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a b s t r a c t 

Matrix stiffness is a crucial regulator of cell fate in both in vitro and in vivo setting. Although studies with non- 
degradable polymers have contributed to our understanding of the influence of rigidity on cell response, very little 
work has been conducted with biodegradable polymers that constitute the building blocks of implantable devices. 
Herein, we investigated human bone marrow stem cell response as a function of rigidity (7 kPa, 10 kPa, 12 kPa, 
22 kPa, 15 MPa elastic modulus values) that induced by five different aliphatic polyesters (tissue culture plastic 
with ~ 3 GPa rigidity was used as control). Cell morphology analysis revealed that stiff substrates stimulated 
a large cell area with defined stress fibres, whilst soft substrates prompted a small cell area without evident 
stress fibres. Immunocytochemistry analysis made apparent that YAP was accumulated at the nuclei when the 
cells were seeded on stiff substrates and at the cytoskeleton on soft substrates. Substrate stiffness did not affect 
( p > 0.05) the expression of positive ( > 97% CD73, CD90, CD105, CD44), but increased ( p < 0.05) the expression 
of negative ( < 44% CD45, < 14% CD31, < 28% CD146) mesenchymal stem cell markers after 21 days of culture. 
With respect to trilineage differentiation, the 15 MPa substrate induced the highest ( p < 0.05) calcium deposition 
and SPP1 mRNA expression in osteogenic media, the 22 kPa substrate induced the highest ( p < 0.05) COMP and 
ACAN mRNA expression in chondrogenic media and the 10 kPa substrate induced the highest ( p < 0.05) FABP4 
and CEBPA mRNA expression in adipogenic media, all after 21 days in culture. Although some issues associated 
with degradation were encountered, our data clearly illustrate that biodegradable polymers also contribute to 
cell phenotype and function in a rigidity dependant manner. 
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. Introduction 

Cells sense matrix rigidity at molecular scale level via activation
f mechanotransduction signalling pathways [e.g., focal adhesion ki-
ase (FAK) and Rho-associated protein kinase (ROCK)] that control
arious cellular functions, including adhesion, migration, morphology,
roliferation and differentiation [1–4] . For example, on stiff substrates
elastic modulus of 48–53 kPa at macro-level), cells exhibit a spread
ellular morphology and large cell area with numerous FA complexes
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nd robust actin stress fibres, whilst on soft substrates (elastic modulus
f 13–16 kPa at macro-level), cells exhibit a circular and constrained
orphology with immature FA complexes and disorganised actin fila-
ents [5] . With respect to differentiation, several in vitro studies have
emonstrated a substrate rigidity dependant osteogenic [ 6 , 7 ], chondro-
enic [8] , adipogenic [ 9 , 10 ], tenogenic [11] , neural [12] , mesodermal
13] and myogenic [14] commitment. Although these studies have pro-
ided important insights into the understanding of substrate stiffness
n cell response, they are of little value to contemporary regenerative
1 
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edicine, as they have used non-degradable materials, such as polyacry-
amide and polydimethylsiloxane. To substantiate this, one should con-
ider that tissue / implantable device mechanical properties mismatch
s still associated with implant failure [ 15–18 ]. Thus, there is an urgent
eed to develop biodegradable polymer-based devices with tunable me-
hanical properties for efficient cell fate control. 

Synthetic biodegradable polymers are extensively used in tissue en-
ineering, regenerative medicine and drug delivery due to their ac-
eptable cytocompatibility, tolerable biodegradability, tunable mechan-
cal properties and readily processability into tissue-specific confor-
ations in an affordable and scalable manner [ 19–24 ]. In particular,

liphatic polyesters [e.g. poly( 𝜀 -caprolactone) [25] , poly(glycolic acid)
26] , poly(lactic acid) [27] , poly(dioxanone) [28] , poly(trimethylene
arbonate) [29] ] and copolymers thereof are the raw materials of mul-
iple regulatory body approved medical devices for a diverse range of
linical indications. Yet again, their capacity to control stem cell lineage
ommitment as function of monomer composition (and consequently
igidity) is still unclear. 

Herein, five polyester films of different composition and conse-
uently stiffness were fabricated using compression moulding and their
nfluence on human stem cell adhesion and phenotype was investigated.

. Materials and methods 

.1. Materials 

The aliphatic polyesters used were poly(glycolide-co-caprolactone)
omposed by weight of 9.6% glycolide and 90.4% of caprolactone with
lastic modulus of 7 ± 3 kPa (7 kPa PGCL 10/90); poly(glycolide-co-
ioxanone-co-(trimethylene carbonate)) composed by weight of 56.8%
lycolide, 15.5% dioxanone and 27.7% trimethylene carbonate with
lastic modulus of 10 ± 3 kPa (10 kPa PGDTMC 55/15/30); poly(lactide-
o-(trimethylene carbonate)) composed by weight of 79.1% lactide
nd 20.9% trimethylene carbonate monomer with elastic modulus of
2 ± 3 kPa (12 kPa PLTMC 80/20); poly(glycolide-co-lactide) composed
y weight of 18.1% glycolide and 81.9% lactide with elastic modulus
f 22 ± 9 kPa (22 kPa PGL 15/85); and poly(glycolide-co-lactide) com-
osed by weight of 31.4% glycolide and 68.6% lactide with elastic mod-
lus of 15,019 ± 2916 kPa (15 MPa PGL 30/70). All polymers used
ere biodegradable and produced by Medtronic (North Haven, USA).
he elastic modulus values were determined in previous study of the
roup using atomic force microscopy (AFM) [30] (authors’ note: as elas-
ic modulus values can vary between tools and methods [31] , in the Dis-
ussion section, we mention the method used to assess the mechanical
roperties of the various materials in the studies that we cite). Further-
ore, the degradation properties of the materials in phosphate buffered

aline at neutral pH for up to 21 days were assessed in previous study
f our group [30] and the results are summarised in Supplementary

able S1 . All tissue culture plastics were purchased from Sarstedt (Ire-
and). All chemicals, cell culture media and reagents were purchased
rom Sigma Aldrich (Ireland), unless otherwise stated. 

.2. Processing of polymeric films 

The polymeric films were obtained by compression moulding, using
 thermal presser Carver 3856 CE (Carver, USA), as has been described
efore [30] . In brief, the presser was heated close to the polymer melt-
ng temperature (7 kPa PGCL 10/90: 90 °C, 10 kPa PGDTMC 55/15/30:
20 °C, 12 kPa PLTMC 80/20: 220 ºC, 22 kPa PGL 15/85: 180 °C and
5 MPa PGL 30/70: 220 °C). The polymer pellets were placed between
wo metal sheets covered by Teflon sheets and subjected to a mini-
um pressure of 1 bar for 5 min. Subsequently, the system was gradu-

lly cooled down (10 °C/min) to approximately 30 °C. The fabrication
ethod was performed under controlled temperature and humidity con-
itions. The settings were selected to obtain polymeric films of 200 μm
2 
n thickness. The produced films were stored in sealed aluminium bags
n desiccants at 4 °C until use. 

.3. Human stem cell isolation and culture 

Human bone marrow stem cells (hBMSCs) were isolated according
o standard protocols [32] . Briefly, bone marrow obtained from the iliac
rest was purchased from Caltag (UK). The bone marrow was washed in
hosphate buffered saline (PBS) and subsequently plated on tissue cul-
ure plastic (3 GPa TCP) in 𝛼-minimal essential medium ( 𝛼MEM) supple-
ented with 10% foetal bovine serum (FBS) and 1% penicillin strepto-
ycin (P/S). Cells were cultured at 37 °C in a humidified atmosphere of
% CO 2 . After 7 days in culture, the non-adherent cells were removed
y several washes with PBS and the adherent cells (passage 0) were
ultured to 80% to 90% confluency. For passaging, cells were detached
sing trypsin-ethylenediaminetetraacetic acid (EDTA). Cells at passage
 to 4 were used for all experiments. Prior to cell seeding, the polymeric
lms were sterilised with ethylene oxide at Medtronic (USA). hBMSCs
t passage 3 to 4 were detached using trypsin-EDTA, washed with PBS
nd centrifuged at 800 g for 5 min. The cell pellet was resuspended in
MEM supplemented with 10% FBS and 1% P/S. Subsequently, 100 𝜇l of
he cell suspension were poured on top of the films, which were placed
t the bottom of 24 well plates. The cells were allowed to attach for
.5 h prior to adding 900 𝜇l of complete basal medium. The media were
hanged every other day. Cells seeded on 3 GPa TCP served as control
roup. 

.4. Stem cell morphology, focal adhesion, YAP distribution and ROCK 

nhibition analyses 

For assessing in vitro cell morphology, cells were seeded onto poly-
eric films, at a density of 500 cells/cm 

2 and were cultured in 𝛼MEM
upplemented with 10% FBS and 1% P/S. After 6 and 24 h, cells were
xed with 4% paraformaldehyde (PFA) for 2 h at 4 ºC, blocked with
% bovine serum albumin (BSA) in PBS for 30 min at room tempera-
ure (RT) and permeabilised with 0.2% Triton X-100 for 5 min at RT.
he samples were incubated with rhodamine labelled phalloidin (66 μM

n PBS, 1:200, Invitrogen, Ireland) for 2 h at RT to stain cytoskeleton
nd with Hoechst 33,342 solution (20 mM in PBS, 1:5000, Invitrogen,
reland) to stain nuclei for 5 min at RT. Fluorescent images were cap-
ured using an Olympus IX-81 inverted fluorescence microscope (Olym-
us Corporation, Japan) at 10x magnification. 3 replicates of each group
ere imaged and 5 field of view (FOV) were taken from each replicate

a total of 15 images were analysed per experimental group). Images
ere analysed with ImageJ (NIH, USA) for circularity and cell area. Cir-

ularity was assessed as a function of cell spreading, where circularity
s 0 for elongated cells and 1 for a perfect circle. Cell area was assessed
y quantification of rhodamine staining and normalised to cell number.
uclei were counted to obtain cell number. 

Focal adhesion kinase (FAK) gene expression was analysed after 6 h
nd 24 h of culture. Total RNA was isolated using the RNeasy Plus Micro
it (Qiagen, Germany) according to the manufacturer’s protocol. Briefly,
amples were disrupted in Buffer RLT and homogenised. Ethanol was
hen added to the lysate and the samples were transferred to the RNeasy
icro spin column. All bind, wash and elution steps were performed by

entrifugation in a microcentrifuge. Total RNA was retained in the mem-
rane (bind step), contaminants were efficiently washed away (wash
tep) and high-quality RNA was eluted in RNase-free water (elution
tep). RNA concentration and purity were determined using a NanoDrop
000 (Thermo Fisher Scientific, Ireland). Samples with RNA purity val-
es of 260/280 ratio ~1.8 and 260/230 ratio ~1.9 were used for qPCR
xperiments. RNA integrity was assessed with an Agilent 2100 Bioanal-
ser (Agilent Technologies, Ireland). Samples with RNA integrity (RIN)
alues of > 8 were used for qPCR experiments. Samples with RIN < 8
ere excluded from the study. 1 𝜇g total RNA was reverse transcribed
sing the iScript TM cDNA Synthesis Kit (Bio-Rad Laboratories, Ireland).
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c  
 ng cDNA were subsequently analysed by qPCR on a StepOnePlus TM 

eal-Time PCR System (Thermo Fisher Scientific, Ireland), using Taq-
an primer probe assays (IDT, Belgium) and TaqMan Gene Expres-

ion Mastermix (Thermo Fisher Scientific, Ireland). The TaqMan primer
robe assays used are listed in Supplementary Table S2 . The ampli-
cation conditions were 50 °C for 2 min, 95 °C for 10 min, followed
y 40 cycles of 95 °C for 15 s and 60 °C for 1 min. qBasePlus v. 2.4
Biogazelle NVBelgium) was used to perform geNorm analysis to deter-
ine the optimal number of reference genes. CQ values were analysed

nd normalised relative quantities (NRQs) were calculated by normal-
sing the data to the expression of three validated endogenous control
enes (EIF2B1, HPRT1, TBP) with qBasePlus v. 2.4 (Biogazelle, Belgium)
33] . 

For Yes-associated protein (YAP) analysis, samples were stained with
 rabbit anti YAP antibody (10 mM in PBS, 1:200, D8H1Z, Cell Sig-
alling Technology, USA) overnight at 4 °C. After 3 washes in PBS, sam-
les were incubated for 2 h with a goat anti-rabbit Alexa Fluor 488®
gG antibody (2 mg/ml in PBS, 1:200, Invitrogen, Ireland) at RT. Subse-
uently, the samples were stained for rhodamine/Hoechst. Fluorescent
mages were captured using an Olympus IX-81 inverted fluorescence
icroscope (Olympus Corporation, Japan) at 10x magnification. For as-

essment of YAP expression and cell surface area and shape, cells were
ultured on the various groups for 6 h. 3 replicates of each group were
maged and 5 field of view (FOV) were taken from each replicate (a
otal of 15 images were analysed per experimental group). YAP fluores-
ence was analysed in the nuclear region and the immediately adjacent
ytoplasmic region by ImageJ software (NIH, USA). The corresponding
oechst staining image was used to delimit nuclear versus cytoplasmic

egions. The ratio was calculated by dividing each fluorescence value.
or ROCK inhibition analysis, the hBMSC suspension was incubated for
 h at 37 °C with ROCK inhibitor ( Y -27,632 dihydrochloride) at a con-
entration of 10 μM in PBS before seeding. After 6 and 24 h, cells were
xed with 4% PFA for 2 h at 4 °C, blocked with 3% BSA in PBS for
0 min at RT and permeabilised with 0.2% Triton X -100 for 5 min at RT.
ubsequently, the samples were stained for rhodamine/Hoechst. Fluo-
escent images were captured using an Olympus IX-81 inverted fluores-
ence microscope (Olympus Corporation, Japan) at 10x magnification.
 replicates of each group were imaged and 5 field of view (FOV) were
aken from each replicate (a total of 15 images were analysed per ex-
erimental group). Images were analysed with ImageJ (NIH, USA) for
ircularity and cell area. Circularity was assessed as a function of cell
preading, where circularity is 0 for elongated cells and 1 for a perfect
ircle. Cell area was assessed by quantification of rhodamine staining
nd normalised to cell number. Nuclei were counted to obtain cell num-
er. 

.5. Flow cytometry analysis 

Flow cytometry was conducted after 3 and 21 days in culture. Cells
ere incubated with various combinations of fluorochrome-labelled an-

ibodies ( Supplementary Table S3 ) to assess mesenchymal stem cell
henotype [stem cell positive (CD73, CD90, CD105, CD44) and nega-
ive (CD45, CD31, CD146) markers, along with their respective isotype
ontrols] according to the manufacturer’s instructions (BD Stemflow 

TM ,
K). In brief, cells were washed with cold PBS, trypsinised for 5 min
nd 𝛼MEM with 10% FBS was added to neutralise trypsin’s activity.
ells were collected, washed with 2% FBS in PBS, centrifuged at 800 g

or 5 min and the supernatant was removed. Cells were resuspended in
% FBS in PBS and strained through a 40 𝜇m cell strainer. Cells were
ounted and diluted to a concentration of 1 million cells per ml in 2%
BS in PBS. Subsequently, ~100,000 cells were placed in each tube and
tained with the appropriate volume of fluorochrome-labelled antibod-
es for 30 min at RT. Cells were washed twice in PBS and resuspended
n 2% FBS in PBS. Sytox blue (Invitrogen, Ireland) was used as viabil-
ty dye. Cells were analysed using a fluorescence-activated cell sorting
FACS) equipment (BS FACSCanto TM II Cell Analyser, BD Biosciences,
3 
K) and the percentage of positive cell populations were calculated us-
ng FlowJo® software v10 (TreeStar Inc., USA). 

.6. Stem cell DNA and metabolic activity analyses 

DNA was quantified in basal and differentiation media using Quant-
T 

TM PicoGreen® dSDNA assay kit (Invitrogen, Ireland) according to the
anufacturer’s protocol. Briefly, after 14 and 21 days of culture, DNA
as extracted using 3 freeze-thaw cycles after adding 250 𝜇l of nucleic
cid free water per well. 100 μl of sample were transferred into a 96-
ell plate. A standard curve was generated using 0, 5, 10, 25, 50, 100,
00 and 1000 ng/ml DNA concentrations. 100 μl in ultra-pure water
f a 1:200 dilution of Quant-iT 

TM PicoGreen® reagent were added to
ach sample and the plate was read using a micro-plate reader (Var-
oskan Flash, Thermo Fisher Scientific, UK) with excitation wavelength
f 480 nm and emission wavelength of 525 nm. 

Metabolic activity was assessed in basal and differentiation media
sing the alamarBlue TM assay (Invitrogen, USA) according to the man-
facturer’s protocol. In brief, after 14 and 21 days of culture, cells were
ashed with Hanks’ balanced salt solution (HBSS) and alamarBlue TM so-

ution (10% alamarBlue TM in HBSS) was added. After 4 h of incubation
t 37 °C, absorbance was measured in triplicate at excitation wavelength
f 550 nm and emission wavelength of 595 nm using Varioskan Flash
pectral scanning multimode reader (Thermo Fisher Scientific, UK). Cell
etabolic activity was normalised to DNA content. 

.7. Osteogenic induction and differentiation analysis 

Cells were seeded on the various substrates at density of 20,000
ells/cm 

2 . Cells were allowed to attach and spread for 48 h in 𝛼MEM
upplemented with 10% FBS and 1% P/S (basal media). Osteogenesis
as induced with 10 mM 𝛽-glycerophosphate disodium salt hydrate,
00 nM dexamethasone, 50 𝜇M ascorbic acid-2-phosphate in 𝛼MEM sup-
lemented with 10% FBS and 1% P/S. The differentiation media were
hanged every 3 days up to 21 days of incubation. 

Osteogenic differentiation was assessed by quantification of calcium
eposition using the StanBio Calcium Liquicolour TM Kit (Thermo Fisher
cientific, Ireland). Samples were digested with 0.5 M HCl overnight
t 4 °C. A standard curve was generated using 0, 1, 5, 10, 30, 50 and
00 mg/ml calcium concentrations in 0.5 M HCl. 10 μl of cell lysate or
tandard and 200 μl of working solution were added to 96 well plate.
he working solution was composed of 1 to 1 colour reagent to base
eagent. absorbance at 550 nm was measured using a Varioskan Flash
pectral scanning multimode reader (Thermo Fisher Scientific, UK) and
he amount of calcium per well was calculated using calcium standards
nd normalised to the amount of DNA. Alkaline phosphatase (ALP) ac-
ivity was assessed by lysing the cells with deionised water, frozen them
t − 80 °C and thawing them at RT (the freeze-thaw was done twice).
0 μl of the cell lysate and standard were incubated with 80 μl of
-Step TM p-nitrophenyl phosphate (PNPP) Substrate Solution (Thermo
cientific, UK). After 30 min of incubation at 37 °C, the reaction was
topped by adding 100 μl of 0.05 M NaOH. Absorbance was measured
t 405 nm using a Varioskan Flash spectral scanning multimode reader
Thermo Fisher Scientific, UK). The amount of p-nitrophenol was calcu-
ated using p-nitrophenol (10 mM 4-nitrophenol) standards and the units
f the enzyme were calculated by dividing the μmoles of p-nitrophenol
roduced by time (min) and then by normalising them to the amount of
NA. Runt-related transcription factor 2 (RUNX2), osteopontin (SPP1),

ype I collagen (COL1A1) and bone sialoprotein (BSP) gene expression
n basal and osteogenic media was analysed after 14 and 21 days (primer
nd probe sequences are provided in Supplementary Table S2 ). 

.8. Chondrogenic induction and differentiation analysis 

Cells were seeded on the various substrates at density of 20,000
ells/cm 

2 . Cells were allowed to attach and spread for 48 h in 𝛼MEM
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upplemented with 10% FBS and 1% P/S (basal media). Chondrogenesis
as induced with 100 nM dexamethasone, 100X ITS + 1 (insulin, trans-

errin, sodium selenite, linoleic-BSA) liquid media supplement, 40 μg/ml
 -proline, 50 μg/ml ascorbic acid-2-phosphate, 10 ng/ml TGF- 𝛽3 in high
lucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
% P/S. The differentiation media were changed every 3 days up to 21
ays of incubation. Metabolic activity was assessed after 14 and 21 days
f culture in basal and differentiation media and normalised by DNA
ontent. 

Chondrogenic differentiation was analysed by quantifying sulphated
lycosaminoglycan (GAG) deposition using the 1,9-dimethylmethylene
lue (DMMB) method (Blyscan Sulfated Glycosaminoglycan Assay, Bio-
olor, UK) after 21 days of culture. Briefly, samples were digested in a
olution of 50 μg/ml proteinase K in 100 mM K 2 HPO 4 (pH 8.0)
vernight at 56 ºC. Subsequently, proteinase K was inactivated by heat-
ng the sample for 10 min at 90 °C [34] . The cell lysates were centrifuged
nd the supernatant was collected. A standard curve was generated us-
ng bovine tracheal chondroitin 4-sulfate standard. 50 μl of cell lysate
as transferred to a clean Eppendorf tube and 1 ml of dye reagent
as added. After agitation, the samples were centrifuged and the su-
ernatant was discarded without disrupting the pellet. 500 μl of dye
issociator were added to the samples and mixed. Absorbance was mea-
ured at 656 nm using a Varioskan Flash spectral scanning multimode
eader (Thermo Fisher Scientific, UK). The GAG content of the pellets
as normalised to the amount of DNA. SRY-Box Transcription Factor 9

SOX9), cartilage oligomeric matrix protein (COMP), aggrecan (ACAN)
nd type II collagen (COL2A1) gene expression was analysed in basal
nd chondrogenic media after 21 days (primer and probe sequences are
rovided in Supplementary Table S2 ). GAG quantification and gene
xpression was only analysed after 21 days of culture in chondrogenic
edia to allow the formation of a cell cluster on top of the substrates,

s previously described [35] . 

.9. Adipogenic indication and differentiation analysis 

Cells were seeded on the various substrates at density of 20,000
ells/cm 

2 . Cells were allowed to attach and spread for 48 h in 𝛼MEM
upplemented with 10% FBS and 1% P/S (basal media). Adipogenesis
as induced with 1 𝜇M dexamethasone, 1 𝜇M rosiglitazone, 0.5 mM
-isobutyl-1-methyl-xanthine and 10 𝜇g/ml insulin in high glucose
MEM supplemented with 10% FBS and 1% P/S. After 3 days of adi-
ogenic induction, media were switched to adipogenic maintenance me-
ia (10 𝜇g/ml insulin in high glucose DMEM supplemented with 10%
BS and 1% P/S). The differentiation media were changed every 3 days
p to 21 days of incubation. Metabolic activity was assessed after 14 and
1 days of culture in basal and differentiation media and normalised by
NA content. 

Adipogenic differentiation was evaluated by Oil Red O staining. Af-
er 14 and 21 days of culture, the cells were fixed with 4% PFA for
0 min at 4 ºC. A 0.5% Oil red O stock solution was dissolved in de-
oised water and added to the samples for 20 min at RT. The samples
ere washed 3 times in PBS and imaged using a brightfield microscope

Leica Microsystems, Germany). 3 replicates of each group were imaged
nd 5 field of view (FOV) were taken from each replicate (a total of 15
mages were analysed per experimental group). The area covered by
ipid deposits was quantified by ImageJ (NIH, USA). CCAAT/enhancer-
inding protein alpha (CEBPA), fatty acid-binding protein 4 (FABP4)
nd peroxisome proliferator-activated receptor gamma (PPARG) gene
xpression was analysed in basal and adipogenic media after 14 and
1 days (primer and probe sequences are provided in Supplementary

able S2 ). 

.10. Statistical analysis 

Data are expressed as mean ± standard deviation. All experiments
ere conducted at least in three independent replicates. Statistical anal-
4 
sis was performed using GraphPad v6.01 (GraphPad Software Inc.,
SA). One- or two- way ANOVA was used for multiple comparisons and
 Tukey post hoc test was used for pairwise comparisons after confirming
hat the samples followed a normal distribution (Kolmogorov-Smirnov
est) and had equal variances (Bartlett’s and Levene’s test for homogene-
ty of variances). When either or both of these assumptions were vio-
ated, nonparametric tests were used for multiple (Kruskal-Wallis test)
nd pairwise (Mann-Whitney test) comparisons. Statistical significance
as accepted at p < 0.05. 

. Results 

.1. Stem cell morphology, focal adhesion, YAP distribution and ROCK 

nhibition analyses 

Qualitative immunocytochemistry analysis ( Fig. 1 A ) revealed that
fter 6 h and 24 h, cells on the 7 kPa PGCL 10/90 and 10 kPa PGDTMC
5/15/30 substrates adopted an elongated morphology and cells on the
2 kPa PLTMC 80/20, 22 kPa PGL 15/85 and 15 MPa PGL 30/70 sub-
trates and on the 3 GPa TCP exhibited a spread morphology. Quanti-
ative circularity analysis ( Fig. 1 B ) made apparent that after 6 h and
4 h, cells on the 7 kPa PGCL 10/90 and 10 kPa PGDTMC 55/15/30
ubstrates exhibited significantly ( p < 0.05) lower circularity than cells
n the 12 kPa PLTMC 80/20, 22 kPa PGL 15/85 and 15 MPa PGL 30/70
ubstrates and on the 3 GPa TCP (only after 6 h). Quantitative cell area
nalysis ( Fig. 1 C ) revealed that after 6 h and 24 h, cells on the 3 GPa
CP had significantly ( p < 0.05) larger area than cells on the polymeric
ubstrates and within the polymeric substrates, after 6 h cells on the
 kPa PGCL 10/90 had significantly ( p < 0.05) smaller area than cells
n the 22 kPa PGL 15/85 and 15 MPa PGL 30/70 substrates and after
4 h, the 15 MPa PGL 30/70 substrate induced significantly ( p < 0.05)
igher cell area than the other substrates. FAK gene expression anal-
sis ( Fig. 1 D ) demonstrated that after 6 h, cells on the 22 kPa PGL
5/85 substrate had the highest ( p < 0.05) relative FAK gene expres-
ion and after 24 h, cells on the 22 kPa PGL 15/85 substrate had signifi-
antly ( p < 0.05) higher relative FAK gene expression compared to 7 kPa
GCL 10/90 substrate and 3 GPa TCP. Immunocytochemistry ( Fig. 2 A )
nd complementary nuclear ( Fig. 2 B ) and cytoplasmic ( Fig. 2 C ) YAP
uantification revealed that after 6 h, cells on the 10 kPa PGDTMC
5/15/30 substrate had the lowest ( p < 0.05) nuclear YAP value, whilst
he 7 kPa PGCL 10/90 substrate induced the highest ( p < 0.05) cyto-
lasmic YAP value. Cells on the 7 kPa PGCL 10/90, 10 kPa PGDTMC
5/15/30 and 12 kPa PLTMC 80/20 substrates exhibited the lowest
 p < 0.05) nuclear / cytoplasmic ratio ( Fig. 2 D ). When cells were in-
ubated with ROCK inhibitor, qualitative immunocytochemistry anal-
sis ( Supplementary Fig. S1A ) after 6 h and 24 h revealed that all
ubstrates induced similar cell morphology and the 3 GPa TCP induced
he largest cell area. Quantitative circularity analysis ( Supplementary

ig. S1B ) after 6 h and 24 h revealed no significant ( p > 0.05) differ-
nces amongst all groups. Quantitative cell area analysis ( Supplemen-

ary Fig. S1C ) showed that after 6 h and 24 h, cells on the 3 GPa TCP
ad the largest ( p < 0.05) cell area and no significant ( p > 0.05) dif-
erences in cell area were detected within the polymeric substrates. It is
orth noting that no significant ( p > 0.05) differences were observed be-

ween the groups in cell number after 6 h and the 12 kPa PLTMC 80/20
nduced the highest ( p < 0.05) cell number after 24 h ( Supplementary

ig. S2 ). 

.2. Stem cell surface marker analysis 

Flow cytometry analysis ( Supplementary Fig. 3 ) revealed that the
ajority of the cells at passage 3 were positive for CD73 (89.7%), CD90

99.9%), CD105 (96.2%) and CD44 (99.8%) and negative for CD45
0.095%), CD31 (2.88%) and CD146 (6.31%). Most of the cells seeded
n the various substrates and on TCP after 3 and 21 days ( Table 1 ) were
lso positive for CD73, CD90, CD105 and CD44 (lowest value detected



S. Ribeiro, E. Pugliese, S.H. Korntner et al. Biomedical Engineering Advances 2 (2021) 100007 

Fig. 1. Immunocytochemistry (A), circularity (B) and cell area (C) analyses revealed that the low in rigidity substrates induced low circularity and low cell area. 
The 22 kPa substrate exhibited the highest amongst all groups FAK mRNA expression after 6 h (D). Cytoskeleton: red. Nuclei: blue. Scale bars: 40 μm. # indicates 
lowest ( p < 0.05) value at a given timepoint. + indicates highest ( p < 0.05) value at a given timepoint. N = 3 (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.). 

5 
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Fig. 2. Immunocytochemistry (A), nuclear YAP quantification (B), cytoplasmic YAP quantification (C) and nuclear / cytoplasmic ratio (D) analyses. Nuclear / 
cytoplasmic ratio analysis revealed that on the soft substrates, YAP was localised at the cytoskeleton, whilst on the stiff substrates, YAP was localised at the nuclei. 
YAP: green. Cytoskeleton: red. Nuclei: blue. Scale bars: 50 𝜇m. # indicates lowest ( p < 0.05) value at a given timepoint. + indicates highest ( p < 0.05) value at a 
given timepoint. N = 3 (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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as 88.4 ± 16.3% after 3 days for CD105 on cells seeded on the 12 kPa
LTMC 80/20). With respect to negative markers, at day 3, a small
umber of cells were positive for CD45 (lowest value of 2.2 ± 1.7% on
 kPa PGCL 10/90 and highest value of 5.4 ± 2.7% on 10 kPa PGDTMC
5/15/30) and CD31 (lowest value of 0.9 ± 0.6% on 3 GPa TCP and
ighest value of 4.9 ± 1.0% on 10 kPa PGDTMC 55/15/30) and a rel-
tively high number of cells were positive for CD146 (lowest value of
7.9 ± 0.2% on 15 MPa PGL 30/70 and highest value of 50.9 ± 2.1%
n 7 kPa PGCL 10/90). At day 21, a relatively low number of cells
ere positive for CD31 (lowest value of 2.5 ± 0.7% on 10 kPa PGDTMC
5/15/30 and highest value of 13.8 ± 2.0% on 12 kPa PLTMC 80/20)
nd a relatively high numbers of cells were positive for CD45 (lowest
alue of 21.5 ± 5.7% on 10 kPa PGDTMC 55/15/30 and highest value
f 43.1 ± 1.3% on 12 kPa PLTMC 80/20) and CD146 (lowest value of
6 
9.5 ± 2.9 on% 22 kPa PGL 15/85 and highest value of 27.6 ± 21.2%
n the 10 kPa PGDTMC 55/15/30). 

.4. Stem cell DNA and metabolic activity analyses 

In basal media, at day 14, no significant ( p > 0.05) differences
ere observed between the groups in DNA content and at day 21,

he 3 GPa TCP induced the highest ( p < 0.05) DNA content ( Sup-

lementary Fig. S4A ). In osteogenic media, at day 14 (except from
he 10 kPa PGDTMC 55/15/30 substrate) and day 21, the 15 MPa
GL 30/70 substrate induced the lowest ( p < 0.05) DNA content
 Supplementary Fig. S4B ). In chondrogenic media, at day 14, the
2 kPa PLTMC 80/20 substrate induced the lowest ( p < 0.05) DNA
ontent and at day 14 and day 21, the 3 GPa TCP induced the high-
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Table 1 

After 3 and 21 days of culture, hBMSCs were evaluated for positive (CD73, CD90, CD105, CD44) and negative (CD45, CD31, CD146) mesenchymal stem cell markers. 
N = 3. 

7 kPa PGCL 10/90 10 kPa PGDTMC 55/15/30 12 kPa PLTMC 80/20 22 kPa PGL 15/85 15 MPa PGL 30/70 3 GPa TCP 

Positive markers 

(% positive cells) 

CD73 3 days 99.0 ± 0.1 99.9 ± 0.1 99.9 ± 0.1 99.9 ± 0.0 99.9 ± 0.1 99.0 ± 0.1 
21 days 99.9 ± 0.1 98.6 ± 0.2 99.8 ± 0.1 99.9 ± 0.0 99.9 ± 0.1 99.8 ± 0.2 

CD90 3 days 99.9 ± 0.0 99.9 ± 0.1 99.9 ± 0.1 99.9 ± 0.1 99.9 ± 0.0 99.9 ± 0.1 
21 days 99.9 ± 0.0 98.5 ± 0.2 99.7 ± 0.2 99.9 ± 0.1 99.9 ± 0.1 99.8 ± 0.0 

CD105 3 days 99.9 ± 0.2 94.6 ± 7.6 88.4 ± 16.3 99.5 ± 0.8 98.8 ± 1.8 99.6 ± 0.6 
21 days 99.9 ± 0.1 98.8 ± 0.1 99.9 ± 0.1 97.3 ± 3.7 99.9 ± 1.1 99.9 ± 0.1 

CD44 3 days 99.9 ± 0.1 99.8 ± 0.1 99.9 ± 0.1 99.8 ± 0.1 99.9 ± 0.1 99.9 ± 0.1 
21 days 99.9 ± 0.1 98.5 ± 0.3 99.8 ± 0.1 99.9 ± 0.1 99.8 ± 0.1 99.8 ± 0.1 

Negative markers 

(% positive cells) 

CD45 3 days 2.2 ± 1.7 5.4 ± 2.7 4.2 ± 2.7 2.8 ± 2.2 5.0 ± 3.6 3.4 ± 1.1 
21 days 36.5 ± 2.4 21.5 ± 5.7 43.1 ± 1.3 34.3 ± 1.3 27.1 ± 3.5 33.2 ± 2.3 

CD31 3 days 1.5 ± 0.3 4.9 ± 1.0 4.0 ± 1.0 2.0 ± 0.4 2.9 ± 0.7 0.9 ± 0.6 
21 days 7.8 ± 1.5 2.5 ± 0.7 13.8 ± 2.0 10.7 ± 1.5 6.2 ± 0.9 9.2 ± 1.5 

CD146 3 days 50.9 ± 2.1 32.0 ± 0.2 31.5 ± 0.2 44.2 ± 1.5 27.9 ± 0.2 38.5 ± 1.6 
21 days 21.2 ± 2.8 27.6 ± 21.2 22.6 ± 3.8 19.5 ± 2.9 24.8 ± 2.5 23.1 ± 2.3 
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st ( p < 0.05) DNA content ( Supplementary Fig. S4C ). In adipogenic
edia, at day 14, the 7 kPa PGCL 10/90 substrate and the 3 GPa TCP

nduced the highest ( p < 0.05) and the 22 kPa PGL 15/85 substrate in-
uced the lowest ( p < 0.05) DNA content and at day 21, the 7 kPa PGCL
0/90 substrate induced the highest ( p < 0.05) DNA content ( Supple-

entary Fig. S4D ). 
In basal media, at day 14 and day 21, the 15 MPa PGL 30/70 and

he 22 kPa PGL 15/85 substrates induced the highest ( p < 0.05) cell
etabolic activity, respectively and, at both time points, the 7 kPa PGCL
0/90 and 10 kPa PGDTMC substrates and the 3 GPa TCP induced sig-
ificantly ( p < 0.05) lower cell metabolic activity than the other groups
 Supplementary Fig. S5A ). In osteogenic media, the 7 kPa PGCL 10/90
ubstrate induced the lowest ( p < 0.05) cell metabolic activity at both
imepoints and the 15 MPa PGL 30/70 induced the highest ( p < 0.05)
ell metabolic activity at day 21 ( Supplementary Fig. S5B ). In chon-
rogenic media, at day 14, the 12 kPa PLTMC 80/20 substrate induced
he highest ( p < 0.05) cell metabolic activity and the 7 kPa PGCL 10/90
nduced the lowest ( p < 0.05) cell metabolic activity and at day 21, the
 GPa TCP induced the lowest ( p < 0.05) cell metabolic activity ( Sup-

lementary Fig. S5C ). In adipogenic media, at day 14 and day 21, the
2 kPa PGL 15/85 and the 15 MPa PGL 30/70 substrates induced signif-
cantly ( p < 0.05) higher cell metabolic activity than the other groups
nd, at day 21, the 7 kPa PGCL 10/90 substrate induced the lowest
 p < 0.05) cell metabolic activity amongst all groups ( Supplementary

ig. S5D ). 

.4. Osteogenic differentiation analysis 

In basal media, all groups induced not detectable or very low calcium
eposition at both timepoints ( Fig. 3 A ); all groups induced below 20%
lkaline phosphatase activity at both timepoints ( Fig. 3 B ); the 7 kPa
GCL 10/90 and the 10 kPa PGDTMC 55/15/30 substrates induced the
ighest ( p < 0.05) RUNX2 expression at day 21 ( Fig. 3 C ); the 7 kPa
GCL 10/90 and the 10 kPa PGDTMC 55/15/30 substrates induced the
ighest ( p < 0.05) SPP1 expression day 21 ( Fig. 3 D ); the 7 kPa PGCL
0/90 and the 10 kPa PGDTMC 55/15/30 substrates induced the highest
 p < 0.05) and the lowest ( p < 0.05), respectively, COL1A1 expression
t day 21 ( Fig. 3 E ); the 7 kPa PGCL 10/90 and the 10 kPa PGDTMC
5/15/30 substrates induced the highest ( p < 0.05) BSP expression at
ay 21 ( Fig. 3 F ). 

In osteogenic media, the 15 MPa PGL 30/70 [highest ( p < 0.05)
mongst all groups] and the 10 kPa PGDTMC 55/15/30 substrates in-
uced the highest ( p < 0.05) calcium deposition day 21 ( Fig. 3 A ); the
2 kPa PLTMC 80/20 and the 22 kPa PGL 15/85 substrates induced the
ighest ( p < 0.05) alkaline phosphatase activity at day 21 and 15 MPa
GL 30/70 substrates induced significantly ( p < 0.05) lower alkaline
hosphatase concentration compared to the 12 kPa PLTMC 80/20, the
2 kPa PGL 15/85 and the 3 GPa TCP at day 21 ( Fig. 3 B ); the 3 GPa TCP
7 
nd the 10 kPa PGDTMC 55/15/30 and the 12 kPa PLTMC 80/20 sub-
trates induced the highest ( p < 0.05) RUNX2 expression at day 21 and
he 22 kPa PGL 15/85 induced the lowest ( p < 0.05) RUNX2 expression
t day 21 ( Fig. 3 C ); the 15 MPa PGL 30/70 and the 7 kPa PGCL 10/90
ubstrates induced the highest ( p < 0.05) and the lowest ( p < 0.05),
espectively, SPP1 expression at day 21 ( Fig. 3 D ); the 3 GPa TCP and
he 10 kPa PGDTMC 55/15/30 and 12 kPa PLTMC 80/20 substrates in-
uced the highest ( p < 0.05) COL1A1 expression at day 21 ( Fig. 3 E ); the
0 kPa PGDTMC 55/15/30 and the 15 MPa PGL 30/70 substates and
he 3 GPa TCP induced the highest ( p < 0.05) BSP expression at day 21
 Fig. 3 F ). 

.5. Chondrogenic differentiation analysis 

In basal media at day 21, all groups induced very low GAG synthesis
 Fig. 4 A ); the 7 kPa PGCL 10/90 and the 10 kPa PGDTMC 55/15/30
ubstrates induced the highest ( p < 0.05) SOX9 expression ( Fig. 4 B );
he 10 kPa PGDTMC 55/15/30 substrate induced significantly ( p < 0.05)
igher COMP expression compared to 7 kPa PGCL 10/90, 22 kPa PGL
5/85 and 15 MPa PGL 30/70 substrate and 3 GPa TCP ( Fig. 4 B ); and
he 10 kPa PGDTMC 55/15/30 substrate induced the highest ( p < 0.05)
CAN expression ( Fig. 4 D ). 

In chondrogenic media, the 10 kPa PGDTMC 55/15/30 substrate and
he 3 GPa TCP induced the highest ( p < 0.05) and the lowest ( p < 0.05),
espectively GAG synthesis ( Fig. 4 A ); the 15 MPa PGL 30/70 substrate
nduced the highest ( p < 0.05) SOX9 expression ( Fig. 4 B ); the 22 kPa
GL 15/85 [highest ( p < 0.05) amongst all groups] and the 15 MPa PGCL
0/70 substrates induced the highest ( p < 0.05) COMP ( Fig. 4 C ) and
he 22 kPa PGL 15/85 substrate induced the highest ( p < 0.05) ACAN
 Fig. 4 D ) expression. No group induced COL2A1 expression neither in
asal nor in chondrogenic media (data not shown). 

.6. Adipogenic differentiation analysis 

In basal media, all groups induced not detectable or very low lipid
roplet deposition ( Supplementary Fig. S6 and Fig. 5 A ), FABP4 expres-
ion ( Fig. 5 B ) and PPARG expression ( Fig. 5 C ) at both timepoints; and
he 10 kPa PGDTMC 55/15/30 substrate induced the highest ( p < 0.05)
EBPA expression at day 21 ( Fig. 5 D ). 

In adipogenic media, the 7 kPa PGCL 10/90 and the 10 kPa PGDTMC
5/15/30 substrates induced the highest ( p < 0.05) lipid droplet depo-
ition at day 21 ( Supplementary Figs. S6 and Fig. 5 A ); the 10 kPa
GDTMC 55/15/30 substrate induced the highest ( p < 0.05) FABP4 ex-
ression at both timepoints ( Fig. 5 B ); the 7 kPa PGCL 10/90 and the
5 MPa PGL 30/70 substrates induced the highest ( p < 0.05) and the
owest ( p < 0.05), respectively, PPARG expression at day 21 ( Fig. 5 C );
he 10 kPa PGDTMC 55/15/30 substrate induced the highest ( p < 0.05)
EBPA expression at day 21 ( Fig. 5 D ). 
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Fig. 3. In osteogenic media at day 21, the 15 MPa PGL 30/70 substrate induced the highest calcium deposition (A), the 12 kPa PLTMC 80/20 and the 22 kPa PGL 
15/85 substrates induced the highest ALP deposition (B), the 10 kPa PGDTMC 55/15/30 and the 12 kPa PLTMC 80/20 substrates and the 3 GPa TCP induced the 
highest RUNX2 mRNA expression (C), the 15 MPa PGL 30/70 substrate induced the highest SPP1 mRNA expression (D), the 10 kPa PGDTMC 55/15/30 and the 
12 kPa PLTMC 80/20 substrates and the 3 GPa TCP induced the highest COL1A1 mRNA expression (E) and the 10 kPa PGDTMC 55/15/30 and the 15 MPa PGL 
30/70 substrates and the 3 GPa TCP induced the highest BSP mRNA expression (F). # indicates lowest ( p < 0.05) value at a given timepoint. + indicates highest 
( p < 0.05) value at a given timepoint. N = 4. 
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. Discussion 

The influence of substrate rigidity is cell phenotype and function
as been the subject of many investigations [ 36 , 37 ]. Although such
ork has provided significant insights on how cells respond to material-

nduced mechanotransduction signals, the vast majority of the work has
een conducted with non-degradable polymers that are not customarily
sed in the development of implantable medical devices ( Supplemen-

ary Table S4 ). Considering that numerous studies have reported clini-
al failure of implantable devices due to target tissue (and cell) mechani-
al properties mismatch, it is essential to assess the influence of substrate
tiffness of biodegradable materials, that are the building blocks of most
mplantable devices, on cell fate. Herein, five polyester films with dif-
8 
erent elastic modulus (7 kPa PGCL 10/90, 10 kPa PGDTMC 55/15/30,
2 kPa PLTMC 80/20, 22 kPa PGL 15/85, 15 MPa PGL 30/70) were
abricated and their influence on hBMSC adhesion and phenotype was
nvestigated. It is important to note that as the aim of the study was
o assess the direct influence of these commercially available polymers
hat constitute the building blocks of many medical devices on stem cell
ehaviour, protein coating was not used and therefore mechanosens-
ng occurred through local nascent protein deposition and remodelling
38] . 

Starting with cell morphometric analysis, in general, on stiff sub-
trates (e.g., 22 kPa PGL 15/85 and 15 MPa PGL 30/70), the hBMSCs
dopted a spread-out morphology, with big area and defined stress fi-
res, whilst on soft substrates (e.g., 7 kPa PGCL 10/90, 10 kPa PGDTMC
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Fig. 4. In chondrogenic media at day 21, the 10 kPa PGDTMC 55/15/30 substrate induced the highest GAG deposition (A), the 15 MPa PGL 30/70 substrate induced 
the highest SOX9 mRNA expression (B), the 22 kPa PGL 15/85 substrate induced the highest COMP mRNA expression (C) and the 22 kPa PGL 15/85 substrate 
induced the highest ACAN mRNA expression (D). # indicates lowest ( p < 0.05) value at a given timepoint. + indicates highest ( p < 0.05) value at a given timepoint. 
N = 4. 

5  

fi  

m  

h  

h  

P  

s
 

2  

1  

c  

n  

t  

O  

e  

s  

s  

t  

s  

t  

s  

(  

p  

[  

s  

m  

b  

m  

i  

t  

o  

a  

e  

d  

R  

t  

p  

i  

c  

2  

t
 

e  

C  

t  

w  

d  

t  

c  

p  

a  

e  

[  

s  

p  

C  

s  

s  

n  

p  

p  

a  
5/15/30, 12 kPa PLTMC 80/20), the hBMSCs had small area and stress
bres were not evident. These observations are in accordance with nu-
erous studies in the field, where, for example, it has been shown that
BMSCs on stiff PEG hydrogels (e.g. 36.8 kPa measured by AFM) ex-
ibited a spread morphology with high spatial coverage, whilst on soft
EG hydrogels (e.g. 7.4 kPa measured by AFM), they showed reduced
preading [39] . 

Regarding the activation of mechanotransduction pathways, after
4 h, amongst the different polymeric films, the softest 7 kPa PGCL
0/90 film exhibited the lowest FAK gene expression, which is expected,
onsidering that substrate stiffening leads to increased focal adhesion
umber and total FAK activation [ 40 , 41 ] and a linear correlation be-
ween focal adhesion size and cell spreading has been reported [42] .
f course, one would have expected the 3 GPa TCP to induce the high-
st FAK expression, which was not the case, possibly attributable to the
hort time period, considering that other studies assessed FAK expres-
ion after 3 [41] and 7 [40] days. Nonetheless, YAP analysis revealed
hat hBMSCs seeded on the stiffest conditions (e.g. 15 MPa PGL 30/70
ubstrate and 3 GPa TCP) showed the highest concentration of YAP in
he nucleus, which further verifies previous studies demonstrating that
tiff (elastic modulus of 25 kPa measured by AFM), as opposed to soft
elastic modulus of 2 kPa measured by AFM), collagen type I coated
olyacrylamide hydrogels induced translocation of YAP to the nucleus
 10 , 43 , 44 ]. Similarly, higher YAP activation was observed in hBMSCs
eeded on poly(ethylene glycol) hydrogels in stiffer regions (~10 kPa
easured by shear rheology) compared to softer (~2 kPa measured

y shear rheology) regions [44] . It has been proposed that the strong
echanical feedback from stiff substrates leads to the unfolding of tal-

ns that expose binding domains for vinculins and activate YAP nucleus
ranslocation to the cytoplasm [ 45 , 46 ]. Interestingly, the investigation
f the inhibition of ROCK, a mechanotransducer that regulates both FAK
9 
nd ERK1 [40] , revealed that the data obtained were solely due to the
lastic modulus of the substrates and not their chemical composition. In-
eed, our results demonstrate that hBMSCs sense substrate stiffness via
ho-ROCK activated actomyosin contractility, as evidenced by the fact

hat stiffness-mediated changes in cell area and circularity were disap-
eared upon incubation with a ROCK inhibitor. These observations are
n agreement with a previous published study, where ROCK inhibitor
aused a reduction of cell spreading in fibroblasts cultured in 1, 6, and
0 kPa (measured by AFM) polyamide gels functionalised with collagen
ype I [47] . 

With respect to surface marker expression, our data showed that the
xpression of positive mesenchymal stem cell markers (CD73, CD90,
D105 and CD44) after 21 days of culture was not affected by the elas-
ic modulus of the experimental groups, which is not in accordance
ith previous studies, where it was shown that culturing amniotic fluid-
erived stem cells on 2 kPa and 5 kPa (mechanical properties charac-
erisation method was not disclosed) collagen substrates resulted in in-
reased cell surface marker expression of CD44, CD90 and CD105 com-
ared to stiffer substrates (15 and 50 kPa, mechanical properties char-
cterisation method was not disclosed), suggesting that the decrease in
lastic modulus might mediate a recovery of some stem cell properties
48] . This disparity can be attributed to the lower rigidity, in compari-
on to ours, substrates that other studies have used (hBMSCs on 3.3 kPa
oly(dimethylsiloxane) softer substrates exhibited higher percentage of
D44 + and CD73 + cells compared to stiffer 1.7 MPa and 1 GPa sub-
trates measured by tensile testing [49] ). The negative mesenchymal
tem cell markers CD45 and CD31 were not affected by substrate stiff-
ess or culture time and were within the range of expression previously
ublished [50] , suggesting that the cells maintained phenotype on the
olymeric substrates and TCP. hBMSCs cultured in polymeric substrates
nd TCP showed increased expression of CD146, as has been shown
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Fig. 5. In adipogenic media at day 21, the 7 kPa PGCL 10/90 and the 10 kPa PGDTMC 55/15/30 substrates induced the highest lipid droplets deposition (A), 
the 10 kPa PGDTMC 55/15/30 substrate induced the highest FABP4 mRNA expression (B), the 7 kPa PGCL 10/90 substrate induced the highest PPARG mRNA 

expression (C) and the 10 kPa PGDTMC 55/15/30 substrate induced the highest CEBPA mRNA expression (D). # indicates lowest ( p < 0.05) value at a given 
timepoint. + indicates highest ( p < 0.05) value at a given timepoint. N = 4. 
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efore in Wharton’s jelly derived stromal cell and hair follicle and sper-
atogonial stem cell cultures [50] . 

With respect to cell proliferation in basal media and DNA content and
etabolic activity (normalised to DNA content) in basal and differentia-

ion media, no clear trend was observed across all media and substrates,
hich may be attributed to the compositional differences of the media as
pposed to the mechanical properties of the substrates. To substantiate
his, one should note that all substrates induced almost similar prolifer-
tion in basal media at both timepoints (apart from the 12 kPa PLTMC
0/20 substrate) and the same substrates induced substantially differ-
nt DNA content and metabolic activity at a given timepoint in different
edia. Nonetheless, in osteogenic and adipogenic media, the most rigid
olymeric films (22 kPa PGL 15/85 and/or 15 MPa PGL 30/70) induced
he highest metabolic activity. This is consistent with other studies in the
eld, where a stiff (20 kPa measured by micro-indentation) polyacry-

amide substrate induced an increase in metabolic activity compared to
 soft (1 kPa measured by micro-indentation) polyacrylamide substrate
51] . Similarly proliferative markers were higher in cells cultured on
tiffer (1500 kPa measured by tensile testing) poly(dimethylsiloxane)
ubstrates compared with those on softer (10 kPa measured by tensile
esting) poly(dimethylsiloxane) substrates [52] . In chondrogenic media,
o differences were observed between the substrates at day 21, which
ay be attributed to cell cluster formation that masked the influence of

ubstrate stiffness. 
In osteogenic media at day 21, the 15 MPa PGL 15/85 improved

alcium deposition. A previous publication showed an increased cal-
ium deposition on stiff (62–68 kPa measured by compression testing) fi-
ronectin coated polyacrylamide hydrogels compared to soft (13–16 kPa
easured by compression testing) fibronectin coated polyacrylamide
ydrogels [5] . Furthermore, the 15 MPa PGL 15/85 caused an enhanced
xpression of SPP1, a late-stage osteogenic marker [ 2 , 53 ], as it has been
10 
bserved before for dental pulp stem cells cultured on rigid (135 kPa
easured by tensile testing), as opposed to soft (1.4 kPa measured by

ensile testing), poly(dimethylsiloxane) hydrogels [54] . However, the
5 MPa PGL 15/85 substrate did not increase ALP content and did not
pregulate the expression of other osteogenic markers (i.e., RUNX2 and
SP), as one would have expected. On the other hand, the 12 kPa PLTMC
0/20 and/or the 22 kPa PGL 15/85 substrates exhibited an enhanced
ffect on calcium content deposition, ALP content and RUNX2, COL1A1
nd BSP expression. We attribute this to the degradation profile of the
ssessed polymers. Indeed, in a previous study of our group, we showed
hat, in PBS at 37 °C, the 7 kPa PGCL 10/90, 12 kPa PLTMC 80/20
nd 22 kPa PGL 15/85 substrates maintained their tensile properties for
p to 21 days, whilst the 15 MPa PGL 30/70 substrate started losing
ts elastic modulus as early as day 7 (shortest timepoint assessed) [30] .
he documented quick degradability and loss of its mechanical proper-
ies (and as a direct consequence, loss of it capacity to effectively induce
steogenesis) of the 15 MPa PGL 30/70 is attributed to its high glycolide
ontent, which is highly susceptible to the action of water [49] . 

In chondrogenic media at day 21, the 22 kPa PGL 15/85 film in-
uced the highest COMP and ACAN expression, whilst SOX9, COL2A1
ere not detected and GAG deposition was lower than the 7 kPa PGCL
0/90, 10 kPa PGDTMC 55/15/30 and 12 kPa PLTMC 80/20 substrates,
imilar to 15 MPa PGL 15/85 substrate and higher than the 3 GPa TCP.
hilst COMP and ACAN are late stage chondrogenic markers [55] , we

elieve that 21 days is too late to see an expression for SOX9 in the
2 kPa PGL 15/85 film, which is an early stage chondrogenic marker
56] . With respect to collagen type II, we feel that the short period of
he study is responsible for not been detected in any of the groups, con-
idering that high COL2A1 expression occurs at later stages of chon-
rogenic differentiation (e.g. 28 days [ 57–60 ], 42–56 days [ 61–64 ], 84
ays [65] ). Another reason could be that the cells herein were cultured
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n two-dimensional substrates and has been well established in the lit-
rature that chondrogenic induction requires three-dimensional culture
66] . GAG deposition was enhanced on softer substrates, in accordance
ith previously published work, where chondrocytes cultured on soft

1 kPa gelatine measured by tensile testing), as opposed to stiff (40 kPa
elatine measured by tensile testing), scaffolds exhibited higher GAG
eposition [67] . 

With respect to the adipogenic potential of the various films assessed
erein, in general, low in elastic modulus substrates (e.g., 7 kPa PGCL
0/90 and 10 kPa PGDTMC 55/15/30) showed an enhanced lipid depo-
ition and an upregulation of adipogenic lineage specific markers (e.g.,
EBPA, FABP4 and PPARG), in comparison to high in elastic modulus
ubstrates (e.g., 22 kPa PGL 15/85, 15 MPa PGL 15/85, 3 GPa TCP).
hese results further validate previous observations, where hBMSCs cul-
ured on a soft polyacrylamide substrate (elastic modulus of 2 kPa mea-
ured by AFM) showed increased expression of CEBPA and PPARG ver-
us cells cultured on stiff substrates (elastic modulus of 25 kPa) [10] .
imilarly, a previous study using polyacrylamide substrates with stiff-
ess of 2 kPa, 20 kPa and 40 kPa measured by AFM showed that human
dipose stem cells cultured in 2 kPa substrates induced higher expres-
ion of CEBPA and PPARG markers compared to stiffer substrates [68] .
e attribute the highest expression of CEBPA and FABP4 on the 7 kPa

GCL 10/90 substrate to its lower degradability, in comparison to the
0 kPa PGDTMC 55/15/30 substrate [30] . 

When designing implantable devices, it is imperative to closely
atch the mechanical properties of the implantable devices to the me-

hanical properties of the tissue, as device / tissue mechanical proper-
ies mismatch is associated with implant failure [ 15–18 ]. Similarly, in
ell culture technologies space, to maximise cellular functionality and
herapeutic potential, it is of paramount importance to develop materi-
ls that will match the mechanical properties either of the tissue from
hich the cells were extracted from or of the tissue that will be im-
lanted to. Although we recognise the simplicity in the use of TCP, we
annot but note that fails largely to imitate the mechanical properties
f tissues (the elastic modulus of TCP is ~3 GPa [69] , whilst the elas-
ic modulus of pituitary gland is 3.5–25.9 kPa [70] , buttock-thigh is
.01 MPa [71] , dermis is 0.10–0.25 MPa [72] , tendon is 1 MPa [73] ,
igament is 1.1 MPa [74] , articular cartilage is 2.6 MPa [75] and bone
s 0.2–0.76 GPa [76] ). This study further advocates the need to design
ioinspired, with respect to mechanical properties, materials for both
edical device and cell culture applications. 

. Conclusions 

Although biodegradable polymers are the building blocks of most
mplantable medical devices, our knowledge on how substrate stiffness
ffects cell response has derived from studies utilising non-degradable
olymers. In this study, the influence of five aliphatic polyesters of dif-
erent elastic modulus (7 kPa, 10 kPa, 12 kPa, 22 kPa, 15 MPa) on hu-
an bone marrow stem cell fate and function was assessed. Our data

learly illustrate a biodegradable polymer rigidity-dependant cell re-
ponse and advocate a more rational design in the engineering of im-
lantable medical devices that, other than rigidity, will also take into
onsideration the degradation profile of the polymer. 
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