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Comparing Single Cell Versus Pellet Encapsulation
of Mesenchymal Stem Cells in Three-Dimensional
Hydrogels for Cartilage Regeneration
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While the gold standard for inducing mesenchymal stem cell (MSC) chondrogenesis utilizes pellet culture, most
tissue engineering strategies for cartilage regeneration encapsulate MSCs as single cells, partially due to the
technical challenge to homogeneously encapsulate cell pellets in three-dimensional (3D) hydrogels. It remains
unclear whether encapsulating MSCs as single cell suspension or cell aggregates in 3D hydrogels would enhance
MSC-based cartilage formation. In this study, we determined that the optimal size of MSC micropellets (pPellets)
that can be homogeneously encapsulated in hydrogels with high cell viability is 100 cells/pellet. Using optimized
pPellet size, MSCs were encapsulated either as single cell suspension or pPellets in four soft hydrogel formu-
lations with stiffness ranging 3—6 kPa. Regardless of hydrogel formulations, single cell encapsulation resulted in
more neocartilage deposition with improved mechanical functions over pPellet encapsulation. For single cell
encapsulation, polyethylene glycol (PEG) hydrogels containing chondroitin sulfate led to the most cartilage
matrix deposition, with compressive modulus reaching 211 kPa after only 21 days, a range approaching the
stiffness of native cartilage. The findings from this study offer valuable insights on guiding optimal method
design for MSCs and hydrogel-based cartilage regeneration. The optimized pPellet encapsulation method may
be broadly applicable to encapsulate other stem cell types or cancer cells as aggregates in hydrogels.

Keywords: mesenchymal stem cells, cartilage, cell encapsulation, hydrogels, polymeric scaffolds, pellet
encapsulation

Impact Statement

While the gold standard for inducing mesenchymal stem cell (MSC) chondrogenesis utilizes pellet culture, it remains
unclear whether encapsulating MSCs as cell pellets in three-dimensional hydrogels would enhance MSC-based cartilage
formation. In this study, we determined the optimal size of MSC micropellet (pPellet) that can be homogeneously en-
capsulated in hydrogels with high cell viability. Unexpectedly, single cell encapsulation resulted in more robust new
cartilage formation than pPellet encapsulation. Furthermore, tuning hydrogel formulation led to rapid cartilage regeneration
with stiffness approaching that of native cartilage. The findings from this study would facilitate clinical translation of MSCs
and hydrogel-based therapies for cartilage regeneration with optimized parameters.

Introduction

CARTILAGE DEVELOPMENT BEGINS with mesenchymal
condensation, which is characterized by rapid mesen-
chymal stem cell (MSC) proliferation, formation of cell
clusters, and differentiation into chondrocytes.1 To mimic
the mesenchymal condensation process, researchers have
used pellet culture to enhance chondrogenesis of MSCs,*?

and scaffold-free cell constructs have yielded cartilage with
morphology similar to native cartilage.” Despite the promise
of the scaffold-free approach, one challenge is the need for
hundreds of million cells per milliliter to fill the defect,
which is hard to obtain and difficult for treating defects with
clinically relevant dimension.*” Furthermore, as cell pellets
increase in size, the core of the pellet would suffer from
necrosis due to insufficient diffusion.®’
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To overcome the challenge associated with scaffold-free
cell pellet strategies, hydrogels have been widely used as
three-dimensional (3D) matrices to enhance stem cell-based
cartilage repair.>~'* In contrast to using cells alone, encap-
sulating cells in hydrogels requires significantly fewer cells
to fill defects of the same volume and enhances nutrient
diffusion. Furthermore, hydrogels can serve as an artificial
niche to provide cell-matrix interactions and offer better
initial mechanical support.'*'

To mimic the extracellular matrix (ECM) compositions in
native cartilage, naturally-derived polymers such as chon-
droitin sulfate (CS), hyaluronic acid (HA), and heparin sulfate
(HS) have been used as 3D hydrogels to support chon-
drogenesis of MSCs in vitro and in vivo.>'*'*"'? To enhance
MSC-based cartilage matrix deposition in 3D, soft hydrogels
(0.5-10kPa) have been shown to be superior than stiff hy-
drogels (20-100kPa).'>!*! However, one challenge of us-
ing soft natural polymer-based hydrogels in vivo is premature
degradation before sufficient neocartilage production.

One potential solution to increase the stability of ECM-
based hydrogels is to mix it with polyethylene glzlcol (PEG),
a synthetic polymer with bioinert background.&l Compared
to use of natural polymers alone, PEG provides a broader
range of tunable biochemical and mechanical properties.
Mixed hydrogel compositions that combine PEG with other
natural polymers have been shown to support cell-based
cartilage regeneration in 3D both in vitro and in vivo.® "'

Previous research on using hydrogels to enhance MSC
chondrogenesis involves encapsulating single cells in 3D hy-
drogels, which is convenient but excludes direct cell-cell
contact. To enhance cell—cell contact in hydrogels, recent
studies have explored encapsulating cell pellets with varying
size.*** One challenge with pellet encapsulation is the dif-
ficulty to yield homogeneous 3D distribution, and the results
have been contradictory.

One study showed cartilage formation by large MSC
pellets (more than 5,000 cells per pellet) in 3D hydrogels.
However, due to the increased weight of large cell pellets,
they would rapidly sink down to the bottom of the hydrogels
before crosslinking is complete. As such, encapsulating
large cell pellets was limited to only fabricated thin hy-
drogel discs and not suitable for regenerating cartilage with
clinically relevant dimension.”>** Another study encapsu-
lated small micropellets (pPellets), <50 cells Eer uPellet,
and reported no improved cartilage formation.’

Furthermore, previous studies have used a variety of
hydrogel materials, and direct comparison is difficult due to
varying hydrogel compositions and pellet size. There re-
mains a need to determine the optimal size of cell pellets
that can be homogeneously encapsulated in 3D hydrogels
and to determine the effects of hydrogel compositions on
modulating cartilage formation by MSCs encapsulated as
pellets and single cells.

To answer the questions above, here we first determined
the optimal size of pPellet that would support homogeneous
suspension in 3D hydrogels with high cell viability. pPellets
with optimal size were subsequently encapsulated in four
hydrogel compositions to evaluate the effects that material
composition has on supporting new cartilage formation by
single cells or pPellets in 3D. We have chosen to maintain
the stiffness of all hydrogels similar between compositions,
as previous literature suggests that MSC-based neocartilage
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deposition is best supported in soft hydrogels within the
range of 3-6 kPa.'%2*%!

We hypothesized that pPellets would enhance direct cell-
cell contact of MSCs in 3D hydrogels, thereby accelerating
chondrogenesis and neocartilage formation. To test our
hypotheses, pPellets with variable size (100, 250, and 500
cells per pellet) were encapsulated in 3D hydrogels to access
cell viability and distribution throughout the hydrogel. Car-
tilage production by either single cells or pPellets encapsu-
lated in four hydrogel compositions [chondroitin sulfate-
methacrylate [CS-MA], CS-MA/poly(ethylene glycol) dia-
crylate [PEGDA], hyaluronic acid-methacrylate [HA-MA],
and HA-MA/PEGDA] was compared using biochemical
assays, mechanical testing, and histology.

Materials and Methods
Cell culture

Human bone marrow mesenchymal stem cells (Lonza)
were expanded until passage 5 before use. Cells were ex-
panded in growth medium containing high glucose Dul-
becco’s minimal essential medium (Invitrogen), 10% (v/v)
fetal bovine serum (Gibco), 100 U/mL penicillin, 100 pg/mL
streptomycin (Invitrogen), and 10ng/mL basic fibroblast
growth factor (PeproTech).

uPellet formation

MSCs were formed into pPellets of sizes 500, 250, and 100
cells per pellet using AggreWell” 400 plates (STEMCELL
Technologies). Cells were suspended in growth medium at
desired concentrations for varying pPellet sizes, pipetted into
each AggreWell plate, and centrifuged at 150 g for 5min.
Cells were left in AggreWell plates for 24 h in growth medium
to allow pPellets to stabilize. The formed pPellets were gently
transferred to a conical tube, centrifuged at 150 g for 5min,
and then resuspended in hydrogels for 3D encapsulation.

Polymer synthesis

CS-MA was synthesized following our previously reported
method.'® Briefly, CS sodium salt (Sigma) was reacted with
N-hydroxysuccinimide (Sigma) and 1-ethyl-3-(3-dimethyla-
minopropyl)-carbodiimide (Sigma) in a buffer of 2-mor-
pholinoethanesulfonic acid for 5 min. Following incubation,
2-aminoethyl methacrylate was added and mixed for 24 h at
room temperature. The final product was dialyzed against
water for 4 days, lyophilized, and stored at —20°C until use.
HA-MA was synthesized from HA sodium salt (Sigma) fol-
lowing the same protocol. Nuclear magnetic resonance (NMR)
confirmed CS-MA product with a degree of methacrylation
of 15% and HA-MA with a degree of methacrylation of 13%.
PEGDA, molecular weight (MW)=5,000 g/mol, was pur-
chased from Laysan Bio. PEG, MW = 20,000 g/mol (20K PEG),
was purchased from Sigma.

Cell encapsulation and in vitro chondrogenesis

Cell number per gel was maintained constant for sin-
gle cell or pPellet encapsulation. Cells were suspended at
10 x 10° cells/mL in hydrogel precursor solution contain-
ing the desired polymer concentrations (Supplementary
Table S1) and 0.05% photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP).
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To achieve homogeneous suspension in 3D, we added
20K PEG at an optimized concentration (18%) to the hy-
drogel precursor solution to increase viscosity. This prolongs
the time of homogeneous suspension of pPellets before
crosslinking is complete. This uncrosslinkable PEG was used
only to increase viscosity and diffused out after hydrogel was
formed. While other density modifiers could be used, such as
iodixanol, sucrose, or dextrose, we optimized use of 18% 20K
PEG for achieving high cell viability and no change in
Young’s Modulus.”™ LAP was synthesized accordingly by
following a previously reported method.*®

To induce gelation, cell-hydrogel mixture (50 uL) was pi-
petted into a cylindrical mold (3 mm in height, 5 mm in diam-
eter) and exposed to ultraviolet light (365 nm, 4 mW - cm2) for
Smin. The formed cell-laden hydrogels were cultured in
chondrogenic medium supplemented with 10 ng/mL recom-
binant human transforming growth factor beta 3 (TGF-f3;
Peprotech) for 21 days at 37°C with 5% CO, before analyses.

The chondrogenic medium consists of high-glucose
Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with 100 nM dexamethasone (Sigma), 50 png/mL ascorbic-2-
phosphate (Sigma), 40 pg/mL proline (Sigma), 5pg/mL
insulin-transferrin-selenium premix (BD Biosciences),
100 pg/mL sodium pyruvate (Gibco), 100 U/mL penicillin,
and 100 pg/mL streptomycin (Invitrogen). To enhance nu-
trient diffusion, 24-well plates were placed on a gyratory
rocker inside the incubator throughout the culture. Cell vi-
ability was assessed at multiple time points (immediately
before encapsulation, days 1 and 21) using the LIVE/
DEAD™ cell viability assay (Thermo Fisher).

5

Mechanical testing

Unconfined compression tests were performed with an
Instron 5944 materials testing system (Instron Corporation)
fitted with a 10N load cell (Interface, Inc.). Custom-made
aluminum compression plates were lined with polytetra-
fluoroethylene to minimize friction. Acellular hydrogels
(n=3) were incubated in phosphate buffered saline (PBS)
for 24h at room temperature to reach equilibrium before
mechanical testing. Cell-laden hydrogels (n=5) were tested
at days 1 and 21. All tests were conducted in PBS solution at
room temperature. Before each test, a preload of 1 mN was
applied, and the upper plate was lowered at a rate of 1%
strain/s to a maximum strain of 30%. The compressive
modulus was determined from the curve fit equation for
strain between 10% and 20% strain.

Biochemical analyses

Hydrogels were collected for biochemical analyses at days
1 and 21 (n=>5/group). The swelling ratio was calculated as
the wet weight divided by the dry weight. Lyophilized sam-
ples were digested in papainase solution (Worthington Bio-
chemical) at 60°C for 16 h. DNA content was quantified using
the Quant-iT" PicoGreen  double stranded DNA (dsDNA)
assay (Thermo Fisher). Fold of cell proliferation was calcu-
lated as day 21 DNA content divided by day 1 DNA content.
Total collagen content was determined by first quantifying
hydroxyproline content using acid hydrolysis followed by a
reaction with p-dimethylaminobenzaldehyde and chloramine
T (Sigma) and then estimating collagen content by assuming
1:7.46 hydroxyproline:collagen mass ratio."!

ROGAN ET AL.

Histological analyses

Samples were harvested for histological analyses on days 1
and 21 (n=2/group). Samples were fixed in 4% parafor-
maldehyde (Sigma) for 30 min, washed in PBS, transferred to
optimal cutting temperature compound (Thermo Fisher) for
48 h to fully embedded constructs, and flash frozen in liquid
nitrogen. Hydrogels were sectioned at a thickness of 12 pm
per slice. To visualize sGAG, samples were stained with
Safranin O (Sigma) and counterstained with Fast Green
(Thermo Fisher). Cell nuclei were counterstained with Wei-
gert’s Hematoxylin solution (Sigma), and samples were
mounted with VectaMount (Vector Laboratories).

Immunostaining was performed for type I, type II, and
type X collagens. Rabbit polyclonal antibody type I, type II,
and type X collagens (Abcam) were diluted at 1:100 and
incubated overnight at 4°C. Secondary antibody (Alexa
Fluor 488 goat anti-rabbit; Thermo Fisher) was diluted at
1:200 with Hoechst (4 pg/mL) and incubated for 1 h at room
temperature. Samples were mounted with the aqueous
mounting medium, Fluoromount (Sigma), and images were
taken with a Zeiss fluorescence microscope.

Statistical analysis

GraphPad Prism (GraphPad Software) was used to per-
form statistical analysis. Two-way analysis of variance and
multiple pairwise comparisons with the Holm-Sidak test
were used to determine statistical significance (p<0.05).
All data are represented as mean * standard deviation with at
least three biological replicates per group.

Results

Optimizing the size of uPellets for encapsulation
in 3D hydrogels

Our method of using AggreWell to form pPellets resulted
in high-throughput production of MSC pPellets with uni-
form size and shape (Fig. la). Increasing the number of
cells from 100 to 500 cells per pPellet led to increased size
of individual pPellets from 100 to 175 pm (Fig. 1a). Using
live/dead staining, we observed that only small pPellets
formed using 100 cells/pellet supported homogeneous en-
capsulation and high cell viability after 3D encapsulation.
In contrast, pPellets of 250 cells or larger fell to the bot-
tom of the hydrogel precursor solution before gelation
was complete, resulting in an inhomogeneous distribution
in the z-plane (Fig. 1b).

We also assessed cell viability over time at multiple
points (days 1, 2, 7, and 14) following encapsulation. While
pellets with variable sizes showed comparable viability at
day 1 (Supplementary Fig. S1), increasing pPellet size from
100 to 500 cells per pellet decreased cell viability (Fig. 1b).
Taking together, pPellet with 100 cells/pellet was deter-
mined to be the optimal size for encapsulation in 3D hy-
drogels and was used for all further experiments.

Characterizing single cell versus uPellet encapsulation
in four hydrogel compositions

To determine whether the trend of cartilage formation
by single cell versus pPellet encapsulation in 3D depended
on hydrogel compositions, four hydrogel formulations
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were assessed, including CS, PEG/CS, HA, and PEG/HA
(Supplementary Table S1).

PEG/CS and PEG/HA groups contained equivalent con-
centrations of PEG and ratios of PEG:GAG. All materials
supported high cell viability at day 1 (Fig. 2a). Unconfined
compression testing confirmed that Young’s Moduli of all
hydrogels were between 3 and 6kPa, and no statistically
significant difference was observed between single cell and
pPellet encapsulation methods (Fig. 2b). Swelling ratio was
measured to assess the effects of PEG incorporation on
crosslinking density of hydrogel network. Both PEG/CS
and PEG/HA groups exhibited lower swelling ratio com-
pared to CS and HA, respectively (PEG/CS 21.4 vs. CS
28.1, p<0.05; PEG/HA 25.0 vs. HA 28.0, p<0.05)
(Fig. 2c¢), suggesting that PEG incorporation increased hy-
drogel crosslinking density.

Single cell encapsulation enhanced cartilage formation
by MSCs in 3D over uPellet encapsulation

After 21 days of culture in chondrogenic medium, MSCs
demonstrated comparable high cell viability in all groups
(Fig. 3a). However, cell proliferation, cartilage matrix pro-
duction, and mechanical properties of the resulting cartilage
varied significantly among the groups (Fig. 3b—d). While
cell proliferation was similar in CS and PEG/HA hydrogels
between single cell versus pPellet encapsulation, signifi-
cantly higher cell proliferation was observed in PEG/CS and
HA hydrogels using single cell encapsulation (Fig. 3b).

Regardless of hydrogel compositions, single cell encap-
sulation produced more collagen per wet weight than pPellet
encapsulation counterparts (Fig. 3c). Collagen production

FIG. 1. Determining optimal size of
pPellet for 3D encapsulation. (a) Brightfield
images of pPellets 24 h after formation using
AggreWell method. Scale bar=100 um. (b)
Viability and distribution of MSC pPellet of
variable size postencapsulation over time.
Small pPellet formed using 100 cells/pellet
resulted in homogeneous distribution in 3D
hydrogels with good viability throughout
14 days of culture. Green: live cells, Red:
dead cells, scale bar=500 um. 3D, three-
dimensional; pPellet, micropellet; MSC,
mesenchymal stem cell. Color images are
available online.

per cell at day 21 showed that single cell encapsulation en-
hanced collagen production per cell (Supplementary Fig. S2).
A similar trend was observed in the mechanical strength of
resulting cartilage, as measured by the Young’s Modulus
(Fig. 3d). Incorporating PEG into sGAG hydrogel decreased
the swelling ratio, and this trend remained for both single cell
and pPellet encapsulation (Fig. 3e).

While biochemical assays give a quantitative measurement
of newly formed cartilage, histology offers complementary
information with regards to distribution of newly formed
cartilage. Safranin O staining of sGAG, a key component of
cartilage matrix, showed that single cell encapsulation led to
more intense cartilage matrix staining regardless of hydrogel
compositions (Fig. 4). Since our hydrogels contained sGAG,
acellular hydrogels were stained as controls (Supplementary
Fig. S3) and compared with cell-containing hydrogels to help
determine the cellular contribution of sGAG deposition.
Compared to pPellet encapsulation, single cell encapsulation
also improved distribution of SGAG produced by MSCs with
enhanced interconnectivity.

Phenotypic analysis was performed through immuno-
staining of type II, I, and X collagen (Fig. 5). The results
showed that hydrogel composition, not encapsulation
method, played a more important role in determining
cartilage phenotype. For example, CS hydrogels led to the
least amount of type X collagen regardless of single cell or
pPellet encapsulation. In contrast, HA hydrogels resulted
in the most intense type X collagen, suggesting a hyper-
trophic cartilage phenotype. Both encapsulation methods
resulted in positive type II collagen staining in addition to
type I staining, suggesting a more fibroblastic cartilage
phenotype.
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FIG. 2. Characterization of cell viability, mechanical strength, and swelling ratio of four hydrogel compositions used for
single cell versus pPellet encapsulation 24 h postencapsulation. (a) All hydrogels supported high cell viability. Green: live
cells, Red: dead cells. Scale bar=500 um; (b) Young’s modulus of all compositions; ‘“NS’’ =not significant (n=3); (c)
Swelling ratio of acellular hydrogels after incubating for 24 h to reach equilibrium; *p<0.5 (n=3). Color images are
available online.
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FIG. 3. Single cell encapsulation enhanced MSC proliferation and led to more robust cartilage formation by MSCs than
pPellet encapsulation. (a) Live/dead staining of single versus pPellet groups at day 21. Green: live cells, Red: dead cells,
scale bar=500 um. Quantification of (b) cell proliferation, (c) total collagen production per wet weight, (d) Young’s
modulus of resulting cartilage after 21 days of culture in chondrogenic medium. (*Denotes significant difference between
single cell and pPellet in the same hydrogel composition: p <0.05, n=5; ~denotes significant difference compared to PEG/
CS single cell encapsulation control: p <0.05, n 5). (e) Swelling ratio of cell-laden hydrogels at day 21 showed that PEG
incorporation led to decreased swelling ratio ( 1 <0.05, n=5). CS, chondroitin sulfate; PEG, polyethylene glycol. Color
images are available online.
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Single

pPellet s ]

Discussion

In the present study we determined an optimal size of
pPellet that supports homogeneous encapsulation in 3D
hydrogels, which allows a side-by-side comparison of single
cell versus pellet encapsulation for cartilage regeneration.
We hypothesized that pPellet encapsulation in 3D would be
superior to single cell encapsulation given the important role
of cell—cell contact during normal cartilage development. In
contrast to our hypothesis, single cell encapsulation led to
more robust cartilage matrix deposition in 3D hydrogels
with enhanced mechanical functions than pPellet encapsu-
lation (Figs. 3 and 4). This trend is true regardless of hy-
drogel compositions. When encapsulation method was kept
constant (i.e., single cell or pPellet encapsulation), varying
hydrogel compositions modulated both the quantity and
phenotype of newly formed cartilage (Fig. 5).

Among all tested formulations, single cell encapsulation
in PEG/CS hydrogels resulted in the most robust cartilage
formation and mechanical properties. Young’s Modulus of

Single
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FIG. 4. Cartilage forma-
tion by single cell versus
pPellet encapsulation after
21 days of culture in chon-
drogenic medium, as shown
by Safranin O staining. Sin-
gle cell encapsulation gener-
ally resulted in more
cartilage formation than their
respective pPellet group in
the same hydrogel composi-
tion. For single cell encap-
sulation, PEG/CS resulted in
most intense and inter-
connected cartilage matrix
staining. Red: sGAG, Black:
nuclei, scale bar=500 pm.
Color images are available
online.

PEG/HA

engineered cartilage from single cells in PEG/CS hydrogels
increased from 4kPa to over 200kPa after only 21 days of
culture, which is approaching the bulk stiffness range of
native articular cartilage.”” Mechanical strength of en-
gineered cartilage is dependent not only on the total amount
of matrix but also the distribution. The increased amount and
interconnectivity of newly deposited cartilage in PEG/CS
hydrogels contributed to the significant increase in Young’s
Modulus of resulting cartilage produced by single cells.
One important technical contribution of this study is de-
termining the optimal size of the pPellets that can be ho-
mogeneously encapsulated in 3D hydrogels with high
viability over time (Figs. 1 and 2). Using AggreWell plates,
we demonstrated that uniform pPellets of varying sizes can
be easily formed in a large quantity and scaled up for 3D
encapsulation. Our results showed that the optimal number
of cells per pellet (100 cells per pellet) for hydrogel en-
capsulation is one order of magnitude lower than previous
report, which used ~ 5,000 cells per pellet.”>** These larger
pellets failed to support homogeneous distribution and are

pPellet

PEG/CS HA PEG/HA

Collagen | & Collagen Il @

Collagen X ©

cs

cs PEG/CS HA PEG/HA

FIG. 5. Characterizing the phenotype of cartilage formed by single cell versus pPellet encapsulation in four hydrogel
formulations using immunostaining. (a) Type II Collagen; (b) Type I Collagen; and (¢) Type X Collagen. Green: respective
collagen, Blue: nuclei; scale bar=200 um. Color images are available online.
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not suitable for generating 3D tissues with clinically rele-
vant dimensions.

While a major advantage of using the pellet size of 100
cells is that they are homogeneously distributed and support
higher cell viability, that is not the only reason this smaller
pellet was chosen. As shown in our Results section, in-
creasing pellet size also led to increased cell death within
the pellet after encapsulation. Given that the total number of
cells was kept constant within a given volume, using larger
pellets would result in fewer pellets in hydrogels, with
greater distances between individual pellets. In contrast,
single cell encapsulation allows the smallest distance be-
tween encapsulated cells, which resulted in substantially
more interconnected matrix (Figs. 4 and 5).

In addition, when encapsulated in hydrogels, pellets were
much less efficient in degrading the surrounding hydrogel
network than single cells. We expect that using larger pellets
would further decrease the total amount of hydrogel deg-
radation and further limit neocartilage deposition due to
physical constraint of the surrounding hydrogel network.

Regardless of hydrogel formulations, single cell encap-
sulation was found to be superior to pPellet encapsulation for
optimal cartilage formation by MSCs in 3D hydrogels. This
unexpected finding may be explained by several factors.

First, encapsulation of cells in 3D hydrogels creates
physical restriction around the cells due to the nanoporosity
of hydrogel network, which is several orders of magnitude
smaller than the micrometer sized cells. Unlike 3D hydrogel
encapsulation, free pellets without hydrogels can form car-
tilage without the need to overcome the physical con-
straint.”® Since the total number of cells is the same in each
hydrogel, the density of pPellets (100 cells/pPellet) per gel
is only 1% compared to single cell encapsulation.

As a result, it is more difficult for pPellets to degrade and
remodel the surrounding hydrogel niche, thereby limiting
the ability of MSCs to proliferate and deposit new matrix.
Indeed, our data showed that cell number in the hydrogels
all decreased in pPellet groups (Fig. 3b), and the newly
deposited matrix was largely limited to peri-pPellet regions
in all hydrogel compositions (Figs. 4 and 5). In contrast,
single cells encapsulated in optimized PEG/CS hydrogels
proliferated over time (Fig. 3b), and newly deposited car-
tilage matrix was highly interconnected throughout the hy-
drogel (Figs. 4 and 5).

Second, it is more difficult for nutrients to diffuse into
pPellets encapsulated in hydrogels than single cells. While
pPellet cell viability was not compromised significantly,
diffusion of larger molecules influencing cell proliferation
or chondrogenesis may have been limited for MSCs within
encapsulated pPellets. This is supported by our data, in
which single cell encapsulation resulted in higher total
matrix production (Fig. 3b, c), as well as matrix production
per cell (Supplementary Fig. S2).

Finally, while pPellets increased the direct cell—cell
contact, the distance between each pPellet was much greater
than between individual cells when encapsulated as single
cells. This may change the autocrine/paracrine signaling
among the encapsulated MSCs, thereby influencing the final
cartilage formation. Given that single cell encapsulation is
much more convenient than pPellets, it is also more desirable
for clinical translation of MSC-based therapies for repairing
cartilage in situ with clinically relevant dimensions.

ROGAN ET AL.

While varying hydrogel formulation did not change the
trend that single cell encapsulation always led to more
cartilage formation than pPellet encapsulation, varying hy-
drogel compositions significantly impacted the quantity and
distribution of newly formed cartilage within each encap-
sulation method. CS and HA are found in natural cartilage
ECM and have been widely used as 3D hydrogels to induce
MSC chondrogenesis using standard single cell encapsula-
tion method suspensions.®~'%!°

Consistent with previous reports, we showed that CS and
HA hydrogels supported chondrogenesis and neocartilage
formation, but incorporation of a small amount of PEG to
CS substantially enhanced cartilage formation by MSCs
(Figs. 3 and 4). This is likely due to the improved balance
between the speed of cell-mediated degradation and new
matrix production in PEG/CS hydrogels compared to CS
hydrogel alone, as shown by previous reports.”'® When
using a low concentration of naturally-derived polymers
alone, one potential risk is premature hydrogel degradation
by the cells before sufficient new matrix is laid down.®

For single cell encapsulation, PEG/CS hydrogels far ex-
ceeded other hydrogel formulations in supporting MSCs to
form articular cartilage with improved structures and me-
chanical functions. Specifically, we observed 20% more cell
proliferation (Fig. 3b) and 30% more total collagen deposition
(Fig. 3¢) in PEG/CS hydrogels encapsulated with single cells
compared to other groups. Varying hydrogel formulation also
impacted the phenotype of newly formed cartilage regardless
of cell encapsulation methods (Fig. 5). CS hydrogels resulted
in a more hyaline cartilage phenotype with minimal hyper-
trophy, as shown by most robust type II collagen and the least
type X collagen staining. In contrast, HA-containing hydro-
gels generally showed more type X collagen, suggesting that
HA promoted hypertrophic cartilage phenotype.

It is well documented in previous literature that MSC-based
cartilage formation generally produces cartilage that exhib-
its a fibrocartilage ghenotype, as shown by high expression
of type I collagen."* Similar to previous literature, in this
study we also observed high collagen I expression in all
groups, suggesting a fibrocartilage phenotype. One possible
way to reduce type I collagen expression is using small in-
terfering RNA (siRNA) or short hairpin RNA (shRNA) de-
livery to knock down type I collagen, as shown previously.*®

Given that cartilage is a weight bearing tissue, the ability
to maintain structural integrity while under compression is
highly desirable. Most impressively, the Young’s Modulus
of PEG/CS group reached 211 kPa at day 21, which is ap-
proaching the stiffness of native articular cartilage?” and is
17-fold higher compared with the CS group. Improvement
in the mechanical properties of engineered cartilage not only
depends on the amount of total matrix produced but also the
distribution and interconnectivity of newly deposited matrix.
While single cells encapsulated in PEG/CS only resulted in
~50% more collagen than the CS group, we observed a 17-
fold increase in Young’s Modulus due to substantially en-
hanced interconnectivity of newly deposited matrix
throughout the hydrogels (Fig. 4).

In the present study, we have designed all hydrogel
compositions to have comparable stiffness to remove hy-
drogel stiffness, a confounding factor in modulating differ-
entiation. However, this leads to different concentrations of
CS and HA (Supplementary Table S1), which may
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contribute to the differences observed across different hy-
drogel formulations. One limitation of the study is that the
biochemical and mechanical properties of hydrogels in the
present study are not decoupled. However, given that the
goal of this study is to compare the effects of varying hy-
drogel compositions on cartilage formation by MSCs in 3D
using two different encapsulation methods, it does not re-
quire decoupling niche properties in hydrogel design. Our
conclusions remain valid despite the coupled changes in
niche properties of the chosen hydrogel formulations.

In summary, in this study we demonstrated that single cell
encapsulation in 3D hydrogels is a superior approach to
WPellet encapsulation for achieving more robust MSC-based
cartilage tissue regeneration. Varying hydrogel composi-
tions can further enhance the structure, mechanical function,
and phenotype of newly formed cartilage. Among all the
groups tested, we identified single cell encapsulation in
PEG/CS hydrogels as the leading formulation that results in
rapid deposition of new cartilage with improved distribution
throughout the hydrogels, yielding a compressive modulus
approaching that of native articular cartilage.

The findings from this study offer valuable insights to fa-
cilitate clinical translation of MSCs and hydrogels for carti-
lage regeneration. Furthermore, while this study focuses on
chondrogenesis and cartilage tissue engineering, our pPellet
encapsulation method may be easily modified for encapsu-
lating other cell types as aggregates in various 3D hydrogel
formulations, such as tumor cells or other stem cells.*'™*
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