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Abstract
Human induced pluripotent stem cells (iPSCs) have emerged as a promising alternative 

to bone-marrow derived mesenchymal stem/stromal cells for cartilage tissue engineering. 

However, the effect of biochemical and mechanical cues on iPSC chondrogenesis remains 

understudied. This study evaluated chondrogenesis of induced pluripotent mesenchymal 

progenitor cells (iPS-MPs) encapsulated in a cartilage-mimetic hydrogel under different culture 

conditions: free swelling versus dynamic compressive loading and different growth factors 

(TGFβ3 and/or BMP2). Human iPSCs were differentiated into iPS-MPs and chondrogenesis was 

evaluated by gene expression (qPCR) and protein expression (immunohistochemistry) after 

three weeks. In pellet culture, both TGFβ3 and BMP2 were required to promote 

chondrogenesis. However, the hydrogel in growth factor-free conditions promoted 

chondrogenesis, but rapidly progressed to hypertrophy. Dynamic loading in growth factor-free 

conditions supported chondrogenesis, but delayed the transition to hypertrophy. Findings were 

similar with TGFβ3, BMP2, and TGFβ3+BMP2. Dynamic loading with TGFβ3, regardless of BMP2, 

was the only condition that promoted a stable chondrogenic phenotype (aggrecan+collagen II) 

accompanied by collagen X down-regulation. Positive TGFβRI expression with load-enhanced 

Smad2/3 signaling and low SMAD1/5/8 signaling  was observed. In summary, this study reports 

a promising cartilage-mimetic hydrogel for iPS-MPs that when combined with appropriate 

biochemical and mechanical cues induces a stable chondrogenic phenotype.
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Introduction

Articular cartilage when damaged due to injury or disease is unable to regenerate 

because of low cellular density and a lack of vascularity.1 If left untreated, damaged cartilage 

can lead to osteoarthritis. However, early treatment has the potential to stop disease 

progression.2 Cell-based therapies such as autologous chondrocyte implantation (ACI)3 and 

more recently, matrix assisted ACI (MACI)4–6 have shown improved patient-reported outcomes 

in young, healthy patients in the short-term, however repair tissue does not resemble hyaline 

cartilage.3,7–9 Bone marrow (BM)-derived mesenchymal stem/stromal cells (MSCs) (BM-MSCs) 

are a potential alternative to autologous chondrocytes, though they too have their own 

shortcomings including a loss in chondrogenic potential with age, age-related diseases, and 

higher passage number.10–13 Moreover, BM-MSCs can lead to fibrocartilage formation14,15 or 

undergo hypertrophic terminal differentiation, a precursor to endochondral ossification, during 

chondrogenesis.16,17 Consequently, achieving hyaline cartilage during cartilage repair remains a 

challenge and has led to further investigation into other cell sources.

Induced pluripotent stem cells (iPSCs) have emerged as a promising source of stem cells 

for tissue engineering.18 IPSCs are generated from adult somatic cells, such as skin fibroblasts, 

that are reprogrammed to an early state of differentiation similar to that of embryonic stem 

cells19. IPSCs have many of the benefits of embryonic stem cells including high proliferative 

capacity and pluripotency,20,21 but without the ethical concerns.22–24 Moreover, iPSCs offer an 

autologous cell source that when generated from older patients maintain pluripotency similar 

to that of younger patients, overcoming one of the major limitations of BM-MSCs.25 

Page 3 of 45 Biomaterials Science



4

The chondrogenesis of iPSCs has been investigated in several studies using a variety of 

culturing conditions. In pellet culture, studies have reported improved chondrogenic 

differentiation of iPSCs following a mesenchymal progenitor intermediate step, with 70% of cell 

pellets revealing cartilage-matrix production.26 Collagen II and proteoglycan deposition by iPSC-

mesenchymal progenitor cells was reported in another study, however, matrix production was 

heterogenous throughout the pellet.27 Only a limited number of studies have investigated iPSCs  

combined with scaffolds. One such study encapsulated human iPSCs from osteoarthritic 

chondrocytes in an alginate gel and reported that the cells underwent chondrogenesis but only 

when co-cultured with chondrocytes.28 In another study, murine iPSCs seeded onto 

polycaprolactone/gelatin electrospun fibrous scaffolds underwent chondrogenesis in the 

presence of TGF1 in vitro and revealed improvements in vivo over untreated osteochondral 

defects by histological assessments.29 Although these findings reveal the potential of iPSCs for 

cartilage tissue engineering, the role of external cues on iPSC fate in the context of 

chondrogenesis and differentiation towards hyaline, fibrous, and hypertrophic cartilage has yet 

to be fully elucidated. 

Chondrogenic differentiation of MSCs has been shown to be highly dependent on the 

scaffold type, soluble growth factors and the presence of dynamic loading.30–32 Scaffolds 

influence cell-cell and cell-matrix interaction, ultimately impacting the response of MSCs to 

external cues which can vary their differentiation potential.32 For example, scaffolds that mimic 

aspects of the native cartilage environment have shown enhanced chondrogenesis and hyaline-

like tissue deposition of encapsulated MSCs.33–36 A number of studies have used soluble cues, 

such as growth factors, to promote differentiation and extracellular matrix development.37 
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Members of the TGFβ family, for instance, are potent inducers of MSC chondrogenesis and 

regulators of tissue production38. Additionally, a variety of mechanical stimuli, including 

dynamic compression and shear stress, that recapitulate the natural joint loading environment 

have beneficial effects on MSC chondrogenesis, matrix elaboration, and the regulation of 

differentiation towards hyaline or hypertrophic cartilage.31 Interestingly, a synergistic effect of 

some or all of these factors (scaffold type, growth factors, and dynamic loading) has also been 

reported, where the benefit of one may rely on the presence of another.39–42 While there is 

extensive research on the role of external factors on MSC fate, further investigation into iPSC 

chondrogenesis as a function of their environment is still needed to realize their full potential in 

cartilage tissue engineering. 

In this study, iPSCs were generated following an integration-free reprogramming 

method43,44 and then differentiated down the mesenchymal lineage, referred to as iPSC-

mesenchymal progenitors (iPS-MPs). The specific goal for this study was to evaluate 

chondrogenesis of the iPS-MPs as a function of growth factors, dynamic compressive loading, 

and a combination thereof when encapsulated in a cartilage-mimetic hydrogel. We recently 

reported on a cartilage-mimetic hydrogel designed from a poly(ethylene glycol) (PEG) hydrogel 

containing extracellular matrix (ECM) analogs of chondroitin sulfate (ChS) and the adhesion 

peptide RGD that promoted stable chondrogenesis of BM-MSCs under dynamic compressive 

loading.33,39 Our prior studies identified that under exogenous TGFβ3 stimulation, the presence 

of ChS in the cartilage-mimetic hydrogel enhanced chondrogenesis of BM-MSCs and was 

necessary to suppress hypertrophy under loading.39 Given the promise of this cartilage-mimetic 

hydrogel for chondrogenesis of BM-MSCs, this study aimed to investigate if the hydrogel 
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similarly could be promising for chondrogenesis of iPS-MPs. Moreover, this study investigates 

the role of the hydrogel itself under growth factor-free conditions and then when combined 

with exogenous growth factors, TGFβ3 and/or BMP2, on chondrogenesis of iPS-MPs. A stable 

version of the cartilage-mimetic hydrogel is used to investigate the effects of external cues in a 

controlled 3D culture environment. Chondrogenesis was first confirmed in pellet culture and 

then evaluated in the hydrogel for chondrogenic markers of hyaline cartilage, markers of 

fibrocartilage, and markers of hypertrophy using a combination of gene expression and 

immunohistochemistry methods. Moreover, TGFRI expression and Smad signaling were 

probed to provide additional insight into the influence of external cues on the differentiation 

fate of iPS-MPs in the hydrogel. The study design is depicted in Figure 1. Overall, this study 

demonstrates that the cartilage-mimetic hydrogel under growth factor-free conditions is 

capable of inducing chondrogenesis of iPS-MPs under dynamic loading, but that the hydrogel 

combined with exogenous delivery of TGFβ3 and dynamic loading is required to achieve a 

stable hyaline cartilage phenotype that suppresses hypertrophy. 

Materials and methods

Macromer synthesis 

Poly(ethylene glycol) (PEG) norbornene (8 arm, 10kDa) was synthesized from PEG amine as 

described previously.45 Briefly, 8-arm PEG amine (10kDa) (JenKem Technology) was dissolved in 

dimethyleformamide (DMF, Sigma Aldrich) and reacted under argon with 5-norbornene-2-

carboxylic acid at 4 molar excess with n,n-diisopropylethylamine (DIEA, Sigma Aldrich) and 1-
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[Bis(dimethylamaino0methylene]-1H-1,2,3-triazolog[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU, Sigma Aldrich) overnight at room temperature. The 8-arm PEG 

norbornene product was precipitated in cold diethyl ether, vacuum filtered, purified by dialysis, 

and lyophilized to recover product. Conjugation of norbornene to each arm of the PEG amine 

molecule was ~100% determined by comparing the area under the peak for the allylic hydrogen 

closest to the norbornene hydrocarbon group (=3.1-3.2ppm) to the area under the peak for 

the methyl groups of the PEG backbone (=3.4-3.85 ppm) using 1H NMR.  

Thiolated chondroitin sulfate (ChS-SH) was synthesized as described previously.46 

Briefly, chondroitin sulfate (ChS) (Sigma Aldrich) was dissolved in water and reacted with two 

molar excess dithiobis(propanoic dihydrazide) (DTP) (2 moles DTP: 1 mole ChS repeat unit). The 

pH was adjusted to 4.75 by 1M HCl. Two molar excess of 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDCI, Sigma Aldrich) was added per mole of ChS repeat unit and DTP solution and 

reacted overnight. The reaction was stopped by 1M NaOH to pH 7. Excess dithiothreitol (DTT, 

Sigma Aldrich) at 6.5 moles DTT: 1 mol ChS repeat unit was added to the solution and the pH 

was adjusted to 8.8 using 1M NaOH. The reaction was carried out for 24 hours to reduce the 

thiol groups of the ChS-conjugated DTP. The final product (ChS-SH) was purified and recovered 

by dialysis against 0.3 mM HCl, centrifuged to remove any particulates, and the supernatant 

was lyophilized. Conjugation of the thiol groups to ChS was determined to be 15% by 1H NMR 

by comparing the area under the peak representing the methylene groups associated with the 

ChS conjugated DTP (=2.5-2.6 and 2.6-2.8ppm) to that of the methyl protons of the acetyl 

amine on the ChS backbone (=1.8-2.0 ppm). The 15% conjugation of thiols to ChS indicates 
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that there are approximately seven thiol groups per molecule of ChS assuming a molecular 

weight of 22kDa.47 

Generation of human iPSCs

Human skin fibroblasts from a 50-year-old female (obtained commercially from American Type 

Culture Collection (ATCC)) were reprogrammed under low oxygen (5%) conditions by direct 

transfection of modified mRNA molecules encoding 6 human reprogramming factors, M3O 

(Myo-D-Oct4)48, SOX2, KLF4, cMYC, NANOG and LIN28A in combination with a cocktail of 

reprogramming embryonic stem cell-specific microRNAs, miRNA-367/302s  (Qiagen, Hilden, 

Germany) as previously described.43,44 The reprogrammed cells were analyzed for pluripotency 

and underwent karyotype analysis before being used in this study.

Culture of human iPSCs

iPSCs were expanded on a feeder layer of neonatal human dermal fibroblasts (ATCC) and 

cultured in human embryonic stem cell medium (hESM) containing equal parts Dulbecco’s 

Modified Eagle Medium (DMEM)/F-12 (Life Technologies) and neurobasal medium (Life 

Technologies), supplemented with 1% N-2 supplement (Life Technologies), 2% B-27 supplement 

(Life Technologies), 50 µg/mL ascorbic acid (Fisher Scientific, Hampton, NH, USA), 1% 

nonessential amino acids (NEAA; Life Technologies), 1 mM L-glutamine (Life Technologies), 55 

µM 2-mercaptoethanol (Fisher Scientific), 0.05% bovine serum albumin (Sigma-Aldrich), 1% 

penicillin-streptomycin (P/S; Life Technologies), 100 ng/mL recombinant human basic fibroblast 

growth factor (bFGF; Peprotech, Rocky Hill, NJ, USA), and 10 µM Y-27632 rho kinase inhibitor 
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(Selleck Chemicals, Houston, TX, USA). iPSCs were passaged by enzymatic treatment with 4 

mg/mL collagenase, type I (Life Technologies) in hESM. Colonies were then manually cut into 

squares using the StemPro EZPassage Disposable Stem Cell Passaging Tool (Life Technologies) 

and plated on new feeder layers at a 1:2 ratio. Cells were cultured in a humidified atmosphere 

at 37C and 5% CO2.

Derivation of Mesenchymal Progenitors from Human iPSCs

iPSCs were induced to become mesenchymal progenitors using a previously published 

protocol.49 IPSCs underwent feeder depletion on 0.1% gelatin-coated dishes for 1 hour and 

were then plated on gelatin-coated tissue culture-treated flasks at 1×104 cells/cm2 in MSC 

induction medium consisting of DMEM-High Glucose (DMEM-HG; Life Technologies), 10% fetal 

bovine serum (FBS; Atlanta Biologicals), 1% NEAA, 1% P/S, and 5 ng/mL human bFGF. Cells were 

cultured in a humidified atmosphere at 37C and 5% CO2, with media changes every 2-3 days. 

Cells were passaged when they reached 80% confluency using 0.25% trypsin/EDTA (Life 

Technologies) and subsequent passages were plated on tissue culture-treated flasks without 

gelatin at 1 x 104 cells/cm2 in MSC media.

Flow Cytometric Analysis of iPS-MPs

Mesenchymal differentiation was assessed by flow cytometry for mesenchymal cell surface 

markers CD90, CD73, and CD105. iPS-MPs were harvested using Accutase (Innovative Cell 

Technologies, San Diego, CA), washed in PBS, and resuspended in stain buffer consisting of 0.1% 

sodium azide and 5% FBS in PBS. Cell suspensions were mixed with FITC Mouse Anti-Human 
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CD90, FITC Mouse Anti-Human CD105, or PE Mouse Anti-Human CD73. Nonspecific 

fluorescence was determined by incubation of cell samples with either PE Mouse IgG1, κ 

Isotype Control or FITC Mouse IgG1, κ Isotype Control. All antibodies were purchased from BD 

Biosciences, San Jose, CA, USA. A minimum of 10,000 events were analyzed using a Beckman 

Coulter Gallios in the Flow Cytometry Shared Resource at the University of Colorado Cancer 

Center.

Chondrogenic Differentiation of iPS-MPs in Pellet Culture

 At passage 6, cells were treated with Accutase to dissociate, and 250,000 cells were added to 

each 15-mL conical polypropylene tube. Cells were centrifuged at 1500 RPM for 5 minutes and 

resuspended in 500 µL chondrogenic medium (CM) containing DMEM-HG, 50 µg/mL L-ascorbic 

acid 2-phosphate (Sigma-Aldrich), 40 µg/mL DL-proline (Sigma-Aldrich), 1% ITS+ Premix (Becton-

Dickinson, Franklin Lakes, NJ), 1% P/S and with either no growth factors, or with 100 ng ml-1 

BMP2 (Peprotech) and/or 10 ng ml-1 TGF-β3 (Peprotech). Cells were then pelleted at 500xg for 

5 minutes. All pellets were incubated at 37°C in 5% CO2 for 21 days, with CM refreshed every 2-

3 days.

Analysis of Chondrogenic Pellets

After 21 days, pellets were washed with PBS and fixed in 10% neutral buffered formalin 

followed by paraffin embedding. Cross sections (5 µm thick) were stained with Safranin O-Fast 

Green for sulfated glycosaminoglycans (sGAG) using standard protocols. Immunohistochemical 

analysis was performed using a Collagen Type II (Col II) antibody (Developmental Studies 
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Hybridoma Bank), followed by a goat anti-mouse-HRP (Jackson ImmunoResearch). Slides were 

developed using the ImmPACT DAB Peroxidase (HRP) Substrate (Vector Laboratories) and 

counterstained with VECTOR Hematoxylin QS (Vector Laboratories) per manufacturer’s 

instructions. Slides were visualized and images taken using a Nikon Eclipse 90i microscope 

(Tokyo, Japan). To measure total sGAG content, pellets were washed with PBS and each dry 

pellet was frozen at -80°C until ready to be assayed. sGAG content per pellet was quantified via 

the dimethylmethylene blue (DMMB) assay as previously described (n=3 pellets/group).11 

Hydrogel Formation, iPS-MP Encapsulation, and Culture

The hydrogel precursor solution was comprised of 9% (g/g) 8-arm PEG-norbornene, 1% (g/g) 

ChS-SH, 0.1 mM CRGDS (Genscript), 2.14% (g/g) PEG dithiol (1kDa) (Sigma-Aldrich), and 0.5% 

(g/g) Irgacure 2959 (I2959, BASF) in phosphate buffered saline (PBS, pH 7.4). The precursor 

solution was filter sterilized with a 0.22 μm filter. IPS-MPs were combined with the sterile 

precursor solution to a final concentration of 10 million cells per ml.  The precursor solution 

with cells was photopolymerized with 352 nm light at 5 mW cm-2 for 8 minutes. The iPS-MP-

laden constructs (5mm in diameter and 2 mm in height) were cultured in chondrogenic 

differentiation medium (50 µg ml-1 l-ascorbic acid 2-phosphate (Sigma), 40 µg ml-1 DL-proline 

(Sigma), 1% ITS+ Premix (Corning), 1% penicillin/streptomycin in DMEM-Glutamax (Gibco).  

Medium was supplemented with either no growth factor or with one of three growth factor 

conditions: 2.5 ng ml-1 TGF-β3 (TGF-β3, Peprotech), 25 ng ml-1 BMP2 (BMP2, Peprotech), or 2.5 

ng ml-1 TGF-β3 plus 25 ng ml-1 BMP2 (TGF-β3+BMP2). The iPS-MP-laden hydrogels were 

cultured under standard cell conditions of 37°C with 5% CO2 under free swelling conditions for 
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seven days in individual wells of a 24 well plate with two milliliters of chondrogenic media per 

well. After one week, a subset of hydrogels was continued under free swelling culture 

conditions. A different subset of hydrogels were transferred to a custom-built bioreactor50,51 

and subjected to intermittent unconfined dynamic compressive strains applied at 5% peak to 

peak strain (2.5% amplitude strain) at 1 Hz in a sinusoidal waveform one hour daily and with 23 

hours of rest under a tare strain of <0.1%.  Medium was replaced every other day for the 

duration of the three-week study.

Gene expression

At  day 21, iPS-MP-laden hydrogels (n=3) were removed from culture for RNA extraction. 

Briefly, hydrogels were homogenized (TissueLyzer II, Qiagen) at 30 Hz for 10 minutes in RNA 

lysis buffer. RNA was extracted from the hydrogels using MicroElute Total RNA Kit (Omega) per 

manufacturer instruction. RNA was transcribed to cDNA using a high capacity reverse 

transcription kit (Applied Biosystems) per manufacturer instruction. Quantitative PCR (qPCR) 

was performed using Fast SYBR Green (Applied Biosystems) and a 7500 Fast Real-time PCR 

Machine (Applied Biosystems). PCR efficiency for each set of primers was determined from the 

slope of Ct values of 15-25 from serial dilutions of cDNA following the methods described 

previously.52  Data are reported as normalized gene expression (NE)

.𝑁𝐸 =  
(𝐸𝐺𝑂𝐼)

𝛥𝐶𝑡𝐺𝑂𝐼(𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ― 𝑠𝑎𝑚𝑝𝑙𝑒)

(𝐸𝐻𝐾𝐺)
𝛥𝐶𝑡𝐻𝐾𝐺(𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ― 𝑠𝑎𝑚𝑝𝑙𝑒)

which is determined from the delta Ct values (the difference in Ct values between the control 

and the sample) using true PCR efficiencies (E) of the gene of interest (GOI) to the 

housekeeping gene (HKG) L30 and normalizing to pre-encapsulated iPS-MPs (control). The 
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genes of interest included the chondrogenic markers of SOX9, ACAN, COL2A1, and the 

hypertrophic and osteogenic markers of RUNX2, COL10A1, and COL1A1. Primer sequences and 

efficiencies are given in Table 1. 

Table 1. qPCR Primer Sequences 

Gene Forward Sequence Reverse Sequence Efficiency
L30 5’-TTAGCGGCTGCTGTTGGTT-3’ 5’-TCCAGCGACTTTTTCGTCTTC-3’ 94%

SOX9 5’-TGACCTATCCAAGCGCATTACCA-3’ 5’-ATCATCCTCCACGCTTGCTCTGAA-3’ 95%
ACAN 5’-AGTATCATCGTCCCAGAATCTAGCA-3’ 5’-AATGCAGAGGTGGTTTCACTCA-3’ 88%
COL2A1 5’-CAACACTGCCAACGTCCAGAT-3’ 5’-TCTTGCAGTGGTAGGTGATGTTCT-3’ 102%
RUNX2 5’-TTGGCCTGGTGGTGTCATTA-3’ 5’-GAGTCCTTCTGTGGCATGCA-3’ 98%

COL10A1 5’-TTTTGCTGCTAGTATCCTTGAACT-3’ 5’-ACCTCTAGGGCCAGAAGGAC-3’ 87%

COL1A1 5’-AGGAAGGGCCACGACAAAG-3’ 5’-CAGTTACACAAGGAACAGAACAGTCTCT-3 99%

Immunohistochemistry (IHC)

At day 21, iPS-MP-laden hydrogels (n=3) were removed from culture and processed for 

immunohistochemistry. Hydrogels constructs were fixed overnight in 4% paraformaldehyde at 

4°C and transferred to a 30% sucrose solution at 4°C for storage. Constructs were subjected to a 

series of dehydration steps following standard methods, embedded in paraffin, and sectioned 

at 10 μm. Sections were stained for collagen II, collagen X, pSmad2/3, pSmad1/5/8, and TGFβ I 

receptor (TGFβRI). Sections were pretreated depending on antibody as follows: 2000 U ml-1 

hyaluronidase for anti-collagen II, 1 mg ml-1 protease followed by 1 mg ml-1 pepsin, and lastly 

0.25% trypsin in 1mM EDTA for anti-collagen X, and antigen retrieval using Retrievagen (BD 

Biosciences) for pSmad2/3, pSmad1/5/8, and TGβRI. Following permeabilization and blocking, 

sections were treated overnight at 4°C with the primary antibody: 1:50 anti-collagen II (US 
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Biological, C7510-20F), 1:50 anti-collagen X (Abcam, ab49945), and 1:50 anti-pSmad2/3 (Santa 

Cruz Biotechnology, sc-11769), anti-pSmad1/5/8 (Santa Cruz Biotechnology, sc-12353) and anti-

TGβRI (Abcam, ab31013) in blocking solution. Sections were subsequently treated for 2 hours 

with goat anti-mouse IgG or goat anti-rabbit IgG labelled with either Alexa Fluor 488 (Abcam) 

(1:100) or Alexa Flour 546 (Abcam) (1:100) and nuclei counterstained with DAPI 

(ThermoFischer).

Stained sections were further analyzed to quantify the fraction of cells that stained 

positive for the protein of interest or the relative intensity of staining for the protein of interest. 

Representative confocal microscopy images (n=3 images per hydrogel, n=3 hydrogels per 

condition) were selected and processed using NIH ImageJ. For collagen II and collagen X, the 

number of nuclei that were associated with cells that stained positive for the protein was 

counted per image and divided by the total number of nuclei in that image. The data are 

reported as a fraction of positively stained cells. For pSmad2/3, pSmad1/5/8, and TGFβR1, the 

intensity of protein stain per cell was determined, averaged for each image (n=8-15) per 

hydrogel (n=3) were averaged for each condition. The data are reported as average intensity 

per nuclei.  

Statistical Analysis

For the study of chondrogenesis in pellet culture, a one-way ANalysis Of VAriance (ANOVA , 

α=0.05) with growth factor (TGFβ3, BMP2, TGFβ3+BMP2) as the factor was investigated.  For 

the study investigating the effect of loading in the absence of growth factors, qPCR and 

quantitative IHC were analyzed using an unpaired two-sample t-test assuming unequal 
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variances. For the study investigating the effect of growth factors concomitant with loading, 

qPCR and quantitative IHC were investigated using a two-way ANOVA (α=0.05) with growth 

factor (TGFb3, BMP2, TGFB3+BMP2) and culture condition (free swelling, loading) as factors. In 

cases of statistically significant interaction, data were re-analyzed using one-way ANOVAs for 

growth factors or using unpaired two-sample t-test assuming unequal variances for loading. For 

ANOVAs, a post-hoc Tukey’s HSD test was used for pairwise comparisons. Data were tested for 

normality using Shapiro-Wilk and normal distribution plots as well as equality of error variances 

by Levene’s test to meet criteria prior to ANOVA. Analyses were performed using IBM SPSS 

Statistics Software. Statistical significance was set at p<0.05.

Results

Mesenchymal Differentiation of Human IPSCs and their chondrogenesis in pellet culture

A two-stage differentiation protocol was used, where human iPSCs were first directed towards 

the mesenchymal lineage. After 1 week of culture in MSC induction medium, iPSCs transitioned 

from growing as round colonies to growing as single cells that displayed a fibroblast-like 

morphology. A population of spindle-shaped cells was obtained after 3-4 passages (Figure 2A). 

Flow cytometric analysis of iPS-MPs indicated that the mesenchymal cell surface markers CD73 

and CD105 were expressed on greater than 95% of the cells, while CD90 was expressed on 

approximately 20% of the cells (Figure 2B). Chondrogenic differentiation of the iPS-MPs was 

confirmed using a pellet culture assay under different growth factor combinations. In the 

absence of exogenous growth factors, a pellet had formed but chondrogenesis was not 

observed by a lack of positive staining for sulfated glycosaminoglycans (sGAGs) (Figure 2C) and 
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collagen II (Figure 2D). The addition of BMP2 (100 ng ml-1) to the culture medium led to pellets 

of larger size when compared to the no growth factor condition, and this was even more 

evident when BMP2 (100 ng ml-1) and TGFβ3 (10 ng ml-1) were both present. Positive sGAG 

staining was observed in pellet cultures stimulated with BMP2 alone, with greater staining 

when a combination of BMP2 and TGFβ3 was present (Figure 2C). Similar results were observed 

with the collagen II immunostaining, where the presence of BMP2 and TGFβ3 led to highest 

expression of collagen type II (Figure 2D). On the contrary, TGFβ3 led to slightly increased pellet 

size over the no growth factor control with minimal staining for sGAGs and no obvious staining 

for collagen II. Quantification of sGAG content per pellet confirmed that presence of BMP2 or 

BMP2 combined with TGFβ3 led to greater (p<0.05) sGAG content when compared to the no 

growth factor control and to the TGFβ3-only group (Figure 2E).

The effect of dynamic compressive loading in the absence of growth factors on iPS-MP 

chondrogenesis in the 3D hydrogel 

IPS-MPs were encapsulated in a cartilage-mimetic hydrogel (Figure 1B) and cultured in 

chemically defined chondrogenic differentiation media, but in the absence of any exogenous 

growth factors for 21 days. Differentiation of iPS-MPs was evaluated by gene expression for the 

chondrogenic markers SOX9, ACAN, and COL2A1, the hypertrophic markers RUNX2, COL10A1 

and the fibrocartilage marker COL1A1. The latter is also present in MSCs prior to their 

differentiation. For all genes analyzed, with the exception of RUNX2, there was a 10-10,000-fold 

increase in expression over the pre-encapsulated iPS-MPs regardless of the culture condition 

(Figure 3A). RUNX2 expression levels remained below one indicating that its expression 

Page 16 of 45Biomaterials Science



17

decreased in the hydrogels and over time. Under dynamic loading, SOX9 expression decreased 

(p=0.048) when compared to free swelling condition. For chondrogenic markers, loading 

reduced (p=0.045) COL2A1 expression, but had no effect on ACAN expression. Loading had no 

effect on the hypertrophic markers RUNX2 and COL10A1, or the fibrocartilage marker COL1A1. 

Chondrogenesis was evident by extracellular matrix (ECM) production (Figure 3B&C). 

Aggrecan and collagen II staining was evident, but faint with only 20% fraction of the cells 

staining positive for collagen II. However, there was strong staining for collagen X protein with 

60% of the cells staining positive. Under dynamic loading, aggrecan and collagen II staining 

appeared more intense than under free swelling, but collagen X protein was also present. 

Quantitative analysis revealed an increase (p<0.001) from 20% to 90% in the fraction of cells 

that stained positive for collagen II under loading (Figure 3C). This result is contrary to the 

collagen II gene level, which suggests different temporal profiles of this gene and its protein.  

The fraction of cells that stained positive for collagen X protein under loading was similar to 

that under free swelling, with approximately 60% of cells staining positively for the protein. This 

result, however, is consistent with the gene expression, which was similar under both culture 

conditions. 

The expression of TGFβR1 along with the cellular signaling proteins phosphorylated 

Smad2/3 (pSmad2/3) and phosphorylated Smad1/5/8 (pSmad1/5/8), which are downstream of 

the TGFβ-superfamily receptors were also examined (Figure 3D&E). IPS-MPs stained positively 

for TGFβR1, pSmad2/3, and pSmad1/5/8 regardless of culture condition. Loading of iPS-MP-

laden hydrogels in the absence of growth factors did not alter the expression of TGFβR1 or 

pSmad1/5/8, as measured by the average intensity per nuclei levels (Figure 3E). The mean 
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intensity for pSmad2/3 expression was higher under loading, but this was not statistically 

significant. Collectively, these results indicate that loading alone is capable of inducing 

chondrogenic differentiation of iPS-MPs when encapsulated in the cartilage mimetic hydrogel. 

The relative intensity of pSmad2/3 to pSmad1/5/8 may be playing a role, but its contribution 

appears to be subtle.

The effect of growth factors and dynamic compressive loading on iPS-MP chondrogenesis in 

the 3D hydrogel 

The effects of exogenous growth factors, TGFβ3, BMP2, and a combination thereof, on 

iPS-MP chondrogenesis in the cartilage-mimetic hydrogels were examined concomitant with 

loading. Chondrogenic differentiation was evaluated by gene expression for the chondrogenic 

markers SOX9, ACAN, and COL2A1. SOX9 expression was not affected by growth factors or by 

loading (Figure 4A).  For ACAN expression, a two-way ANOVA analysis revealed a significant 

interaction between growth factor and loading, but further analysis by one-way ANOVAs did 

not indicate any significant differences for the simple main effects. COL2A1 expression was 

affected (p=0.017) by loading, but not by growth factor. Post-hoc analysis did not reveal any 

significant pairwise differences with loading. These results indicate minimal differences 

between the effects of growth factors and/or loading on chondrogenic gene expression. 

At the protein level, aggrecan was expressed in all culture conditions regardless of 

growth factors or loading (Figure 4B). Similarly, collagen II protein was present in all culture 

conditions regardless of growth factors or loading, with 70-90% of cells staining positive for the 

protein (Figure 4C). A two-way ANOVA analysis revealed a significant interaction with growth 
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factors and loading on the fraction of collagen II expressing cells. Follow-up analyses revealed 

that under free swelling there was a reduction in the number of positively stained cells when 

the cells were cultured with both TGFβ3 and BMP2 when compared to TGFβ3 (p=0.024) and to 

BMP2 (p=0.019). There was no significant effect from loading for any of the growth factors or 

combinations.

Collagen I was also evaluated by gene and protein expression as a fibrocartilage marker. 

COL1A1 expression was maintained at around 1000-fold higher than the iPS-MPs prior to 

encapsulation and differentiation regardless of growth factor and culture condition (Figure 5A). 

However, there was no significant effect between growth factors and/or loading on COL1A1 

expression. At the protein level, collagen I protein was expressed in the free swelling cultures 

with BMP2 or BMP2+ TGFβ3, but not detectable in the TGFβ3-only culture (Figure 5B). Loading 

appeared to dampen collagen I protein expression in both of the BMP2 culture conditions, but 

it remained present in the TGFβ3+BMP2 condition (Figure 5B). 

The hypertrophic markers, RUNX2 and COL10A1, were not affected by loading or by 

growth factors (Figure 6A). Collagen X protein was present under free swelling culture 

conditions for all growth factor conditions, but its presence appeared reduced under loading 

when TGFβ3 was present (Figure 6B). Quantification of the fraction of positively stained cells 

revealed a significant interaction between growth factors and loading and follow-up statistical 

analyses were performed. Under free swelling culture, collagen X protein was expressed in all 

growth factor conditions with 90% of the cells staining positive for the protein (p=0.78). Loading 

down-regulated collagen X protein expression, resulting in 30% (p=0.002) and 50% (p=0.014) of 

the cells staining positive for the protein in the TGFβ3-only and the TGFβ3+BMP2 conditions, 
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respectively (Figure 6B). Under loading, growth factor was a significant factor (p=0.011) in 

collagen X protein expression. TGFβ3-only condition with loading resulted in the lowest number 

of collagen X expressing cells. For example, there was 2.6-fold fewer (p=0.009) cells expressed 

collagen X in the TGFβ3-only condition compared to the BMP2-only condition. 

Assessment of TGFβR1 and Smad Signaling During Chondrogenis of iPS-MP-laden Hydrogels

Protein expression of TGFβR1, pSmad2/3, and pSmad1/5/8 was evaluated by 

immunohistochemistry during chondrogenesis of the iPS-MPs when encapsulated in the 

cartilage mimetic hydrogels and cultured under different growth factor conditions and under 

loading. Quantification of TGFβR1 intensity staining per nuclei were affected by growth factors 

(p=0.008) and loading (p<0.001) following a two-way ANOVA. Under free swelling, TGFβR1 

protein expression was highest in the BMP2-only condition over TGFβ3-only (p=0.025) and 

TGFβ3+BMP2 (p=0.028) condition. Loading did not affect TGFβR1 expression in the BMP2 

condition. However, loading up-regulated TGFβR1 under TGFβ3-only condition (p=0.003) and 

the TGFβ3+BMP2 condition (p=0.02). Similarly, growth factors (p<0.001) and loading (p=0.027) 

had a significant effect on pSmad2/3 expression. Loading increased expression of pSmad2/3 

when cultured under TGFβ3-only (p=0.025), BMP2-only (p=0.049), and TGFβ3+BMP2 (p=0.042) 

conditions. In addition, pSmad2/3 expression was greater (p=0.046) in the TGFβ3+BMP2 

condition when compared to the TGFβ3-only condition. On the contrary, loading and growth 

factors did not have a significant effect on pSmad1/5/8, however, a load-induced reduction in 

mean pSmad1/5/8 was found when cultured with TGFβ3 only. These results indicate that 
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exogenous growth factors and loading affect TGFβR1 expression and Smad signaling in iPS-MPs 

encapsulated in the cartilage mimetic hydrogel. 

Discussion 

In this study, chondrogenesis of iPS-MPs encapsulated in a cartilage mimetic hydrogel 

was investigated, with a focus on the effects of the growth factors, TGFβ3 and BMP2, in tandem 

with intermittent dynamic compressive loading. The key finding from this study is that dynamic 

compressive loading supported a stable chondrogenic phenotype with limited collagen I 

expression, an indicator of fibrocartilage, and collagen X expression, an indicator of 

hypertrophy, but only when TGFβ3 was present. On the contrary, the cartilage-mimetic 

hydrogel alone or when cultured with BMP2-only regardless of loading supported 

chondrogenesis but also promoted hypertrophy. These findings suggest that iPS-MPs when 

cultured in this biomimetic hydrogel and under standard culture conditions (e.g., normoxia) 

have a propensity towards hypertrophic chondrogenesis, but that biochemical and mechanical 

cues are able to maintain a hyaline cartilage phenotype and prevent further differentiation 

towards hypertrophy.

In the absence of exogenous growth factors, the cartilage mimetic hydrogel induced 

chondrogenesis of iPS-MPs. However, the iPS-MPs appeared to undergo hypertrophy regardless 

of loading. This observation is supported by elevated aggrecan, collagen II, and collagen X 

mRNA levels, which were accompanied by positive staining for collagen X. Interestingly, the free 
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swelling culture condition exhibited weak staining for aggrecan and collagen II, while loading 

had more pronounced staining for the hyaline cartilage proteins, indicating different temporal 

rates of differentiation towards hypertrophy. While studies have reported that 

chondrogenically differentiating pluripotent stem cells (i.e., embryonic) resist hypertrophy53 of 

which iPSCs are similar, iPS-MPs has been shown to be more similar to BM-MSCs than their 

parent iPSCs.54 In addition, several studies have reported that pluripotent stem cells that are 

differentiated into mesenchymal progenitors and subsequently expanded give rise to growth 

plate-like chondrocytes displaying a hypertrophic tendency, regardless of their origin.55,56 

Indeed, growth plate chondrocytes are considered transient and programmed to differentiate 

from hyaline cartilage-producing chondrocytes into hypertrophic chondrocytes that eventually 

turn into bone.57 We therefore surmise that the iPS-MPs in this study had a propensity to 

undergo hypertrophy prior to encapsulation in the hydrogel and this propensity led to the 

observed rapid transition towards hypertrophy in the hydrogel. Rapid induction of hypertrophic 

markers has been reported in chondrogenically differentiating BM-MSCs.16,58 Interestingly, 

dynamic loading appeared to delay this transition in the abence of growth factors, but loading 

was not sufficient to inhibit hypertrophy as collagen X was still present. 

These findings indicate that cues within the cartilage-mimetic hydrogel were sufficient 

to induce iPS-MP chondrogenesis. This observation is supported by the pellet culture results 

which did not show evidence of chondrogenesis in the absence of exogenous growth factors, 

suggesting that the basal chondrogenic medium was insufficient. The hydrogel itself forces cells 

into a round morphology and cells are restricted from extending cellular processes due to the 

relatively tight mesh of the hydrogel. This morphology is maintained throughout the culture 
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period in part due to the lack of degradable crosslinkers in the hydrogel and the small mesh size 

of the hydrogel. Thus, the differentiation potential towards other pathways by the iPS-MPs 

(e.g., osteoblast) may be limited simply by restricting cell morphology.59,60 Another potential 

contributing factor is the presence of insulin in the basal medium, which has been shown to 

activate IGF-1 signaling and enhance chondrogenesis.61,62 However, TGFβ signaling is essential 

to chondrogenesis38 and thus activation of IGF-1 signaling alone is likely insufficient. Positive 

staining for TGFβRI concomitant with pSmad2/3, indicating activated Smad2/3 signaling, 

suggests that TGFβ signaling was induced in the iPS-MPs without exogenous growth factors.63 

This suggests that the hydrogel environment induced TGFβ up-regulation in the iPS-MPs. One 

possible explanation is hyperosmolarity, which has been reported to induce TGFβ secretion and 

TGFβRI expression in other cell types.64,65 We have previously shown that negatively charged 

chondroitin sulfate tethered into the hydrogel creates a hyperosmotic environment by 

attracting mobile cations from the media.66 We have also previously reported that BM-MSCs 

encapsulated in this cartilage-mimetic hydrogel containing chondroitin sulfate had elevated 

expressions of osmotic sensitive genes, indicating a responsiveness to an hyperosmotic 

environment.39 Once TGFβ signaling is induced, the ECM analogs within the cartilage-mimetic 

hydrogel can aid in amplifying TGFβ signaling. The RGD ligands tethered into the hydrogel can 

upregulate RGD-binding integrins on cells67,68, which can activate the latent form of TGFβ.69–71 

In addition, the sulfation on chondroitin sulfate can bind soluble TGFβ3, prolonging its half-life 

and preventing its release from the hydrogel.68,72 Collectively, these observations lead us to 

hypothesize that the cartilage-mimetic hydrogel via hyperosmolarity from the ECM analogs, is 
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sufficient to upregulate and amplify TGFβ signaling in the iPS-MPs and then induce 

chondrogenesis without the need for exogenous growth factors.

TGFβ3, BMP2, and a combination thereof, when exogenously delivered to the iPS-MPs 

in the cartilage-mimetic hydrogel and cultured under free swelling conditions, supported 

chondrogenesis. This finding is expected given that these growth factors are known to induce 

chondrogenesis.30 These growth factors, however, were also able to slow the progression of 

hypertrophy when compared to the growth factor-free condition. These results are in 

agreement with our previous reports with BM-MSCs in the cartilage-mimetic hydrogel, which 

showed simultaneous hyaline and hypertrophic protein expression under exogenous TGFβ3.39  

Positive staining for TGFβRI and pSmad2/3 points to TGFβ signaling under all growth factor 

conditions. Studies have reported that BMP2 can stimulate Smad2/3 signaling;73 however, 

activation is through the BMP receptor ALK3 and independent of the receptors, such as TGFβRI, 

which is associated with pSmad2/3 signaling.74 Once Smad2/3 signaling is activated, cells can 

produce their own TGFβ to induce autocrine TGFβ signaling75. While BMP2 can initiate 

chondrogenesis of mesenchymal progenitors,76 it is also involved in hypertrophic 

differentiation77,78 and required for endochondral ossification through Smad1/5/8 activation.79 

The pSmad1/5/8 expression was similar across all growth factors, but was overall lower than 

the pSmad2/3 expression. This result suggests that the cartilage-mimetic hydrogel under BMP2 

stimulation may favor Smad2/3 over Smad1/5/8 signaling, similar to that under TGFβ3 

stimulation. Collectively, these results indicate that under free swelling conditions, exogenous 

delivery of growth factors is necessary to slow progression towards hypertrophy of the 

encapsulated iPS-MPs.
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Contrarily, the combination of dynamic loading and exogenous TGFβ3 supported 

chondrogenesis and limited hypertrophy. The addition of BMP2 along with TGFβ3 also showed 

a reduction in hypertrophy under loading, but was not as effective in reducing collagen X 

expressing cells as TGFβ3 alone. We recently reported that dynamic loading of BM-MSCs 

encapsulated in the cartilage-mimetic hydrogel inhibited hypertrophy in the cartilage-mimetic 

hydrogel through mechanisms mediated by p38, which were a direct result from the presence 

of chondroitin sulfate.39 In that study, we concluded that dynamic oscillations in osmolarity that 

result from loading a charged matrix was critical to load-induced inhibition of hypertrophy. 

Here, we showed that in the growth factor-free condition, collagen X was present with minimal 

staining for hyaline cartilage proteins, suggesting that the iPS-MPs may have already reached 

terminal differentiation. However, in this condition under loading, both hypertrophic and 

hyaline cartilage proteins were present, suggesting that loading slows the progression towards 

terminal differentiation. The addition of exogeonous TGFβ3 combined with loading is even 

more potent at inhibiting hypertrophy leading to the presence of hyaline cartilage proteins and 

minimal hypertrophic proteins. In studies with BM-MSCs, mechanical loading has been shown 

to induce chondrogenesis80–82 as a result of load-induced autocrine TGFβ signaling and 

subsequent amplification.83. We surmise that herein, loading up-regulated TGFβ signaling in 

addition to the hydrogel-alone, which contributed to the delay in the progression towards 

hypertrophy. 

The high levels of collagen X mRNA in the iPS-MPs under all conditions, however, 

suggests that the propensity towards hypertrophy still remains; a finding that is consistent with 

our previous reports with BM-MSCs.33,39 It is interesting though that our previous report with 
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BM-MSCs39 pointed to load-induced inhibition of Smad1/5/8 signaling leading to a shift in 

Smad2/3 dominant signaling, which is known to inhibit hypertrophy of BM-MSCs.84 In this work, 

loading upregulated Smad2/3 signaling, but had less of an effect on Smad1/5/8 signaling, which 

was relatively low in the iPS-MPs when compared to our previous study with BM-MSCs.39 It is 

worth noting, however, that the ratio of the intensity of the pSmad2/3 to pSmad1/5/8 staining 

was the highest at ~5 with TGFβ3 and loading, which led to the greatest inhibition in 

hypertrophy. With BMP2 and loading regardless of TGFβ3, the ratio was lower ~3, but 

hypertrophy was only reduced when TGFβ3 was present. This suggests that under BMP2, other 

signaling mechanisms beyond Smad1/5/8 signaling may contribute to collagen X protein 

expression. One potential explanation is differential regulation of Smad4, which forms a 

complex with pSmad2/3 and with pSmad1/5/8 and facilitates their translocation into the 

nucleus where Smad proteins regulate gene expression.85 In a recent study, Smad4 was 

reported to be necessary for cartilage formation86,87 and BM-MSC chondrogenesis.88 The 

abundance of Smad4 was also shown to play a role in determining Smad2/3 versus Smad1/5/8 

dominated signaling.88 Thus, it is possible that Smad4 may be involved in regulating growth 

factor and/or load responses in the differentiation of iPS-MPs, however, the effects of loading 

on Smad4 remains to be elucidated. Moreover, other signaling mechanisms such as MAP 

kinase, WNT, and Notch, are known to be affected by mechanical loading and growth factor 

stimulation,31 and may also play a role in iPS-MP chondrogenesis and their progression towards 

hypertrophy.

Collectively findings from this study demonstrate that external cues in the form of 

dynamic loading and/or exogenous growth factors influence the temporal fate of iPS-MPs 
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during chondrogenesis in the cartilage-mimetic hydrogel, which span from a stable 

chondrogenic phenotype towards a terminally differentiated phenotype (Figure 8). On one end, 

dynamic loading when combined with exogenous TGFβ3 supports stable chondrogenesis by 

inhibiting hypertrophy. We surmise that this occurs at least in part through load-enhanced 

Smad2/3 signaling accompanied by relatively low Smad 1/5/8 signaling. Hypertrophy was 

partially inhibited when BMP2 was present, suggesting that TGFβ3 with loading remained 

effective at slowing the progression to hypertrophy, but not to the same degree as when BMP2 

was absent. IPS-MPs, however, were pushed towards hypertrophy under a range of culture 

conditions (see Figure 8). At low concentrations, TGFβ can bind not only to TGFβRI but also BMP 

receptors and activate both Smad2/3 and Smad1/5/8 signaling cascades,89,90 which could 

explain the hypertrophic phenotype observed under loading  in the growth factor-free 

condition and that observed with TGFβ3 without loading. BMP signals through Smad1/5/8 

signaling and thus it is not surprising that BMP2 promotes hypertrophy. Lastly, free swelling 

culture without loading or growth factors led to rapid induction of hypertrophy in iPS-MPs, 

which was evident by collagen X with minimal presence of hyaline cartilage proteins. This result 

suggests that cell-mediated degradation of the hyaline cartilage proteins occurred during the 

transition to hypertrophy or alternatively that transdifferentiation may have occurred. Studies 

have indicated that an immature chondrocyte, with limited hyaline cartilage matrix, can 

transdifferentiate into a pre-osteoblast.91  These findings indicate that the iPS-MPs when 

cultured in the cartilage-mimetic hydrogel rapidly undergo chondrogenesis and hypertrophy, 

but depending on the loading environment and the growth factors can slow this progression to 

achieve different stages of chondrogenesis.
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There are several limitations of this study. A stable, non-degradable hydrogel was 

chosen in order to maintain the local biochemical and mechanical cues within the hydrogel 

during the experiment without complications of a degradable hydrogel whose properties evolve 

over time. This limits the ECM proteins secreted by the encapsulated cells to the pericellular 

space. Nonetheless, this restricted matrix allows the type of ECM molecules to be identified. 

Further study is needed to assess chondrogenesis of iPS-MPs in a degradable hydrogel for 

cartilage tissue engineering. We investigated collagen X as an indicator of a hypertrophic 

phenotype in chondrogenesis.92 Although questions have been raised regarding collagen X as 

an appropriate marker at the gene level,58 collagen X protein is critical to the early events of 

cartilage hypertrophy that lead to endochondral ossification.93 The study was limited to 

assessment at day 21 and further analysis will need to include a time course to delineate the 

temporal progression of chondrogenesis. Although not a direct limitation of the study, the 

advantage of using iPS-MPs over BM-MSCs is that their chondrogenic differentiation capabilities 

are maintained in older and diseased patients. Future work will look to compare the 

chondrogenesis of iPS-MPs and BM-MSCs from the same patient in order to determine if iPS-

MPs are a more effective cell source for chondrogenesis. 

Conclusions

A photoclickable cartilage-mimetic hydrogel cultured in the presence of TGFβ3 and 

under dynamic mechanical stimulation was effective at promoting chondrogenesis of iPS-MPs 

while limiting hypertrophy. While the cartilage-mimetic hydrogel alone and when combined 

with mechanical loading promoted chondrogenesis of iPS-MPs cultured in the absence of 

growth factors, hypertrophy was only inhibited when mechanical loading was combined with 
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TGFβ3. This result correlated with greater Smad2/3 signaling over pSmad1/5/8 signaling. 

However, our findings suggest that under BMP2 other signaling mechanisms are at play. 

Nonetheless, this study reports that a cartilage-mimetic hydrogel supports chondrogenesis of 

iPS-MPs and that when combined with the appropriate growth factors and loading can support 

a stable chondrogenic phenotype. Future efforts will examine the translatability of these 

findings into a degradable cartilage mimetic hydrogel where this hydrogel platform has clinical 

significance for its ability to be injected and photopolymerized into a chondral defect. 
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Figure Captions

Figure 1. Study design to evaluate the iPS-MP chondrogenesis. A) IPSCs were differentiated 

down the mesenchymal lineage into iPS-MPs prior to use in this study.  B) In pellet culture, iPS-

MPs were cultured with chondrogenic media containing no growth factor, TGFβ3 (10 ng ml-1), 

BMP2 (100 ng ml-1), or  TGFβ3 (10 ng ml-1) and BMP2 (100 ng ml-1) and chondrogenesis 

assessed at day 21 by histology, IHC, and biochemical analysis. C) In 3D culture, iPS-MPs were 

photoencapsulated in a cartilage-mimetic hydrogel made from multi-arm PEG norbornene 

macromers, PEG dithiol crosslinkers, and ECM analogs of thiolated-chondroitin sulfate and 

CRGDS. The iPS-MP-laden hydrogels were cultured in chondrogenic media containing no growth 

factor, TGFβ3 (2.5 ng ml-1), BMP2 (25 ng ml-1), or  TGFβ3 (2.5 ng ml-1) and BMP2 (25 ng ml-1) 

under free swelling culture or under a dynamic loading protocol. The latter consisted of one 

week free swelling followed by intermittent dynamic compressive loading for one hour per day. 

At day 21, iPS-MP differentiation was analyzed via qPCR, IHC and quantitative IHC. 

Figure 2. A) The morphological transition of iPSCs cultured in MSC induction medium from 

round colonies to single spindle-shaped cells. B) Flow cytometry analysis for the cell surface 

markers CD73, CD105, and CD90. C) Sulfated glycosaminoglycans (red) and (D) Collagen II ( 

brown)  were observed in pellet culture of chondrogenically differentiating iPS-MPs when 

cultured with TGFβ3 (10 ng ml-1), BMP2 (100 ng ml-1), or their combination. Scale bar is 100µm. 

E) Quantification of sGAG content per pellet in culture media without growth factors (CM) or 
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with TGFβ3, BMP2, or their combination. Data are represented as mean with standard 

deviation (n=3). 

Figure 3. IPS-MP-laden hydrogels cultured without and with loading in the absence of growth 

factors. A) Gene expression data for the chondrogenic markers SOX9, ACAN, COL2A1, the 

fibrocartilage marker COL1A1, and the hypertrophic markers RUNX2 and COL10A1 at day 21 

normalized to pre-encapsulated iPS-MPs cultured under free swelling (black) and loading (gray). 

B) Representative confocal microscopy images of ECM proteins collagen I (green), aggrecan 

(red), collagen II (green), collagen X (green) and nuclei (blue) and (C) quantitative analysis of the 

fraction of positively stained cells for each protein at day 21 of iPS-MPs cultured under free 

swelling (black) or loading (gray). D) Representative confocal microscopy images TGFβRI 

(green), pSmad2/3 (red), pSmad1/5/8 (red) and nuclei (blue) and quantitative analysis of the 

average intensity for each protein per nuclei (E) at day 21 of iPS-MPs cultured under free 

swelling (black) or loading (gray). Scale bar is 20 µm. Data presented as mean with standard 

deviation (n=3).

Figure 4. IPS-MP-laden hydrogels cultured without and with loading and with TGFβ3, BMP2, and 

TGFβ3+BMP2 for 21 days. A.) Gene expression data for chondrogenic markers SOX9, ACAN, 

COL2A1 at day 21 normalized to pre-encapsulated iPS-MPs cultured under free swelling (black) 

and loading (gray). Representative confocal microscopy images of the ECM proteins (B) 

aggrecan (red), (C) collagen II (green) and nuclei (blue) and quantitative analysis of the fraction 
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of collagen II positively stained cells of iPS-MPs cultured under free swelling (black) or loading 

(gray). Scale bar is 20 µm. Data are presented as mean with standard deviation (n=3).

Figure 5. IPS-MP-laden hydrogels cultured without and with loading with TGFβ3, BMP2, and 

TGFβ3+BMP2 for 21 days. A.) Gene expression data for fibrocartilage marker COL1A1 at day 21 

normalized to pre-encapsulated iPS-MPs cultured under free swelling (black) and loading (gray). 

B.) Representative confocal microscopy images of the ECM protein collagen I (green) and nuclei 

(blue). Scale bar is 20 µm. Data are presented as mean with standard deviation (n=3).

Figure 6. IPS-MP-laden hydrogels cultured without and with loading with TGFβ3, BMP2, and 

TGFβ3+BMP2 for 21 days. A.) Gene expression data for hypertrophic markers RUNX2 and 

COL10A1 at day 21 normalized to pre-encapsulated iPS-MPs cultured under free swelling (black) 

and loading (gray). B.) Representative confocal microscopy images of ECM protein collagen X 

(green) and nuclei (blue) and quantitative analysis of the fraction of collagen X positively 

stained cells at day 21 of iPS-MPs cultured under free swelling (black) or loading (gray). Scale 

bar is 20 µm. Data presented as mean with standard deviation (n=3).

Figure 7. Representative confocal microscopy images and quantitative analysis of (A) TGFβRI 

(green), (B) pSmad2/3 (red), (C) pSmad1/5/8 (red) and nuclei (blue) at day 21 of iPS-MPs 

cultured with TGFβ3, BMP2, and TGFβ3+BMP2 without (black) or with loading (gray). Scale bar 

is 20 µm. Data presented as mean with standard deviation (n=3).
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Figure 8. The proposed fate of iPS-MPS chondrogenesis in a cartilage mimetic hydrogel under 

different growth factor and loading conditions.
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Figure 1. Study design to evaluate the iPS-MP chondrogenesis. A) IPSCs were differentiated down the 
mesenchymal lineage into iPS-MPs prior to use in this study.  B) In pellet culture, iPS-MPs were cultured 

with chondrogenic media containing no growth factor, TGFβ3 (10 ng ml-1), BMP2 (100 ng ml-1), or  TGFβ3 
(10 ng ml-1) and BMP2 (100 ng ml-1) and chondrogenesis assessed at day 21 by histology, IHC, and 

biochemical analysis. C) In 3D culture, iPS-MPs were photoencapsulated in a cartilage-mimetic hydrogel 
made from multi-arm PEG norbornene macromers, PEG dithiol crosslinkers, and ECM analogs of thiolated-

chondroitin sulfate and CRGDS. The iPS-MP-laden hydrogels were cultured in chondrogenic media containing 
no growth factor, TGFβ3 (2.5 ng ml-1), BMP2 (25 ng ml-1), or  TGFβ3 (2.5 ng ml-1) and BMP2 (25 ng ml-1) 

under free swelling culture or under a dynamic loading protocol. The latter consisted of one week free 
swelling followed by intermittent dynamic compressive loading for one hour per day. At day 21, iPS-MP 

differentiation was analyzed via qPCR, IHC and quantitative IHC. 
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Figure 2. A) The morphological transition of iPSCs cultured in MSC induction medium from round colonies to 
single spindle-shaped cells. B) Flow cytometry analysis for the cell surface markers CD73, CD105, and 

CD90. C) Sulfated glycosaminoglycans (red) and (D) Collagen II ( brown)  were observed in pellet culture of 
chondrogenically differentiating iPS-MPs when cultured with TGFβ3 (10 ng ml-1), BMP2 (100 ng ml-1), or 

their combination. Scale bar is 100µm. E) Quantification of sGAG content per pellet in culture media without 
growth factors (CM) or with TGFβ3, BMP2, or their combination. Data are represented as mean with 

standard deviation (n=3). 
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Figure 3. IPS-MP-laden hydrogels cultured without and with loading in the absence of growth factors. A) 
Gene expression data for the chondrogenic markers SOX9, ACAN, COL2A1, the fibrocartilage marker 

COL1A1, and the hypertrophic markers RUNX2 and COL10A1 at day 21 normalized to pre-encapsulated iPS-
MPs cultured under free swelling (black) and loading (gray). B) Representative confocal microscopy images 
of ECM proteins collagen I (green), aggrecan (red), collagen II (green), collagen X (green) and nuclei (blue) 
and (C) quantitative analysis of the fraction of positively stained cells for each protein at day 21 of iPS-MPs 

cultured under free swelling (black) or loading (gray). D) Representative confocal microscopy images 
TGFβRI (green), pSmad2/3 (red), pSmad1/5/8 (red) and nuclei (blue) and quantitative analysis of the 

average intensity for each protein per nuclei (E) at day 21 of iPS-MPs cultured under free swelling (black) or 
loading (gray). Scale bar is 20 µm. Data presented as mean with standard deviation (n=3). 

170x202mm (300 x 300 DPI) 

Page 39 of 45 Biomaterials Science



 

Figure 4. IPS-MP-laden hydrogels cultured without and with loading and with TGFβ3, BMP2, and 
TGFβ3+BMP2 for 21 days. A.) Gene expression data for chondrogenic markers SOX9, ACAN, COL2A1 at day 

21 normalized to pre-encapsulated iPS-MPs cultured under free swelling (black) and loading (gray). 
Representative confocal microscopy images of the ECM proteins (B) aggrecan (red), (C) collagen II (green) 
and nuclei (blue) and quantitative analysis of the fraction of collagen II positively stained cells of iPS-MPs 

cultured under free swelling (black) or loading (gray). Scale bar is 20 µm. Data are presented as mean with 
standard deviation (n=3). 
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Figure 5. IPS-MP-laden hydrogels cultured without and with loading with TGFβ3, BMP2, and TGFβ3+BMP2 
for 21 days. A.) Gene expression data for fibrocartilage marker COL1A1 at day 21 normalized to pre-

encapsulated iPS-MPs cultured under free swelling (black) and loading (gray). B.) Representative confocal 
microscopy images of the ECM protein collagen I (green) and nuclei (blue). Scale bar is 20 µm. Data are 

presented as mean with standard deviation (n=3). 
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Figure 6. IPS-MP-laden hydrogels cultured without and with loading with TGFβ3, BMP2, and TGFβ3+BMP2 
for 21 days. A.) Gene expression data for hypertrophic markers RUNX2 and COL10A1 at day 21 normalized 

to pre-encapsulated iPS-MPs cultured under free swelling (black) and loading (gray). B.) Representative 
confocal microscopy images of ECM protein collagen X (green) and nuclei (blue) and quantitative analysis of 
the fraction of collagen X positively stained cells at day 21 of iPS-MPs cultured under free swelling (black) or 

loading (gray). Scale bar is 20 µm. Data presented as mean with standard deviation (n=3). 

170x170mm (300 x 300 DPI) 

Page 42 of 45Biomaterials Science



 

Figure 7. Representative confocal microscopy images and quantitative analysis of (A) TGFβRI (green), (B) 
pSmad2/3 (red), (C) pSmad1/5/8 (red) and nuclei (blue) at day 21 of iPS-MPs cultured with TGFβ3, BMP2, 
and TGFβ3+BMP2 without (black) or with loading (gray). Scale bar is 20 µm. Data presented as mean with 

standard deviation (n=3). 
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Figure 8. The proposed fate of iPS-MPS chondrogenesis in a cartilage mimetic hydrogel under different 
growth factor and loading conditions. 
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