest for direc-
tionality quantification challenging. To capture meaningful data from the
spherical cross-sections, the size of the “superficial zone” of the cartilage
engineered was increased using single cells. In an attempt to present a
complete data set, without bias from this experimental caveat, the single-
cell PLM and complementary quantification were positioned in the Sup-
porting Information. The more regular cylindrical cross-sectional profile
of the microtissue constructs enabled evaluation as intended, by dividing
the engineered tissue into zones representative of normal articular car-
tilage. Multiple sections were taken throughout the engineered samples,
from which five were selected for quantification. Data points presented
graphically represented the quantification of the fiber directionality from
the defined zones of the engineered and native tissue. Orientation graphs
showed mean average and standard deviation from the histograms gen-
erated using the directionality feature in ImageJ software. 95% confidence

ellipses presented in dispersion versus orientation plots were determined
using the Real statistics resource pack add-in for excel.

Mechanical Evaluation: To investigate how tissue maturation and en-
zymatic treatment influence the mechanical properties of cartilages en-
gineered via the self-organization of microtissues, unconfined compres-
sions tests were carried out in a PBS bath using a single column Zwick
testing machine (Zwick, Roell, Herefordshire, UK) equipped with a 10 N
load cell. To ensure contact between the surface of the constructs and
the top compression platen, a preload of 0.05 N was used. A peak of
10% strain was applied at a rate of 1 mm min−1 and the equilibrium
stress was obtained after a relaxation time of 15 min. After the relaxation
phase, five compression cycles at 1% strain and frequency of 1 Hz were
applied. The ramp modulus, equilibrium modulus, and dynamic modulus
were calculated from the resulting stress/strain curves using established
methods.[83]

Statistical Analysis: Statistical analysis was performed using Graph-
Pad Prism software (GraphPad Software, CA, USA). The data within this
manuscript did not undergo any transformation, was assumed to be nor-
mally distributed, and no outliers were removed. Numerical and graphical
results were presented as mean ± standard deviation (SD) throughout,
and a minimum sample size of 3 (n = 3) was used for each statistical anal-
ysis. To evaluate differences between two groups at multiple timepoints,
an ordinary two-way analysis of variance (ANOVA) was performed with an
appropriate correction/post hoc test for multiple comparisons. The sta-
tistical analysis performed in each case is described in the table/figure
caption. For all comparisons, the level of significance was determined as
follows; ns (not significant) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

Ethics Approval Statement: Not applicable. The cells and biological tis-
sues used within this study were sourced from surplus material from the
food industry. The source of this animal cells/tissue was considered excess
material from livestock animals that were slaughtered for meat consump-
tion at a local abattoir. As such, no animals were specifically bred or culled
for scientific purposes and hence, did not require specific ethical approval.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This publication was developed with the financial support of Science Foun-
dation Ireland (SFI) under grant number 12/RC/2278 and 17/SP/4721.
This research was co-funded by the European Regional Development Fund
and SFI under Ireland’s European Structural and Investment Fund. This
research was co-funded by Johnson & Johnson 3D Printing Innovation &
Customer Solutions, Johnson & Johnson Services Inc.

Open access funding provided by IReL.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
R.B. and D.K. were involved equally in the conception and design of this
study. R.B. led and X.B. assisted the experimental work, methodology de-
velopment, and in data acquisition and analysis. R.B. was responsible
for data visualization and prepared the original manuscript draft. R.B.,
X.B., and D.K. were involved with data interpretation, validation, as well
as manuscript review and editing. D.K. provided resources, supervision,
project administration, and funding acquisition.

Adv. Healthcare Mater. 2024, 13, 2300174 2300174 (14 of 16) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
biofabrication, cartilage, chondroitinase-ABC, ECM remodeling, microtis-
sues, self-organization, tissue engineering

Received: January 16, 2023
Revised: August 29, 2023

Published online: November 12, 2023

[1] G. D. Duraine, W. E. Brown, J. C. Hu, K. A. Athanasiou, Ann. Biomed.
Eng. 2015, 43, 543.

[2] K. A. Athanasiou, R. Eswaramoorthy, P. Hadidi, J. C. Hu, Annu. Rev.
Biomed. Eng. 2013, 15, 115.

[3] J. C. Hu, K. A. Athanasiou, Tissue Eng. 2006, 12, 969.
[4] P. Lenas, M. Moos, F. P. Luyten, Tissue Eng., Part B 2009, 15, 395.
[5] R. Burdis, D. J. Kelly, Acta Biomater. 2021, 126, 1.
[6] M. Bhattacharjee, J. Coburn, M. Centola, S. Murab, A. Barbero, D. L.

Kaplan, I. Martin, S. Ghosh, Adv. Drug Delivery Rev. 2015, 84, 107.
[7] E. A. Makris, R. F. Macbarb, N. K. Paschos, J. C. Hu, K. A. Athanasiou,

Biomaterials 2014, 35, 6787.
[8] R. Burdis, F. Chariyev-Prinz, D. C. Browe, F. E. Freeman, J. Nulty, E. E.

Mcdonnell, K. F. Eichholz, B. Wang, P. Brama, D. J. Kelly, Biomaterials
2022, 289, 121750.

[9] A. M. Delise, L. Fischer, R. S. Tuan, Osteoarthritis Cartilage 2000, 8,
309.

[10] G. Ofek, C. M. Revell, J. C. Hu, D. D. Allison, K. J. Grande-Allen, K. A.
Athanasiou, PLoS One 2008, 3, e2795.

[11] M. Centola, B. Tonnarelli, S. Schären, N. Glaser, A. Barbero, I. Martin,
Stem Cells Dev. 2013, 22, 2849.

[12] G. N. Hall, L. F. Mendes, C. Gklava, L. Geris, F. P. Luyten, I.
Papantoniou, Adv. Sci. 2020, 7, 1902295.

[13] J. Nulty, R. Burdis, D. J. Kelly, Front. Bioeng. Biotechnol. 2021, 9,
661989.

[14] B. Ayan, D. N. Heo, Z. Zhang, M. Dey, A. Povilianskas, C. Drapaca, I.
T. Ozbolat, Sci. Adv. 2020, 6, eaaw5111.

[15] S. S. Ho, B. P. Hung, N. Heyrani, M. A. Lee, J. K. Leach, Stem Cells
2018, 36, 1393.

[16] J. Van Der Stok, M. Koolen, H. Jahr, N. Kops, J. H Waarsing, H.
Weinans, O. P. Van Der Jagt, Eur. Cells Mater. 2014, 27, 137.

[17] S. Bhumiratana, R. E. Eton, S. R. Oungoulian, L. Q. Wan, G. A.
Ateshian, G. Vunjak-Novakovic, Proc. Natl. Acad. Sci. USA 2014, 111,
6940.

[18] L. De Moor, E. Beyls, H. Declercq, Ann. Biomed. Eng. 2019, 48, 298.
[19] D. N. Heo, M. Hospodiuk, I. T. Ozbolat, Acta Biomater. 2019, 95, 348.
[20] C. Norotte, F. S. Marga, L. E. Niklason, G. Forgacs, Biomaterials 2009,

30, 5910.
[21] L. De Moor, I. Merovci, S. Baetens, J. Verstraeten, P. Kowalska, D. V.

Krysko, W. H. De Vos, H. Declercq, Biofabrication 2018, 10, 035009.
[22] T. A. Gwyther, J. Z. Hu, A. G. Christakis, J. K. Skorinko, S. M. Shaw, K.

L. Billiar, M. W. Rolle, Cells Tissues Organs 2011, 194, 13.
[23] V. Mironov, R. P. Visconti, V. Kasyanov, G. Forgacs, C. J. Drake, R. R.

Markwald, Biomaterials 2009, 30, 2164.
[24] T. Oshima, J. Nakase, T. Toratani, H. Numata, Y. Takata, K. Nakayama,

H. Tsuchiya, Arthroscopy 2019, 35, 583.
[25] D. Murata, S. Akieda, K. Misumi, K. Nakayama, Tissue Eng. Regener.

Med. 2018, 15, 101.

[26] A. Yamasaki, Y. Kunitomi, D. Murata, T. Sunaga, T. Kuramoto, T.
Sogawa, K. Misumi, J. Orthop. Res. 2019, 37, 1398.

[27] B. Ayan, Y. Wu, V. Karuppagounder, F. Kamal, I. T. Ozbolat, Sci. Rep.
2020, 10, 13148.

[28] G. N. Hall, W. L. Tam, K. S. Andrikopoulos, L. Casas-Fraile, G. A.
Voyiatzis, L. Geris, F. P. Luyten, I. Papantoniou, Biomaterials 2021,
273, 120820.

[29] T. Okudaira, N. Amimoto, H. Mizumoto, T. Kajiwara, J. Biosci. Bioeng.
2016, 122, 213.

[30] N. V. Mekhileri, K. S. Lim, G. C. J. Brown, I. Mutreja, B. S. Schon, G.
J. Hooper, T. B. F. Woodfield, Biofabrication 2018, 10, 024103.

[31] M. A. Skylar-Scott, S. G. M. Uzel, L. L. Nam, J. H. Ahrens, R. L. Truby,
S. Damaraju, J. A. Lewis, Sci. Adv. 2019, 5, eaaw2459.

[32] B. S. Schon, G. J. Hooper, T. B. F. Woodfield, Ann. Biomed. Eng. 2017,
45, 100.

[33] Y. Yu, K. K. Moncal, J. Li, W. Peng, I. Rivero, J. A. Martin, I. T. Ozbolat,
Sci. Rep. 2016, 6, 28714.

[34] Y. Wu, B. Ayan, K. K. Moncal, Y. Kang, A. Dhawan, S. V. Koduru, D.
J. Ravnic, F. Kamal, I. T. Ozbolat, Adv. Healthcare Mater. 2020, 9,
2001657.

[35] B. Ayan, N. Celik, Z. Zhang, K. Zhou, M. H. Kim, D. Banerjee, Y. Wu,
F. Costanzo, I. T. Ozbolat, Commun. Phys. 2020, 3, 183.

[36] A. C. Daly, M. D. Davidson, J. A. Burdick, Nat. Commun. 2021, 12,
753.

[37] G. C. J. Lindberg, X. Cui, M. Durham, L. Veenendaal, B. S. Schon,
G. J. Hooper, K. S. Lim, T. B. F. Woodfield, Adv. Sci. 2021, 8,
2103320.

[38] R. Mcmaster, C. Hoefner, A. Hrynevich, C. Blum, M. Wiesner, K.
Wittmann, T. R. Dargaville, P. Bauer-Kreisel, J. Groll, P. D. Dalton, T.
Blunk, Adv. Healthcare Mater. 2019, 8, 1801326.

[39] V. A. Parfenov, E. V. Koudan, A. A. Krokhmal, E. A. Annenkova, S.
V. Petrov, F. D. A. S. Pereira, P. A. Karalkin, E. K. Nezhurina, A. A.
Gryadunova, E. A. Bulanova, O. A. Sapozhnikov, S. A. Tsysar, K. Liu,
E. Oosterwijk, H. Van Beuningen, P. Van Der Kraan, S. Granneman,
H. Engelkamp, P. Christianen, V. Kasyanov, Y. D. Khesuani, V. A.
Mironov, Adv. Healthcare Mater. 2020, 9, 2000721.

[40] D. G. Belair, C. J. Wolf, C. Wood, H. Ren, R. Grindstaff, W. Padgett, A.
Swank, D. MacMillan, A. Fisher, W. Winnik, B. D. Abbott, PLoS One
2017, 12, e0184155.

[41] N. A. Kurniawan, Curr. Opin. Organ Transplant. 2019, 24, 590.
[42] R. Burdis, F. Chariyev-Prinz, D. J. Kelly, Biofabrication 2022, 14,

015008.
[43] A. C. Daly, D. J. Kelly, Biomaterials 2019, 197, 194.
[44] A. Dufour, X. B. Gallostra, C. O’keeffe, K. Eichholz, S. Von Euw, O.

Garcia, D. J. Kelly, Biomaterials 2022, 283, 121405.
[45] E. A. Makris, D. J. Responte, N. K. Paschos, J. C. Hu, K. A. Athanasiou,

Proc. Natl. Acad. Sci. USA 2015, 112, E2978.
[46] D. J. Responte, B. Arzi, R. M. Natoli, J. C. Hu, K. A. Athanasiou, Bio-

materials 2012, 33, 3187.
[47] R. M. Natoli, D. J. Responte, B. Y. Lu, K. A. Athanasiou, J. Orthop. Res.

2009, 27, 949.
[48] E. B. Hunziker, E. Kapfinger, M. E. Müller, J. Bone Jt. Surg. 1998, 80,

144.
[49] E. B. Hunziker, Osteoarthritis Cartilage 2002, 10, 432.
[50] C. W. Archer, S. Redman, I. Khan, J. Bishop, K. Richardson, J. Anat.

2006, 209, 481.
[51] P. H. Liebesny, K. Mroszczyk, H. Zlotnick, H.-H. Hung, E. Frank, B.

Kurz, G. Zanotto, D. Frisbie, A. J. Grodzinsky, Tissue Eng., Part A 2019,
25, 1191.

[52] K. Futrega, J. S. Palmer, M. Kinney, W. B. Lott, M. D. Ungrin, P. W.
Zandstra, M. R. Doran, Biomaterials 2015, 62, 1.

[53] B. D. Markway, G.-K. Tan, G. Brooke, J. E. Hudson, J. J. Cooper-White,
M. R. Doran, Cell Transplant. 2010, 19, 29.

[54] T. Y. Hui, K. M. C. Cheung, W. L. Cheung, D. Chan, B. P. Chan, Bioma-
terials 2008, 29, 3201.

Adv. Healthcare Mater. 2024, 13, 2300174 2300174 (15 of 16) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

[55] R. S. Tare, D. Howard, J. C. Pound, H. I. Roach, R. O. C. Oreffo,
Biochem. Biophys. Res. Commun. 2005, 333, 609.

[56] T.-M. Achilli, J. Meyer, J. R. Morgan, Expert Opin. Biol. Ther. 2012, 12,
1347.

[57] F. G. Lyons, A. A. Al-Munajjed, S. M. Kieran, M. E. Toner, C. M.
Murphy, G. P. Duffy, F. J. O’brien, Biomaterials 2010, 31, 9232.

[58] E. S. Place, R. Nair, H. N. Chia, G. Szulgit, E.-H. Lim, M. M. Stevens,
Adv. Healthcare Mater. 2012, 1, 480.

[59] M. B. Albro, R. J. Nims, K. M. Durney, A. D. Cigan, J. J. Shim, G.
Vunjak-Novakovic, C. T. Hung, G. A. Ateshian, Biomaterials 2016, 77,
173.

[60] M. Lehmann, F. Martin, K. Mannigel, K. Kaltschmidt, U. Sack, U.
Anderer, Eur. J. Histochem. 2013, 57, 31.

[61] O. Jeon, Y. B. Lee, H. Jeong, S. J. Lee, D. Wells, E. Alsberg, Mater.
Horiz. 2019, 6, 1625.

[62] J. J. Ng, Y. Wei, B. Zhou, J. Bernhard, S. Robinson, A. Burapachaisri,
X. E. Guo, G. Vunjak-Novakovic, Proc. Natl. Acad. Sci. USA 2017, 114,
2556.

[63] A. D. Murdoch, L. M. Grady, M. P. Ablett, T. Katopodi, R. S. Meadows,
T. E. Hardingham, Stem Cells 2007, 25, 2786.

[64] W. D. Lee, M. B. Hurtig, R. A. Kandel, W. L. Stanford, Tissue Eng., Part
C 2011, 17, 939.

[65] J. Ng, Y. Wei, B. Zhou, A. Burapachaisri, E. Guo, G. Vunjak-Novakovic,
Stem Cell Res. Ther. 2016, 7, 183.

[66] H. Thorp, K. Kim, M. Kondo, D. W. Grainger, T. Okano, Sci. Rep. 2020,
10, 20869.

[67] B. D. Elder, K. A. Athanasiou, Osteoarthritis Cartilage 2009, 17,
114.

[68] B. D. Elder, K. A. Athanasiou, J. Orthop. Res. 2008, 26, 238.
[69] B. D. Elder, K. A. Athanasiou, Tissue Eng., Part A 2009, 15, 1151.

[70] A. Gannon, T. Nagel, A. P. Bell, N. C. Avery, D. J. Kelly, Eur. Cells Mater.
2015, 29, 105.

[71] L. Bian, D. Y. Zhai, R. L. Mauck, J. A. Burdick, Tissue Eng., Part A 2011,
17, 1137.

[72] M. E. Cooke, A. A. Allon, T. Cheng, A. C. Kuo, H. T. Kim, T. P. Vail,
R. S. Marcucio, R. A. Schneider, J. C. Lotz, T. Alliston, Osteoarthritis
Cartilage 2011, 19, 1210.

[73] T. Mesallati, E. J. Sheehy, T. Vinardell, C. T. Buckley, D. J. Kelly, Eur.
Cells Mater. 2015, 30, 163.

[74] A. C. Daly, B. N. Sathy, D. J. Kelly, J. Tissue Eng. 2018, 9,
2041731417753718.

[75] D. Chen, J. Y. Wu, K. M. Kennedy, K. Yeager, J. C. Bernhard, J. J. Ng,
B. K. Zimmerman, S. Robinson, K. M. Durney, C. Shaeffer, Sci. Transl.
Med. 2020, 12, eabb6683.

[76] F. Chariyev-Prinz, A. Szojka, N. Neto, R. Burdis, M. G. Monaghan, D.
J. Kelly, J. Biomech. 2023, 154, 111590.

[77] L. Rich, P. Whittaker, J. Morphol. Sci. 2005, 22, 97.
[78] P. A. Gopinathan, G. Kokila, M. Jyothi, C. Ananjan, L. Pradeep, S. H.

Nazir, Scientifica 2015, 2015, 802980.
[79] P. Roughley, Eur. Cells Mater. 2006, 12, 92.
[80] T. Douglas, S. Heinemann, S. Bierbaum, D. Scharnweber, H. Worch,

Biomacromolecules 2006, 7, 2388.
[81] W. Kafienah, T. J. Sims, in Biopolymer Methods in Tissue Engineering

(Eds.: A. P. Hollander, P. V. Hatton), Humana Press, New Jersey 2004,
pp. 217–230.

[82] R. Rezakhaniha, A. Agianniotis, J. T. C. Schrauwen, A. Griffa, D. Sage,
C. V. C. Bouten, F. N. Van De Vosse, M. Unser, N. Stergiopulos,
Biomech. Model. Mechanobiol. 2012, 11, 461.

[83] R. Schipani, S. Scheurer, R. Florentin, S. E. Critchley, D. J. Kelly, Bio-
fabrication 2020, 12, 035011.

Adv. Healthcare Mater. 2024, 13, 2300174 2300174 (16 of 16) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de

