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Abstract

Biomimetic design in cartilage tissue engineering is a challenge given the complexity of the native
tissue. While numerous studies have generated constructs with near-native bulk properties,
recapitulating the depth-dependent features of native tissue remains a challenge. Furthermore,
limitations in nutrient transport and matrix accumulation in engineered constructs hinders
maturation within the central core of large constructs. To overcome these limitations, we
fabricated tri-layered constructs that recapitulate the depth-dependent cellular organization and
functional properties of native tissue using zonally derived chondrocytes co-cultured with MSCs.
We also introduced porous hollow fibers (HFs) and HFs/cotton threads to enhance nutrient
transport. Our results showed that tri-layered constructs with depth-dependent organization and
properties could be fabricated. The addition of HFs or HFs/threads improved matrix accumulation
in the central core region. With HF/threads, the local modulus in the deep region of tri-layered
constructs nearly matched that of native tissue, though the properties in the central regions
remained lower. These constructs reproduced the zonal organization and depth-dependent
properties of native tissue, and demonstrate that a layer-by-layer fabrication scheme holds promise
for the biomimetic repair of focal cartilage defects.

Graphical abstract

"Address for Correspondence: Robert L. Mauck, Ph.D., Mary Black Ralston Professor of Orthopaedic Surgery, Professor of
Bioengineering, McKay Ortho%e]\edic Research Laboratory, Department of Orthopaedic Surgery, Perelman School of Medicine,
University of Pennsylvania, 36" Street and Hamilton Walk, Philadelphia, PA 19104, Phone: (215) 898-3294, Fax: (215) 573-2133,
lemauck@mail.med.upenn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Keywords

Page 2
Ne Channel Hollow Fiber (HF) HF wi Threads
60 |Pae| szwsc|®e% @@
8 R Wi
5} @ HLY @  wzmec| @ B@Be
= "y A = =
2 R HAdC) ozwsc | @ @1 Co
5
L] M
L b
@ 57 @ 0ZI == Nutrient IN PO
® MI @ msCc = Waste

Macroscopic

CellTracker

Cartilage tissue engineering; Co-culture; Mesenchymal stem cells; Zonal Chondrocytes; Depth-
dependent properties; Nutrient transport; Hyaluronic acid

1. Introduction

Avrticular cartilage provides a nearly frictionless load-bearing surface in diarthrodial joints.
This functionality is attributed to extracellular matrix (ECM) molecules (e.g., collagens,
proteoglycans (PG), lubricin [1] and elastin [2, 3]) that are secreted by chondrocytes (CH)
residing within the tissue. These cells have a distinct size, morphology, orientation, and
matrix forming capacity, based on their zone of origin (e.g., superficial (SZ), middle (MZ),
and deep zone (DZ2)) [4, 5]. The tissue itself also shows marked differences in composition
and mechanics as a function of depth, where it is proteoglycan-rich and stiffest in
compression in the deep zone, and collagen-rich and weakest in compression (and strongest
in tension) in the superficial zone. Given the complexity of native tissue, recapitulating the
morphological and functional properties of articular cartilage has remained a challenge in
cartilage tissue engineering [5, 6]. Indeed, most early studies in the field focused on
optimizing bulk properties of cell-laden constructs using a mixed pool of cells, ignoring
zonal features. While these constructs achieved overall construct properties approaching
native levels, they did not match native tissue depth-dependence. More recently, several
groups have taken advantage of persistence of zonal characteristics of CHs isolated from
different regions of the tissue. These studies have shown that CHs from different depths
retain their zonal characteristics through expansion and in 3D culture systems. For example,
CHs isolated from deep zone cartilage produced more PG than those from the superficial
zone [7-11]. Interestingly, when these zonal CHs were separately seeded into layered
hydrogel constructs, zonal CHs established engineered constructs with some degree of depth
dependence [7, 8, 11-15].
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While CHs have been broadly used as a primary cell source in cartilage tissue engineering,
their scarcity is a major clinical limitation. For that reason, mesenchymal stem cells (MSCs)
have been introduced as an alternative cell source for cartilage therapeutics. Unlike CHs,
MSCs can be isolated from autologous sources and readily expanded while maintaining their
differentiation potential. When cultured in the presence of defined factors (i.e., transforming
growth factor beta 3; TGF-p3) [16, 17], these cells can undergo chondrogenesis and produce
cartilage-like ECM [18]. It has also been shown that, when MSCs are cultured in 3D with
CHs in a “co-culture’ scenario, the two cell types interact and improve matrix formation
[19]. This suggests that by adapting a layer-by-layer fabrication scheme, and utilizing MSCs
co-cultured with zonal CHs, one might recapitulate the zonal organization and depth-
dependent properties of native tissue while decreasing the number of CHs required for tissue
formation.

While the choice of cell type and 3D fabrication methods has expanded, a persistent
challenge across cartilage tissue engineering is the effective transport of nutrients into (and
metabolic waste out of) constructs. This is particularly true for larger constructs, where the
core regions show limitations in matrix formation [20-22]. Several studies have reported that
a greater amount of matrix with higher stiffness is produced in the peripheral regions of
constructs compared the central core regions, where there is a lower abundance of matrix
and its properties are less robust [22—25]. In engineered cartilage established by MSCs,
whose metabolic state is more tenuous than CHs, this nutrient deprivation often results in
cell death in the central core with extended culture durations. This suggests that insufficient
soluble factor transport compromises and/or limits cell function in engineered constructs,
ultimately resulting in inhomogeneous matrix accumulation [20, 24]. This issue is critical
when considering scaling up to repair thicker cartilage regions (e.g., the femoral condyle)
[23, 26] or larger defect areas (e.g., partial or total joint resurfacing) [27, 28].

To improve nutrient transport and functional properties, a number of possible strategies have
been explored. For example, some have used dynamic loading-induced convective transport
to encourage fluid movement [29, 30]. Others have employed encapsulated microbubbles to
create additional paths for diffusion [31] or have simply reduced construct thickness to
shorten the nutrient path length [24]. Perhaps most prominently, several studies have
introduced macro-scaled (0.5mm or more) channels into tissue engineered constructs in
order to introduce new paths for nutrient transport [23, 26, 32]. Interestingly, Cigan and co-
workers recently demonstrated that the one time creation of these macro channel(s) did not
improve matrix accumulation in the core, and reported that this was due to the eventual
blockade of the channel by newly formed tissue after a short period of culture [23, 24, 26]. A
follow up study from that same group reported that reopening the closed macro-channels
midway through culture (by ‘re-punching’ the channels) refreshed nutrient transport and
improved functional properties over the long term [22]. Collectively, these data indicate that
prolonged provision of ready nutrient access to the center of large constructs will be
essential for functional tissue formation in large constructs.

Based on the above challenges and limitations, our first objective in this study was to
fabricate a tri-layered construct that recapitulates the cellular organization and depth-
dependent functional properties of native articular cartilage, using the layered co-culture of
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zonal CHs and MSCs. Our second objective, acknowledging the nutrient limitations likely
experienced by these larger constructs, was to enhance nutrient/waste transport to improve
viability and matrix deposition by cells within the central core region. For this, we
introduced a porous hollow fiber (HF) [33] as a conduit to enable persistent diffusion of
soluble factors into the central core [34-36]. To avoid blockade of these channels, we also
inserted cotton threads through the inner core of the HF to continuously wick media to the
center of construct while maintaining an open channel for nutrient exchange. Our findings
demonstrate the production of a tri-layered cell-based construct with depth-dependent
morphology and functional properties, furthering our goal of generating biomimetic
engineered cartilage to improve cartilage repair and long-term stability post-implantation.

2. Materials and Methods

2.1. Preparation of zonal chondrocytes (CHs) and mesenchymal stem cells (MSCs)

Chondrocytes (CHs) and MSCs were isolated from juvenile bovine stifle joints (3 months
old, Research 87, Bolyston, MA). CHs and MSCs obtained from multiple donors were
pooled for these studies [37]. Full-thickness cartilage plugs were excised from the femoral
condyle and divided into three layers (Fig 1A). The top-most 100um thick layer at the
articular surface was carefully divided and taken as the superficial zone. The block from the
bony surface to just above the tidemark was removed and discarded. The resulting “top” half
was considered as middle zone and the “bottom” half as deep zone cartilage [8, 12]. Zonal
CHs were isolated by collagenase digestion from these separated zonal cartilage tissues, and
MSCs were isolated from bone marrow as in our previous studies [38, 39]. These isolated
zonal CHs and MSCs were separately maintained and expanded in basal media consisting of
high glucose Dulbecco’s Modified Eagle Medium (DMEM; ThermoFisher, Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS; ThermoFisher, Grand Island, NY)
and 1% penicillin/streptomycin/fungizone (PSF; ThermoFisher, Grand Island, NY). At
passage 3, zonal CHs and MSCs were trypsinized and washed with phosphate buffered
saline (PBS) (ThermoFisher, Grand Island, NY). To trace the distribution of each cell
subpopulation, cells were labeled with CellTracker (Molecular Probes, Eugene, OR) prior to
encapsulation (SZ = red, MZ = purple, DZ = green, MSC = blue). Cell viability was
examined with Calcein-AM using the LIVE/DEAD Assay Kit (Molecular Probes, Eugene,
OR) after 8 weeks of culture.

2.2. MeHA synthesis and cell encapsulation

Details on the synthesis of photocrosslinkabe hyaluronic acid (HA) macromer have
previously described as in Burdick et al., [40]. Briefly, 1 % wi/v sodium hyaluronate (65 kDa
HA,; Lifecore Biomedical, Chaska, MN) solution was reacted with methacrylic anhydride
(Sigma, St. Louis, MO) on ice at pH 8.0 for 24 hours followed by dialysis to remove
unreacted byproducts for 5 days. Following dialysis, the methacrylated HA (MeHA)
solution was lyophilized and stored at —20°C. The lyophilized MeHA was dissolved at 1%
w/v in PBS with 0.05% wi/vol photoinitiator (Irgacure 12959, CibaGeigy, Tarrytown, NY).
The CellTracker-labeled zonal CHs and MSCs were encapsulated in 1% MeHA at a
concentration of 60 million cells/mL and exposed to UV using a 365 nm BlakRay UV lamp
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(#UVL56, San Gabriel, CA). The range of the UV was 320-400 nm with a transmission
maximum of 70% at 365 nm.

2.3. Fabrication of a tri-layered construct with zonal co-culture of CHs and MSCs

Previous studies have shown that freshly isolated zonal chondrocytes (CHSs) retained their
zonal characteristics in 3D culture [8, 11]. Based on these findings, we fabricated a tri-
layered construct [7] by partially polymerizing a zonal CH and MSC mixture in sequential
layers of HA hydrogel (SZ-MSC, MZ-MSC and DZ-MSC, respectively) (Fig 1B). MSC
alone, or co-cultured cell populations, were encapsulated in 1% w/v MeHA at 60x108
cell/mL, with a ratio of 1: 4 (CH: MSC) for the co-cultured group. Tri-layered constructs
were created by exposing the first layer (20 pL; SZ-MSC mixture = 1:4) of MeHA solution
to UV light for 2 minutes, followed by polymerization of the second layer (20 pL; MZ-
MSC) for 2 minutes, and finally adding the third layer (20 uL; DZ-MSC) with completion of
polymerization for another 6 minutes. (@4.8 mm x 3.5 mm). Polymerization took place
within a 1 mL syringe, and the top surface of each layer was exposed by UV light during the
polymerization. All other groups (MSC alone, SZ-MSC, MZ-MSC and DZ-MSC; 60 uL/
construct) were polymerized under continuous UV light for 10 minutes. Constructs were
then transferred directly to a 12 well plate and cultured in chemically defined media (CM) (2
mL/construct) containing high glucose DMEM supplemented with 1% PSF, 0.1 uM
dexamethasone, 50 pg/mL ascorbate 2-phosphate, 40 pg/mL L-proline, 100 pg/mL sodium
pyruvate, 6.25 ug/mL insulin, 6.25 pg/mL transferrin, 6.25 ng/mL selenious acid, 1.25
mg/mL bovine serum albumin (BSA), and 5.35 pg/mL linoleic acid [16, 41] with TGF-B3
(CMy4; 10 ng/mL, R&D Systems, Minneapolis, MN). Constructs were turned regularly to
improve growth through the depth and media was replaced thrice weekly for the duration of
study.

2.4. Enhanced nutrient transport via the introduction of a porous hollow fiber (HF)

During the in vitro culture, cell-laden cylindrical constructs were cultured in 12-well plates.
When the constructs were placed and not moved, the bottom surface of the construct had
less access to nutrients in the media compared other regions of the constructs (e.g., the top
and circumferential surfaces) under static culture conditions (e.g., no mechanical agitation).
To improve the nutrient transport, the constructs were regularly flipped during the culture
period to maximize nutrient access. However, even with flipping, early studies resulted in
little matrix accumulation in the core region of the construct compared to peripheral region.
To address this limitation, we introduced a porous hollow fiber (HF) (FiberCell Systems
Inc., Frederick, MD) through the core along the axial direction of the construct after 3 days
of culture. The HF (polysulfone, OD = 1.3 mm, ID = 0.7mm, wall thickness = 300um, pore
size = 0.1um) was activated by soaking in 70% ethanol for 24 hours to open the pores for
nutrient and waste transport. The HF serves as a conduit, and was maintained in a hydrated
state to keep the pores open after activation. Next, the HF was washed with sterile distilled
water and was pre-cultured in CM,. at 37°C/5% CO, for 24 hours. To ensure media delivery
and to prevent clogging of the channel with air bubbles, fresh media were injected through
the inner core of the HF at each media change. In addition, cotton threads pulled from a
sterile gauze pad were inserted through the inner annulus of the HF to help wick media and
to maintain an open channel pathway absent of tissue or air bubble obstruction.
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2.5. Analysis of bulk mechanical properties

To determine bulk mechanical properties, constructs were tested in unconfined compression
using a custom-built device [42]. Constructs were equilibrated under a static load of 2 grams
for 5 minutes. Following this creep test, samples were subjected to 10% strain at 0.05%/s,
calculated from the post creep thickness of the construct. This deformation phase was
followed by a relaxation for 1000 seconds to allow the construct to reach equilibrium. After
stress-relaxation, dynamic testing was carried out by applying a superimposed 1% sinusoidal
deformation at 1.0 Hz. Equilibrium and dynamic moduli were calculated from the stress—
strain response during the test and the sample geometry. For the tri-layered constructs with
HF and HF/threads, the surface area of the HF was subtracted from the total surface area in
these calculations.

2.6. Analysis of local mechanical properties

Local mechanical properties [43] were measured using a custom-built compression device
[44] coupled with an inverted microscope (Nikon Eclipse TE 2000-U, Nikon, Melville, NY).
Subsequent to bulk compression testing, cylindrical constructs were cut in a half, and cell
nuclei were stained with Hoechst 33342 (10 uL/mL; Molecular Probes, Eugene, OR) for 10
min. Stained constructs were placed in a PBS-filled chamber in the device, and the cross-
section of the construct was oriented facing down (towards the microscope objective).
Details on the measurement of local properties were previously described as in [43, 44].
Briefly, the construct was uniaxially compressed while tracking displacement of nuclei on
2X magnification images captured at equilibrium (after 7 min relaxation) for compressive
steps of 4% ranging from 0% to 20% strain. The load was recorded at each step once the
construct had reached equilibrium. Stained nuclei served as fiducial markers to generate
‘speckle’ that was than tracked in the image series via digital image correlation using
Vic-2D (Correlated Solutions, Columbia, SC). From these displacement fields, the local
Lagrangian strain (Exx) was calculated, where x is the axial direction of the hemi-cylindrical
construct (depth from the S-M to D-Z region). Local strains were exported to MATLAB
(The Math Works Inc., Natick, MA) and the average values were computed according to
depth (defined as region 1 through 10 from the top to bottom of the construct). Local
modulus was calculated using these resultant strain values and equilibrium boundary
stresses. The reported local modulus was limited to the inner 70% (region 2 to region 8) of
the construct thickness due to edge effects of the testing modality. To validate findings of
depth dependency, we first tested bi-layered constructs with prescribed depth dependent
material properties formed from 1% and 5% MeHA (2:1 ratio = 40 uL: 20 pL, 20 million
cells/mL in each sub-layer). These constructs were tested and analyzed as described above.
Full thickness articular cartilage plugs (85 mm) were collected from juvenile bovine
femoral condyle. After trimming the subchondral region, the local mechanical properties
were assessed (n=3) as a comparison to the engineered tissues.

2.7. Biochemical analysis

Subsequent to local mechanical testing, the construct wet weight (WW) was measured,
followed by papain digestion (1 mL/construct, 0.56 U/mL in 0.1M sodium acetate, 10M
cysteine hydrochloric acid, 0.05 M ethylenediaminetetraacetic acid, pH 6.0) at 60°C for 16
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h. Glycosaminoglycan (GAG) content was determined using the 1, 9 dimethylmethylene
blue (DMMB) dye binding assay [45] and collagen content using the orthohydroxyproline
(OHP) assay, with a 1 : 7.14 (OHP : collagen) ratio, as previously described [46].

2.8. Histological analysis

Constructs were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin. Sections (8
um thick) were deparaffinized in a graded series of ethanol and stained with Alcian Blue (pH
1.0) for proteoglycans (PG) with a nuclear fast red counterstain. Immunohistochemistry was
carried out to visualize type Il collagen and chondroitin sulfate (CS). Samples underwent
antigen retrieval using hyaluranidase (HASE) from type IV bovine testes (300ug/mL;
Sigma-Aldrich, St. Louis, MO) for 1 hour and followed by Protease-K (S3020; DAKO,
Glostrup, Denmark) digestion for 4 minutes at room temperature. Endogenous peroxidase
activity was quenched by pretreating sections with 3% hydrogen peroxide. To block
nonspecific staining, sections were incubated with 10% normal goat serum (Sigma-Aldrich,
St. Louis, MO). Primary antibodies for type Il collagen (11-116B3; Developmental Studies
Hybridoma Bank, lowa City, IA), and chondroitin sulfate (C8035, Sigma-Aldrich, St. Louis,
MO) were applied; antibody diluent solution (DAKO, Glostrup, Denmark) was used to
dilute primary antibodies. After incubation with primary antibodies overnight at 4°C,
sections were washed and treated with bioinylated goat anti-rabbit 1gG secondary antibodies,
followed by streptavidin horseradish peroxidase (HRP). Sections were reacted with DAB
chromogen reagent for 10 ~20 min (Millipore, Billerica, MA) and imaged on a light
microscope (Leica DMLP, Leica Microsystems, Germany) equipped with a color charged-
coupled device (CCD) digital camera.

2.9. Statistical analysis

Statistical analysis was performed using the SYSTAT software (v10.2, SYSTAT software
Inc., San Jose, CA). Significance was determined by two-way ANOVA with Tukey’s post
hoc test (p < 0.05).

3. Results

3.1. Fabrication of tri-layered constructs with zonal CHs/MSCs co-cultured sublayers

Mechanical and biochemical properties of co-cultured (SZ-MSC, MZ-MSC and DZ-MSC)
constructs depended on the zonal origin of chondrocytes: the least matrix production and
lowest mechanics was seen in constructs from the SZ-MSC group (316kPa, 4.2%WW for
GAG and 3.3%WW for collagen), and the highest mechanics/matrix production was seen in
MZ-MSC (480kPa (p=0.058), 4.8%WW GAG and 6.5%WW collagen (p=0.047)) and DZ-
MSC (427kPa, 4.5%WW GAG and 7.3%WW collagen, p=0.006) groups at 16 weeks.
Overall bulk properties of the tri-layered construct reached 537kPa, 4.4%WW GAG and
6.4%WW, whereas MSC-only constructs reached only 338kPa, 3.7%WW GAG and
7.6%WW collagen at 16 weeks, respectively (Table 1). MSCs and CHSs remained viable over
the 16 week culture period, and each cell population was well distributed within its
appropriate layer (Fig 2A-C). Both tri-layered and MSC-only constructs showed dense type
Il collagen (COL I1) and chondroitin sulfate (CS) deposition at 8 weeks (Fig 2D). While
there was a robust matrix accumulation throughout the constructs, matrix accumulation was
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markedly limited in the core region. When observing the cross-section of these constructs,
the peripheral region was much stiffer than the core, as evidenced by the core region
swelling outward when the constructs were divided in a half (Fig 2E). Alcian blue staining
confirmed greater PG deposition in the peripheral region compared to the core (Fig 2F).
Further, the cells in the peripheral region retained a rounded morphology reminiscent of the
native tissue, whereas the cells in the core region were enlarged, with disorganized lacunae
indicating a possible hypertrophic or unhealthy state.

3.2. Enhancement of nutrient transport via the inclusion of a hollow fiber (HF)

To improve nutrient/waste transport in the core regions of these constructs, we introduced a
porous hollow fiber (HF) with or without the addition of a cotton thread (Fig 3). HFs in the
tri-layered constructs remained open during the culture periods (Fig 4A). There was little to
no interaction between the HF and the hydrogel construct, as shown by a clear interface
between the two upon removal of the HF (Fig 4B). To investigate the ability of the HFs (with
or without thread) to promote nutrient/waste transport, particularly in the core region, we
assessed three different conditions. These included constructs with no channel, with HF
alone, and with HF wi/cotton thread (Fig 5). Based on visual inspection, constructs from all
groups grew well and achieved similar volumes (Fig 5A). However, the core regions of the
constructs with no channel showed much less matrix deposition compared to the peripheral
regions. Conversely, those constructs with HF or HF w/cotton threads showed greater matrix
accumulation, with the center comparable to the construct edge. The core region with HF w/
cotton thread appeared fully matured and homogenous throughout the cross-section (Fig
5B). Each layer within constructs with HF and HF w/cotton threads remained flat, while
those without a channel showed swelling of the MZ-MSC layer, resulting in deformations of
the adjacent SZ-MSC and DZ-MSC layers. The mixed populations of CHs and MSCs were
well distributed within their appropriate layers in all groups (Fig 5C). Calcein-AM staining
showed A greater number of viable cells were seen in the core region of constructs with HF
and HF w/ cotton threads (Fig 5D). Furthermore, Alcian blue staining showed marked PG
production in the core region for constructs with HF and HF w/cotton threads, and cells in
these regions maintained a normal morphology, whereas in constructs with no channel, there
was poor matrix accumulation in the core region with cells taking on an enlarged
(hypertrophic) appearance (Fig 6A). Immunohistochemical staining of type Il collagen
showed a greater matrix deposition in the core region with HF and HF w/cotton threads (Fig
6B), and little to no type I collagen was observed through the construct. (Fig 6C).

3.3. Functional properties of tri-layered constructs

Functional properties of tri-layered construct for all groups increased with time, with levels
at the end of the study comparable to native cartilage tissue (shaded area) (Fig 7A-C). Bulk
mechanical properties of no channel, HF, and HF wi/cotton thread groups reached 630kPa
(p=0.014), 600kPa, and 584kPa at 16 weeks, respectively (Fig 7A). Similarly, GAG and
collagen contents (GAG/collagen, in %WW) were 3.9% /4.5%, 4.0% /3.7%, and 4.4% /4.0%
at 16 weeks, respectively (Fig 7B and C). While HF and HF w/thread increased matrix
distribution in the core, this improved growth at the center and did not influence bulk
properties. The local modulus of these tri-layered constructs exhibited depth-dependent
increases from the superficial region (SZ-MSC layer; ~0.3MPa) to the deep region (DZ-
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MSC layer; ~1.4-2.3MPa; Tp<0.05) (Fig 7F). The properties of constructs with HF w/cotton
threads (green) in the deep zone (DZ-MSC) nearly matched native levels (black/dashed
line). While the overall depth dependence mirrored native tissue, the properties in the central
regions were still lower than that of the native tissue in all groups (*p<0.05).

4. Discussion

In this study, we developed methods to co-culture zonal CHs with MSCs in 3D HA
hydrogels, and fabricated a tri-layered construct (with mixed cell subpopulations in each
layer) to mimic the zonal organization and depth-dependent properties of native cartilage. To
verify the proper separation of zonal cartilage and isolation of zonal CHs, the GAG content
of each layer was evaluated by DMMB assay, and the isolated zonal CHs were assessed in
terms of morphology. Following isolation, zonal CHs alone or co-cultured with MSCs were
encapsulated in MeHA and cultured in CM,. for 8 weeks. Although we did not specify zonal
CH markers from the isolated CHs, gross morphology of the isolated zonal CHs and zonal
variations in GAG content from native cartilage as well as isolated zonal CH-laden in HA
construct verified the proper isolation of zonal CHs (Supplementary 1). Constructs formed
from superficial CHs and MSCs yields tissue with the lowest compressive properties and
GAG content (320 kPa; 4.2% WW), while those formed from middle or deep zone CHs and
MSCs had the highest bulk properties (>430 kPa; >4.5%). This indicates the passaged
chondrocytes re-differentiated in the presence of TGF-B3 while retaining their zonal
characteristics, even after multiple population doublings [7, 47, 48]. Importantly, the
differences that emerged between cultures were apparent with CHs comprising only 20% of
the starting cell population. This suggests that CH-MSC co-cultures of zonal origin might be
harnessed to replicate native tissue form and function.

Building from this platform, single-layered constructs (with zonal co-culture) were
combined into one tri-layered construct. Under this scenario, zonal CHs in each layer
retained their distinct cellular matrix forming capacity and organization and remained viable
over 16 weeks, as did the co-cultured MSCs. The fact that MSCs remained viable and
produced ECM may suggest that molecular factors secreted from CHs promote their
function under these challenging conditions [49]. Sustained ECM production by MSCs in
this co-culture context could potentially reduce the need of CHs by up to 80%. Overall, we
noted robust accumulation of type 11 collagen (COL 1) and chondroitin sulfate (CS)
throughout the cross-sectional area, though all constructs showed a core region in which
little matrix was deposited. Cells in the peripheral regions maintained a small size and round
shape with a distinct cell boundary and nuclei, whereas those in the core appeared much
larger. While both MSC-laden and mixed cell-laden constructs were maintained under the
same culture conditions, the equilibrium modulus and GAG content of tri-layered constructs
were 1.7 and 1.3 times greater than that of the MSC-laden constructs, respectively. This may
be due to MSCs cultured alone being more sensitive to changes in their microenvironment
(e.g., glucose level or oxidative stress) [50] compared to those mixed with CHs.

Despite these positive findings with tri-layered co-cultures, the need for improved nutrient
transport was evident, as demonstrated by the differing matrix production in the central and
peripheral regions. This is due to the limited transport of nutrient and metabolic byproducts
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secreted by the cells in the central region as new matrix was initially formed and deposited
in the peripheral region. Thus, this transport challenge exists regardless of cell type, and has
been reported by many others, particularly when engineering larger constructs [20, 23, 26,
32]. Early efforts to overcome this issue have centered on the application of dynamic
loading, decreasing construct thickness, or creating macro-channels. While channels appear
promising during short term culture, we and others have shown that macro-channels can
become filled with newly formed tissue early in culture (Supplementary 2). This can be
addressed to some extent by ‘re-punching’ the closed channels [21], though this requires an
additional handling step during culture. To overcome this limitation, in this study we
included a porous HF or a HF strung with a cotton thread to maintain channel patency and
improve nutrient/waste transport into the core of the construct. Introduction of the central
HF or HF/thread preserved construct dimensions (limited swelling in each layer) and
improved cell viability, particularly in the core region. Cells in the core region retained a
normal morphology and produced abundant matrix, whereas cells in constructs lacking a
channel were enlarged, with poor matrix production. However, while the HF and/or HF w/
thread promoted more uniform matrix accumulation and maintained cell morphology, there
was no effect on bulk properties. This suggests that the bulk properties were mainly
governed by properties of the periphery, which may act as a mechanical strut during bulk
testing. That said, when we measured the local properties of the tri-layered constructs, we
found that the deep zone of constructs with HF w/cotton thread nearly matched that of the
native bovine cartilage deep zone (DZ-MSC) [8]. Indeed, the ratio of local modulus from the
top to bottom layer of the tri-layered construct (DZ:MSC / SZ:MSC) with no channel, with
HF, and with HF w/thread was 4, 6.5 and 6.8, respectively. In native bovine cartilage, this
ratio is 7.9 (DZ/SZ). While constructs overall began to mirror the depth dependence of
native tissue, the properties of the central region (MZ-MSC layer) were still lower than that
of the native tissue. Insertion of the HF or HF wi/thread did not improve the mechanical
properties of the middle region, despite improved matrix deposition in these central regions.
This again suggests that the edge of the construct develops the highest properties and
dominates both bulk and local mechanical response in constructs of this size. This may in
the future be addressed by adding additional nutrient channels [21] and/or extending the
culture duration and system to examine larger constructs where the edges are further
removed.

Biomimetic design in engineering cartilage-like constructs is of importance not only for
recapitulating native structure and function but also for enhancing integrative repair by
modulating zone-to-zone integration and spatially matching mechanical properties with the
host tissue. By filling defects in a zonally consistent manner, one might promote better
integration between the repair and host tissue under physiologic loading. That is, if the
depth-dependent properties of the implant mirror the native tissue, this would harmonize
deformations through the depth and diminish stress concentrations at the integrative surface.
In this regard, the current design is still in need of fine tuning with respect to the thickness of
each layer, based on the generally defined 10% (superficial zone), 60% (middle) and 30%
(deep zone) layers of native tissue. Further studies will be required to validate this concept
using native cartilage and more precisely engineered depth-dependent engineered tissue
constructs. Lastly, this study utilized juvenile CHs and MSCs. However, the majority of
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patients suffering from OA are elderly, and the chondrogenic capacity of MSCs attenuates
with aging. In other studies, we have explored the possibility of combining CHs from
juvenile sources with adult MSCs in a co-culture scenario. Our preliminary results indicate
that these juvenile CHs can have a beneficial effect on adult MSCs. To translate this
approach, it will be essential to validate this co-culture phenomenon using human sources.
Interestingly, there is a commercially available product on the market that is comprised of
living, morselized, juvenile cartilage fragments (DeNovo NT, Zimmer). Given this, it is
possible that the sourcing of the CH subpopulation could be allogenic, and could be
combined with autologous MSCs taken from the iliac crest (or some other location not likely
to cause iatrogenic issues).

5. Conclusions

Taken together, our results demonstrate that a layer-by-layer fabrication scheme, including
co-cultures of zone-specific articular CHs and MSCs, can reproduce the depth-dependent
characteristics and mechanical properties of native cartilage while minimizing the need for
large numbers of chondrocytes. Such a tri-layered construct may provide critical advantages
for focal cartilage repair. These constructs hold promise for restoring native tissue structure
and function, and may be beneficial in terms of zone-to-zone integration with adjacent host
tissue and providing more appropriate strain transfer after implantation. Future work will
investigate how individual cells within each layer communicate with one another and with
adjacent layers, and will scale this technology to produce constructs of anatomic relevance
for cartilage repair applications [27, 28, 51].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Articular cartilage is a highly organized tissue driven by zonal heterogeneity of cells,
extracellular matrix proteins and fibril orientations, raising depth-dependent mechanical
properties. Therefore, the recapitulation of the functional properties of native cartilage in
a tissue engineered construct requires such a biomimetic design of the morphological
organization, and this has remained a challenge in cartilage tissue engineering. This study
demonstrates that a layer-by-layer fabrication scheme, including co-cultures of zone-
specific articular CHs and MSCs, can reproduce the depth-dependent characteristics and
mechanical properties of native cartilage while minimizing the need for large numbers of
chondrocytes. In addition, an introduction of a porous hollow fiber (combined with a
cotton thread) enhances nutrient transport and depth-dependent properties of the tri-
layered construct. Such a tri-layered construct may provide critical advantages for focal
cartilage repair. These constructs hold promise for restoring native tissue structure and
function, and may be beneficial in terms of zone-to-zone integration with adjacent host
tissue and providing more appropriate strain transfer after implantation.
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Figure. 1. A Schematic of a tri-layered construct fabrication with zonal CH/MSC co-culture
(A) Zonal chondrocytes (SZ, MZ and DZ; left) and MSCs (right) were isolated from

articular cartilage and bone marrow, respectively. Isolated cells were expanded in culture
separately and labeled with CellTracker (SZ: red, MZ: purple, DZ: green and MSC: blue) to
trace the distribution of cell subpopulations during long-term culture. (B) Fabrication
procedure for single- and tri-layered constructs.
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Figure. 2. Development and maturation of a tri-layered construct
(A) A cross-sectional view of a tri-layered construct showing distinct zonal sub-layers

visualized by CellTracker at 16 weeks (SZ CH: red, MZ: purple, DZ: green and MSC: blue;
Top layer: SZ-MSC, Middle: MZ-MSC and Bottom: DZ-MSC; scale bar = 1 mm). (B-C)
Zoomed views of the dashed boxes showing cells and interface of (B) top-middle and (C)
middle-bottom layer (scale bar = 100 um). Co-cultures of SZ-MSC (Inset B) and DZ-MSC
(Inset C) were evident in each sub-layer (20x; scale bar = 100 um). (D)
Immunohistochemistry of type Il collagen (top) and chondroitin sulfate (bottom) at 8 weeks
(60 million cells/mL; CH:MSC = 1:4; scale bar = 1 mm). (E) Heterogeneous matrix
accumulation at 8 weeks in a tri-layered construct due to limited nutrient transport to the
central region. The peripheral region (solid arrow) showed denser matrix and less swelling
than the core (dashed arrow). (F) Alcian blue staining of peripheral (left) and core (right)
region of the construct (20x%, scale bar = 100 pm).
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Hollow Fiber (HF)

Figure. 3. Schematics showing accessible surface area for nutrient/waste transport in gel-based

constructs and novel strategies to enhance transport

(A-C) Nutrient transport paths under free swelling conditions; (A) Static culture, (B) static
culture where constructs are regularly flipped (Flip over), (C) static culture where transport
is improved by introduction of hollow fiber (HF) channels. (D-F) HF (and HF w/cotton
threads)-mediated strategies to improve nutrient transport; (D) No channel, (E) Hollow fiber
(HF), (F) HF w/ cotton threads. Schematics of paths available for nutrient/waste transport by
HF or HF/ cotton threads. (pink (solid) arrow = nutrient “in”, blue (dashed) arrow = waste

“out™).
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Figure. 4. Gross appearance of tri-layered constructs with hollow fiber after 8 weeks of culture
The HF channel remained open during the culture period (A), and there was little to no

interaction between the HF and the surrounding hydrogel (B) (scale bar = 1 mm).
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Figure. 5. Maturation of tri-layered constructs with HFs
Groups are indicated as “No Channel” (left column), “Hollow Fiber” (HF; middle) and “HF

wi/threads” (right), respectively. (A) Gross appearance of tri-layered constructs with 8 weeks
of culture (markers = 1 mm). (B) Cross-sectional view (markers = 1 mm). (C) CellTracker-
labeled zonal chondrocytes and MSCs co-cultured in a tri-layered construct (2.5x, scale bar
=1 mm). Middle and bottom images are zoomed view of the interfaces of tri-layered
constructs. (D) Calcein-AM staining of constructs at 8 weeks of culture (2.5x, scale bar = 1
mm).
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Figure. 6. Histological analysis of tri-layered construct with long-term culture
(A) Alcian blue staining and immunohistochemistry of (B) type Il collagen and (C) type |

collagen of constructs at 16 weeks of culture (2.5x and 10x (inset), scale bar = Imm (inset =
100 pm)). HF indicates original position of hollow fiber.
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Figure. 7. Depth-dependent properties of tri-layered construct with long-term culture
(A-C) Bulk properties of tri-layered constructs: (A) Ey (kPa; the baseline bulk Ey of 1%

MeHA is ~ 5 kPa.) (B) GAG (%WW), (C) Collagen (%WW) (Dashed gray line = native
cartilage; Lighter bars = 8 weeks, Darker bars = 16 weeks). (D-E) Validation of a local
compression device: (D) MSC-laden bi-layered HA constructs (1 and 5% MeHA) stained
with Hoechst were subjected to compression (0% ~ 20% strain applied) and nuclei were
tracked to compute local properties. Yellow arrows and circles indicate nuclei traced from
reference image (0% strain) on day 0. (E) Local strain (exy, Day 0). (F) Local Ey (kPa) for

tri-layered constructs at 16 weeks (No channel =
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green, Native cartilage = black, n=3/group). (p < 0.05; * Native cartilage vs. Tri-layered
constructs in the middle layer; T Bottom layer (#8) vs. Middle and Top layer).
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