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Metabolic Labeling to Probe the Spatiotemporal Accumulation
of Matrix at the Chondrocyte—Hydrogel Interface

Claudia Loebel, Mi Y. Kwon, Chao Wang, Lin Han, Robert L. Mauck, and Jason A. Burdick*

Hydrogels are engineered with biochemical and biophysical signals to
recreate aspects of the native microenvironment and to control cellular
functions such as differentiation and matrix deposition. This deposited
matrix accumulates within the pericellular space and likely affects the
interactions between encapsulated cells and the engineered hydrogel;
however, there has been little work to study the spatiotemporal evolution

of matrix at this interface. To address this, metabolic labeling is employed

to separately visualize the temporal and spatial positioning of nascent
proteins and proteoglycans deposited by chondrocytes. Within covalently
crosslinked hyaluronic acid hydrogels, chondrocytes deposit nascent proteins
and proteoglycans in the pericellular space within 1 d after encapsulation,
and proteoglycans extend further into the hydrogel. The accumulation of
this matrix, as measured by an increase in matrix thickness during culture,
depends on the initial hydrogel crosslink density with decreased thicknesses
for more crosslinked hydrogels. Encapsulated fluorescent beads are used to
monitor the hydrogel location and indicate that the emerging nascent matrix
physically displaces the hydrogel from the cell membrane with extended
culture. These findings suggest that secreted matrix increasingly masks the
presentation of engineered hydrogel cues and may have implications for the
design of hydrogels in tissue engineering and regenerative medicine.

at tissue maturity.”) However, degenerative
pathologies or acute injury often result in
tissue degradation, which in turn impairs
function of the affected joint.’! The poor
intrinsic healing capacity of articular carti-
lage motivates the development of tissue-
engineered constructs in vitro to replace
degenerated and injured cartilage tissue.!

Commonly, cartilage tissue engineering
includes chondrocytes or mesenchymal
stromal cells (MSCs) embedded into bio-
materials that recreate certain aspects of
the native cartilage ECM structure, organi-
zation and composition.’! To engineer a
tissue with high water content like articular
cartilage, hydrogels, water-swollen polymer
networks, are often used to recapitulate the
chemical and biological features of cartilage
ECM.% The choice of the hydrogel material
and its biophysical properties modulate
embedded cell behavior, including the for-
mation and distribution of secreted matrix,
and ultimately defines the properties of the
engineered tissue construct. For example,
hydrogels made of articular cartilage com-
ponents, such as hyaluronic acid (HA),
enhance the expression of cartilage-specific

1. Introduction

The extracellular matrix (ECM) is fundamental to the structure
and function of almost all tissues throughout the body. Within
native tissues, resident cells constantly receive and respond to
signals from their extracellular microenvironment, including
biochemical and biophysical cues that are critical to tissue
development, homeostasis and repair.! In articular cartilage,
chondrocytes and progenitor cells reside in a protein and prote-
oglycan-rich ECM that is dominated by collagens and aggrecan

markers when compared to cells encapsulated within inert poly-
meric hydrogels including those fabricated from poly(ethylene
glycol).l In addition to these biochemical signals, hydrogel den-
sity, degradation, and mechanical properties affect chondrogen-
esis, as well as matrix synthesis by encapsulated cells and the
overall engineered tissue properties.l®] However, there has been
little work done to date to investigate how the matrix produced
by individual cells influences interactions with the engineered
hydrogel locally and over time, likely due to limitations in visual-
izing and measuring secreted matrix dynamics.
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Within hydrogels, matrix production is often reported using
histological techniques and biochemical assays collected over
time. However, such measures mask cell-to-cell heterogeneity,
have limited resolution, and lack information regarding the
spatial distribution of the secreted matrix. Recently, metabolic
labeling was reported to visualize proteins that individual
cells secrete and assemble within hydrogels!®l and tissues;!!
however, there are no studies regarding the imaging of pro-
teins and proteoglycans around cells in combination with an
understanding of the location of the engineered material to
probe the spatiotemporal nature of this interface. Specifically,
the secreted proteins and proteoglycans may influence cell-
hydrogel interactions by either i) physically separating the cell
from the hydrogel or ii) interpenetrating with the engineered
hydrogel—an understanding of this behavior may influence
future hydrogel design.

To probe this question, we used metabolic labeling to
visualize newly produced proteins and proteoglycans that
were secreted by chondrocytes embedded within covalently
crosslinked HA hydrogels, and used encapsulated fluorescent
beads to monitor the position of the hydrogel with respect to
the nascent matrix during culture. The crosslink density of
these hydrogels is readily tunable, allowing us to further probe
the role of hydrogel crosslinking on secreted matrix properties,
including its distribution and mechanics. Nondegradable
hydrogels were selected to ensure stability and bead immobi-
lization throughout culture. Understanding of these spatiotem-
poral changes at the chondrocyte-hydrogel interface will inform
hydrogel design strategies for cartilage tissue engineering and
repair. Further, although the work was completed in the con-
text of encapsulated chondrocytes and cartilage formation, the
implications of the study may extend into numerous applica-
tions where cells interface with engineered material systems.

2. Results and Discussion

2.1. Secreted Matrix Contains Proteins and Proteoglycans

To visualize matrix secretion by cells encapsulated within
hydrogels, we implemented a metabolic labeling approach that
introduces azide-modified amino acids or sugar analogs to
cultures for incorporation into matrix components as they are
synthesized. Here, we separately used the methionine analog
azidohomoalanine (AHA)!®*%! or the sugar analog N-azidoacetyl-
mannosamine-tetraacylated (ManNAz)" to label newly syn-
thesized, nascent proteins (AHA) or proteoglycans (ManNAz),
respectively. Subsequently, strain-promoted cyclo-addition with
a fluorophore-modified cyclooctyne (DBCO-488) was performed
to fluorescently label AHA-containing proteins or ManNAz-
containing proteoglycans (Figure 1A). This metabolic labeling
approach provided a global representation of all methionine- or
mannose- containing matrix components synthesized by cells,
as supported by the high structural analogy with specific pro-
teins, such as collagens type II and type VI, or the proteoglycan
aggrecan and associated chondroitin sulfate residues, that
were also labeled through immunostaining (Figure 1B). This
approach is very useful to provide a broad investigation of ECM
components synthesized, which is important for our intended
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goal, rather than focusing only on specific molecules, which
may miss others.

To investigate the spatiotemporal accumulation of this nas-
cent matrix, bovine chondrocytes were encapsulated within
norbornene-modified hyaluronic acid (NorHA) hydrogels with
an elastic modulus of 4.9 £ 0.4 kPa and cultured in chondro-
genic media and the continuous presence of either AHA or
ManNAz for 7 d. Individual cells exhibited a dense network of
nascent proteins and proteoglycans surrounding the cell body
(Figure 1C). Radial intensity profile plots across nascent matrix
components revealed that nascent proteoglycans extend much
further into the hydrogel (210 um), whereas nascent protein flu-
orescence intensity diminished within 5 pm from the cell body
(Figure 1D), suggesting that proteins and proteoglycans accu-
mulate with different spatial distributions after being secreted
by chondrocytes within hydrogels. This could be due to differ-
ences in the general size and assembly of these molecules, as
many of the proteins are large fibrillar structures when com-
pared to many of the proteoglycans. This is consistent with pre-
vious observations of greater diffusion of glycosaminoglycans
when compared to proteins such as collagen. 412

Beyond spatial differences, the deposition of these ECM
molecules is also cell type dependent.>!3] We explored similar
studies to that performed with chondrocytes, but now with
MSCs, which revealed less accumulation of nascent proteins
and proteoglycans and distributions that were often asymmetric
around the cell body (Figure S1, Supporting Information).
When compared to chondrocytes, high cell-to-cell variability
was observed, likely due to the heterogeneity of isolated MSC
populations;®>™ thus, chondrocytes were used for subsequent
studies. An important consideration when performing these
labeling techniques is that proteoglycans such as aggrecan also
possess proteins (i.e., aggrecan core protein). However, the con-
centration of methionine in aggrecan (<0.06%) is relatively low
when compared to proteins most commonly found in cartilage
(e.g., 1.5% methionine in collagen type I1).°*! Thus, the low
number of methionine residues suggests that nascent protein
labeling is unable to capture the detailed structure of proteogly-
cans. Taken together, these observations indicate that metabolic
labeling through incorporation of azide-modified methionine
and mannose can visualize structural differences in the accu-
mulation of both nascent proteins and proteoglycans, allowing
us to investigate the spatiotemporal accumulation of the peri-
cellular matrix.

2.2. Secreted Matrix Accumulates over Time

To assess the spatiotemporal changes that occur at the cell-
hydrogel interface, we next monitored the time course of nas-
cent matrix accumulation by encapsulated chondrocytes. No
staining of nascent proteins was observed directly upon encap-
sulation (Day 0), but within 1 d of culture chondrocytes were
surrounded by a nascent protein layer, consistent with the
corresponding radial intensity profile plots of nascent protein
fluorescence intensity relative to the cell boundary (Figure 2A).
When culture in chondrogenic media was extended for 7 d, the
thickness of this protein layer increased, indicating that nas-
cent proteins accumulated in the pericellular space. Labeling
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Figure 1. Chondrocytes secrete extracellular matrix proteins and proteoglycans that are heterogeneous and can be visualized with metabolic labeling.
A) Schematic of nascent protein and proteoglycan metabolic labeling. The azide-modified methionine analog (azidohomoalanine) or mannose analog
(N-azidoacetylmannosamine tetraacylated) are added to the culture media and incorporated into nascent proteins (for example, collagen type Il and
collagen type V1) or proteoglycans (for example, aggrecan core protein and its associated chondroitin sulfate residues), respectively. The biorthogonal
Cu(l)-free strain-promoted cyclo-addition between the azide and DBCO-modified fluorophore (DBCO-488) enables visualization of either the nascent
proteins or proteoglycans. B) Representative images (magnifications on the right) of nascent proteins (white, co-stained with either collagen type Il and
V1) or proteoglycans (cyan, co-stained with aggrecan and chondroitin sulfate) deposited by bovine chondrocytes encapsulated in norbornene-modified
hyaluronic acid (NorHA) hydrogels and cultured for 7 d in chondrogenic media (scale bars 10 um). C) Representative images of nascent proteins
(white, left) and proteoglycans (cyan, right) for a panel of chondrocytes (red) after 7 d of culture (scale bars 10 um). D) Radial profiles of fluorescence
intensities of nascent proteins (gray) and nascent proteoglycans (cyan) after 7 d of culture. Lines represent median intensity profiles, shaded areas
represent standard deviation (n =40 cells per group from two independent biological experiments).

of nascent proteoglycans revealed similar deposition and accu-
mulation around the cell body; however, the nascent proteo-
glycans extended further into the hydrogel at each time point
(Figure 2B), suggesting that the accumulation and distribution
of nascent matrix are influenced by the size and/or assembly of
its components.

Intensity profile plots of nascent matrix components per-
mitted quantification of the average thickness of nascent
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proteins and proteoglycans as the distance that the matrix
extends past the cell body (Figure 2C). After one day, accumu-
lated matrix thickness was higher for nascent proteoglycans
(4.7 £ 2.2 um) relative to proteins (1.1 £ 1.6 um), and similar
trends in nascent protein and proteoglycan accumulation were
observed during the seven day culture period (Figure 2D).
These findings highlight that, within hydrogels, nascent
matrix deposition occurs rapidly (within 1 d) and again that
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Figure 2. Nascent proteins and proteoglycans are deposited early and accumulate over time. A) Representative images of accumulated nascent pro-
teins of encapsulated chondrocytes cultured in chondrogenic media for up to 7 d (left, scale bars 10 um) and radial intensity profiles of nascent proteins
(gray). Lines represent median intensity profiles; shaded areas represent standard deviation (n =40 cells per group from two independent biological
experiments). B) Representative images of accumulated nascent proteoglycans of encapsulated chondrocytes cultured in chondrogenic media for up
to 7 d (left, scale bars 10 um) and radial intensity profiles of nascent proteoglycans (cyan). Lines represent median intensity profiles, shaded areas
represent standard deviation (n =40 cells per group from two independent biological experiments). C) Representative cell and corresponding intensity
profile plots illustrating the region used to quantify the nascent matrix thickness. D) Quantification of the average thickness of nascent proteins (left)
and nascent proteoglycans (right) of encapsulated chondrocytes cultured for up to 7 d (n = 40 cells per group from two independent biological experi-
ments, mean £ SD, **p < 0.01, ****p < 0.0001, two-way ANOVA with Bonferroni post hoc).

accumulation is dependent on the type of its components,
presumably due to differences in size and structure of chon-
drogenic matrix proteins and proteoglycans. Such differences
in matrix distribution likely reflect intrinsic regulatory mecha-
nisms during cartilage development and repair. For example,
collagen type VI forms a distinct pericellular network while
proteoglycans including aggrecan further distribute into the
extracellular space, modulating biochemical and biomechanical
signals to chondrocytes.™ Thus, metabolic labeling provides a
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unique tool to visualize the organization and dynamics of both
nascent proteins and proteoglycans.

2.3. Secreted Matrix Physically Displaces the Hydrogel
from the Cell

While previous studies indicate that chondrogenic matrix dis-
tribution is dependent on molecule diffusion, 342! it is unclear

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

how the nascent proteins and proteoglycans interact with the
hydrogel that the cell is embedded within. We next sought
to understand whether the nascent matrix alters this inter-
face by pushing and thus physically displacing the cell from
the engineered hydrogel or by integrating within the mesh of
the hydrogel (Figure 3A). Fluorescent polystyrene beads that
are bigger than the average hydrogel mesh size (nominal diam-
eter of 0.2 um) were physically immobilized in the hydrogel
upon gelation. We confirmed their homogenous distribu-
tion and stability throughout the culture period of 7 d (Figure
S2, Supporting Information) and showed that the addition of
fluorescent beads did not affect the viability of encapsulated
chondrocytes cultured for up to 7 d in media that was supple-
mented with either AHA or ManNAz (Figure S3, Supporting
Information). Across all conditions and time points, the via-
bility generally remained greater than 90%. The localization of
immobilized beads was then evaluated relative to the accumu-
lated nascent matrix during culture.

Upon encapsulation (Day 0), we observed fluorescent beads
adjacent to the cell membrane (Figure 3B), indicating direct
initial contact between chondrocytes and the hydrogel. This
separation between chondrocytes and the bead-containing
hydrogel increased over the 7 d of culture in both nascent
protein and proteoglycan-labeled groups, suggesting that the
initial chondrocyte-hydrogel contact is lost during culture.
Measuring the distance of the closest bead per cell enabled
quantification of the chondrocyte-to-bead separation (Figure
S4, Supporting Information). The gap between chondro-
cytes and immobilized beads increased during the 7 d culture
period, reaching distances of 1.3 + 1.0 um (Figure 3C); how-
ever, this gap was smaller than the thickness of accumulated
proteins (3.7 £ 1.9 um) and proteoglycans (79 £ 3.2 um) at day
7 (Figure 2D), indicating some distribution of these matrix
molecules throughout the hydrogel. We also confirmed that the
matrix labeling method itself did not affect the chondrocyte-to-
bead separation, as the measured bead distances were similar
for nascent proteoglycan-labeled cells (Figure S5, Supporting
Information). Generally, these data suggest that nascent matrix
alters the chondrocyte-hydrogel interface in two ways: i) phys-
ical displacement of the hydrogel through accumulation in the
pericellular space and ii) interpenetration within the hydrogel
through distribution further from the cell body.

2.4. Hydrogel Crosslink Density Influences the
Chondrocyte-Hydrogel Interface

Given that nascent matrix accumulation alters the interac-
tions between the cell and the hydrogel, we next sought to
understand whether the properties of the engineered hydrogel
impacts protein and proteoglycan deposition by culturing
chondrocytes within hydrogels of varied crosslink density.
The physical properties of the hydrogel may alter the cellular
microenvironment, influencing the deposition and distribu-
tion of secreted matrix through changes in the diffusivity of the
matrix (Figure S6, Supporting Information). To determine how
higher crosslink density modulates nascent matrix accumula-
tion, we encapsulated chondrocytes into hydrogels with higher
crosslinking and higher elastic moduli (19.2 + 1.3 kPa, defined
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Figure 3. Nascent proteins physically displace the hydrogel from the cell
membrane while proteoglycans interdigitate further within the hydrogel.
A) Schematic of hydrogel encapsulated beads to visualize the cell-hydrogel
interface. Fluorescent beads (diameter 0.2 um) are co-encapsulated with
chondrocytes and nascent matrix labeling enables visualization and quan-
tification of the cell-hydrogel interface. B) Representative images (magni-
fications on the right) of accumulated nascent proteins (white, left) and
nascent proteoglycans (cyan, right) of chondrocytes co-encapsulated
with fluorescent beads (orange) and cultured for up to 7 d (scale bars
10 um). C) Quantification of the distance of the closest bead per cell
for cultures up to 7 d and labeled for nascent proteins (see Figure S4
(Supporting Information) for methodology and Figure S5 (Supporting
Information) for bead distance of chondrocytes when labeled for nascent
proteoglycans, n = 40 cells per group from two independent biological
experiments, mean = SD, **p < 0.05, ****p < 0.0001, two-way ANOVA
with Bonferroni post hoc).
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Figure 4. Hydrogel crosslink density influences the cell-hydrogel inter-
face. A) Representative images (magnifications on the right) of accu-
mulated nascent proteins (white, left) and nascent proteoglycans (cyan,
right) of chondrocytes co-encapsulated with fluorescent beads (orange)
and cultured in softer (5 kPa) and stiffer (20 kPa) hydrogels after 7 d of
culture (scale bars 10 um). B) Quantification of the average thickness of
nascent proteins (left) and nascent proteoglycans (right) of encapsulated
chondrocytes after 7 d of culture (n =40 cells of two independent biolog-
ical experiments (nascent proteins), n =20 cells (hascent proteoglycans),
mean £ SD, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test).
C) Quantification of the distance of the closest bead to chondrocytes after
labeling for nascent proteins (left) or nascent proteoglycans (right) after
7 d of culture (n = 40 cells of two independent biological experiments
(nascent proteins), n = 20 cells (nascent proteoglycans), mean + SD with
no significant difference by two-tailed Student’s t-test).

5 kPa:

]

20 kPa

as ‘20 kPa’) as measured in compression and compared these to
the previously used 5 kPa hydrogels. Hydrogel moduli for both
5 and 20 kPa constructs were stable in chondrogenic media and
enabled culture of viable chondrocytes for up to 7 d (Figure S7,
Supporting Information).

After 1 day of culture, the thickness of accumulated matrix
was reduced for chondrocytes in 20 kPa hydrogels compared to
5 kPa hydrogels (Figure S8, Supporting Information), and the
same trends were maintained after 7 d of culture (Figure 4A).
The increase in crosslink density also reduced the thickness
of nascent matrix secreted by encapsulated MSCs (Figure S9,
Supporting Information), and overall cell-to-cell variability in
matrix accumulation decreased when compared to MSCs cul-
tured within 5 kPa hydrogels (Figure S1, Supporting Informa-
tion). This indicates that both chondrocytes and MSCs within
hydrogels respond to hydrogel crosslink density, which controls
the extent of matrix deposition and distribution, consistent with
previous reports.’>1°l Quantification of the nascent protein and
proteoglycan thickness confirmed an approximately twofold
decrease in thickness for chondrocytes encapsulated within
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20 kPa hydrogels relative to those encapsulated within 5 kPa
hydrogels (Figure 4B). Conversely, the bead distances from the
cells were not significantly different between the 5 and 20 kPa
hydrogels at day 7 (Figure 4C), indicating a similar separation
of the hydrogel from the cell. Thus, this suggests that at higher
crosslinking densities the nascent matrix is more restricted to
the pericellular space and cannot extend into the hydrogel as
it does in less crosslinked hydrogels, likely reflecting a poten-
tial change in local matrix structure and architecture. These
observations are consistent with previous reports on increased
matrix distribution in lower density hydrogels such as hyalu-
ronic acid, agarose and poly(ethylene glycol) hydrogels;8»4l
however, it highlights that crosslink density differentially influ-
ences protein and proteoglycan distributions. Given this, moni-
toring newly secreted matrix components separately and over
time may inform the design of hydrogels that enable matrix dif-
fusion and connectivity, and as such enhance functional tissue
maturation.["/

2.5. Hydrogel Crosslink Density Influences Micromechanical
Properties at the Cell-Hydrogel Interface

As the accumulation of matrix alters the biophysical interac-
tion of the cell with the hydrogel,® we next asked how these
nascent matrix-mediated changes in the cellular environment
influence the local micromechanical properties. To begin to
understand the mechanical landscape of nascent matrix depos-
ited by cells in hydrogels, we used fluorescence-guided atomic
force microscopy (AFM) upon metabolic labeling and cryosec-
tioning."” This technique allowed us to identify the pericel-
lular environment and measure the local elastic moduli around
individual cells. Guided by the metabolically labeled matrix, we
generated micromechanical maps of 20 pm x 20 um dimen-
sion, and radial profile plots enabled quantification of the peri-
cellular mechanics (Figure 5A).

Micromechanical mapping confirmed that the elastic
modulus was altered by varying the crosslink density as indi-
cated by similar values measured under compression (5 kPa:
5.1 £ 2.4 kPa; 20 kPa: 19.2 £+ 2.1 kPa). Using this technique,
we observed distinct pericellular regions that extended into
the hydrogel (5 kPa), whereas these regions were found more
closely to the cell boundary in 20 kPa hydrogels (Figure 5B).
These observations corresponded well with nascent matrix
measurements in 5 and 20 kPa hydrogels after 7 d of culture
(Figure 4B). Radial profile analysis across the pericellular envi-
ronment showed decreased moduli as a function of distance
from the cell boundary, which plateaued at 5 kPa, consistent
with the elastic modulus of the initial hydrogel (Figure 5C).
Conversely, in 20 kPa hydrogels the modulus was lower in the
pericellular region and increased outward from the cell body.
These findings confirm that nascent matrix distribution by cells
encapsulated within hydrogels is influenced by the properties
of the existing microenvironment and likely contributes to the
mechanical properties of their pericellular environment.

Previous reports have used AFM indentation to explore
changes in pericellular matrix mechanics of hydrogel-embedded
cells by measuring heterogeneity as an indicator of differences
in matrix stiffness.?”l However, the method established here
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Figure 5. Hydrogel crosslink density alters pericellular mechanics at
the cell-hydrogel interface. A) Schematic (top) illustrating fluorescence-
guided atomic force microscopy (AFM) indentation of an 8 um-thick
unfixed cryosection and the regions (bottom) used to plot the elastic
moduli of the pericellular matrix. B) Representative force maps
(20 um x 20 pum) of a region containing a chondrocyte within 5 and
20 kPa hydrogels after 7 d of culture in chondrogenic media. C) Radial
profiles of the pericellular matrix elastic moduli measured after 7 d of
culture. Lines represent median intensity profiles; shaded areas repre-
sent standard deviation (n = 4 cells per group from three independent
biological experiments).

allows characterization of individual cells and their local matrix
environment, which could broadly be impactful toward deter-
mining how this mechanical environment is sensed by encap-
sulated cells. Specifically, we found that chondrocytes modulate
their pericellular matrix mechanics, and that this process leads
to pericellular matrix mechanics that are stiffer or softer than
the initial hydrogel modulus. Previous work has studied the
micromechanical environment of chondrocytes with regard to
mechanical loading in which pericellular matrix structure and
integrity regulated the mechanochemical changes that can be
sensed by the cells.?!! This may also be important in the con-
text of tissue engineering where in vivo physical cues, such as
mechanical loading, are often recapitulated to enhance chon-
drogenic differentiation and matrix distribution.??’ Under-
standing how nascent proteins and proteoglycans contribute
to the transduction of these extracellular signals may improve
the design of biomaterials and mechanical loading regimes that
enhance maturation of engineered cartilage constructs.
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3. Conclusion

In this work, we assessed the influence of newly secreted matrix
accumulation and engineered hydrogel properties on cell-
hydrogel interactions of chondrocytes and MSCs undergoing
chondrogenesis. Synthetic hydrogels are widely used as a system
that recapitulates certain aspects of native tissue and supports
chondrogenesis and maturation into functional tissue.l’) The
aim of this study was to probe the interface between cells and
hydrogels by using a nondegradable hydrogel system that ena-
bles quantitative measurements, but with the limitation that
this culture model does not replicate the physiological or the
pathological state of cartilaginous tissue. By labeling the nascent
matrix and localizing the engineered hydrogel with immobi-
lized fluorescent beads, we obtained a further understanding of
the spatiotemporal changes at the chondrocyte-hydrogel inter-
face. We found that within 1 day of culture secreted proteins
and proteoglycans accumulated in the pericellular space and
that this nascent matrix physically displaced the hydrogel from
the cell membrane. With time, the newly secreted matrix dis-
tributed further throughout the hydrogel and altered the peri-
cellular mechanics, and this was controlled by the crosslinking
density of the hydrogel. These findings build on previous obser-
vations of matrix distribution within engineered hydrogels and
demonstrate that these bulk changes impact the engineered
pericellular environment of individual cells.

These observed differences and insights into this interface
will be important when designing hydrogels to enhance chon-
drogenesis, including the modification with proteins or pep-
tides that are engineered to directly interact with encapsulated
cells.l??l Further, these tools may be useful for exploring how
new approaches to modify hydrogels that sequester or interact
with matrix components may influence matrix distribution
and this interface, as well as the release of these components
into the media. While this study sought to define the effect of
matrix accumulation on physical interactions within relatively
simple hydrogels, the inclusion of degradable crosslinkers or
polymersB24 and other parameters such as soluble factors
can also alter matrix secretion and distribution.?®! Notably, nas-
cent protein and/or proteoglycan labeling would also be able
to identify matrix patterns in response to partial degradation
in hydrogels crosslinked with varying ratios of degradable and
nondegradable bonds”*%¢! or photodegradable linkages (e.g.,
ortho-nitrobenzyl (0-NB) linker groups).””) In addition, juve-
nile bovine chondrocytes used in this study quickly deposited
a dense pericellular matrix, but the ability of embedded cells,
as indicated by encapsulated bovine MSCs, to synthesize and
accumulate this matrix will be dependent on cell type, donor
species and age, as well as in vitro passaging prior encapsula-
tion.1?8! Taken together, our findings implicate that the timing
and accessibility of these engineered signals may be a critical
parameter in the design of biomaterials for applications in
tissue engineering and regenerative medicine.

4. Experimental Section

Hydrogel Synthesis: NorHA was synthesized by first converting sodium
hyaluronate (75 kDa, Lifecore, Chaska, MN) to HA tert-butyl ammonium
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salt (HA-TBA) using Dowex 50W proton exchange resin. HA-TBA was
then reacted in the presence of (3 equivalent) 4-(dimethylamino)pyridine
(1.5 equivalent) and ditert-butyl dicarbonate (Boc,0, 0.4 equivalent). The
product was purified by dialyzing against deionized water for ~2 weeks,
adding sodium chloride (NaCl) (1 g NaCl per 100 mL of solution), and
then precipitating with tenfold excess acetone at 4 °C, as previously
described.?’l The precipitate was re-dissolved in deionized water, frozen
at —80 °C, and then lyophilized. The macromer was characterized by 'H
nuclear magnetic resonance (Bruker Advance 360 MHz, Bruker, Billerica,
MA) and then stored at —20 °C (Figure S10, Supporting Information).

Hydrogel Formation: Macromers were sterilized using a germicidal
lamp in a laminar flow hood for 30 min. NorHA was dissolved in
sterile phosphate buffered saline (PBS) containing 0.05 wt% 2-methyl-
1-[4- (hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959, 12959,
Ciba, Basel, Switzerland) and dithiothreitol (DTT, Millipore Sigma) for
crosslinking. The degree of crosslinking was controlled via the ratio of
thiols in DTT to norbornene groups.

Mechanical Characterization: Hydrogels (5 mm diameter cylinders)
underwent compression testing using a Dynamic Mechanical Analyzer
Q800 (DMAQ800, TA Instruments, New Castle, DE). Samples were
preloaded (0.01N) and compressed via force ramp (0.5Nmin™") until
they reached 70% of their initial thickness. The compressive moduli were
calculated as the slope from 10% to 20% strain.

Fluorescence Recovery after Photobleaching (FRAP): FRAP experiments
were performed using a Leica SP5 Il confocal microscope. Hydrogel
films (=660um thickness) containing 100 uM soluble fluorescein
isothiocyanate-(FITC) dextran (average molecular weight 70 and
150 kDa) were placed between coverslips. A 40 um diameter region was
bleached with an Argon laser for 40 s; pre- and postbleaching images
were recorded every 4 s. Data were analyzed using a custom MATLAB
script that fit recovery using an exponential model

f(t)=b*exp(—TTD) U]

where f(t) is the normalized recovery profile, t is the time (s), 7p is the
characteristic diffusion time (s), and b is an approximation of the total
fraction of the total fraction of FITC-dextran that is bleached.

Effective diffusivities were calculated according to

(1)2
4*TD

Des = @)
where D is the effective diffusivity (um? s7') and @ represents the
bleach spot radius (um).r®3°

Cell Encapsulation and Culture: Primary bovine chondrocytes and MSCs
were isolated from juvenile bovine knees (Research 87, Boylston MA) as
previously described.® Briefly, articular cartilage pieces were digested in
collagenase for 20 h at 37 °C/5% CO, and filtered (70 um cell strainer).
For MSC isolation, trabecular bone cubes were washed with Dulbecco’s
modified Eagle’s medium (DMEM) (2 mg mL™" heparin) to collect
bone marrow, cells pelleted and cultured in high-glucose DMEM until
colonies showed =80% confluency.?4 Chondrocytes or MSCs were then
encapsulated at a density of 5 x 10° cells mL™" in NorHA hydrogel films
(=660um thickness) that were cut into 5 mm X 5 mm constructs and
cultured in 48-well plates. When stated, red-fluorescent polystyrene beads
(nominal diameter =0.190 to 0.210 um, emission/excitation 540/600 nm,
Bangs Laboratories) were co-encapsulated with cells at =3 x 10" beads
mL™" to visualize the hydrogels. Constructs were cultured in “AHA
media,” a chondrogenic media consisting of glutamine-, methionine-,
and cystine-free high-glucose DMEM, 0.1 x 10 m dexamethasone
(Sigma-Aldrich), 4 x 10 m GlutaMAX supplement (Thermo Fisher),
0.201 X 1073 M L-cystine (Sigma-Aldrich), 100 pg mL™" sodium pyruvate
(Cellgro), 1.25 mg mL™ bovine serum albumin (BSA), 0.1% insulin-
transferring-selenium (ITS) + premix, 50 ug mL™ ascorbate 2-phosphate,
40 pg mL" Lproline, and 1% penicillin-streptomycin-amphotericin,
further supplemented with 10 ng mL™ TGF-$3, and 0.1 x 103 m AHA,
or “ManNAz media” consisting of glutamine-, methionine-, and
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cystine-free high-glucose DMEM, 0.1 x 10 M dexamethasone, 4 X
107 m L-glutamine, 0.201 x 107 M L-cystine, 100 ug mL™" sodium pyruvate,
1.25 mg mL™" BSA, 0.1% ITS+ Premix, 50 g mL™" ascorbate 2-phosphate,
40 pg mL™" Lproline, and 1% penicillin-streptomycin-amphotericin,
further supplemented with 10 ng mL™ TGF/3-3 and 0.05 x 1073 M ManNAz.
Constructs were cultured for up to 7 d in the designated media for either
nascent protein or proteoglycan labeling.

Cell Viability: For viability analysis, chondrocytes encapsulated in
hydrogels were stained using a Live/Dead cell viability assay (Invitrogen)
according to the manufacturer’s instructions. Viability was quantified
from confocal stacks acquired using a Leica SP5 Il confocal microscope
and reported as the ratio of calcein-AM-stained cells to the total cell
number.

Nascent Matrix Labeling and Quantification: Constructs were harvested
by first staining live cells using a fluorophore-conjugated cyclooctyne
(DBCO-488) in PBS containing 1% BSA.°d Hydrogels were washed
twice in PBS, followed by a 40 min incubation in 30x 10°® m DBCO-488
at 37 °C/5% CO,. After three washes with PBS, hydrogels were fixed in
10% formalin for 30 min at room temperature followed by three washes
in PBS and storage at 4 °C. These fixed constructs were then stained
with a plasma membrane stain (CellMask Deep Red, 1:1000 dilution,
Invitrogen) and a nuclear stain (Hoechst 33342, 5 pg mL™, Thermo
Fisher) for 40 min and were subsequently washed twice with PBS
immediately prior to imaging. Constructs were imaged using a Leica SP5
Il confocal microscope to acquire z-stacks of nuclei, cell membranes,
beads, and labeled matrix. Bead encapsulation was validated by
selecting random 50 um x 50 um squares at least 20 um removed
from the cells and matrix signals (n = 3 squares) in images acquired at
190 x 1.4 NA (0.15 um per pixel) and quantifying mean bead densities
at each timepoint (Figure S2, Supporting Information). Average local
matrix thickness at the midsection of each cell was measured radially
(n = 5 measurements per cell) as the distance that the matrix extended
past the outer edge of the cell membrane. The bead-to-chondrocyte
distance was quantified as the distance between the outer edge of the
cell membrane to the closest proximal bead at the cell midsection.
Radial intensity profiles were generated by collecting and averaging
intensity profiles (n =5 per cell) across the midsections of n = 20 cells
per group, where each profile was normalized to its maximum intensity
and truncated to only include the signal starting at the outer edge of the
cell membrane (Figure 2C).

Immunostaining: Before immunostaining, hydrogels were blocked in
PBS containing 2% BSA. Primary antibodies were diluted in PBS containing
2% BSA and hydrogels were stained at 4 °C overnight. Antibodies and
dilutions included anticollagen type Il (1:100; DSHB 1I-116B3), anticollagen
type VI (1:250, Abcam ab6588), antichondroitin sulfate (1:200, Millipore
MAB1581), and antiaggrecan (1:50, Abcam ab2778). After three PBS
washes, the secondary antibody Alexa Fluor-594 1gG H&L (1:200; Abcam
ab150080) was added for 2 h at room temperature. Hydrogels were
washed three times, followed by DAPI staining (1:1.000; Invitrogen D1306,
in PBS) for 20 min at room temperature.

Fluorescence-guided Nanoindentation: To quantify the micromechanical
properties of newly secreted matrix, chondrocytes were cultured for
7 d in either AHA or ManNAz containing chondrogenic media,
dibenzocyclooctyne (DBCO)-labeled as described above, and snap-
frozen. Hydrogels were then embedded in optimal cutting temperature
medium upon cryoprotection with 30% sucrose and 8 um thick, unfixed
cryosections prepared using the Kawamoto’s film method.?*l Guided by
the fluorescent labeling, AFM-nanomechanical mapping was performed
using microspherical tips (R = 2.25 um, nominal k = 0.03 N m™,
HQ:CSC38/tipless/Cr-Au, Cantilever B NanoAndMore) and an MFP-3D
AFM (Asylum Research, Santa Barbara, CA) in PBS. For each map,
a 40 x 40 indentation grid was acquired over a 20 um x 20 pm ROI
containing a well-defined cell. The effective indentation modulus, E;,q4,
was calculated via the finite thickness-corrected Hertz model.*

Statistical Analysis: Graphpad Prism 8.1.2 software was used for
data analysis and graph plotting. Data were determined to be normally
distributed. Analyses of significance between two experimental groups
were performed using two-tailed Student’s t-tests and one-way ANOVA
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with Bonferroni post hoc testing for comparisons between more than
two experimental groups. p-Values are indicated in the figures. All
experiments were repeated as described in the figure legends.

Supporting Information

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