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Pericellular Matrix Formation and Atomic Force Microscopy
of Single Primary Human Chondrocytes Cultured in Alginate

Microgels

Jacob P. Fredrikson, Priyanka P. Brahmachary, Ronald K. June, Lewis M. Cox,

and Connie B. Chang*

One of the main components of articular cartilage is the chondrocyte’s
pericellular matrix (PCM), which is critical for regulating
mechanotransduction, biochemical cues, and healthy cartilage development.
Here, individual primary human chondrocytes (PHC) are encapsulated and
cultured in 50 pm diameter alginate microgels using drop-based
microfluidics. This unique culturing method enables PCM formation and
manipulation of individual cells. Over ten days, matrix formation is observed
using autofluorescence imaging, and the elastic moduli of isolated cells are
measured using AFM. Matrix production and elastic modulus increase are
observed for the chondrons cultured in microgels. Furthermore, the elastic
modulus of cells grown in microgels increases ~ten-fold over ten days, nearly
reaching the elastic modulus of in vivo PCM. The AFM data is further
analyzed using a Gaussian mixture model and shows that the population of
PHCs grown in microgels exhibit two distinct populations with elastic moduli
averaging 9.0 and 38.0 kPa. Overall, this work shows that microgels provide
an excellent culture platform for the growth and isolation of PHCs, enabling
PCM formation that is mechanically similar to native PCM. The microgel
culture platform presented here has the potential to revolutionize cartilage

running, and jumping.l'! However, acute
injuries to the AC have limited self-repair
capabilities due to their avascular nature
and low cell density?l Consequently,
such injuries often lead to osteoarthritis
(OA), the most common degenerative
joint disease affecting over 300 million
people worldwide.>*]  Unfortunately,
treatment options for acute injuries and
OA are limited, and many treatments
create mechanically inferior cartilage
compared to native AC.2*°1 Matrix-
assisted autologous chondrocyte trans-
plantation (MACI), a laboratory-based
tissue engineering approach to cartilage
regeneration, is currently one of the most
effective treatment options.!>*! In MACI,
a small portion of healthy cartilage is
taken from the patient, and the chon-
drocytes are isolated from the cartilage
and expanded without passaging using
standard in vitro cell culture.24%7] The

regeneration procedures through the inclusion of in vitro developed PCM.

1. Introduction

Articular cartilage (AC) is the soft load-bearing tissue lining
the interface of joints and is responsible for shock absorption
and wear resistance from everyday activities such as walking,

cells are then transplanted back into the
patient with a membrane typically made
of porcine collagen /111124671 However,
MACI has certain drawbacks: 1) During expansion on tissue cul-
ture plastic, most chondrocytes quickly dedifferentiate into osteo-
cytes and fibroblasts, losing their ability to produce cartilage.[8-131
2) Expanded cells lack a pericellular matrix (PCM), a 1-5 um
layer of collagens, glycoproteins, and proteoglycans that en-
capsulates the cells and plays a critical role in cell viability,
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mechanotransduction, regulating biochemical cues, and healthy
cartilage development.!'*18]

Culturing chondrocytes in 3D hydrogels, rather than on tissue
culture plastic, has been shown to retain the chondrocyte pheno-
type and even reverse dedifferentiation.>!”) Additionally, chon-
drocytes grown in 3D hydrogels produce PCM and other matrix
components.I>1*2°l However, the large bulk hydrogels typically
used for cell culture, ranging in size from millimeters to cen-
timeters, are not suitable for MACL[22!] These bulk hydrogels
are often not injectable, requiring the extraction of cells from
the hydrogels for compatibility with MACL[?! An alternative to
bulk hydrogel culture is the use of microscale hydrogel parti-
cles known as microgels. Microgels offer several advantages com-
pared to bulk culture: 1) Microgels are easily injectable due to
their collective shear-thinning behavior.!-23] 2) By reducing the
size of the hydrogels to the microscale, the surface area-to-volume
ratio increases, facilitating the delivery of nutrients and other
bioactive compounds to the encapsulated cells by reducing dif-
fusion distances.?'"23] Our group has previously demonstrated a
novel method of encapsulating single primary human chondro-
cytes (PHCs) in 3D alginate microgels that are ~#100 um in diam-
eter, enabling the cells to maintain their chondrocyte phenotype
and form a collagen VI-rich PCM.["*l While our previous studies
analyzed differences in metabolomic profiles, they did not inves-
tigate the mechanical similarity between the in vitro developed
PCM in microgels and the in vivo formed PCM. Since the PCM
directly transfers extracellular mechanical loads to chondrocytes,
itis crucial to understand the biomechanical properties of in vitro
developed PCM.[14-18.24]

In this study, we encapsulate individual primary human chon-
drocytes (PHC) isolated from patient knees and culture them
in alginate microgels created using drop-based microfluidics.
This unique culturing method enables PCM formation and
manipulation of individual cells.'*] Subsequently, we remove
the alginate using chemical degradation and isolate the single
cells into microscale wells created using photolithography for
downstream atomic force microscopy (AFM). Over a period of
ten days, matrix formation is observed using autofluorescence
imaging and the elastic moduli of the isolated cells are measured
using AFM. We compare the biochemical and biomechanical
properties of cells cultured in monolayers to those cultured in
microgels over ten days. We observe negligible change in both
matrix formation and elastic modulus of the chondrons cultured
in monolayer. In contrast, matrix production and elastic moduli
increase in the chondrons cultured in microgels. Furthermore,
the elastic modulus of cells grown in microgels increases ap-
proximately ten-fold over ten days, nearly reaching the elastic
modulus of in vivo PCM. We further analyze the AFM data using
a Gaussian mixture model and find that the population of PHCs
grown in microgels exhibit two heterogeneous outcomes of PCM
formation. Specifically, two distinct populations were identified:
the first with an average elastic modulus of 9.0 kPa, and the
second with an average elastic modulus of 38.0 kPa, accounting
for 54% and 46% of the population, respectively. The second
population was mechanically similar to in vivo PCM, which
has an elastic modulus of 25-1000 kPa.['15-17.24-27] Overall, our
results demonstrate that the in vitro microgel culture platform
enables PHCs to form PCM that is mechanically similar to native
PCM.
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2. Results

An overview of the experimental methodology used in this work
is presented in Figure 1. Briefly, we present a method for cultur-
ing individual PHCs within ~50 um diameter alginate microgels.
The microgels are dissolved, and the cells are measured under
AFM. PHCs are harvested from donor tissue obtained from pa-
tients undergoing knee replacements and encapsulated in algi-
nate microgels using drop-based microfluidics, as we have pre-
viously developed (Figure 1A,B).["*1 The 3D microenvironment
of the alginate microgels facilitates nutrient diffusion to the en-
capsulated single cells and promotes the formation of PCM sur-
rounding PHC chondrons (Figure 1C). After 10 days in culture,
the alginate surrounding the cells is dissolved (Figure 1D), and
the cells are gently centrifuged onto a microscale well-plate cre-
ated using photolithography (Figure 1E). The mechanical proper-
ties of the chondrons are then measured using AFM (Figure 1F).

2.1. Analysis of PCM Formation from Single PHCs Encapsulated
within Alginate Microgels

Collagen VI, a biomarker for the PCM, and many other
PCM components and collagens, autofluorescence when ex-
cited with wavelengths of light ranging from UV to blue (365-
415 nm).[1*28301 In a previous study, we measured the forma-
tion of PCM in SW1353 cells, a chondrosarcoma cell line, over
10 days in microgel culture using autofluorescence imaging.['*]
Results showed increased intensities surrounding the cells, indi-
cating increased matrix protein expression of the cells cultured in
alginate microgels compared to cells cultured in a monolayer.'*]
This label-free approach allowed for the quantification of PCM
formation over time while the cells were cultured in 3D alginate
microenvironments. In this study, we apply the same methodol-
ogy to quantify PCM formation of PHC cells isolated from knee
replacements of female patients aged 63 to 72 (Bozeman Dea-
coness Hospital, MSU).

As previously described, the isolated PHCs were cultured in
both 3-D microgels and 2D monolayers on standard tissue cul-
ture flasks. Autofluorescence imaging was performed on days
0,1, 4, 7, and 10. PHCs grown in 2D monolayers are known to
produce minimal amounts of collagen in the PCM."! As a con-
trol experiment, we expanded PHCs on tissue culture flasks, and
as expected, the autofluorescence images of the cells cultured in
monolayers showed no observable signal on day 0 and no change
in signal at any time point over the 10 days, indicating minimal
matrix components (Figure S1, Supporting Information).

By contrast, when PHCs were grown in microgels formed us-
ing drop-based microfluidics, autofluorescence visibly increased
at each time point (Figure 2A,B).The cells grown in monolayers
displayed a statistically non-significant change in fluorescence in-
tensity over the ten days (Multiple linear regression, p = 0.85)
(Figure 2B, red triangles), confirming minimal matrix compo-
nent formation in monolayer cultures. However, cells grown in
microgels showed a linear increase in fluorescence intensity over
time (p << 0.0001). Quantitative image analysis revealed that
the average fluorescence intensity across the area of each cell
grown in microgels increased at a rate of 111 + 12 a.u. per
day (Figure 2B, blue squares). These results indicate that PHCs
grown in alginate microgels produce matrix components which
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Figure 1. Schematic of Experimental Design: A) Primary human chondrocytes (PHC) are suspended in the alginate precursor at 4 x 10 cells mL~".
B) PHCs are encapsulated in alginate microgels using drop-based microfluidics. C) Microgels are washed and cultured in media for 10 days where
chondrocytes form a collagen Vl-rich PCM. D) On days 1, 6, and 10, cells are removed from the microgels using sodium citrate and EDTA washes. E)
The released cells are centrifuged into well-traps created using photolithography. F) The elastic moduli of the cells are measured using AFM.

remain surrounding the cell at significantly higher rates than
when grown in monolayers.

We also compared the growth of PHCs and SW1353 cells in
monolayers versus microgels as a control experiment. The aut-
ofluorescence signal from PHCs grown in microgels increased
at a rate of ~70 a.u. per day, which was ~5 times faster than
SW1353 cells in microgels. The final pixel intensity reached
1258 + 537 a.u. for PHCs and 347 + 73 au. for SW1353
cells (Figure S2, Supporting Information). As expected, these re-
sults confirm that PHCs produce more matrix components than
SW1535 cells, likely due to the higher expression levels of an-
abolic genes involved in matrix production.l!]

Our prior work using immunofluorescence has demonstrated
that PHCs cultured in alginate microgels produce a PCM-like
structure composed of collagen VLIl However, in these ex-
periments, the PHCs were not released from the microgels.
While recent advancements have allowed for imaging of cell or-
ganelles using AFM force curves without breaching the cell wall,
quantifying the elastic modulus of subsurface structures at un-
known distances beneath the imaging surface of the probe tip
remains infeasible.?! To directly measure the elastic modulus
of the PCM-like structure, we first dissolved the microgels using
sodium citrate and EDTA, which are typical reagents for alginate
dissolution, before conducting AFM characterization of the elas-
tic modulus. This approach enables direct actuation of the PHCs
by the AFM probe tip without the presence of alginate. To assess
whether the dissolution process affected the structure of the de-
veloping PCM, PHCs on days 1, 6, and 10 were fixed and stained
for collagen VI using antibodies before and after microgel dis-
solution. We compared the fluorescence of the cells before and
after microgel dissolution on these specific days. Representative
cell images of intact microgels before and after dissolution can
be seen in Figure 3.

Prior to dissolution, a thin layer of collagen VI can be ob-
served surrounding the cell on day 1 (Figure 3A-ii), which be-
comes thicker by day 6 (Figure 3B-ii). By day 10, the entire region
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surrounding the cell shows a significant amount of collagen VI,
resembling the PCM typically observed in vivo (Figure 3C-ii). Fol-
lowing microgel dissolution on day 1, there appeared to be no dif-
ference in collagen VI expression between cells in microgels and
cells after dissolution, with a thin layer of collagen VI remaining
immediately surrounding each cell (Figure 3A-ii,D-ii). Before mi-
crogel dissolution on day 6, more diffuse signal is observed radi-
ating from the cell (Figure 3B-ii). However, after microgel disso-
lution on day 6, the diffuse signal observed further from the cell
in intact microgels is no longer present (Figure 3B-ii vs 3E-ii).
In fact, only a thin layer of collagen VI immediately surround-
ing the cell remained (Figure 3Eii), similar to cells in microgels
on day 1 (Figure 3A-ii). After microgel dissolution on day 10, the
region surrounding the cells exhibits a significant amount of col-
lagen VI immediately encasing the cell, which extends into the
surrounding area (Figure 3C-ii vs 3F-ii). The PCM is also visible
in brightfield once released from the microgel (Figure 3F-i). By
day 10, the matrix is stable and strong enough that the dissolu-
tion of the microgel does not visibly affect the PCM produced by
the PHC. These results show that on day 6, the loss of the algi-
nate disrupts the developing PCM, whereas on day 10, the PCM
is well-formed enough to remain intact after dissolution of the al-
ginate. It is possible that the EDTA dissolution of the alginate mi-
crogels could disrupt some disulfide bonds in PCM cross-linking.
However, based on the presence of collagen VI on day 10, we hy-
pothesize that the loss of collagen VI on day 6 is due to the loss
of the alginate support, rather than the chemical effects of the
EDTA.3I

2.2. Elastic Moduli (E) of Individual PHCs Released from Alginate
Microgels and Measured using AFM

Understanding the mechanical properties, primarily the elas-
tic modulus (E), of PCM development in vitro is critical to
understanding how the chondrons will respond to mechani-
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Figure 2. Representative images of single PHC cells cultured in microgels over 10 days using fluorescence imaging; A) Brightfield and auto-fluorescence
images (ex. 350/em. 470) of PHCs encapsulated in alginate microgels and cultured for 10 days. Scale bar is 25 pm. B) Measured mean fluorescence
intensities of imaged PHCs over time with multiple linear regressions (N = 3, n = 20, p << 0.0001). PHCs encapsulated in microgels (blue squares,

dashed) and PHCs grown in monolayers (red triangles, dotted).

cal forces upon transplantation into patients. Here, AFM was
used to measure the elastic moduli of individual PHCs at dif-
ferent time points after their development in alginate microgels.
First, the microgels were dissolved to isolate the growing chon-
drons on days 1, 6, and 10. The isolated chondrons were then
suspended in PBS and gently centrifuged into microscale wells
(30 x 30 x 10 um) on a silicon wafer created using photolithog-
raphy. These wells allowed for the immobilization of single cells
for subsequent AFM measurements. As a control, PHCs grown
in monolayers were also removed from 2D tissue culture using
sodium citrate and EDTA and centrifuged into microscale wells.

Once cells were isolated into the microscale wells, AFM mea-
surements were conducted on individual cells. Force versus dis-
placement curves were acquired for 20 cells from each donor

Adv. Biology 2023, 2300268

(N=3)ondays 1, 6, and 10. Additionally, an 8 x 8 force map cov-
ering a 1 um? area was acquired for each cell and every other data
point was removed from analysis to minimize bias from neigh-
boring indentations. Representative force curves are depicted in
Figure 4A,B. The indentation depth to reach 2 nN for PHCs cul-
tured in monolayer was compared to that for PHCs cultured in
microgels. Cells cultured in monolayer reached an indentation
force of 2 nN at average indentation depths ranging from 1.33
to 1.91 ym on days 1, 6, and 10 (Figure 4A). For chondrons cul-
tured in microgels on day 1, the indentation depths were similar
to those of cells cultured in monolayers, with an average inden-
tation depth of 0.90 um (Figure 4B, Day 1). However, on days 6
and 10, significant decreases in the indentation depths were ob-
served, with the average indentation depths of 0.51 and 0.33 um,
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Figure 3. Collagen VI immunofluorescence; Representative Human Primary Chondrocyte (HPC) cultured in 1.5% w/w alginate microgels with the
microgels intact (A-C) and after dissolving the microgels using sodium citrate and EDTA (D-F). Cells were fixed and stained for collagen VI (green) and
nuclei (DAPI blue). Cells were imaged on days 1, 6, and 10 to match with AFM time points. Scale bars are 25 um.

respectively (Figure 4B, Day 6 and Day 10). This substantial
decrease in the indentation depth suggests that the chondrons
grown in microgels are undergoing matrix production and stiff-
ening.

To calculate E of the cells, the indentation force curves were
fit using a Hertzian model for a cone with a half angle of 36
degrees,!*?] and representative model fits are shown in Figure 4C.
The representative model fits for cells grown in monolayers on
days 1, 6, and 10 exhibit a slight softening with force versus in-
dentation curves becoming flatter as time progresses (Figure 4C,
red squares). Conversely, the representative model fits for cells
grown in microgels on days 1, 6, and 10 demonstrate substantial
stiffening of the chondrons with force versus indentation curves
becoming steeper as time increases (Figure 4C, blue triangles).
Cells initially cultured in monolayer displayed an average elas-
tic modulus of 2.1 + 0.7 kPa on day 1, and a minor decrease in
stiffness with an average elastic modulus of 0.7 + 0.3 kPa on day
10 (Figure 4D, red squares). By contrast, chondrons cultured in
microgels exhibited an average elastic modulus of 5.2 + 1.0 kPa
on day 1, and a significant increase in stiffness with an average
elastic modulus of 22.9 + 2.9 kPa by day 10 (Figure 4D, blue
triangles). The data were modeled using a linear mixed effects
model to quantify trends in the elastic moduli data. The linear
mixed effects model revealed that over the course of 10 days,
the slopes of the two lines were significantly different from each
other (p < 1.0 x 1073°); cells grown in monolayers decreased in
stiffness at a rate of 0.16 + 0.1 kPa per day, while cells grown
in microgels increased in stiffness at a rate of 1.91 + 0.2 kPa
per day. Interestingly, cells grown in both monolayers and mi-
crogels showed no significant difference in the modeled day 0
elastic modulus (p = 0.50), suggesting that the observed differ-

Adv. Biology 2023, 2300268

ence in elastic moduli by day 1 was due to culturing over 24 h.
These results indicate that microgel culture promotes rapid ma-
trix production within 24 h.

2.3. Heterogeneous Outcomes of PCM Formation in Microgels

Chondrocytes exhibit spatial heterogeneity, with pheno-
typic differences depending on their location within the
cartilage [11193435] The E of cells grown in microgels was
further analyzed, and when comparing the three donors, there
was no difference in mean E between donors on days 1, 6, and
10 (p > 0.46). Since there was no donor-related difference at
any time point, the E data from cells grown in microgels were
pooled together. On day 10, cells grown in microgels displayed a
wide distribution of E ranging from 3 to 119 kPa (Figure 5A Day
10). The histograms of individual F on day 1 showed a normal
distribution with no skewness (S = 0.05), and the mean and
median were approximately equal at 5.2 and 5.0 kPa, respec-
tively (Figure 5A, Day 1). However, on day 10, the distribution
becomes highly skewed (S = 0.43), and significant differences
in the mean and median were observed at 22.8 and 3.2 kPa,
respectively. These results indicate that on day 10, the mean E is
highly dominated by the skewed population.

Therefore, a Gaussian mixture model (GMM) was applied to
understand if the skew in E on day 10 was due to a subpopu-
lation of cells. After applying the GMM for up to three popu-
lations (k = 1 AIC = 536, k = 2 AIC = 485, k = 3 AIC = 490),
the model found that two distinct distributions provided the best
fit. The first population had a mean of 9.1 + 3.6 kPa, accounting
for 54.0% of the population, while the second population had a
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Figure 4. Atomic Force Microscopy Measurements; A) Representative force versus indentation curves of PHCs grown in monolayer on days 1, 6, and
10. Modeled Hertz fits are overlaid (red dashed). B) Representative force versus indentation curves of PHCs grown in microgels on days 1, 6, and 10.
Modeled Hertz fits are overlaid (red dashed). C) Average Hertz models for cells cultured in microgels (red squares) and cells cultured in monolayers
(blue triangles) on days 1 (dotted), 6 (dashed), and 10 (solid). D) Average elastic modulus and the standard deviation plotted for cells cultured in
microgels (blue triangles, dashed) and monolayer (red squares, dotted dashes). At each time point, 20 cells were measured for each donor and culture
condition (N = 3). When compared with a linear mixed effects model, modeled slopes were significantly different from each other (p < 0.0001) while
the modeled intercepts were not (p = 0.50) Error bars represent the standard deviation between donors.

mean of 39 + 7.9 kPa, accounting for 46.0% of the population
(Figure 5B). These results indicate that one subpopulation, ac-
counting for 54.0% of the population, exhibited only a slight in-
crease in stiffness compared to day 1, with a difference in E of
~4 kPa. The second subpopulation, representing 46.0% of the
population, became significantly stiffer with an E ~35 kPa higher
than on day 1. The second subpopulation falls within the range
of native PCM stiffness (25-1000 kPa, found through AFM, mi-
cropipette aspiration, and other methods).[*15-17:24-27]

In addition to studying the variations in PCM outcomes be-
tween cells, AFM enables the study of intracellular E differences
within individual cells, or the heterogeneity in elastic moduli at
different points on individual cells. During AFM force curve ac-
quisition, 8 x 8 force maps covering a 1 um? area were acquired
for each cell grown in microgels and every other data point was
removed from analysis to minimize bias from neighboring in-
dentations. The force maps were further analyzed, and the co-
efficient of variation (CV) was quantified for each cell, revealing
whether the produced matrix exhibited homogeneous or hetero-
geneous E over the 1 X 1 pm probed region. For example, rep-
resentative force maps for two cells grown in microgels on day
10 are displayed in Figure 5C-i,ii with similar E values (15 and
13 kPa). However, the cells displayed significantly different CVs,
indicating highly heterogeneous matrix in the probed regions of

Adv. Biology 2023, 2300268

one cell (Figure 5C-i, CV = 0.91), while the other cell exhibited a
more homogenous matrix (Figure 5C-ii, CV = 0.21). Histograms
of the intracellular heterogeneity for N = 60 cells on days 1, 6,
and 10 exhibited a wide range of CV values, ranging from 0.06
to 2.0 (Figure 5D). Interestingly, the distributions of intracellular
E CV did not change over time for the PHCs cultured in micro-
gels (p > 0.16). To determine if the CV correlated with E, linear
regressions were performed on cells grown in microgels on days
1, 6, and 10. The linear regression analysis revealed that on day 1,
there was no relationship between the average E and the CV of the
cell (p = 0.84) (Figure S3, Supporting Information Day 1). How-
ever, on days 6 and 10, a positive correlation was found between
E and the CV of the cell (p = 0.011 and 0.000011), indicating that
cells producing a higher E were more likely to exhibit heteroge-
neous matrix compared to cells that did not produce a stiff matrix
(Figure S3, Supporting Information, Day 6 and Day 10).

3. Discussion

In this work, we introduce a novel methodology for cultur-
ing single chondrocytes isolated from human knees within al-
ginate microgels created using drop-based microfluidics. This
approach allows for the formation of PCM around each cell
over a 10-day incubation period. After dissolving the alginate
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Figure 5. Intercell and Intracell Elastic Moduli Heterogeneity. A) Histograms of individual E from PHCs grown in microgels on days 1, 6, and 10. B)
Histogram of E for cells grown in microgels on day 10 plotted with the probability distribution function of the Gaussian mixture model with k = 2. C)
Representative force maps of PHCs cultured in microgels on day 10 with similar E (15 and 13 kPa) but different coefficients of variation (CV =0.91 and
0.21). Every other point shown was removed for statistical analysis to minimize bias from neighboring indentations. Scale bar is 200 nm. D) Histograms
of the intracell E CV from each cell’s force map on days 1, 6, and 10. Cells were cultured in microgels.

surrounding the cells, the biochemical and mechanical prop-
erties of the cells were analyzed using autofluorescence, im-
munofluorescence, and AFM.

To monitor and quantify matrix formation in microgels, we
employed autofluorescence imaging. We observed a significant
increase in the autofluorescence signal of PHCs cultured in mi-
crogels, compared to PHCs cultured in monolayer with negligi-
ble change in signal. This difference in autofluorescence corre-
sponds to the expected levels of collagen production, as PHCs
produce less collagen I, II, IV, and VI when cultured in mono-
layer and have potential to de-differentiate compared to when
cultured in 3D. Measuring cellular autofluorescence allows for
non-invasive monitoring of matrix production over time with-
out disturbing cells, unlike other assays such as immunofluo-
rescence staining. Additionally, this method enables quantitative
comparisons between different cell types. We discovered that the

Adv. Biology 2023, 2300268

autofluorescence signal of PHCs increases nearly 5 times faster
than SW1353 cells, providing further evidence to support that
even osteoarthritic PHCs from patients undergoing knee replace-
ments produce significantly more collagen than SW1353 cells.
PCM from patients with osteoarthritis have been shown to have
30-90% lower elastic moduli compared to normal cartilage.*®!
Further studies with PHCs from younger patients would likely
demonstrate higher elastic moduli.

We also investigated the mechanical properties of chondrons
grown in microgels over a 10-day period. We observed a rapid
increase in E of cells cultured in microgels, reaching nearly 10
times higher values compared to day 1, and approaching the
range of native PCM stiffness seen in vivo (25 — 1000 kPa)
(115-17.2427] ' Interestingly, the increase in E was evident as early
as 24 h in culture. In contrast, PHCs cultured in monolayers ex-
hibited negligible change in E over the same 10-day period. These
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findings suggest that microgels provide an excellent growth envi-
ronment for single-cell PHCs, allowing them to form PCM that
closely resembles native PCM. Notably, the distribution of E from
PHCs grown in microgels on day 10 was heterogeneous, indicat-
ing the presence of subpopulations with varying PCM produc-
tion capacities. By applying a Gaussian mixture model to the E
data, we identified two distinct subpopulations with mean values
centered at 9.1 + 3.6 and 39 + 7.9 kPa, accounting for approxi-
mately half of the cells each. This suggests that half of the PHCs
contributed significantly more to matrix formation on our study.
One possible explanation is that the chondrocytes in this study
were extracted from the entirety of full-thickness knee cartilage,
which has diverse chondrocyte populations with chondrocytes in
the deep zone experiencing higher compressive forces compared
to chondrocytes in the superficial zone.!11193435] The subpopu-
lations observed in our experiments could be due to the hetero-
geneity of cells within the cartilage, but additional studies target-
ing particular locations within the cartilage would be needed to
confirm this. Future work comparing isolated populations from
different cartilage zones (e.g., superficial versus deep) cultured in
microgels could provide insights into the ability to isolate more
advantageous cells for cartilage repair. Additionally, future exper-
iments comparing the elastic moduli of PHCs cultured in bulk
alginate gels compared to alginate microgel culture could provide
interesting insights into PHC PCM formation.

4, Conclusion

Our results demonstrate that microgel culture offers a superior
alternative to traditional methods for in vitro growth and expan-
sion of chondrocytes that can be applied to innovating regener-
ative medicine techniques. The microgels allow chondrocytes to
rapidly form a mature PCM in as short as 10 days. In existing
techniques such as MACI, cells are cultured for 3-6 weeks, but
by incorporating the microgel method for the final two weeks
of culture, cells could potentially be implanted with a more de-
veloped PCM without altering the overall culturing time. More-
over, techniques like MACI rely on cell adherence to a mem-
brane scaffold to prevent leakage and improve cell viability. In
contrast, microgels are easily injectable and would reduce the re-
liance on cell adherence to membranes, as the microgels are less
likely to leak due to their size.[>*2123] Additionally, by utilizing
non-invasive autofluorescence measurements, chondrocytes that
produce the most matrix components can potentially be isolated
and expanded, accelerating recovery times in regenerative carti-
lage procedures. Overall, our study demonstrates that microgels
provide an excellent culture platform for the growth and isolation
of PHCs, enabling PCM formation that is mechanically similar
to native PCM. The microgel culture platform presented here has
the potential to revolutionize cartilage regeneration procedures
by enhancing PCM growth around individual chondrocytes.

5. Experimental Section

Primary Human Chondrocyte Harvest and Cell Culture: Primary Hu-
man Chondrocytes (PHCs) were obtained from female Stage-IV os-
teoarthritis patients aged 63-73 undergoing total joint replacement un-
der IRB approval using established methods (N = 3/experiment).l37:38]
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Isolated chondrocytes were seeded onto 60 X 15 mm tissue cul-
ture dishes and maintained in Dulbecco’s Modified Eagle’s medium
(DMEM) (Gibco, Waltham, MA, USA) supplemented with Fetal Bovine
Serum (FBS) (10% v/v) (Bio-Techne, Minneapolis, MN, USA), penicillin
(10,000 I.U. mL™"), and streptomycin (10,000 ug mL™") in 5% CO, at
37 °C. PHCs were passaged at 90% confluence and used in all exper-
iments between passages 1-4. For autofluorescence imaging and AFM
experiments, cells were cultured with DMEM supplemented with FBS
(10% v/v), penicillin (10,000 1.U. mL™"), streptomycin (10,000 pug mL™"),
and 50 ug mL~" sodium ascorbate in 5% CO, at 37 °C.

SW1353 Cell Culture:  SW1353 chondrocytes, a cell line initiated from
a human chondrosarcoma and obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA), were cultured using standard tis-
sue culture techniques.!™! SW1353 cells were seeded onto 60 X 15 mm
tissue culture dishes and were maintained in DMEM supplemented
with FBS (10% v/v), penicillin (10,000 1.U. mL™"), and streptomycin
(10,000 ug mL™") in 5% CO, at 37 °C. SW1353 cells were passaged at
90% confluence and used in all experiments between passages 5-20. For
autofluorescence imaging experiments, cells were cultured with DMEM
supplemented with FBS (10% v/v), penicillin (10,000 I.U. mL™"), strepto-
mycin (10,000 ug mL~"), and 50 pg mL~" sodium ascorbate in 5% CO, at
37°C.

PDMS Microfluidic Device Fabrication: Negative master molds for
the microfluidic devices were prepared using standard photolithography
techniques.[™ Negative master molds were made with Nano SU-8-100
photoresist (Microchem, Round Rock, TX, USA) on 3” silicon wafers
(University Wafer Inc., Boston, MA, USA University Wafer ID: 447). The
microgel drop maker was fabricated to be 50 um in height. Devices
were treated with (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (1
v/v%) (Gelest) in NOVEC HFE 7500 fluorinated oil (3M, Saint Paul, MN,
USA) and left for solvent evaporation overnight at 55 °C.

AFM Well-Trap Fabrication: The well-traps were fabricated with Nano
SU-8-100 photoresist (Microchem, Round Rock, TX, USA) on 3” silicon
wafers (University Wafer Inc., Boston, MA, USA University Wafer |D: 447)
using standard photolithography techniques.['] To fit on the AFM, wafers
were cut into &1 X 1cm pieces using a diamond-tipped scribe. Wells were
designed as 30 x 30 x 10 pum rectangular prisms with heights of 10 pm.
Developed well-traps were rinsed with phosphate buffered saline (PBS)
prior to use.

Preparation of Microfluidic Microgel Reagents: To make the contin-
uous/oil phase, the surfactant Krytox 157 FSH (4% w/w) (Miller-
Stephenson, Danbury, CT, USA) was added to NOVEC HFE 7500 fluori-
nated oil (3 m, Saint Paul, MN, USA).[ The solution was filtered through
a 0.2 um hydrophobic polytetrafluoroethylene (PTFE) syringe filter to re-
move dust and other contaminants.

Two dispersed phase alginate precursor solutions were made as pre-
viously described.l#3%] The first (Alginate — precursor A) by mixing
CaCl, (80 mM), Na,EDTA (Ethylenediaminetetraacetic acid) (80 mM)
(Fisher Chemical, Hampton, NH, USA), and 3-(Morpholin-4-yl) propane-
1-sulfonic acid (MOPS) (40 mM) (VWR, Randor, PA, USA) with ultra-pure
water (18.2 MQ cm). The second (Alginate — precursor B) was made by
mixing Zn (CH3;CO,), (80 mM), EDDA (Ethylenediaminediacetic acid)
(80 mM) (TCI Chemicals, Tokyo, Japan), and MOPS (40 mM) with ultra-
pure water (50 mL) (18.2 MQ cm). The pH of both solutions was adjusted
to 7.2 using NaOH (10 M). Sodium alginate (1.5% w/w) (Sigma, St. Louis,
MO, USA, 9005-38-3) was mixed with each solution, then each was filtered
through a 0.2 um PES syringe filter (Argos Technologies).

Cell Encapsulation and Culture in Microgels: ~ For cell encapsulation and
culture in microgels, cells were prepared by removing them from mono-
layers using Trypsin-EDTA and then suspending them in DMEM supple-
mented with FBS (10% v/v), penicillin (10,000 1.U. mL~"), and strep-
tomycin (10,000 ug mL™") to inactivate the trypsin.l'¥l Cells were cen-
trifuged at 500 x g for 5 min and washed 3x with PBS. The cells were
then suspended in alginate-precursor A at 4 x 106 cells mL™" and loaded
into 1 mL syringes. Cells were encapsulated in 50 um diameter alginate
microgels following previous protocols.'*3°] The continuous flow rate
used was Qg = 2000 pL h~" and the dispersed phase flow rate used
was Qajgn = Qajgs = 250 pL h~1. After encapsulation and gelation, the
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microgels were washed with equal volumes of 1H,TH,2H,2H-Perfluoro-
octanal (PFO) (647-42-7, VWR) in HFE 7500 (20% v/v) and PBS to drops.
The microgels were collected from the PBS and suspended in DMEM sup-
plemented with FBS (10% v/v), penicillin (10,000 .U. mL™"), streptomycin
(10,000 pg mL~")), and 50 pg mL~" sodium ascorbate. Microgels were
added to 6 well plates at 1 x 10° cells per well and the volume was ad-
justed to 2 mL with media. Sodium ascorbate was added every 3 days to
supplement the media. Cells were incubated in 5% CO, at 37 °C.

Autofluorescence Imaging and Analysis: ~ Cells were imaged using an epi-
fluorescence microscope (Nikon Ti2 Eclipse) with a 20x objective over
10 days to capture bright field and autofluorescence (ex. 375 nm/ em.
415 nm). Cells were imaged on days 0, 1, 4, 7, and 10. To image cells
in microgels, 5 uL of microgels and media were pipetted onto a PTFE-
printed microscope slide. To image cells in monolayers, cells were grown
on 35 mm glass-bottom dishes (MatTek). Approximately 20 cells from
each donor (N = 3) were imaged per condition for each time point. The
background intensity was subtracted from each image using Fiji Image)
and the fluorescence intensity of each cell was measured using the Fiji
Image) distribution of TrackMate.[“*41] Autofluorescence curves were an-
alyzed using a multiple linear regression model in Matlab.

Alginate Dissolution and Chondron Isolation: ~ To isolate chondrons from
the alginate microgels, microgels were collected from the media via cen-
trifugation for T min at 200 X g and vortexed for 2 min with sodium citrate
(50 mM) and EDTA (80 mM) in PBS. The chondrons were then collected
via centrifugation for 5 min at 500 x g and washed 3x in PBS.

Immunofluorescence Staining and Imaging: ~ After days 1, 6, and 10 in
culture, PHCs grown in microgels were collected in microcentrifuge tubes
and washed with PBS. The sample was split with half the cells remaining
in microgels and half the cells being removed from microgels by dissolv-
ing the alginate. Cells were fixed with paraformaldehyde (PFA) (4% v/v) in
PBS for 15 min at room temperature and washed 3x with PBS. Cells were
blocked Bovine Serum Albumin (BSA) (2% w/v) in PBS at room tempera-
ture for 1 h and then washed 3x with PBS. Cells were permeabilized with
Triton-X (0.1% w/v) and BSA (0.125% w/v) in PBS and then washed 3x
with BSA (0.125% w/v) in PBS. The microgels were then incubated with
the primary antibody to collagen VI (5 ug mL~") (Rabbit Polyclonal Anti-
collagen VI antibody, ab6588 from Abcam, Boston, MA, USA), Triton-X
(0.1% w/v), and BSA (0.125% w/v) in PBS, incubated at room temper-
ature overnight and then washed 3x with BSA (0.125% w/v) in PBS. A
1 mL mixture of secondary antibody (Donkey anti-Rabbit IgG H&L Alexa
FluorR488) (5 ug mL™") (Abcam, Boston, MA, USA), Triton-X (0.1% w/v),
and BSA (0.125% w/v) in PBS, and Hoechst 33 342 Solution (20 ug mL™")
(ThermoFisher Scientific, USA) /PBS were added for 1 h at 37 °C and then
washed 3x with 0.125% BSA-PBS.

Cells and microgels were loaded onto glass slides and imaged in Phase
Contrast/DAPI/GFP. A total of 3—10 cells were imaged per condition.

Force Curve Acquisition and Analysis:  Cells grown in microgels were
prepared for AFM by first collecting the microgels on days 1, 6, and 10,
and dissolving the alginate microgels. Cells were then washed with PBS
and placed into the well-traps by pipetting the cell suspension onto the
trap and centrifuging at 2000 x g for 1 min.

Cells grown in monolayer were prepared for AFM by collecting the cells
using a cell scraper and sodium-citrate (50 mM)/EDTA (80 mM) in PBS.
Cells were then washed with PBS and placed into the well-traps by pipetting
the cell suspension onto the traps and centrifuging at 2000 x g for 1 min.

The cell-laden traps were placed in an AFM (Cypher S, Asylum Re-
search) outfitted with a droplet holding stage and qp-BioAC AFM probe
(Nanosensors). A cantilever with 0.1 N m~" spring constant was selected
for force curve collection and calibrated using the Sader method.[*?] Force
curves were performed using extension and retraction speeds of 1pm s™!
and a maximum force of 2 nN was reached. A Hertzian contact model
was applied to the force-distance data to calculate the average quasi-static
contact modulus of the substrate volume actuated under the probe tip
(referred to as elastic modulus in this work). The Hertzian model applied
used a tip conical tip geometry with a half angle of 36 degrees.[*?] The
contact point was identified when the applied force was larger than the
noise floor of the cantilever with no contact and was identified by the
AFM software package (Asylum Research Igor PRO 6.3B). The 2 nN max
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force was selected to minimize indentation depth and confine the actu-
ated volume, consistent with AFM cell mechanics literature.[*}] Accord-
ingly, indentation depths did not exceed 10% of the cell diameter. Cells
were located in brightfield, and the tip was placed approximately above
the middle of the cell (Figure S4, Supporting Information). Cell slippage
was not observed. 8x force maps were acquired for each cell, probing over
a 1x 1pum area. Every other data point was removed from analysis to min-
imize bias from neighboring indentations. Image surfaces were smooth at
tip-relevant length scales and no topography-related artifacts were noted.
Surface curvature was an order of magnitude greater than the indenta-
tion depth and periodic, nanometer scale features were not present in the
topographic scans. Twenty cells were imaged for each of cells grown in
microgels and monolayers on days 1, 6, and 10 for each donor (N = 3).
Force curves were analyzed using a Hertz equation to calculate E of each
cell. The Hertzian model applied used a tip conical tip geometry with a half
angle of 36 degrees.[3?]

Statistical differences in E between cells grown in monolayer and mi-
crogels (Figure 4D) were assessed using a linear mixed effects model. Sta-
tistical differences between microgels from each donor were tested with
two-sample T-tests. Differences in E of microgels on day 10 were examined
using a Gaussian mixture model. Differences in CV of microgels were as-
sessed using through two-sample T-tests and trends between E and CV
were tested using linear regressions. All statistics were performed in Mat-
lab (Mathworks, USA).

Representative force curves and maps were generated in the Igor Pro
software package and Matlab.

Statistical Analysis:  For autofluorescence experiments, ~20 cells from
each donor (N = 3) were imaged per condition for each time point. The
background intensity was subtracted from each image using Fiji Image)
and the fluorescence intensity of each cell was measured using the Fiji
Image)] distribution of TrackMate.[**41] Autofluorescence curves were an-
alyzed using a multiple linear regression model in Matlab.

For AFM experiments, where force maps were acquired, every other
data point was removed from analysis to minimize bias from neighboring
indentations. Twenty cells were imaged for each of cells grown in micro-
gels and monolayers on days 1, 6, and 10 for each donor (N = 3). Force
curves were analyzed using a Hertz equation to calculate E of each cell The
Hertzian model applied used a tip conical tip geometry with a half angle
of 36 degrees.[3?]

Statistical differences in E between cells grown in monolayer and mi-
crogels (Figure 4D) were assessed using a linear mixed effects model. Sta-
tistical differences between microgels from each donor were tested with
two-sample T-tests. Differences in E of microgels on day 10 were examined
using a Gaussian mixture model. Differences in CV of microgels were as-
sessed using through two-sample T-tests and trends between E and CV
were tested using linear regressions. All statistics were performed in Mat-
lab (Mathworks, USA).

Representative force curves and maps were generated in the Igor Pro
software package and Matlab.
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