
Mechanical loading inhibits hypertrophy in chondrogenically 
differentiating hMSCs within a biomimetic hydrogel

E. A. Aisenbreya and S. J. Bryanta

a University of Colorado,Boulder. Chemical and Biological Engineering, UCB 596. Boulder, CO. 
80309.

Abstract

Three dimensional hydrogels are a promising vehicle for delivery of adult human bone-marrow 

derived mesenchymal stem cells (hMSCs) for cartilage tissue engineering. One of the challenges 

with using this cell type is the default pathway is terminal differentiation, a hypertrophic 

phenotype and precursor to endochondral ossification. We hypothesized that a synthetic hydrogel 

consisting of extracellular matrix (ECM) analogs derived from cartilage when combined with 

dynamic loading provides physiochemical cues for achieving a stable chondrogenic phenotype. 

Hydrogels were formed from crosslinked poly(ethylyene glycol) as the base chemistry and to 

which (meth)acrylate functionalized ECM analogs of RGD (cell adhesion peptide) and chondroitin 

sulfate (ChS, a negatively charged glycosaminoglycan) were introduced. Bone-marrow derived 

hMSCs from three donors were encapsulated in the hydrogels and cultured under free swelling 

conditions or under dynamic com pressive loading with 2.5 ng/ml TGF-β3. hMSC differentiation 

was assessed by quantitative PCR and immunohistochemistry. Nine hydrogel formulations were 

initially screened containing 0, 0.1 or 1mM RGD and 0, 1 or 2wt% ChS. After 21 days, the 1% 

ChS and 0.1 mM RGD hydrogel had the highest collagen II gene expression, but this was 

accompanied by high collagen X gene expression. At the protein level, collagen II was detected in 

all formulations with ECM analogs, but minimally detectable in the hydrogel without ECM 

analogs. Collagen X protein was present in all formulations. The 0.1 mM RGD and 1% ChS 

formulation was selected and subjected to five loading regimes: no loading, 5% strain 0.3Hz 

(1.5%/s), 10% strain 0.3 Hz (3%/s), 5% strain 1 Hz (5%/s), and 10% strain 1Hz (10%/s). After 21 

days, ~70-90% of cells stained positive for collagen II protein regardless of the culture condition. 

On the contrary, only ~20-30% of cells stained positive for collagen X protein under 3 and 5%/s 

loading conditions, which was accompanied by minimal staining for RunX2. The other culture 

conditions had more cells staining positive for collagen X (40-60%) and was accompanied by 

positive staining for RunX2. In summary, a cartilage-like biomimetic hydrogel supports 

chondrogenesis of hMSCs, but dynamic loading only under select strain rates is able to inhibit 

hypertrophy.
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1. Introduction

Bone marrow-derived mesenchymal stem cells (MSCs) are a promising autologous cell 

source for cartilage tissue engineering, offering several advantages over cartilage cells (i.e., 

chondrocytes). For example, MSCs can be expanded to achieve a large number of cells, 

which are needed for implantation, but without losing their multipotency and ability to 

differentiate down the chondrogenic lineage1. MSCs offer a one-step surgical procedure 

instead of two-steps, which is required in autologous chondrocyte implantation. Although 

promising, the ability of MSCs to regenerate hyaline cartilage in vivo has been limited2,3. 

This finding is in part attributed to the fact that the default pathway in chondrogenically 

differentiating MSCs is terminal differentiation. This differentiation fate leads to a 

hypertrophic phenotype that is a precursor to endochondral ossification, where cartilage 

becomes hypertrophic, mineralizes, and eventually is replaced with new bone4-6. With the 

ability to deliver MSCs within a 3D scaffolding material, such as a hydrogel, the opportunity 

arises to design 3D environments that support a stable chondrogenic phenotype. However, 

the cues that lead to a stable phenotype remain to be elucidated.

The interaction of MSCs with their environment is known to play an important role in 

differentiation7,8. This raises the question as to whether the unique environment of cartilage 

is important for MSC chondrogenesis. In cartilage, chondrocytes are embedded within a 

dense extracellular matrix (ECM) comprised primarily of collagen type II and highly 

negatively charged aggrecan macromolecules. During physical activity, cartilage experiences 

large compressive strains that are transmitted through the tissue and converted into local 

physiochemical cues. These cues include deformation of cells, integrins acting as 

mechanoreceptors, and dynamic flow of ions and water that alters the local osmolarity and 

leads to fluid-induced shear stress9,10. These effects, among others, have been shown to 

significantly affect ECM synthesis by chondrocytes11.12 and cartilage homeostasis; and 

therefore may also play a role in chondrogenesis of MSCs. Several studies have explored the 

individual effects of different cartilage-related ECM analogs and of dynamic loading on 

chondrogenesis of MSCs when encapsulated in hydrogels, but the results have been mixed.

The cell adhesion moiety RGD, which is found in many ECM proteins including fibronectin 

and collagens, has been investigated in MSC chondrogenesis. Fibronectin is involved in the 

early stages of chondrogenic differentiation, but is eventually down-regulated with 

maturation13. The tethering of a cell adhesion peptide like RGD into a hydrogel provides a 

mechanism by which cells may interact with the hydrogel and this interaction has been 

shown to improve MSC viability within synthetic hydrogels2. RGD, however, has also been 

shown to inhibit MSC chondrogenesis14, but at concentrations that are sufficiently high to 

affect the phenotype of fully differentiated chondrocytes15. On the contrary, incorporating 

RGD either through degradable linkers16 or at low concentrations17 has been shown to 

support MSC chondrogenesis. These findings suggest that RGD supports MSC 

chondrogenesis, but depends on the contextual presentation of RGD.

Another ECM analog that has been investigated in MSC chondrogenesis is chondroitin 

sulfate (ChS), the main sulfated glycosaminoglycan found in aggrecan. Chondroitin sulfate 

can readily be functionalized enabling its incorporation into a hydrogel via covalent 
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crosslinks18. Similar to native cartilage, ChS introduces a high density of fixed negative 

charges into a hydrogel, which elevates the local osmolarity19. Studies with fully 

differentiated chondrocytes have shown that osmolarities within the range of native cartilage 

support ECM synthesis, while lower or higher osmolarities, inhibit ECM synthesis20,21. 

Similarly, high osmolarities have been shown to inhibit chondrogenesis of MSCs22-24. 

Nonetheless, the incorporation of ChS into a synthetic hydrogel supports chondrogenesis by 

expression of cartilage-related genes and proteins in human MSCs25,26 and has been shown 

to downregulate hypertrophic genes in goat MSCs7. However, concentration effects of ChS 

in a synthetic hydrogel have been shown to influence ECM synthesis of fully differentiated 

chondrocytes27 and therefore may also impact MSC chondrogenesis, but this effect has yet 

to be studied.

Dynamic mechanical compression applied to MSCs embedded in hydrogels has resulted in 

highly variable responses, enhancing chondrogenesis in some studies28,29, while inhibiting 

chondrogenesis in other studies30,31. A number of factors may contribute to the variable 

responses in MSCs including hydrogel formulation, concentration of the ECM analog, and 

loading parameters. For fully differentiated chondrocytes, the combination of ECM analogs 

and dynamic compression has a synergistic and positive effect on ECM synthesis, when 

compared to either cue alone, but the improved response is dependent on the concentration 

of the ECM analog15,19,27. Therefore, additional studies are needed to better understand the 

impact of the physicochemical environment that combines ECM analogs with dynamic 

compression on MSC chondrogenesis.

As cells in native cartilage experience multiple cues at any given time, a synthetic hydrogel 

that captures multiple physicochemical cues may be provide a more biomimetic environment 

for MSC chondrogenesis. Thus in this work, we hypothesized that a biomimetic hydrogel 

containing RGD and chondroitin sulfate in combination with dynamic mechanical 

compression enhances chondrogenesis of human MSCs (hMSCs), but in a manner that 

depends on the magnitude of the cues. We employed a synthetic hydrogel made from 

crosslinked poly(ethylene glycol), which serves as the base hydrogel to which RGD and 

chondroitin sulfate are systemically incorporated. In this first part of this study, RGD and 

chondroitin sulfate were incorporated into a PEG hydrogel over a concentration range that 

was previously determined to be suitable for fully differentiated chondrocytes27 and then 

screened for hMSC chondrogenesis and hypertrophy in the absence of loading. In the second 

part of this study, we selected one combination of the ECM analogs and investigated several 

different dynamic loading regimes that fall within the physiological range for their impact on 

hMSC chondrogenesis and hypertrophy. Overall, findings from this study support the 

hypothesis that the introduction of ECM analogs in the form of RGD and chondroitin 

sulfate, improves hMSC chondrogenesis, but that dynamic loading under certain loading 

regimes is necessary to preserve a stable chondrogenic phenotype and inhibit hypertrophy.

2. Materials and Methods

2.1 Macromer Synthesis

Poly(ethylene glycol) dimethacrylate (PEGDM) was synthesized via microwave 

methacrylation32 by reacting poly(ethylene glycol) (4600 g mol−1) (Sigma) with methacrylic 
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anhydride in the presence of hydroquinone (Sigma). The PEGDM product was recovered by 

dissolution in methylene chloride followed by precipitation in ethyl ether, filtration and 

drying. The degree of methacrylation was determined to be 94% by 1HNMR (Varian 

VYR-500) by comparing the area under the peak for the vinyl groups (δ=5.5-6.2 ppm) to the 

area under the peak for the methyl groups in the PEG backbone (δ=3.3-3.9 ppm). Acryloyl-

PEG-RGD was synthesized by reacting YRGDS (Genscript) in excess in a 1.1:1 molar ratio 

with acryloyl-PEG-N-hydroxysuccinimide (3400 g mol−1) (Laysan Bio, Inc.) in 50 mM 

sodium bicarbonate. The degree of acrylation was 94% and the degree of conjugation of the 

peptide was 71% determined by 1HNMR. Chondroitin sulfate methacrylate (ChSMA) was 

synthesized by dissolving chondroitin sulfate A (Sigma) at 25% (w/v) in deionized water 

and reacted with excess methacrylic anhydride (1:8 molar ratio of chondroitin sulfate to 

methacrylic anhydride)18,27. The product was sterile filtered and recovered by 

lyophilization. On average, 16% of the disaccharide repeat units on each chondroitin sulfate 

polymer were substituted with a methacrylate as determined via 1HNMR (Bruker Ascend 

400) by comparing the area of under the peak for the vinyl resonances (δ=5.5-6.2 ppm) to 

the area under the peak for the acetyl groups chondroitin sulfate sugar backbone (δ=1.7-2.0 

ppm).

2.2 Acellular Hydrogel Formulation and Characterization

Hydrogels were fabricated via photopolymerization of macromers at concentrations of 8, 9 

or 10wt% PEGDM, 0, 0.1 or 1 mM Acryloyl-PEG-RGD, and 0, 1, or 2wt% ChSMA with 

0.5wt% photoinitiator Igracure 2959 (I2959) (BASF) in phosphate buffered saline (PBS, pH 

7.4) with 352 nm light at 5 mW cm−2 for 10 minutes. Hydrogels were allowed to swell to 

equilibrium for 24 hours in PBS at 37°C prior to their characterization.

The tangent modulus under compression was determined using cylindrical hydrogels (5mm 

in height × 5mm in diameter) using a mechanical tester (MTS Synergie 100, 10N). The 

samples were strained at a constant strain rate of 0.5 mm min−1 using nonporous platens to 

15% strain and the resulting modulus was determined for the linear region of the stress-

strain curve. A sample size of 10 was used.

The volumetric equilibrium swelling ratio (Q) was estimated from the experimentally 

determined mass equilibrium swelling ratio, which was determined by measuring swollen 

mass after 24 hours of free swelling in PBS relative to the dry polymer mass, and assuming a 

density of the polymer (1.07 g ml−1) and density of the solvent density (1 g ml−1). A sample 

size of 10 was used.

The incorporation of RGD into the hydrogels was evaluated by qualitative and semi-

quantitative fluorescence intensity using a fluorescently labelled acryloyl-PEG-RGD. In 

brief, cadaverine 488 was reacted with the acryloyl-PEG-RGD in the presence of 1-Ethyl-3-

(3-dimethylaminopropyl)carbodiimide (EDC) in 0.1 M sodium bicarbonate at a 1:1 molar 

ratio for 24 hours. The product was purified by dialysis and recovered by lyophilization. 

PEG hydrogels with fluorescently labeled RGD were created by initially making a 100 mM 

stock solution of RGD consisting of 1 wt% acryloyl-PEG-RGD-fluorophore and the other 

99 wt% acryloyl-PEG-RGD. This stock solution was diluted to the desired concentration of 

1mM and 0.1 mM RGD, and the hydrogels were polymerized using a redox initiating 
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system of ammonium persulfate (0.025 M APS) and tetramethylethylenediamine (0.0125 M 

TEMED) for 10 minutes. The hydrogel were placed in PBS for 24 hours after 

polymerization to remove unincorporated RGD. Images were acquired using the Molecular 

Imager VersaDoc system and intensity measurements were used to semi-quantify the amount 

of fluorescently labeled RGD incorporated into the hydrogels.

The incorporation of chondroitin sulfate into the PEG hydrogels was confirmed qualitatively 

using toluidine blue stain and quantitatively using the DMMB dimethylmethylene blue 

(DMMB) assay. Hydrogels were stained with a solution of toluidine blue, which stains for 

negatively charged glycosaminoglycans, for 24 hours in PBS (0.1% toluidine blue, 7% 

ethanol, 0.1% NaCl in PBS, pH<2.5) and imaged using light microscopy (Zeiss Pascal, 

Olympus DP70 100x magnification). DMMB assay was used to quantify the amount of 

ChSMA incorporated into the hydrogels by measuring the soluble fraction of ChSMA, i.e. 

the fraction not covalently attached into the hydrogel network, which had diffused out into 

the PBS bath after 24 hours of free swelling.

2.3 hMSC Donors and Expansion

Bone marrow derived adult hMSCs (passage 1) were purchased from Texas A&M Cell 

Distribution Center. Three donors were investigated for the free swelling studies: (1) Donor 

1 is a 24 year old female, (2) Donor 2 is a 29 year old female, (3) Donor 3 is a 24 year old 

female. Three different donors were investigated for the loading studies: (4) Donor 4 is a 24 

year old female, (5) Donor 5 is a 22 year old male, and (6) Donor 6 is a 24 year old female. 

The hMSCs were thawed and expanded in stem cell culture media (20% fetal bovine serum 

(FBS, Atlanta Biologicals), 50 U ml−1 penicillin, 50 mg ml−1 streptomycin, 10 ng ml−1 

bFGF and 20 mg ml−1 gentamicin in low glucose Dulbecco's modified Eagle media 

(DMEM, Invitrogen)). The hMSCs were seeded at 3000 cells cm−2 and grown to 80% 

confluency in T225 flasks up to passage 2. The cells were grown under standard cell 

conditions of 37°C with 5% CO2.

2.4 hMSC Encapsulation and Culture in Hydrogels

hMSCs were encapsulated in hydrogels at a cell concentration of 10×106 cells ml−1 of filter-

sterilized (0.22 μm filter) macromer solution by photopolymerization as described above. 

The cell-laden constructs (5mm in diameter and 2mm in height) were cultured in 

chondrogenic differentiation medium composed of 1% ITS+ Premix, 100 nM 

dexamethasone, 2.5 ng ml−1 TGF-β3, 50 mg ml−1 l-ascorbic acid 2-phosphate, 50 U ml−1 

penicillin, 50 mg ml−1 streptomycin, and 20 mg ml−1 gentamicin in high glucose Dulbecco's 

modified Eagle media. The hMSC-laden hydrogels were cultured under standard cell 

conditions of 37°C with 5% CO2 under static conditions for 7 or 14 days.

2.5 Mechanical Loading and Cell Viability

A custom-built bioreactor system33,34 was utilized to apply intermittent dynamic 

compressive strains to the hydrogels. The hydrogels were cultured under free swelling 

conditions for the first week and then subjected to an intermittent dynamic loading regime 

for up to an additional two weeks. Dynamic compression was applied in unconfined 

compression in a sinusoidal waveform for 1 hr followed by 23 hrs of rest. Four regimes were 
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investigated with strains and frequencies of: 5% peak-to-peak strain (2.5% amplitude strain) 

1Hz, 5% peak-to-peak strain (2.5% amplitude strain) 0.3 Hz, 10% peak-to-peak strain (5% 

amplitude strain) 1Hz, and 10% peak-to-peak strain (5% amplitude strain) 0.3 Hz. 

Hydrogels were cultured individually in a 24-well plate with 2 ml per well of chondrogenic 

differentiation media, which was changed every other day for the duration of the study. Free 

swelling controls were removed at 7, 14, and 21 days and loaded hydrogels were removed at 

14 and 21 days. Cell viability was assessed after 21 days of culture in PBS with 4 nM 

ethidium homodimer and 4 nM calcein-AM at 37°C for 20 minutes. Hydrogels were imaged 

at 100x magnification with a water objective by confocal microscopy.

2.6 Quantitative PCR (qPCR)

RNA was extracted from constructs (n=3 technical replicates per donor) using MicroElute 

Total RNA Kit per manufacturer instruction (Omega). RNA was transcribed to cDNA with a 

High Capacity Reverse Transcription Kit (Applied Biosystems). Quantitative real-time 

polymerase chain reaction (qPCR) was performed with Fast SYBR Green Master Mix 

(Applied Biosystems) on a 7500 Fast Real-Time PCR Machine (Applied Biosystems). All 

genes of interest are relative to the housekeeping gene, L30. Relative expression levels were 

calculated from Ct values. The genes of interest were collagen I (found in undifferentiated 

hMSCs and in fibrocartilage), collagen II (marker for chondrogenesis), and collagen X 

(marker for hypertrophy) (Invitrogen) (Table S1). PCR efficiency was determined for each 

gene. Briefly, threshold Ct values were determined from serial dilutions of cDNA and 

plotted. The slope between Ct values of 15-25 was used to determine efficiency, resulting in 

the following efficiencies, 94% for L30, 98% for collagen I, 102% for collagen II, and 87% 

for collagen X. Normalized gene expression was determined using the actual efficiencies 

following methods described by Pfaffl35.

2.7 Immunohistochemistry (IHC)

Hydrogels were fixed overnight in 4% paraformaldehyde at 4°C and transferred to a 15% 

sucrose solution at 4°C for storage (n=4 technical replicates per donor). Constructs went 

through a series of dehydration steps and were embedded in paraffin. Sections (10 μm) were 

stained for the presence of aggrecan, collagen II, collagen X, and Runx2 by 

immunohistochemistry. For anti-collagen I, sections were pretreated with 1 mg ml−1 pepsin. 

For anti-collagen II sections were pre-treated with 2000 U ml−1 hyaluronidase. For anti-

collagen X sections were pre-treated with 1 mg ml−1 protease followed by 1 mg ml−1 

pepsin, followed by 0.25% trypsin in 1mM EDTA. For anti-collagen I sections were pre-

treated with pepsin (1 mg ml−1) followed by antigen retrieval. For anti-aggrecan sections 

were pre-treated with antigen retrieval, followed by chondroitinase ABC (100 mU ml −1) 

and keratinase I (1U ml−1), and followed by hyaluronidase (2000 U ml−1). Anti-RunX2 

sections required no pretreatment. After permeabilization and blocking, samples were 

treated overnight at 4°C with primary antibody: 1:50 anti-collagen II (Abcam, ab3092), 1:5 

anti-aggrecan (USBio, A1059-53F), 1:50 anti-collagen X (Abcam, ab3092), 1:50 anti-

collagen I (Abcam, ab24710), and 1:50 anti-Runx2 (Abcam, ab23981) in blocking solution. 

Constructs were treated for 2 hours with goat anti-mouse IgG or goat anti-rabbit IgG labeled 

Alexa Fluor 488 (1:200) and Alexa Fluor 546 (1:200) and counterstained with DAPI.
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2.8 Enzyme Activity Analysis

A SensoLyte Plus 520 MMP-13 Assay Kit (Anaspec) was used to determine the 

concentration of active matrix metalloproteinase (MMP) in the media of the free swelling 

and loading conditions. Culture media from donor 5 and 6 was collected flash-frozen in 

liquid nitrogen from the loading and the free swelling cultures every other day from day 7 to 

day 21. The media was stored at −80°C until the assay was conducted. The media from 

multiple time points were pooled together as such: day 11 (media collected from days 7-11), 

day 17 (media from days 13-17) day 21 (media from days 17-21). The assay was performed 

as described in the kit protocol containing recombinant human pro-MMP-13 as the standard 

and a fluorescent MMP-13 substrate, but without an activation step to measure only the 

endogenous active form of MMP-13 in the media. The fluorescent signal was measured (Ex/

Em=490nm/520nm) using a FLUOstar Optima plate reader (BMG Labtech).

2.9 Statistical Analysis

Data are presented as mean with standard deviation. Mean and standard deviation for 

acellular hydrogel characterization (ChS incorporation, RGD relative fluorescence, 

compressive modulus, and swelling ratio) are from technical replicates and were analyzed 

using a one-way ANOVA with a post hoc Tukey's test, α=0.05. For all qPCR gene 

expression and immunohistochemistry data, the mean represents average of three biological 

replicates, where each donor is an average of the technical replicates (n=3 for gene 

expression, n=4 for IHC). Data were analyzed by a one-way ANOVA with a post hoc 

Tukey's test, α=0.05, to determine significant difference between conditions at specific time 

points.

3. Results

3.1 Effects of ECM Analogs Introduced in PEG-based Hydrogels

PEG hydrogels were fabricated by photopolymerization of (meth)acrylate functionalized 

monomers of PEGDM, monoacrylate-PEG-RGD, and ChSMA to form a crosslinked 

network composed of PEG and ChS with covalently tethered RGD (Fig. 1A). Hydrogels 

were formed with compositional variations in RGD (0, 0.1 and 1 mM) and ChS (0, 1 and 2 

wt%) (Fig. 1B). After hydrogel formation, the hydrogels were allowed to free swell to 

remove any unreacted ECM analog. For RGD, fluorescently labeled RGD was used to 

confirm its incorporation into the hydrogel (Fig. 1C). Photographs of the hydrogels show 

much greater fluorescence in the 1 mM RGD hydrogel formulation compared to the 0.1 mM 

RGD hydrogel formulation with no observable fluorescence in the PEG hydrogel with no 

RGD. The fluorescence intensity was semi-quantified and determined to be an order of 

magnitude greater in the 1 mM RGD hydrogel formulation when compared to the 0.1 mM 

RGD hydrogel. The incorporation of ChSMA was qualitatively confirmed using toluidine 

blue, which stains for sulfated glycosaminoglycans, and showed increased staining with 

increasing concentration of ChSMA (Fig. 1D). The total amount of ChS incorporated into 

the hydrogel was confirmed to be ~97% indicating that nearly all of the ChSMA monomer 

was incorporated into the hydrogel (Fig. 1D). The macroscopic properties, specifically 

compressive modulus (Fig. 1E) and the equilibrium volumetric swelling ratio (Fig. 1F), were 

also measured for the different hydrogel formulations. The compressive modulus was ~50 
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kPa and the volumetric swelling ratio was ~11. Both properties were statistically similar for 

all hydrogel formulations.

3.2 Effect of ECM Analogs on hMSC Chondrogenic Differentiation in PEG Hydrogels

A total of nine hydrogel formulations were investigated to screen for RGD (0, 0.1 and 1 

mM) and ChS (0, 1 and 2wt%) concentrations that enhance hMSC chondrogenesis in the 

presence of low TGF-β3 concentration (2.5 ng/ml). hMSCs from three donors were 

investigated. After 14 days of culture in chondrogenic differentiation media, cell-laden 

hydrogels were assessed by qPCR and IHC for collagen II as a marker for chondrogenesis, 

collagen X as a marker for hypertrophy (Fig. 2) and collagen I, which is expressed by MSCs 

and is a marker of fibrocartilage (Fig. S1).

Gene expression data represent the change in expression that occurred between initial 

encapsulation (i.e., 24 hours after encapsulation) and day 14. Collagen II mRNA levels were 

elevated (i.e., greater than one) across all hydrogel formulations by day 14. The formulation 

consisting of 0.1 mM RGD and 1 wt% ChS had the highest (~10x) (p=0.07) collagen II gene 

expression values over the PEG-only hydrogel. In addition, this formulation had higher 

(p=0.05-0.08) Collagen II expression when compared to the other formulations with ECM 

analogs; although to a lesser extent (p=0.4) when compared to the formulation with 0.1 mM 

RGD and 2 wt% ChS. For collagen X, the formulation consisting of 0.1 mM RGD and 1 wt

% ChS, which had the highest expression of collagen II, had higher (~4x) (p=0.14) 

expression of collagen X expression when compared to the PEG-only hydrogel. The mean 

expression was also higher when compared to the other formulations with ECM analogs, but 

the increased expression was less significant (p=0.10-0.45). Collagen I gene expression was 

reduced (i.e., less than one) across all hydrogel formulations by day 14 with no differences 

among the hydrogel formulations. At the protein level, there was very little if any collagen II 

detected in the PEG-only hydrogel. However, collagen II was present in all of the 

formulations with ECM analogs. Collagen X protein was present in all of the hydrogel 

formulations. Collagen I protein was not detectable in any of the hydrogel formulations.

3.3 hMSC Chondrogenesis under Dynamic Compressive Loading

Hydrogels were subjected to unconfined dynamic compression to investigate the effect of 

dynamic compressive loading on hMSC chondrogenesis. One hydrogel formulation (0.1 mM 

RGD: 1% ChS) was selected from the screening study and subjected to dynamic 

compressive strains for 1 hour per day at one of five different loading regimes with strain 

rates included in parentheses: (1) no loading, (2) 5% strain 0.3 Hz (1.5%/s), (3) 10% strain 

0.3 Hz (3%/s), (4) 5% strain 1Hz (5%/s), and (5) 10% strain 1 Hz (10%/s). The hydrogels 

were initially cultured in a free swelling environment for one week, and then placed in 

bioreactors and subjected to dynamic compression for two weeks. Here gene expression was 

normalized to expression levels of the pre-encapsulated hMSCs for each donor respectively 

to assess the overall differentiation of the hMSCs for each of the different culture conditions.

hMSC chondrogenesis was assessed after 14 days for collagen II (Fig. S2A,C) and more 

extensively after 21 days of culture for viability (Fig. S3), collagen II and aggrecan (Fig. 3) 

and for collagen I (Fig S4). At 14 days all conditions had elevated (p=0.07-0.19) collagen II 
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gene expression levels when compared to pre-encapsulated hMSCs. However, there were no 

differences (p=0.57) as a function of the culture condition. Collagen II protein was present in 

all conditions. At 21 days, cells were mostly viable with some dead cells present in the 

hydrogel (Fig. S3). There were no observable differences in viability under loading. Gene 

expression for collagen II (Fig. 3A) was variable across all loading conditions with no 

significant differences, but remained several orders of magnitude higher than prior to 

encapsulation. In all loading conditions, collagen II protein (Fig. 3B-C) was detected with an 

average of ~70-90% of the cells staining positive. Although qualitatively, there appeared to 

be less staining for collagen II protein in the loading condition with a strain rate of 1.5%/s. 

Collagen I gene expression was approximately 2-3 orders of magnitude lower when 

compared to collagen II gene expression with no observable trends as a function of loading 

condition. Collagen I protein was not detectable in any of the hydrogels as a function of 

loading. The IHC analysis was extended to aggrecan (Fig. 3D), which was highly expressed 

at the protein level with no observable differences among the culture conditions. These 

results suggest that collagen II and aggrecan expressions are not substantially affected by 

dynamic compression across the loading regimes investigated.

3.4 hMSC Hypertrophy under Dynamic Compressive Loading

hMSC hypertrophy was assessed after 14 days by collagen X (Fig S2B,C) and more 

extensively after 21 days for collagen X, RunX2, and MMP13 (Fig. 4) under the same 

experimental conditions as described in the previous section. At 14 days all conditions had 

elevated (p=0.06-0.21) collagen X gene expression levels when compared to pre-

encapsulated hMSCs. However, there were no large differences (p=0.39) as a function of the 

culture condition. Collagen X protein was not detected in two of the loading conditions with 

strain rates of 3%/s and 5%/s, but was detected in the free swelling condition and loading 

conditions at the extremes with strain rates of 1.5%/s and 10%/s. At 21 days, collagen X 

gene expression was reduced (p=0.20-0.22) in the loading conditions with strain rates of 

1.5-5%/s when compared to the free swelling (Fig. 4A). At the highest stain rate (10%/s) 

collagen X expression was similar to the free swelling condition. At the protein level, 

collagen X (Fig. 4B) was detected in the free swelling condition with ~60% of the cells 

expressing the protein. In the loading conditions at the extremes with strain rates of 1.5%/s 

and 10%/s, collagen X protein was also detected with 40-55% of the cells expressing the 

protein. On the contrary in the loading conditions with strain rates of 3 and 5 %/s, fewer 

cells were expressing collagen X with only ~30% and 20%, respectively. Staining for 

RunX2 at the protein level (Fig. 4C) followed that of collagen X with prominent staining in 

the free swelling condition and in the extreme loading conditions with strain rates of 1.5 %/s 

and 10 %/s. However minimal staining was detected in the loading conditions with strain 

rates of 3 and 5 %/s. MMP-13 activity was also assessed in the culture medium for two of 

the three donors and data for day 21 is shown (Fig. 4D). Under the 5%/s strain rate, the 

levels of MMP-13 activity were lower (p=0.06) when compared to the free swelling 

condition, while all other loading conditions were more similar (p=0.38-0.84) to the free 

swelling conditions. No differences were observed at the early time points of day 11 and day 

17 (data not shown).
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4. Discussion

Human mesenchymal stem cells are a promising cell source for cartilage tissue engineering 

given their ability to differentiate down the chondrogenic lineage. A successful tissue 

engineering approach using hMSCs requires that the scaffold (e.g., hydrogel) promote a 

stable chondrogenic phenotype with cartilage-specific ECM synthesis. The challenge is that 

the default pathway for hMSCs differentiating down the chondrogenic lineage is terminal 

differentiation, a precursor to endochondral ossification36-41. However, the environment 

within healthy cartilage contains a host of physiochemical cues that maintain a stable 

chondrocyte phenotype throughout one's life. Herein, we show that recapitulating some of 

the physiochemical cues from cartilage within a synthetic hydrogel enhances hMSC 

chondrogenesis and simultaneously maintains a stable chondrogenic phenotype by 

preventing terminal differentiation. A 3D hydrogel environment with carefully tuned 

biochemical and biomechanical cues offers a promising strategy to achieve hMSC-mediated 

cartilage regeneration.

In this study, we first screened two ECM analogs, a cell adhesion peptide (RGD) and a 

sulfated glycosaminoglycan (ChS), for their ability to promote hMSC chondrogenesis in a 

synthetic PEG hydrogel, but in the absence of mechanical loading. Our results show that the 

presence of ECM analogs, regardless of type (RGD or ChS) or concentration, enhanced 

hMSC chondrogenesis. This observation was evident by positive staining for the protein, 

collagen II, a late marker for chondrogenesis. Collagen II was present in as early as two 

weeks of culture for all hydrogel formulations that contained ECM analogs, but was not 

detectable in the PEG-only hydrogels. Collagen II mRNA levels in the PEG-only hydrogel, 

however, were similar to many of the other formulations with ECM analogs. This result 

suggests that hMSCs are indeed undergoing chondrogenesis in all of the hydrogel 

formulations, but that the process may be slower in the absence of ECM analogs. This 

observation is supported by our previous work26, which showed that when higher TGF-β3 

concentrations were employed (i.e., 10 ng/ml instead of 2.5 ng/ml used in the current study), 

collagen II protein was detected in PEG-only hydrogels within two weeks of culture. We 

have also previously shown that when TGF-β3 was absent from the culture medium, ECM 

analogs of ChS or RGD were not sufficient to induce expression of collagen II protein in 

hMSCs over this same time frame26. Since chondrogenesis is known to require TGF-β 

signaling1,42,43, our findings suggest that the enhanced chondrogenesis, as observed by 

positive staining for collagen II protein, may be a result of a synergistic effect between the 

ECM analogs and TGF-β signalling.

In the case of RGD, it is well known that a cross-talk exists between growth factor receptors 

and integrins to control downstream signaling44,45. In particular, TGF-β signalling has been 

shown to act synergistically with intracellular signalling pathways that depend on cell 

adhesion (e.g., Rho/Rock signalling)46. Therefore, when hMSCs engage with the RGD 

tethers present in the PEG hydrogel, it is possible that integrin-mediated signalling may act 

synergistically with TGF-β3 to enhance chondrogenesis. Furthermore, TGF-β binding to its 

receptor can lead to endogenous secretion of TGF-β, thus amplifying the signalling 

cascade47. Interestingly, the latent form of TGF-β that is secreted by cells, can be activated 

by integrins that recognize RGD48-50. We and others have reported that when cells are 
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encapsulated in a PEG hydrogel with RGD, they up-regulate integrins that bind to RGD25,51. 

While the exact mechanism remains to be elucidated, we hypothesize that the presence of 

RGD in the PEG hydrogel may enhance chondrogenesis through a cross-talk in the 

signalling pathways downstream of TGF-β signalling and/or by integrin-mediated activation 

of endogenously secreted TGF-β. Although further studies are needed to test this hypothesis.

In the case of chondroitin sulfate, its sulfate groups may help to sequester soluble TGF-β3 

and enhance its bioactivity. It is believed that the interaction between GAGs and growth 

factors prolongs their activity by increasing the half-life when bound to the matrix51. Studies 

have shown that TGF-β3 can bind to sulfated GAGs, reducing its release and improving it's 

effectiveness in cartilage tissue engineering53. In addition, the negatively charged 

chondroitin sulfate also attracts positive ions from the culture media leading to increased 

osmolarity within the hydrogel19, which is similar to that of cartilage19,54,55. It has been 

suggested that hyper-, but physiologically relevant, osmolarity can influence post-

transcriptional regulation of Sox9 and therefore could lead to increased protein synthesis of 

collagen II56. Furthermore, hyperosmolarity has been shown to enhance TGF-β activity in 

other cell types and was responsible for increased collagen synthesis57. While the exact 

mechanism remains to be elucidated, we hypothesize that the presence of chondroitin sulfate 

enhances TGF-β3 activity either through contextual presentation of the growth factor (i.e., 

binding of the growth factor) or through a hypertonic environment that acts synergistically 

with TGF-β signalling. Although further studies are needed to test this hypothesis.

When the two ECM analogs were combined, the formulation containing 1wt% ChS and 0.1 

mM RGD led to the highest collagen II mRNA levels across all three donors concomitant 

with collagen II protein expression in nearly all the cells. This observation suggests that 

while all formulations with ECM analogs induced hMSC chondrogenesis, there appears to 

be a synergistic effect between the ECM signals that depends on their magnitudes. Indeed, 

several studies have shown that there is an optimal osmolarity that enhances matrix synthesis 

by chondrocytes where supraphysical levels can be inhibitory to chondrocytes19,20 and to 

chondrogenically differentiating MSCs22. High concentrations of RGD have been shown to 

support osteogenesis of hMSCs in 3D cultures through traction dependent processes58 and 

thus low RGD concentrations may favor chondrogenesis17. The combination of RGD and 

ChS at the lower concentrations led to markedly improved chondrogenesis (as observed by 

the high mRNA levels for collagen II). We hypothesize that this effect occurs as a result of 

enhanced TGF-β signalling by the presence of both ECM analogs, where TGF-β induces 

Sox9-dependent transcriptional activity42 that ultimately controls collagen II expression42. 

However, additional experiments are needed to better understand the observed synergistic 

effect between the RGD and ChS on chondrogenesis.

The hypertrophic protein, collagen X, which is a hallmark of terminal differentiation and the 

default pathway for chondrogenically differentiating MSCs, was present in all formulations 

regardless of the presence of ECM analogs. This result is consistent with our previous 

reports26 and reports by others, which use TGF-β to induce MSC chondrogenesis 4-6,37, 59. 

These findings show that despite the presence of ECM analogs that create a cartilage-like 

biomimetic hydrogel environment, the enhanced chondrogenesis was accompanied by a 
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hypertrophic phenotype. However, these initial studies were performed in the absence of any 

mechanical stimulation.

It is well known that mechanical forces are critical to cartilage homeostasis60.61 and have 

been shown to regulate chondrogenesis of MSCs28,29. We selected one formulation from the 

free swelling screening study, which showed robust chondrogenesis (i.e., 0.1 mM RGD and 

1wt% ChS), and investigated the effects of dynamic compressive loading on MSC 

chondrogenesis and terminal differentiation. Here, a more in-depth analysis was performed. 

Interestingly, collagen II at the gene and protein levels did not appear to be affected by 

loading. This result is in contrast to our previous work, which showed inhibition of collagen 

II protein synthesis under dynamic compressive loading in PEG hydrogels with RGD31 and 

in PEG hydrogels with ChS26. In our previous work, however, loading was applied at higher 

strains (i.e., 15%), where others have shown that relatively high fluid flow velocities can 

inhibit collagen II synthesis by chondrogenically differentiating hMSCs61. Results from the 

current study, thus, suggest that lower strains (≤10%) and/or the presence of multiple ECM 

cues may be critical to maintaining chondrogenesis when hMSCs are encapsulated in PEG-

based hydrogels and subjected to loading.

Most notably, dynamic mechanical loading affected terminal differentiation of the hMSCs 

and in a manner that depended on the loading rate. Interestingly, strain rates in the range of 

3%/s (0.3 Hz 10%) to 5%/s (1 Hz 5%) inhibited collagen X protein expression across all 

three donors. There were notable differences between gene and protein expression levels for 

collagen X, which may in part be due to differences between transcriptional and translational 

control as shown by others63. The protein RunX2, a transcription factor involved in 

chondrocyte terminal differentiation and important to endochondral ossification64-66, was 

also inhibited under similar strain rates as collagen X. On the contrary, RunX2 and collagen 

X proteins were detected in the hydrogels cultured in the absence of loading as well as 

cultured under the two extreme loading conditions, at 1.5%/s and 10%/s strain rates. Runx2 

protein appeared to be co-localized with the nucleus in some cells, but also located in the 

cytoplasm. This observation is consistent with prior reports that show Runx2 shuttling 

between the nucleus and cytoplasm67.68. These results suggest that the hypertrophic 

phenotype in chondrogenically differentiating hMSCs may be highly mechanosensitive, 

which has been suggested by others69,70. Our findings are consistent with others, which 

reported inhibition of hypertrophy, evident by reduced collagen X gene expression, by 

dynamic loading for hMSCs in a hydrogel71. However, results from this study suggest that 

this effect may be strain rate dependent. Since collagen X is critical to endochondral 

ossification, mechanical loading may play a role in controlling this process. Indeed, studies 

have pointed to the mechanical environment as regulating the type of cartilage tissue that is 

formed during development and as well during homeostasis72. Other studies have pointed to 

a role for non-collagenous extracellular matrix proteins (e.g., maitrilin, which is involved in 

matrix assembly and detected early in chondrogenically differentiating MSCs59) in 

regulating chondrocyte hypertrophy72 and which have been shown to be highly sensitive to 

dynamic loading73. Furthermore, multiple physiochemical cues are generated in the 

hydrogel as a result of the combined presence of dynamic loading and ECM analogs. These 

cues include: (a) cell deformation and fluid flow induced by dynamic loading alone, (b) 

integrins acting as mechanoreceptors to dynamic loading, and (c) dynamic changes in 
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osmolarity that result from the movement of mobile cations in and out of the hydrogel 

during dynamic loading9. In all cases, the magnitude of the cue will depend on the loading 

rate. While the exact mechanism remains to be elucidated, dynamic loading will 

dramatically change the environment surrounding the hMSCs. We hypothesize that a 

combination of cues are likely contributing to the regulation of the hypertrophic phenotype, 

while the chondrogenic phenotype appears to be less sensitive to the loading environment at 

least when TGFβ3 is supplemented to the media. Additional studies, however, are needed to 

identify the pathways that lead to the observed load-induced inhibition of hMSC 

hypertrophy.

MMP-13 is also known to be upregulated in hypertrophic chondrocytes along with collagen 

X and RunX275. In this study, MMP-13 activity was detected in the culture medium, and 

appeared to be reduced under the strain rate 5%/s that also resulted in minimal collagen X 

and RunX2 protein levels. MMP-13 is involved in the resorption of cartilage and the 

remodelling of new bone76, and therefore its up-regulation in activity occurs later in this 

process. Indeed, others have reported that when hMSCs are cultured in pellets and in a 

hypertrophic-specific culture medium, MMP-13 mRNA was not detected until day 2141. 

Here, MMP-13 was detectable, but differences were not apparent until late in our study. It is 

important to note that we measured active MMP-13 and therefore it is possible that MMP-13 

protein may have been affected by other loading conditions, but that this was accompanied 

by the secretion of molecules, such as TIMPs, that regulate its activity.

There are several limitations of this study, which are worth noting. First, the number of 

human donors was limited (n=3), thus reducing the statistical power of the study. The large 

variability observed here, however, is consistent with other reports77-80. As a result, our 

findings, particularly with respect to the gene expression data, are limited. However, we did 

observe notable differences in protein expression among different culture conditions that 

were consistent across all donors. While we did not quantify the total amount of protein 

deposited, the obvious presence or absence of a particular protein provided key insight into 

the effect of our culture condition on hMSC chondrogenesis. Second, our studies are limited 

to three weeks and therefore long-term studies are needed to determine whether the 

combined loading environment and biomimetic hydrogel can continue to maintain the 

chondrogenic phenotype while preventing terminal differentiation. Furthermore, terminal 

differentiation was evaluated in the presence of TGFβ3 by collagen type X, an early marker 

of hypertrophy. Additional studies are necessary to evaluate whether dynamic loading at the 

regimes identified here are sufficient to inhibit late stage hypertrophy in a more relevant 

hypertrophic medium81. Third, our studies were limited to non-degradable hydrogels. The 

use of a stable hydrogel was critical to ensure that the physiochemical cues, resulting from 

the hydrogel, were largely maintained throughout the culture period. However, non-

degradable crosslinks prevent diffusion of large ECM molecules and thus limit their 

deposition to the pericellular space82. While a pericellular matrix can shield cells from 

mechanical strain, the relatively short culture times and limited matrix deposition by the 

chondrogenically differentiated MSCs are not expected to affect strain transfer to the 

encapsulated cells. Previously we have shown that a relatively thick PCM is necessary to 

inhibit strain transfer to cells. In addition, non-degradable hydrogels have also been shown 
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to limit cell proliferation due to the restricted space; although cell proliferation was not 

measured in this study.

Conclusion

We describe a cartilage-biomimetic hydrogel that is composed of ECM analogs of a cell 

adhesion peptide based on RGD and a sulfated glycosaminoglycan based on ChS, which 

were incorporated, into a PEG hydrogel. This biomimetic hydrogel enhanced 

chondrogenesis of hMSCs over a range of ECM analog concentrations, but in all 

formulations and donors a hypertrophic phenotype was evident by the presence of collagen 

X. However when dynamic mechanical loading was introduced, chondrogenic differentiation 

did not appear to be affected, but hypertrophy was inhibited across all donors under 

moderate strain rates (i.e., 3%/s (10% 0.3 Hz) and 5%/s (5% 1 Hz). Our findings suggest 

that the combination of ECM analogs and dynamic mechanical loading contribute to the 

regulation of hypertrophy and help to promote a stable chondrogenic phenotype in MSCs.
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figure 1. 
formation and characterization of the biomimetic hydrogels formed from crosslinked 

poly(ethylene glycol) as the base chemistry and to which (meth)acrylate-functionalized rgd 

and chondroitin sulfate (chs) are incorporated. a) a schematic showing the monomers and the 

resulting network structure formed after photopolymerization. b) a schematic of the different 

hydrogel formulations investigated in this study. c) the incorporation of rgd was confirmed 

using fluorescently labeled rgd. fluorescent images and the corresponding semi-

quantification of fluorescence intensity (n=3) show increased fluorescence with the 

increasing rgd from 0 to 0.1 to 1 mm. d) the incorporation of chs as confirmed by toluidine 

blue staining, which stains negatively charged molecules blue. brightfield microscopy 

images of toluidine blue stained hydrogels with 0, 1, or 2 wt% chs show increased blue 

staining. scale bar= 100Î¼m. note that peg-only hydrogels exhibit some background 

staining. the amount of chs incorporated into the hydrogel was also quantitatively assessed 

(n=3). e) the compressive modulus was measured for the different hydrogel formulations and 

show no significant differences (n=10, p=0.73). f) the volumetric swelling ratio was 

measured for the different hydrogel formulations and show no significant differences (n=10, 

p=0.47). all data are presented as mean with standard deviation parenthetically or as error 

bars.
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figure 2. 
the effects of ecm analogs on hmsc chondrogenesis under free swelling culture conditions 

after 14 days of culture. gene expression (by qpcr) for a) collagen ii and b) collagen x. the 

symbols (diamond (donor 1), square (donor 2), circle (donor 3)) represent the mean for each 

donor (n=4 technical replicates). the line (â–¬) represents the mean for all donors (n=3) and 

p values are relative to peg-only hydrogel. normalized expression is defined as relative 

expression at day 14 normalized to relative expression at 24 hours after encapsulation. c) 

immunohistochemistry staining for collagen ii (green) (top row) and for collagen x (green) 

(bottom row). cell nuclei (blue) were counterstained with dapi. scale bar = 20Î¼m.
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figure 3. 
the effects of dynamic compressive loading on hmsc chondrogenesis in a biomimetic peg-

based hydrogel containing 0.1 mm rgd and 1 wt% chs after 21 days of culture. a) gene 

expression (by qpcr) for collagen ii. normalized expression is defined as relative expression 

at day 21 normalized to relative expression for pre-encapsulated hmscs. b) 

immunohistochemistry staining for collagen ii (green). cell nuclei (blue) were counterstained 

with dapi. scale bar = 20Î¼m. c) semi-quantitative analysis of the fraction of cells staining 

positive for collagen ii. d) immunohistochemistry staining for aggrecan (red). cell nuclei 

(blue) were counterstained with dapi. scale bar = 20Î¼m. d). in b and c, the symbols 

(diamond (donor 1), square (donor 2), circle (donor 3)) represent the mean for each donor 

(n=4 technical replicates). the line (â–¬) represents the mean for all donors (n=3) and p 

values are relative to peg-only hydrogel.
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figure 4. 
the effects of dynamic compressive loading on hmsc hypertrophy in a biomimetic peg-based 

hydrogel containing 0.1 mm rgd and 1 wt% chs after 21 days of culture. a) gene expression 

(by qpcr) for collagen x. normalized expression is defined as relative expression at day 21 

normalized to relative expression for pre-encapsulated hmscs. b) immunohistochemistry 

staining for collagen x (green). cell nuclei (blue) were counterstained with dapi. scale bar = 

20Î¼m. c) semi-quantitative analysis of the fraction of cells staining positive for collagen x. 

d) immunohistochemisty staining for runx2 (green). cell nuclei (blue) were counterstained 

with dapi. scale bar = 20Î¼m. e) the concentration of active mmp13 in culture media 

accumulated from days 17-21. in a, c and e, the symbols (diamond (donor 4), square (donor 
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5), and circle (donor 6)) represent the mean of each donor (n=4 technical repeats). the line 

(â–¬) represents the average of all donors (n=3).
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