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Abstract

Chondrocyte maturation during cartilage development occurs under diverse and dynamic 

mechanical environments. Mechanical stimulation through bioreactor culture may mimic these 

conditions to direct cartilage tissue engineering in vitro. Mechanical cues can promote 

chondrocyte homeostasis or hypertrophy and mineralization, depending potentially on the timing 

of load application. Here, we tested the effects of chondrogenic priming duration on the response 

of engineered human cartilage constructs to dynamic mechanical compression. We cultured human 

bone marrow stromal cells (hMSCs) in fibrin hydrogels under chondrogenic priming conditions 

for periods of 0, 2, 4, or 6 weeks prior to two weeks of either static culture or dynamic 

compression. We measured construct mechanical properties, cartilage matrix composition, and 

gene expression. Dynamic compression increased the equilibrium and dynamic modulus of 

the engineered tissue, depending on the duration of chondrogenic priming. For priming times 

of 2 weeks or greater, dynamic compression enhanced COL2A1 and AGGRECAN mRNA 

expression at the end of the loading period, but did not alter total collagen or glycosaminoglycan 

matrix deposition. Load initiation at priming times of 4 weeks or less repressed transient 

osteogenic signaling (RUNX2, OPN) and expression of CYR61, a YAP/TAZ-TEAD-target gene. 

No suppression of osteogenic gene expression was observed if loading was initiated after 6 weeks 

of in vitro priming, when mechanical stimulation was observed to increase the expression of type 

X collagen. Taken together, these data demonstrate that the duration of in vitro chondrogenic 

priming regulates the cell response to dynamic mechanical compression and suggests that early 
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loading may preserve chondrocyte homeostasis while delayed loading may support cartilage 

maturation.

Introduction

Cartilage development initiates through condensation of mesenchymal progenitor cells and 

progresses by chondrogenic differentiation, maturation, and matrix production (Lefebvre 

and Bhattaram, 2010). When injured or diseased, cartilage has limited capacity for repair, 

creating a need for tissue-engineered solutions (Bian, 2013; Centola, 2013; Solorio, 2012; 

Dikina, 2017). In recent years, engineered cartilage tissues have also been used as in vitro 
models of osteoarthritis (Occhetta et al., 2019) and as cartilage templates for endochondral 

bone regeneration (Alsberg et al., 2002; Matsiko et al., 2018; McDermott et al., 2019; 

Occhetta et al., 2018; Sheehy et al., 2019; Thompson et al., 2016, 2015). These diverse 

applications all begin with in vitro engineering of human cartilage tissue, but the goals 

diverge as the tissues mature. For example, strategies for articular joint reconstruction 

prioritize maintenance of chondrocyte homeostasis, while disease models and engineered 

endochondral templates may prioritize in vitro progression through maturation, hypertrophy, 

and mineralization.

Cartilage development, maturation, and disease are regulated by mechanical cues. 

Mechanical forces exerted in utero direct proper development of the articular joints and 

of the endochondral skeleton (Felsenthal and Zelzer, 2017; Hamburger and Waugh, 1940; 

Nowlan et al., 2010; Verbruggen et al., 2018). Exercise-induced mechanical loading can 

also promote cartilage homeostasis and suppress cartilage degeneration in patients with 

osteoarthritis (Ytterberg, 1994; Roos, 2005). Similarly, for endochondral bone repair, studies 

from Stephan Perren (Hente et al., 2004; Perren and Cordey, 1980), and others (Claes et 

al., 2012, 2009, 1998; Claes and Heigele, 1999; Duncan and Turner, 1995; Goodship et al., 

1993; Klein et al., 2003), demonstrate that mechanical cues, induced by interfragmentary 

motion in the fracture gap, determine whether healing occurs through differentiation of a 

cartilage callus or direct intramembranous ossification. Together, these observations point 

to mechanical forces as important regulators of chondroprogenitor behavior and fate for 

cartilage tissue engineering.

The optimal mechanical conditions for in vitro cartilage tissue engineering likely depend 

on the desired outcome (e.g., homeostasis, maturation, or mineralization). However, the 

interaction between the chondrocyte differentiation/maturation state and the timing of 

mechanical load initiation is poorly understood. Therefore, the goal of this study was to 

examine the effect of chondrogenic priming duration on the cell and tissue response to 

dynamic compression of engineered human cartilage in vitro.

Here, we chondrogenically primed fibrin hydrogel-encapsulated human bone marrow 

stromal cells (MSCs) to various stages of chondrogenic maturation (0, 2, 4, or 6 weeks 

of chondrogenic priming) prior to applying dynamic compression for two additional weeks. 

We then evaluated the effects of dynamic loading on tissue mechanical properties, cellular 

gene expression, and matrix deposition. We found that dynamic loading induced tissue 

stiffening and cellular mechanotransduction in manner dependent on priming duration, 
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and suppressed mineral deposition at latter stages of differentiation, but not when loading 

was applied after the onset of mineralization. These data demonstrate that chondrocyte 

mechanotransduction in engineered cartilage constructs depends on priming duration and 

suggest that early mechanical loading preserves chondrocyte homeostasis while delaying 

load permits hypertrophic progression. Thus, different mechanical loading conditions during 

engineered cartilage tissue culture may be preferred, depending on target application.

Materials and Methods

Study design

The goal of this study was to determine how the extent of chondrocyte maturation influences 

the mechanotransductive and chondrogenic response of hydrogel-embedded hMSCs to 

dynamic mechanical loading. We used a custom-made bioreactor to apply dynamic, 

unconfined compression to hMSC-laden hydrogels (Fig. 1A,B), which were then cultured 

under free-swelling conditions for either 0, 2, 4, or 6 weeks prior to 2 weeks of dynamic 

compression (Fig. 1C). Dynamically loaded samples were compared to time-matched free­

swelling (FS) controls. Constructs were cultured in chondrogenic media throughout the 

study. The hydrogels were collected at the end of their loading cycle for analysis, as 

described below.

Cell culture

Human bone marrow stromal cells (hMSCs, P3) (Lonza) were expanded in high 

glucose Dulbecco’s Modified Eagle’s Medium (4.5 mg/mL glucose, 200 mM l-glutamine, 

hgDMEM), supplemented with 10% fetal bovine serum (FBS), 1% Penstrep, and 5 ng/mL 

FGF-2. The cultures were expanded to passage 3 (P3) and maintained in a humidified 

environment at 37°C, 5% CO2, and 5% O2.

Fibrin gel preparation and chondrogenic culture

Cells were then polymerized into fibrin hydrogels at 15×106 cells/mL. At 80% confluency, 

P3 hMSCs were trypsinized and resuspended in a 10,000 KIU/mL aprotinin solution 

(Nordic Pharma) with 19 mg/mL sodium chloride and 100mg/mL bovine fibrinogen (Sigma­

Aldrich). Fibrinogen was polymerized into fibrin by combining cell suspensions 1:1 with 

a solution of 5 U/mL thrombin and 40 mM CaCl2 for a final solution of 50 mg/mL 

fibrinogen, 2.5 U/mL thrombin, 5000 KIU/mL aprotinin, 17 mg/mL sodium chloride, 20 

mM CaCl2, and 15×106 cells/mL. The cell-laded hydrogel solution was then pipetted into 

5 mm diameter × 2 mm thickness cylindrical agarose molds to create uniform constructs 

containing approximately 589,000 cells each.

Throughout the study, culture was maintained in chondrogenic media consisting of 

hgDMEM supplemented with 1% Penstrep, 100 KIU/mL aprotinin, 100 μg/mL sodium 

pyruvate, 40 μg/mL L -proline, 1.5 mg/mL bovine serum albumin, 4.7 μg/mL linoleic 

acid, 1x insulin-transferrin-selenium, 50 μg/mL L -ascorbic acid-2-phosphate, 100 nM 

dexamethasone (all Sigma-aldrich), and 10 ng/mL TGF-β3 (ProSpec-Tany TechnoGene 

Ltd., Israel). Fresh media was supplied every 3 days and culture was maintained in a 

humidified environment at 37°C, 5% CO2, and 5% O2.
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Dynamic compression

Dynamic unconfined compressive loading was applied to the constructs using a custom­

made bioreactor (Fig. 1B). Samples were loaded under sinusoidal displacement control, 

applied 2 hours per day, 5 days per week at 1 Hz to an amplitude of 10% strain, after a 0.01 

N preload was applied. Control was programmed using an in-house MATLAB code.

Biochemical analysis

All constructs were harvested and analyzed at the end of their final loading cycle for DNA, 

sulfated glycosaminoglycan (sGAG) and collagen content (N = 5/group). Samples were 

digested overnight at 60°C in a solution of 125 μg/mL papain, 0.1 M sodium acetate, 5 

mM L -cysteine, 0.05 M EDTA (all Sigma-Aldrich). DNA content was quantified with 

Hoechst Bisbenzimide 33258 dye assay (Sigma-Aldrich) as described previously (Kim et al., 

1988), and sulfated glycosaminoglycan content was quantified using the dimethylmethylene 

blue dye-binding assay (Blyscan; Biocolor Ltd.). Collagen content was quantified by 

measurement of orthohydroxyproline using the dimethylaminobenzaldehyde and chloramine 

T assay (Kafienah and Sims, 2004). A hydroxyproline to collagen ratio of 1:7.69 was used 

(Ignat’eva et al., 2007) to infer total collagen content.

RNA isolation and qPCR

Total mRNA was extracted from fibrin/hMSC constructs after the final loading cycle using 

RNeasy mini kit (Qiagen). RNA (300ng) was reverse transcribed using into cDNA using 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression 

changes relative to free-swelling controls were quantified via real-time reverse transcription­

polymerase chain reaction (qRT-PCR). Reactions were carried out in triplicate 20 μL 

volumes of 10 μL Sybr Green Master Mix (Applied Biosystems), 30 ng cDNA, 400 nM 

Sigma Kicqstart forward and reverse primers, on an ABI 7500 real-time PCR system 

(Applied Biosystems) with a profile of 95 °C for 10 min, and 40 cycles of denaturation at 95 

°C for 15 sec, and annealing/amplification at 60 °C for 1 min. Quantification of target genes 

(Table 2) was determined against housekeeping reference gene GAPDH as fold change over 

free-swelling controls using the delta-delta Ct method (Schmittgen and Livak, 2008).

Histology and immunohistochemistry

Hydrogels were fixed in 4% paraformaldehyde (n = 2) overnight at 4°C. Constructs were 

halved and paraffin embedded cut surface down and sectioned at 5 μm to provide a 

cross-section of the hydrogel center. Sections were cleared in xylene, rehydrated in graded 

alcohols, and stained for sGAG in 1% Alcian blue with 0.1% Nuclear Fast Red counter 

stain.

Collagen deposition was identified through immunohistochemistry (Santa Cruz). Antigen 

retrieval was enzyme mediated (chondroitinase ABC, Sigma-Aldrich). Slides were blocked 

with Innovex Background Buster and incubated with primary antibody, diluted in PBS, 

overnight at 4°C. Slides were washed with PBS and incubated for 10 mins with universal 

rabbit IgG secondary antibody, followed by 10 mins with HRP enzyme, and DAB substrate 

for 5 mins (all Innovex). Sections were counterstained in Hematoxylin (VWR) and mounted 
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with Cytoseal XYL. Observations are qualitative only due to low sample sizes preventing 

histomorphometric quantitation of these outcomes.

Mechanical testing

Hydrogels were mechanically tested in unconfined compression (Zwick Roell Z005, 

Herefordshire, UK) between two steel platens and a 5N load cell. Hydrogels were hydrated 

in a PBS bath at room temperature. Equilibrium modulus was obtained via a stress 

relaxation test where a 10% strain was applied and maintained until equilibrium was 

reached. Dynamic modulus was determined after 10% strain was applied for 10 cycles 

at 1Hz and at 0.1Hz. In both tests a preload of 0.01N was applied to ensure contact between 

the hydrogel and machine platens.

Statistics

Statistical analyses were performed using either one- or two-way analysis of variance 

(ANOVA), as appropriate. Multiple comparisons between groups for one-way ANOVA 

were assessed by Tukey’s multiple comparison test and two-way by Sidak’s multiple 

comparison test. When necessary, data were log-transformed to ensure normality and 

homoscedasticity before ANOVA. Normality of dependent variables and residuals was 

verified by D’Agostino-Pearson omnibus and Brown-Forsythe tests, respectively. Statistical 

significance was set at α = 0.05.

Results

Mechanical properties

First, we sought to determine how construct mechanical properties are impacted by the 

duration of chondrogenic priming and dynamic mechanical loading. To this end, we 

performed mechanical testing in unconfined compression following completion of the final 

loading cycle for each group, in comparison to time-matched free-swelling controls (Fig. 2). 

Both equilibrium and dynamic modulus increased significantly with the duration of priming 

time, and dynamic loading significantly increased the equilibrium modulus under conditions 

of 4 weeks of priming and dynamic modulus after both 4 and 6 weeks of priming.

Biochemical content

To determine the means by which dynamic compression increased construct mechanical 

properties, we first quantified the cellular and extracellular matrix content of the constructs 

(Fig. 3). The cellular number, measured by DNA content, was increased with increasing 

chondrogenic priming time, but was not significantly altered by loading (Fig. 3A). 

Chondrogenic priming significantly increased glycosaminoglycan (sGAG) deposition and 

sGAG/DNA, but differences between loading and free-swelling groups at each time 

point were not statistically significant (Fig. 3B, D). Collagen deposition, measured by 

hydroxyproline content, increased with priming time but was not significantly affected by 

loading either total or on a per-cell basis (Fig. 3C, E). Histological analysis of alcian 

blue-stained tissue sections revealed largely uniform acidic polysaccharide (i.e., sGAG) 

distribution throughout the constructs regardless of loading (Fig. 4). Therefore, while 

dynamic compression modestly influenced ECM composition overall, these data suggest 
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that other causes are required to fully explain the load-induced changes in construct 

mechanical properties.

Next, to determine whether the duration of chondrogenic priming influenced transient 

mechanotransductive responses to dynamic compression, we evaluated load-induced 

messenger RNA expression of genes associated with chondrogenesis, hypertrophy, and 

osteogenesis, immediately after the final loading cycle in each group. We compared loaded 

vs. free-swelling controls at each priming time point.

Chondrogenic gene expression

To evaluate chondrogenic gene expression, we quantified SOX9, aggrecan (ACAN), and 

collagen 2a1 (COL2A1) mRNA (Fig. 5). When loading was initiated immediately (no 

chondrogenic priming), dynamic loading significantly suppressed SOX9 (Fig. 5A) and had 

no effect on aggrecan (ACAN) expression (Fig. 5B), but significantly increased COL2A1 

expression (Fig. 5C). At priming times of two weeks or more, SOX9 expression was 

not significantly altered by loading, while both ACAN and COL2A1 expression was 

significantly increased by dynamic compression. Together, these data indicate a significant 

effect of duration of priming on mechanotransduction, particularly the response of non­

committed hMSCs vs. chondrocytes.

To evaluate the effects of loading on chondrogenic matrix deposition, we performed 

immunohistochemistry (IHC) staining for Col2a1 protein (Fig. 5D). Here, the observations 

are qualitative only. In the 0 and 2 weeks priming groups, Col2a1 staining was minimal 

regardless of loading conditions but prominent Col2a1 staining was observed in the 4 and 6 

weeks priming groups.

Hypertrophic gene expression

Next, to evaluate mechanoregulation of hypertrophic gene expression, we quantified 

collagen 10a1 (COL10A1) and vascular endothelial growth factor (VEGF) mRNA, which 

are expressed at high levels by hypertrophic chondrocytes (Fig. 6). Dynamic compression 

significantly increased COL10A1 expression when loading was initiated immediately (no 

chondrogenic priming) and after 6 weeks of priming (Fig. 6A). VEGF regulation was 

variable with significant upregulation or downregulation depending on priming time (Fig. 

6B).

Next, we performed qualitative immunohistochemistry (IHC) staining for Col10a1 protein 

(Fig. 6C). Col10a1 staining was spatially heterogeneous but qualitative differences between 

loading conditions and priming times were not clear.

Osteogenic gene expression

Finally, to evaluate mechanoregulation of osteogenic gene expression, we quantified Runt­

related transcription factor 2 (RUNX2) and osteopontin (OPN) mRNA, markers of early 

and late osteoblastogenesis, respectively. Mechanoregulation of osteogenesis is mediated by 

the mechanosensitive transcriptional regulator, YAP (Dupont et al., 2011; Kegelman et al., 

2018). We therefore also measured mRNA expression of YAP and the YAP-target gene 
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(through co-activation of the TEAD transcription factors), Cysteine-rich angiogenic inducer 

61 (CYR61) (Fig. 7) (Mason et al., 2019). Loading decreased expression of RUNX2 after 

4 weeks of priming, and OPN after 2 and 4 weeks of priming, but the suppressive effect 

of loading disappeared after 6 weeks of priming (Fig. 7A,B). To determine whether this 

was associated with mechanoregulation of the osteogenic transcriptional regulator, YAP, 

we evaluated CYR61 as a readout of YAP-TEAD signaling. YAP mechanotransduction is 

regulated at the protein level, mediated by YAP subcellular localization to the cytosol or 

the nucleus. As expected, therefore, we found no differences in YAP mRNA expression; 

however, CYR61 expression was significantly suppressed by dynamic compression after 

0, 2, and 4 weeks of chondrogenic priming, in a manner consistent with the induction of 

chondrogenic gene expression and suppression of osteogenic gene expression (Fig. 7C,D).

To evaluate the functional effects of loading on mineral deposition, we performed alizarin 

red staining (Fig. 7C). Alizarin red staining was negative in all groups until 4 weeks 

priming, at which time limited positive staining was observed in free-swelling controls but 

not in those exposed to dynamic compression. After 6 weeks priming, both free-swelling 

and dynamic compression conditions exhibited modest alizarin red staining, comparable to 

free-swelling controls after 4 weeks of priming.

Discussion

In this study, we evaluated the effects of chondrogenic priming duration on the response 

of engineered human cartilage constructs to dynamic mechanical compression. We found 

that increased priming time significantly increased GAG and collagen deposition, increased 

construct mechanical properties, and qualitatively increased collagen II protein deposition. 

These observations demonstrate chondrogenic maturation with increased priming time. The 

response to dynamic loading depended on the extent of chondrogenic maturation in several 

ways. First, dynamic loading induced engineered construct stiffening, in both elastic and 

viscoelastic behavior, in a manner dependent on the duration of chondrogenic priming 

prior to load initiation. Further, dynamic loading induced priming time-dependent cellular 

mechanotransduction and transient expression of extracellular matrix genes, measured 

by gene expression immediately after the final loading bout. However, the amount and 

composition of the cartilaginous extracellular matrix depended only on the duration of 

chondrogenic culture and was not altered by mechanical loading at any time point. Taken 

together, these observations suggest several hypotheses for future study that may explain 

how loading increased mechanical properties without changes in bulk matrix amount or 

composition.

Cartilage mechanical properties are determined by the matrix organization and distribution 

as well as amount and composition. Thus, we speculate that mechanical load-induced 

changes in cartilage matrix organization or spatial distribution could contribute to altered 

mechanical properties. Previous studies on the mechanoresponsiveness of chondrogenically­

primed MSCs or primary chondrocytes are consistent with our findings that dynamic 

loading enhances the mechanical properties of engineered cartilage. For example, studies 

from Mauck and colleagues, using dynamic loading applied continuously over 9–10 weeks 

of chondrogenic culture, found that loading increased engineered cartilage mechanical 
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properties by both promoting both type II collagen and GAG deposition (Mauck et al., 

2002) and by altering its spatial distribution (Bian et al., 2010). In this study, we evaluated 

matrix deposition after two weeks of loading for different priming times prior to load 

initiation. Together with our observation that loading transiently increased ECM-regulated 

gene expression, this suggests that the two-week loading duration may be insufficient 

to observe substantial changes in matrix composition. However, this load duration was 

sufficient to alter mechanical properties. We and others have also adopted delayed loading 

regimes (Bian et al., 2012; Huang et al., 2010; Luo et al., 2015; Thorpe et al., 2010) to assess 

the response of established engineered cartilage to dynamic compression. Similar to the 

present data, these studies similarly observed increased mechanical properties after delayed 

loading (Huang et al., 2010; Luo et al., 2015), attributing it mainly to matrix organization 

(Luo et al., 2015; Thorpe et al., 2010) or matrix maturation and stress distribution (Huang 

et al., 2010). Here, we observed qualitative spatial heterogeneity in Col2a1 and Col10a1 

protein deposition. These observations are consistent with our prior findings, which suggest 

that load-induced nutrient transport and/or ECM protein release into the culture bath may 

contribute to these spatial heterogeneities (Luo et al., 2015; Thorpe et al., 2010). Huang 

et al. observed no effect of loading on average matrix content, but using Fourier-transform 

infrared spectroscopy (FTIR) found that loading altered the spatial distribution of collagen 

deposition (Huang et al., 2010). Thus, we found that mechanical loading altered construct 

mechanical properties, in a manner dependent on the duration of chondrogenic priming, but 

future studies will be necessary to quantitatively define the effects of loading and priming 

time on matrix spatial heterogeneity.

Cartilage is a tissue of high cell density, and the mechanical properties of the cells 

themselves may also contribute to overall tissue mechanical properties. Here, we observed 

loading dependent changes in expression of Cyr61, a target gene for the mechanosensitive 

transcriptional regulators, YAP and TAZ. Recently, we discovered a mechanotransductive 

feedback loop, mediated by YAP and TAZ, that regulates the mechanical properties of 

the cell itself by modulating cytoskeletal maturation (Mason et al., 2019). To maintain 

cytoskeletal equilibrium, mechano-activated YAP and TAZ drive a transcriptional program 

that exerts negative feedback on myosin phosphorylation, modulating cytoskeletal tension, 

and suppression of YAP/TAZ expression or activity increases cell mechanical properties. 

In this study, we observed that increasing chondrogenic differentiation had no effect on 

YAP expression, but decreased YAP activity, with further YAP suppression by mechanical 

loading. This is consistent with our prior findings (McDermott et al., 2019) and with the 

current literature on the negative role of YAP in chondrocytes in vitro (Karystinou et al., 

2015; Vanyai et al., 2020). Thus, we speculate that with increased chondrogenic maturation, 

load-induced suppression of YAP transcriptional activity (measured here by the YAP/TAZ­

TEAD target gene, Cyr61) may play a role in the maintenance of a chondrogenic phenotype. 

With extended maturation (6 weeks of chondrogenic priming), loading no longer suppressed 

YAP activity, allowing maturation in the presence of loading.

Consistent with these changes in mechanotransductive gene expression, we also found that 

dynamic loading regulated expression of chondrogenic mRNAs. Mechanical load-induced 

mRNA expression is transient (McDermott et al., 2019) and PCR analysis provides a 

snap-shot of mRNA abundance at the time of assay. As these experiments were designed 
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to vary priming time, but not loading duration, qPCR reactions and gene expression 

comparisons were performed only between loaded and non-loaded conditions at each 

time point, and cannot be compared over time. Thus, while load-induced gene expression 

exhibited variability, we are unable to assess gene expression trends as a function of tissue 

maturation. With no priming, dynamic loading upregulated genes commonly associated 

with hypertrophy (Col10a1, VEGF) compared to static controls. It should be noted that 

expression of such canonical hypertrophic markers can also increase during the early stages 

of chondrogenesis (Mwale et al., 2006) so care must be taken when interpreting changes in 

the expression of genes such as Col10a1 in the early stages of chondrogenesis. Immediate 

loading also induced mismatched chondrogenic gene expression (downregulation of Sox9, 

and upregulation of Col2a1), consistent with similar studies (Steinmetz and Bryant, 2011). 

We observed modest upregulation of VEGF with immediate loading, whereas our previous 

data shows no change compared to free swelling controls (McDermott et al., 2019). We 

also observed downregulation of SOX9, coupled with an upregulation of COL2 expression, 

in contrast to similar studies that observed co-regulation of COL2, ACAN and SOX9 

(McDermott et al., 2019; Michalopoulos et al., 2012; Terraciano et al., 2007). A possible 

explanation is the relative transience of SOX9 message expression compared to matrix genes 

like ACAN and COL2. As demonstrated by Cote et al., instantaneous gene expression, even 

at the single-cell level, does not predict cartilage matrix deposition, which rather reflects 

accumulation at the evaluated timepoint (Cote et al., 2016). While our experimental design 

did not allow us to compare gene expression levels over time or with matrix deposition, 

these data demonstrate mechanotransductive gene expression responses to dynamic loading, 

dependent on the duration of priming time.

Taken together, we provide new evidence that dynamic mechanical compression influences 

engineered cartilage tissue formation in a manner dependent on the chondrogenic maturation 

state at the time of load initiation. Future research is warranted to dissect the cellular and 

molecular mechanisms by which chondrocytes receive and interpret mechanical cues and 

the functional consequences on cartilage maintenance or maturation for tissue engineering 

applications.

Limitations

The goal of this study was to observe the effects of chondrogenic priming of human 

MSCs under dynamic compression, but the study has several limitations that influence 

our interpretation. First, although MSCs are of potential translational interest for tissue 

engineering, they may not reflect the biology of the limb bud progenitor cells that give 

rise to the cartilage anlage in development (Kegelman et al., 2018) or of the periosteal 

progenitor cells that give rise to the fracture callus (Kegelman et al., 2020). Second, MSCs 

exhibit extensive donor-donor variability. In this study, we used commercially-sourced 

MSCs from pooled donors, and this study was not designed to dissect the contributions 

of donor variability to the observed responses. Third, both gene expression and mechanical 

testing analyses were performed on bulk tissues, which may mask spatial heterogeneity 

of cellular mechanotransduction, matrix-associated gene expression, and local mechanical 

properties. Fourth, this study used only a two-week loading duration. Both shorter and 

longer durations of mechanical loading would enable dissection of the effects of load timing 
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on acute mechanotransduction and tissue production, respectively. Fifth, as the assays used 

cannot be performed longitudinally, we did not assess the chondrogenic maturation state of 

the same samples both prior to and after loading. However, we designed the experiment 

such that free-swelling controls were evaluated both at the time points of load initiation 

and at termination of loading. Free-swelling controls were assayed at 0, 2, 4, and 6 weeks, 

corresponding to the load initiation time points at 0, 2, 4, and 6 weeks. These may be 

compared for objective assays including Collagen, GAG, and DNA quantification, as well 

as histology and immunostaining to infer the chondrogenic maturation state at the time 

points of load initiation. Finally, while our observations of the effects of loading on spatial 

heterogeneity in matrix deposition are consistent with prior reports from both our own and 

other groups, low sample sizes precluded histomorphometric quantitation of these outcomes.
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Figure 1: Bioreactor setup and loading timeline.
(A) hMSC-laden hydrogels (P3, 589,000 cells, 50mg/mL fibrinogen) were subjected to 

different degrees of chondrogenic priming (0wks, 2wks, 4wks, 6wks) followed by 2 weeks 

of (B) dynamic compression in a custom-made bioreactor. (C) All samples were collected 

after their loading cycle and compared to free-swelling controls at the same time.
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Figure 2: Mechanical properties of chondrogenically-primed hMSC constructs under free­
swelling (FS) or 10% dynamic compression (DC) conditions.
Samples were tested in unconfined compression to determine equilibrium modulus, E´ 

(A) and dynamic modulus, E´´ (B) at the end of the final loading cycle for each group, 

in comparison to time-matched free-swelling controls. Data are shown as displayed as 

mean ± s.d. with individual data points. Differences between groups and time points 

were evaluated by two-way ANOVA followed by Sidak’s multiple comparison test. The 

significance threshold was set at α=0.05. Both equilibrium and dynamic modulus increased 

significantly with time. Significant differences between free-swelling (FS) and dynamic 

compression (DC) groups are indicated with asterisks. N = 3 – 4 per group.
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Figure 3: Biochemical content of chondrogenically-primed hMSC constructs under free-swelling 
(FS) or 10% dynamic compression (DC) conditions.
Samples were digested and assayed for biochemical content at the end of the final loading 

cycle for each group, in comparison to time-matched free-swelling controls. Each construct 

was assayed for total DNA content (A), total sulfated glycosaminoglycans (sGAG) (B), 

and total collagen (C). sGAG (D) and collagen (E) were then normalized, on a per-sample 

basis, to DNA content. Data are displayed as mean ± s.d. with individual data points. 

Differences between groups and time points were evaluated by two-way ANOVA followed 

by Sidak’s multiple comparison test. The significance threshold was set at α=0.05. All 

measures increased significantly with time. ANOVA analysis indicated a significant effect of 

time for sGAG and sGAG/DNA, but there were no differences for individual comparisons 

between FS and DC at any time point. N = 3 – 4 per group.
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Figure 4: Alcian blue staining of glycosaminoglycans in chondrogenically-primed hMSC 
constructs under free-swelling (FS) or 10% dynamic compression (DC) conditions.
Samples were fixed and sectioned at the end of the final loading cycle for each group and 

stained with Alcian blue/Nuclear Fast Red. Scale bar = 100 μm.
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Figure 5: Chondrogenic gene expression and Col2a1 immunohistochemistry under free-swelling 
(FS) or 10% dynamic compression (DC) conditions.
Samples were analyzed immediately after the final loading cycle in each group for mRNA 

expression of SOX9 (A), ACAN (B), and COL2A1 (C), calculated as fold change over free­

swelling controls, normalized to GAPDH. Data are shown as mean ± s.d. with individual 

data points. ANOVA with Tukey’s post-hoc tests were used to determine significance (* p 

< 0.05, ** p < 0.01). Immunohistochemistry for Col2a1 (D) with hematoxylin counterstain 

(scale bar = 100 μm). N = 4 per group.

McDermott et al. Page 17

J Biomech. Author manuscript; available in PMC 2022 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: Hypertrophic gene expression and Col10a1 immunohistochemistry under free-swelling 
(FS) or 10% dynamic compression (DC) conditions.
Samples were analyzed immediately after the final loading cycle in each group for mRNA 

expression of COL10A1 (A) and VEGF (B), calculated as fold change over free-swelling 

controls, normalized to GAPDH. Data are shown as mean ± s.d. with individual data points. 

ANOVA with Tukey’s post-hoc tests were used to determine significance (* p < 0.05, ** p 

< 0.01). Immunohistochemistry for Col10a1 (C) with hematoxylin counterstain (scale bar = 

100 μm). N = 4 per group.
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Figure 7: Osteogenic gene expression and mineral deposition under free-swelling (FS) or 10% 
dynamic compression (DC) conditions.
Samples were analyzed immediately after the final loading cycle in each group for mRNA 

expression of RUNX2 (A), osteopontin (OPN) (B), Yes-associated protein (YAP) (C), and 

the YAP-TEAD transcriptional target gene, Cysteine-rich angiogenic inducer 61 (CYR61) 

(D), calculated as fold change over free-swelling controls, normalized to GAPDH. Data are 

shown as mean ± s.d. with individual data points. ANOVA with Tukey’s post-hoc tests were 

used to determine significance (* p < 0.05, ** p < 0.01). Mineral deposition was evaluated 

by alizarin red staining on histological sections (E) (scale bar = 100 μm). N = 4 per group.

McDermott et al. Page 19

J Biomech. Author manuscript; available in PMC 2022 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McDermott et al. Page 20

Table 2 :

qPCR target genes

Gene Sequence 5’−3’ Accession Number

GAPDH Fwd CTTTTGCGTCGCCAG
Rev TTGATGGCAACAATATCCAC

NM_002046

Sox9 Fwd CTCTGGAGACTTCTGAACG
Rev AGATGTGCGTCTGCTC

NM_000346

ACAN Fwd TGCGGGTCAACAGTGCCTATC
Rev CACGATGCCTTTCACCACGAC

NM_001135

Col2a1 Fwd GAAGAGTGGAGACTACTGG
Rev CAGATGTGTTTCTTCTCCTTG

NM_033150

OPN (SPP1) Fwd GACCAAGGAAAACTCACTAC
Rev CTGTTTAACTGGTATGGCAC

NM_001251829

RUNX2 Fwd AAGCTTGATGACTCTAAACC
Rev TCTGTAATCTGACTCTGTCC

NM_001015051

Col10a1 Fwd GCTAGTATCCTTGAACTTGG
Rev CCTTTACTCTTTATGGTGTAGG

NM_000493

VEGFA Fwd AATGTGAATGCAGACCAAAG
Rev GACTTATACCGGGATTTCTTG

NM_001204384
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