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Abstract

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 µm 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 approximately 10-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 kPa 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 regeneration procedures through the inclusion of in vitro 
developed PCM.
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Graphical Abstract

Individual primary human chondrocytes (PHCs) are encapsulated and cultured in 50 µm diameter 

alginate microgels using drop-based microfluidics. Chondrocytes form a mature pericellular 

matrix (PCM) within ten days. The alginate is removed using chemical degradation and elastic 

moduli of single cells are measured using atomic force microscopy (AFM). These microgels 

enable PCM formation that is mechanically comparable to native PCM.
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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, running, and jumping [1]. However, acute injuries to the AC have 

limited self-repair capabilities due to their avascular nature and low cell density [2]. 

Consequently, such injuries often lead to osteoarthritis (OA), the most common degenerative 

joint disease affecting over 300 million people worldwide [2–4]. Unfortunately, treatment 

options for acute injuries and OA are limited, and many treatments create mechanically 

inferior cartilage compared to native AC [2,4,5]. Matrix-assisted autologous chondrocyte 

transplantation (MACI), a laboratory-based tissue engineering approach to cartilage 

regeneration, is currently one of the most effective treatment options [2,4]. In MACI, a 

small portion of healthy cartilage is taken from the patient, and the chondrocytes are 

isolated from the cartilage and expanded without passaging using standard in vitro cell 

culture [2,4,6,7]. The cells are then transplanted back into the patient with a membrane 

typically made of porcine collagen I/III [2,4,6,7]. However, MACI has certain drawbacks: 

(1) During expansion on tissue culture plastic, most chondrocytes quickly dedifferentiate 

into osteocytes and fibroblasts, losing their ability to produce cartilage [8–13]. (2) Expanded 

cells lack a pericellular matrix (PCM), a 1–5 μm layer of collagens, glycoproteins, 

and proteoglycans that encapsulates the cells and plays a critical role in cell viability, 

mechanotransduction, regulating biochemical cues, and healthy cartilage development [14–

18].

Culturing chondrocytes in three-dimensional (3-D) hydrogels, rather than on tissue 

culture plastic, has been shown to retain the chondrocyte phenotype and even reverse 

dedifferentiation [5,19]. Additionally, chondrocytes grown in 3-D hydrogels produce PCM 

and other matrix components [5,19,20]. However, the large bulk hydrogels typically used 

for cell culture, ranging in size from millimeters to centimeters, are not suitable for MACI 

Fredrikson et al. Page 2

Adv Biol (Weinh). Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[2,21]. These bulk hydrogels are often not injectable, requiring the extraction of cells 

from the hydrogels for compatibility with MACI [21]. An alternative to bulk hydrogel 

culture is the use of microscale hydrogel particles known as microgels. Microgels offer 

several advantages compared to bulk culture: (1) Microgels are easily injectable due to their 

collective shear-thinning behavior [21–23]. (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 diffusion distances 

[21–23]. Our group has previously demonstrated a novel method of encapsulating single 

primary human chondrocytes (PHCs) in 3-D alginate microgels that are approximately 

100 μm in diameter, enabling the cells to maintain their chondrocyte phenotype and 

form a collagen VI-rich PCM [14]. While our previous studies analyzed differences in 

metabolomic profiles, they did not investigate 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, it is crucial to understand the biomechanical 

properties of in vitro developed PCM [14–18,24].

In this study, we encapsulate individual primary human chondrocytes (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 

[14]. 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 

approximately tenfold 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 [1,15–

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.

Results:

An overview of the experimental methodology used in this work is presented in Figure 

1. Briefly, we present a method for culturing individual PHCs within approximately 50 

µm diameter alginate microgels. The microgels are dissolved, and the cells are measured 

under AFM. PHCs are harvested from donor tissue obtained from patients undergoing knee 

replacements and encapsulated in alginate microgels using drop-based microfluidics, as we 

have previously developed (Figure 1A–B)[14]. The 3-D microenvironment of the alginate 
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microgels facilitates nutrient diffusion to the encapsulated single cells and promotes the 

formation of PCM surrounding 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 created using photolithography (Figure 1E). The mechanical 

properties of the chondrons are then measured using AFM (Figure 1F).

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, 

autofluoresce when excited with wavelengths of light ranging from UV to blue (365–415 

nm) [14,28–30]. In a previous study, we measured the formation of PCM in SW1353 cells, 

a chondrosarcoma cell line, over 10 days in microgel culture using autofluorescence imaging 

[14]. Results showed increased intensities surrounding the cells, indicating increased matrix 

protein expression of the cells cultured in alginate microgels compared to cells cultured in 

a monolayer [14]. This label-free approach allowed for the quantification of PCM formation 

over time while the cells were cultured in 3-D alginate microenvironments. In this study, we 

apply the same methodology to quantify PCM formation of PHC cells isolated from knee 

replacements of female patients aged 63 to 72 (Bozeman Deaconess Hospital, MSU).

As previously described, the isolated PHCs were cultured in both 3-D microgels and 2-D 

monolayers on standard tissue culture flasks. Autofluorescence imaging was performed on 

days 0, 1, 4, 7, and 10. PHCs grown in 2-D monolayers are known to produce minimal 

amounts of collagen in the PCM [19]. As a control 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 (SI Figure 1).

By contrast, when PHCs were grown in microgels formed using 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 intensity over 

the ten days (Multiple linear regression, p = 0.85) (Figure 2B, red triangles), confirming 

minimal matrix component 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./day (Figure 2B, blue 

squares). These results indicate that PHCs grown in alginate microgels produce matrix 

components which 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 autofluorescence signal from PHCs grown in microgels increased 

at a rate of approximately 70 a.u./day, which was about 5 times faster than SW1353 cells 

in microgels. The final pixel intensity reached 1258 ± 537 a.u. for PHCs and 347 ± 73 a.u. 

for SW1353 cells (SI Figure 2). As expected, these results confirm that PHCs produce more 

matrix components than SW1535 cells, likely due to the higher expression levels of anabolic 

genes involved in matrix production [31].
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Our prior work using immunofluorescence has demonstrated that PHCs cultured in alginate 

microgels produce a PCM-like structure composed of collagen VI [14]. However, in these 

experiments, the PHCs were not released from the microgels. While recent advancements 

have allowed for imaging of cell organelles using AFM force curves without breaching the 

cell wall, quantifying the elastic modulus of subsurface structures at unknown distances 

beneath the imaging surface of the probe tip remains infeasible [32]. 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 elastic 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 developing PCM, PHCs on days 1, 6, 

and 10 were fixed and stained for collagen VI using antibodies before and after microgel 

dissolution. 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 observed surrounding the cell on 

day 1 (Figure 3A ii), which becomes thicker by day 6 (Figure 3Bii). By day 10, the entire 

region surrounding the cell shows a significant amount of collagen VI, resembling the PCM 

typically observed in vivo (Figure 3Cii). Following microgel dissolution on day 1, there 

appeared to be no difference 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 3Aii and 3Dii). Before microgel dissolution on day 6, more diffuse signal is 

observed radiating from the cell (Figure 3Bii). However, after microgel dissolution on day 

6, the diffuse signal observed further from the cell in intact microgels is no longer present 

(Figure 3Bii vs. 3Eii). In fact, only a thin layer of collagen VI immediately surrounding 

the cell remained (Figure 3Eii), similar to cells in microgels on day 1 (Figure 3Aii). After 

microgel dissolution on day 10, the region surrounding the cells exhibits a significant 

amount of collagen VI immediately encasing the cell, which extends into the surrounding 

area (Figure 3Cii vs. 3Fii). The PCM is also visible in brightfield once released from the 

microgel (Figure 3Fi). By day 10, the matrix is stable and strong enough that the dissolution 

of the microgel does not visibly affect the PCM produced by the PHC. These results show 

that on day 6, the loss of the alginate disrupts the developing PCM, whereas on day 10, 

the PCM is well-formed enough to remain intact after dissolution of the alginate. It is 

possible that the EDTA dissolution of the alginate microgels could disrupt some disulfide 

bonds in PCM crosslinking. However, based on the presence of collagen VI on day 10, we 

hypothesize 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 [33].

Elastic moduli (E) of individual PHCs released from alginate microgels and measured 
using AFM

Understanding the mechanical properties, primarily the elastic modulus (E), of PCM 

development in vitro is critical to understanding how the chondrons will respond to 

mechanical forces upon transplantation into patients. Here, AFM was used to measure the 

elastic moduli of individual PHCs at different time points after their development in alginate 
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microgels. First, the microgels were dissolved to isolate the growing chondrons on days 1, 

6, and 10. The isolated chondrons were then suspended in PBS and gently centrifuged into 

microscale wells (30 × 30 × 10 μm) on a silicon wafer created using photolithography. These 

wells allowed for the immobilization of single cells for subsequent AFM measurements. 

As a control, PHCs grown in monolayers were also removed from 2-D tissue culture using 

sodium citrate and EDTA and centrifuged into microscale wells.

Once cells were isolated into the microscale wells, AFM measurements were conducted 

on individual cells. Force versus displacement curves were acquired for 20 cells from each 

donor (N = 3) on days 1, 6, and 10. Additionally, an 8 × 8 force map covering a 1 µm2 

area was acquired for each cell and every other data point was removed from analysis to 

minimize bias from neighboring indentations. Representative force curves are depicted in 

Figure 4A and 4B. The indentation depth to reach 2 nN for PHCs cultured 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 µm on 

days 1, 6, and 10 (Figure 4A). For chondrons cultured in microgels on day 1, the indentation 

depths were similar to those of cells cultured in monolayers, with an average indentation 

depth of 0.90 µm (Figure 4B, Day 1). However, on days 6 and 10, significant decreases in 

the indentation depths were observed, with the average indentation depths of 0.51 and 0.33 

µm, 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 

stiffening.

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 [32], 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 indentation 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 elastic 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 × 10−30); cells grown in monolayers decreased in stiffness at a rate of 0.16 ± 

0.1 kPa/day, while cells grown in microgels increased in stiffness at a rate of 1.91 ± 0.2 

kPa/day. Interestingly, cells grown in both monolayers and microgels showed no significant 

difference in the modeled day 0 elastic modulus (p = 0.50), suggesting that the observed 

difference in elastic moduli by day 1 was due to culturing over 24 h. These results indicate 

that microgel culture promotes rapid matrix production within 24 h.
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Heterogeneous outcomes of PCM formation in microgels

Chondrocytes exhibit spatial heterogeneity, with phenotypic differences depending on their 

location within the cartilage [11,19,34,35]. 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 E 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, respectively (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 subpopulation of cells. After applying the GMM for up to three 

populations (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 mean of 39 ± 

7.9 kPa, accounting for 46.0% of the population (Figure 5B). These results indicate that 

one subpopulation, accounting for 54.0% of the population, exhibited only a slight increase 

in stiffness compared to day 1, with a difference in E of approximately 4 kPa. The second 

subpopulation, representing 46.0% of the population, became significantly stiffer with an E 
approximately 35 kPa higher than on day 1. The second subpopulation falls within the range 

of native PCM stiffness (25–1000 kPa, found through AFM, micropipette aspiration, and 

other methods) [1,15–17,24–27].

In addition to studying the variations in PCM outcomes between 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 acquisition, 8 × 

8 force maps covering a 1 µm2 area were acquired for each cell grown in microgels and 

every other data point was removed from analysis to minimize bias from neighboring 

indentations. The force maps were further analyzed, and the coefficient of variation (CV) 

was quantified for each cell, revealing whether the produced matrix exhibited homogeneous 

or heterogeneous E over the 1 × 1 μm probed region. For example, representative force 

maps for two cells grown in microgels on day 10 are displayed in Figure 5Ci–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 one cell (Figure 5Ci, CV 

= 0.91), while the other cell exhibited a more homogenous matrix (Figure 5Cii, 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 

microgels (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 
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cell (p = 0.84) (SI Figure 3 Day 1). However, 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 heterogeneous matrix compared to cells 

that did not produce a stiff matrix (SI Figure 3, Day 6 and Day 10).

Discussion:

In this work, we introduce a novel methodology for culturing single chondrocytes isolated 

from human knees within alginate 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 surrounding the cells, the biochemical and mechanical 

properties of the cells were analyzed using autofluorescence, immunofluorescence, 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 microgels, compared to PHCs cultured in monolayer with negligible change 

in signal. This difference in autofluorescence corresponds to the expected levels of collagen 

production, as PHCs produce less collagen I, II, IV, and VI when cultured in monolayer 

and have potential to de-differentiate compared to when cultured in 3-D. Measuring cellular 

autofluorescence allows for non-invasive monitoring of matrix production over time without 

disturbing cells, unlike other assays such as immunofluorescence staining. Additionally, this 

method enables quantitative comparisons between different cell types. We discovered that 

the 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 replacements 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 [36]. 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) [1,15–17,24–27]. Interestingly, the increase 

in E was evident as early as 24h in culture. In contrast, PHCs cultured in monolayers 

exhibited negligible change in E over the same 10 day period. These findings suggest that 

microgels provide an excellent growth environment 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, indicating the presence of subpopulations 

with varying PCM production 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 approximately 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 
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superficial zone [1,11,19,34,35]. The subpopulations observed in our experiments could 

be due to the heterogeneity of cells within the cartilage, but additional studies targeting 

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 experiments comparing the elastic moduli of 

PHCs cultured in bulk alginate gels compared to alginate microgel culture could provide 

interesting insights into PHC PCM formation.

Our results demonstrate that microgel culture offers a superior alternative to traditional 

methods for in vitro growth and expansion of chondrocytes that can be applied to innovating 

regenerative 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 developed PCM without altering the overall 

culturing time. Moreover, techniques like MACI rely on cell adherence to a membrane 

scaffold to prevent leakage and improve cell viability. In contrast, microgels are easily 

injectable and would reduce the reliance on cell adherence to membranes, as the microgels 

are less likely to leak due to their size [2,4,21,23]. 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 cartilage 

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.

Methods:

Primary human chondrocyte harvest and cell culture

Primary Human Chondrocytes (PHCs) were obtained from female Stage-IV osteoarthritis 

patients aged 63–73 undergoing total joint replacement under IRB approval using 

established methods (N = 3/experiment) [37,38]. Isolated chondrocytes were seeded onto 

60 × 15 mm tissue culture 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 μg/mL) in 5% CO2 at 37 °C. PHCs were passaged at 90% confluence and used in 

all experiments between passages 1–4. For autofluorescence imaging and AFM experiments, 

cells were cultured with DMEM supplemented with FBS (10% v/v), penicillin (10,000 I.U./

mL), streptomycin (10,000 μg/mL), and 50 μg/mL sodium ascorbate in 5% CO2 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 tissue culture techniques [14]. SW1353 cells were seeded onto 60 × 15 mm 
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tissue culture dishes and were maintained in DMEM supplemented with FBS (10% v/v), 

penicillin (10,000 I.U./mL), and streptomycin (10,000 μg/mL) in 5% CO2 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), streptomycin (10,000 μg/mL), and 50 

μg/mL sodium ascorbate in 5% CO2 at 37 °C.

PDMS microfluidic device fabrication

Negative master molds for the microfluidic devices were prepared using standard 

photolithography techniques [14]. 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 µm 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 

ID: 447) using standard photolithography techniques [14]. To fit on the AFM, wafers were 

cut into ~ 1 × 1 cm pieces using a diamond-tipped scribe. Wells were designed as 30 × 30 

× 10 μm rectangular prisms with heights of 10 µm. Developed well-traps were rinsed with 

phosphate buffered saline (PBS) prior to use.

Preparation of microfluidic microgel reagents

To make the continuous/oil phase, the surfactant Krytox 157 FSH (4% w/w) (Miller-

Stephenson, Danbury, CT, USA) was added to NOVEC HFE 7500 fluorinated oil (3M, 

Saint Paul, MN, USA) [14]. The solution was filtered through a 0.2 µm hydrophobic 

polytetrafluoroethylene (PTFE) syringe filter to remove dust and other contaminants.

Two dispersed phase alginate precursor solutions were made as previously described 

[14,39]. The first (Alginate - precursor A) by mixing CaCl2 (80 mM), Na2EDTA 

(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 MΩ●cm). The second (Alginate - precursor B) was made by mixing 

Zn (CH3CO2)2 (80 mM), EDDA (Ethylenediaminediacetic acid) (80 mM) (TCI Chemicals, 

Tokyo, Japan), and MOPS (40 mM) with ultra-pure water (50 mL) (18.2 MΩ●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 µm 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 

monolayers using Trypsin-EDTA and then suspending them in DMEM supplemented with 

FBS (10% v/v), penicillin (10,000 I.U./mL), and streptomycin (10,000 μg/mL))to inactivate 
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the trypsin [14]. Cells were centrifuged at 500 × g for 5 min and washed 3× with PBS. 

The cells were then suspended in alginate-precursor A at 4 × 106 cells/mL and loaded into 

1 mL syringes. Cells were encapsulated in 50 µm diameter alginate microgels following 

previous protocols [14,39]. The continuous flow rate used was QOil = 2000 µL/h and the 

dispersed phase flow rate used was QAlgA = QAlgB = 250 µL/h. After encapsulation and 

gelation, the microgels were washed with equal volumes of 1H,1H,2H,2H-Perfluoro-octanal 

(PFO) (647-42-7, VWR) in HFE7500 (20% v/v) and PBS to drops. The microgels were 

collected from the PBS and suspended in DMEM supplemented with FBS (10% v/v), 

penicillin (10,000 I.U./mL), streptomycin (10,000 μg/mL)), and 50 µg/mL sodium ascorbate. 

Microgels were added to 6 well plates at 1 × 106 cells/well and the volume was adjusted to 

2 mL with media. Sodium ascorbate was added every 3 days to supplement the media. Cells 

were incubated in 5% CO2 at 37 °C.

Autofluorescence imaging and analysis

Cells were imaged using an epi-fluorescence microscope (Nikon Ti2 Eclipse) with a 20× 

objective over 10 days to capture bright field and autofluorescence (ex. 375nm/ em. 

415nm). Cells were imaged on days 0, 1, 4, 7, and 10. To image cells in microgels, 

5 µL 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 ImageJ and 

the fluorescence intensity of each cell was measured using the Fiji ImageJ distribution 

of TrackMate [40,41]. Autofluorescence curves were analyzed 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 centrifugation for 1 min at 200 × g and vortexed for 2 min with sodium citrate (50mM) 

and EDTA (80mM) in PBS. The chondrons were then collected via centrifugation for 5 min 

at 500 × g and washed 3× 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 dissolving the 

alginate. Cells were fixed with paraformaldehyde (PFA) (4% v/v) in PBS for 15 min at 

room temperature and washed 3× with PBS. Cells were blocked Bovine Serum Albumin 

(BSA) (2% w/v) in PBS at room temperature for 1 h and then washed 3× with PBS. Cells 

were permeabilized with Triton-X (0.1% w/v) and BSA (0.125% w/v) in PBS and then 

washed 3× with BSA (0.125% w/v) in PBS. The microgels were then incubated with the 

primary antibody to collagen VI (5 µg/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 temperature overnight and then washed 3× with BSA (0.125% 

w/v) in PBS. A 1mL mixture of secondary antibody (Donkey anti-Rabbit IgG H&L Alexa 

FluorR488) (5µg/mL) (Abcam, Boston, MA, USA), Triton-X (0.1% w/v), and BSA (0.125% 
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w/v) in PBS, and Hoechst 33342 Solution (20 µg/mL) (ThermoFisher Scientific, USA)/PBS 

were added for 1 h at 37 °C and then washed 3× with 0.125% BSA-PBS.

Cells and microgels were loaded onto glass slides and imaged on a custom-built Nikon 

Ti2 epi-fluorescent microscope. Cells were 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 × g for 1 min.

Cells grown in monolayer were prepared for AFM by collecting the cells using a cell scraper 

and sodium-citrate (50mM)/EDTA (80mM) 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 × g for 1 min.

The cell-laden traps were placed in an AFM (Cypher S, Asylum Research) 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 [42]. Force curves were performed using extension and retraction speeds of 1 µm/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 [32]. 

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 2nN max force was selected to minimize indentation depth 

and confine the actuated volume, consistent with AFM cell mechanics literature [43]. 

Accordingly, 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 (SI Figure 

4). Cell slippage was not observed. 8 × 8 force maps were acquired for each cell, probing 

over a 1 × 1 µm area. Every other data point was removed from analysis to minimize 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 indentation 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 [32].

Statistical differences in E between cells grown in monolayer and microgels (Figure 4D) 

were assessed using a linear mixed effects model. Statistical 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 
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assessed using through two-sample T-tests and trends between E and CV were tested using 

linear regressions. All statistics were performed in Matlab (Mathworks, USA).

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

Matlab.

Statistical Analysis:

For auto-fluoresence experiments, 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 ImageJ and the fluorescence intensity of each cell was measured using 

the Fiji ImageJ distribution of TrackMate [40,41]. Autofluorescence curves were analyzed 

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 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 [32].

Statistical differences in E between cells grown in monolayer and microgels (Figure 4D) 

were assessed using a linear mixed effects model. Statistical 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 

assessed using through two-sample T-tests and trends between E and CV were tested using 

linear regressions. All statistics were performed in Matlab (Mathworks, USA).

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

Matlab.
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Figure 1: 
Schematic of Experimental Design: (A) Primary Human Chondrocytes (PHC) are suspended 

in the alginate precursor at 4 × 106 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 VI-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 (E) of the cells are measured using AFM.
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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 μm. 

(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).

Fredrikson et al. Page 18

Adv Biol (Weinh). Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 μm.
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Figure 4: 
Atomic Force Microscopy Measurements; (A) Representative force vs. indentation curves 

of PHCs grown in monolayer on days 1, 6, and 10. Modeled Hertz fits are overlaid (red 

dashed). (B) Representative force vs. 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.
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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.
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