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f Tyndall National Institute, Cork, Ireland 
g Orthopaedic Surgery, University Hospital Galway and Department of Medicine, University of Galway, Galway, Ireland 
h Plastic and Reconstructive Surgery, University Hospital Galway and Department of Medicine, University of Galway, Galway, Ireland 
i Regenerative, Modular & Developmental Engineering Laboratory (REMODEL), Charles Institute of Dermatology, Conway Institute of Biomolecular and Biomedical 
Research and School of Mechanical and Materials Engineering, University College Dublin (UCD), Dublin, Ireland   

A R T I C L E  I N F O   

Keywords: 
Biodegradable polyesters 
Surface topography 
Substrate rigidity 
Tenogenic phenotype 

A B S T R A C T   

Tissue engineering strategies for tendon repair and regeneration rely heavily on the use of tendon derived cells. 
However, these cells frequently undergo phenotypic drift in vitro, which compromises their therapeutic potential. 
In order to maintain the phenotype of tendon derived cells in vitro, microenvironmental cues (biophysical, 
biochemical and/or biological in origin) have been used to better imitate the complex tendon microenvironment. 
Herein, the influence of planar and grooved (groove width of ~1.0 µm, groove depth of ~1.4 µm and distance 
between groves of ~1.7 µm) poly(glycolide-co-ε-caprolactone) substrates with elastic modulus of 7 kPa and poly 
(lactide-co-trimethylene carbonate) substrates with elastic modulus of 12 kPa on human tendon derived cell 
response was assessed, using planar tissue culture plastic substrates of 3 GPa elastic modulus as control, in both 
basal and tenogenic media. At day 17, the grooved 12 kPa poly(lactide-co-trimethylene carbonate) substrate 
induced the highest deposition and alignment of collagen type I in tenogenic media. At day 17, the grooved 12 
kPa poly(lactide-co-trimethylene carbonate) substrate and the tissue culture plastic induced the highest depo
sition and the tissue culture plastic and the planar 7 kPa poly(glycolide-co-ε-caprolactone) induced the lowest 
alignment of tenascin C in tenogenic media. Also at day 17 in tenogenic media, the grooved 12 kPa poly(lactide- 
co-trimethylene carbonate) substrate induced the upregulation of most tenogenic genes (COL1A1, COL3A1, 
MKX, TNMD). Our data further support the notion of multifactorial tissue engineering for effective control over 
cell fate in vitro setting.   

Introduction 

In clinical setting, tendon tissues are inherently difficult to regen
erate or repair due to their low vascularity and cellular activity [1]. 
Considering that tissue grafts and biomaterials have limited capacity to 

restore native tendon function [2], it is expected that tissue-engineering 
approaches will provide a functional therapy in the years to come [3,4]. 
To this end, it is essential to be able to maintain tendon derived cell 
(TDC) phenotype ex vivo, the cell population of choice for tendon en
gineering therapies [5], but a cell population that readily loses its 
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function in culture [6]. 
To mimic the in vivo microenvironment of the tendon niche in vitro, 

physical, chemical and biological cues are under intense investigation 
[7,8], with physical signals leading the race, due to their relative 
simplicity in implementation, scalability and clinical translation. In 
particular, micro- and nano- grooved topographies have been shown to 
induce physiological elongated TDC morphology, to stimulate 
tendon-specific extracellular matrix (ECM) synthesis and anisotropic 
deposition and to upregulate tendon-specific genes [9–12]. Despite the 
undeniably beneficial effects of topographical cues on TDC phenotype 
maintenance, the rigidity of the substrates (another key modulator of 
cell, including TDC [13], fate [14,15]) has been largely underappreci
ated. As a result, when TDCs were grown on rigid substrates, even with 
physiologically relevant topography, trans-differentiation was inevi
table, as was evidenced by upregulation of chondrogenic and osteogenic 
genes [16]. 

In recent years, the combined effect of surface topography and sub
strate stiffness on cell function has been the subject of multiple in
vestigations (including TDCs [17]), the findings of which have been 
recently summarised [18,19]. Notwithstanding the significant ad
vancements, it is worth noting that most research endeavours in this 
space are carried out using non-degradable polymers (e.g. poly
dimethylsiloxane, PDMS, [20–23]), which are of little value in the 
development of implantable devices or very rigid substrates, such tissue 
culture plastic (TCP) polystyrene [24,25] with ~ 3 GPa elastic modulus. 
Considering that mechanical properties mismatch between targeted 
tissue and implanted biomaterial is a significant contributor of implant 
failure [26–29], it is imperative to assess the combined effect of sub
strate rigidity and surface topography on cellular function using 
biodegradable materials of clinical relevance. 

Herein, the influence of planar and grooved (groove width of 1.0 µm, 
groove depth of 1.5 µm and distance between groves of 1.6 µm) poly 
(glycolide-co-ε-caprolactone), PGCL 10/90, substrates with elastic 
modulus of 7 kPa and planar and grooved (groove width of 1.0 µm, 
groove depth of 1.4 µm and distance between groves of 1.8 µm) poly 
(lactide-co-(trimethylene carbonate), PLTMC 80/20, substrates with 
elastic modulus of 12 kPa on human TDC response, in both basal and 
tenogenic media, was assessed and correlated to cells cultured on planar 
TCP with ~ 3 GPa elastic modulus. 

Materials and methods 

Materials 

The polymeric substrates (206.0 ± 37.0 μm thick PGCL 10/90 and 
210.5 ± 38.6 μm thick PLTMC 80/20) were produced via compression 
moulding and the topography was induced via imprinting lithography, 
as has been described in detail previously [30–32]. Atomic force mi
croscopy and scanning electron microscopy micrographs of the planar 
and grooved substrates are provided in Supplementary Figure S1. All 
tissue culture plastics were purchased from Sarstedt (Ireland). All 
chemicals, cell culture media and reagents were purchased from Sigma 
Aldrich (Ireland), unless otherwise stated. 

Cell culture 

Human tendons were obtained from patients without tendinopathy 
undergoing tendon surgeries at Galway University Hospital, Galway, 
Ireland and at Bon Secours Hospital, Galway, Ireland. Appropriate li
cences, ethical approvals and informed consent forms were in place 
(Licence Reference: CA1046). Human TDCs were extracted using the 
migration method, following established protocols [33–35]. Briefly, 
tendon segments were supplemented with 5 ml of culture media con
taining Dulbecco’s modified Eagle medium, 10% foetal bovine serum 
and 1% penicillin-streptomycin (PS) and placed at 37 ◦C in a humidified 
atmosphere of 5% CO2. Culture medium was changed every three days. 

After a few days, the first colonies of TDCs were noticed around the 
tendon sections. When the migrated TDCs reached 80–90% confluency, 
they were treated with trypsin / ethylenediaminetetraacetic acid solu
tion and sub-cultured in T-175 tissue culture flasks until passage 2. From 
passage 3 to 4, the cells were cultured in basal media, composed of 
MesenCult™ ACF Plus Medium (StemCell Technologies, UK), 1% 
L-glutamine and 1% PS. At passage 5, the cells were trypsinised, seeded 
on the scaffolds and allowed to attach and spread for 3 days in basal 
media. At day 4, the media were changed to either basal media or 
tenogenic media [basal media supplemented with tenogenic supplement 
(StemCell Technologies, UK)]; thereafter the media were changed every 
3 days. Protein synthesis and gene expression were assessed at day 6 and 
day 17. A schematic representation of the experimental design is pro
vided as Supplementary Figure S2. 

Protein synthesis and deposition analyses 

At day 6 and day 17, the cells were briefly washed with phosphate 
buffered saline (PBS) and fixed with 4% paraformaldehyde for 20 min at 
room temperature. Cells were washed again with PBS and non-specific 
site interactions were blocked with 3% bovine serum albumin in PBS 
for 30 min. The cells were incubated overnight at 4 ◦C with the primary 
antibodies for collagen type I and tenascin C (Supplementary 
Table S1), after which, they were washed 3 times with PBS, followed by 
30 min incubation at room temperature with appropriate secondary 
antibodies (Supplementary Table S1). Nuclei were counterstained 
with Hoechst Fluorescent Stain. To determine matrix composition at 
each time point, fluorescence area per image was quantified using 
ImageJ software (NIH, USA). Three replicates per conditions were 
imaged and three fields of view were taken from each well (total of 9 
images analysed per experimental group). 

Gene expression analysis 

Total RNA was isolated using the RNeasy Plus Micro Kit (Qiagen, 
Germany) according to the manufacturer’s protocol. Briefly, samples 
were disrupted in Buffer RLT and homogenised. Ethanol was then added 
to the lysate and the samples were transferred to the RNeasy Micro spin 
column. All bind, wash and elution steps were performed by centrifu
gation in a microcentrifuge. Total RNA was retained in the membrane 
(bind step), contaminants were efficiently washed away (wash step) and 
high-quality RNA was eluted in RNase-free water (elution step). RNA 
concentration and purity were determined using a NanoDrop 1000 
(ThermoFisher Scientific, Ireland). Samples with RNA purity values of 
260/280 ratio ~1.8 and 260/230 ratio ~1.9 were used for qPCR ex
periments. RNA integrity was assessed with an Agilent 2100 Bioanalyser 
(Agilent Technologies, Ireland). Samples with RNA integrity (RIN) 
values of > 8 were used for qPCR experiments. Samples with RIN < 8 
were excluded from the study. 1 μg total RNA was reverse transcribed 
using the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Ireland). 
5 ng cDNA were subsequently analysed by qPCR on a StepOnePlus™ 
Real-Time PCR System (ThermoFisher Scientific, Ireland), using Taq
Man primer probe assays (IDT, Belgium) and TaqMan Gene Expression 
Mastermix (ThermoFisher Scientific, Ireland). The amplification condi
tions were 50 ◦C for 2 min, 95 ◦C for 10 min, followed by 40 cycles of 
95 ◦C for 15 s and 60 ◦C for 1 min. qBasePlus v. 2.4 (Biogazelle NV, 
Belgium) was used to perform geNorm analysis to determine the optimal 
number of reference genes. CQ values were analysed and normalised 
relative quantities were calculated by normalising the data to the 
expression of three validated endogenous control genes (HPRT1, TBP, 
EIF2B1; assay IDs are provided in Supplementary Table S2) with 
qBasePlus v. 2.4 (Biogazelle NV, Belgium) [36]. Nanog Homeobox 
(NANOG), SRY-box 2 (SOX2), early growth response 1 (EGR1), early 
growth response 2 (EGR2), scleraxis (SCX), collagen type I (COL1A1), 
collagen type III (COL3A1), mohawk homeobox (MKX), tenascin C 
(TNC) and tenomodulin (TNMD) were analysed by qPCR in basal and 
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tenogenic media at day 6 and day 17 (assay IDs and function of each 
molecule assessed are provided in Supplementary Table S2). Osteo
genic [osteopontin (SPP1) and bone sialoprotein (BSP)], chondrogenic 
[SRY-Box Transcription Factor 9 (SOX9) and type II collagen (COL2A1)] 
and adipogenic [fatty acid-binding protein 4 (FABP4) and 
CCAAT/enhancer-binding protein alpha (CEBPA)] genes were analysed 
by qPCR in basal and tenogenic media at day 17 (assay IDs are provided 
in Supplementary Table S2). 

Statistical analysis 

Data are expressed as mean ± standard deviation. Statistical analysis 
was performed using GraphPad v6.01 (GraphPad Software Inc., USA). 
One- or two- way ANOVA was used for multiple comparisons and a 
Tukey post hoc test was used for pairwise comparisons after confirming 
that the samples followed a normal distribution (Kolmogorov-Smirnov 
test) and had equal variances (Bartlett’s and Levene’s test for 

homogeneity of variances). When either or both of these assumptions 
were violated, nonparametric tests were used for multiple (Kruskal- 
Wallis test) and pairwise (Mann-Whitney test) comparisons. Statistical 
significance was accepted at p < 0.05. 

Results 

Protein synthesis analysis 

In basal and tenogenic media, qualitative and quantitative immu
nocytochemistry analyses revealed that the PLTMC 80/20 G induced the 
highest (p < 0.05)% area of deposited collagen type I at day 17 (the 
longest time point assessed) and the highest (p < 0.05)% of collagen 
type I with 90◦ alignment at both day 6 and day 17 (Fig. 1). 

Qualitative and quantitative immunocytochemistry analyses 
revealed that the PLTMC 80/20 P induced the highest (p < 0.05)% area 
of deposited tenascin C at day 17 in basal media; the PLTMC 80/20 G 

Fig. 1. Immunocytochemistry (A),% area of deposited collagen type I (B) and% relative frequency of collagen type I at 90◦ (C) of human TDCs at day 6 and day 17 in 
basal media (BM) and tenogenic media (TM) on 3 GPa TCP and planar (P) and grooved (G) 7 kPa PGCL 10/90 and 12 kPa PLTMC 80/20 substrates. Collagen type I: 
red. Nuclei: blue. Scale bars: 100 µm. + indicates highest (p < 0.05) value at a given time point and media. 
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induced the highest (p < 0.05)% area of deposited tenascin C at day 17 
in tenogenic media; the PLTMC 80/20 G induced the highest (p < 
0.05)% of tenascin C with 90◦ alignment at day 17 in basal media; the 
PGCL 10/90 P induced significantly (p < 0.05) lower than the other 
groups% of tenascin C with 90◦ alignment at day 17 in basal media 
(Fig. 2). 

Gene expression analysis 

Gene expression analysis data are provided in Fig. 3. At day 6 in basal 
media, the PGCL 10/90 P and the PLTMC 80/20 G upregulated (fold 
change ≥ 2.0) two genes (NANOG, SOX2), the PGCL 10/90 G and the 
PLTMC 80/20 P upregulated (fold change ≥ 2.0) three genes (NANOG, 
SOX2, EGR1) and the TCP upregulated (fold change ≥ 2.0) three genes 
(SOX2, MKX, TNC). At day 6 in tenogenic media, the PGCL 10/90 P 
upregulated (fold change ≥ 2.0) seven genes (NANOG, SOX2, EGR1, 
EGR2, SCX, COL1A1, TNC), the PLTMC 80/20 P upregulated (fold 

change ≥ 2.0) six genes (NANOG, SOX2, EGR2, SCX, COL1A1, TNC), the 
PGCL 10/90 G upregulated (fold change ≥ 2.0) five genes (SOX2, EGR2, 
SCX, COL3A1, TNC), and the TCP and PLTMC 80/20 G upregulated (fold 
change ≥ 2.0) four genes (EGR2, SCX, MKX, TNC and EGR2, SCX, 
COL3A1, TNC, respectively). At day 17 in basal media, the PGCL 10/90 
G upregulated (fold change ≥ 2.0) five genes (SCX, COL3A1, SOX9, 
FABP4, CEBPA), the PGCL 10/90 P upregulated (fold change ≥ 2.0) 
three genes (NANOG, SOX9, CEBPA), the PLTMC 80/20 P and the 
PLTMC 80/20 G upregulated (fold change ≥ 2.0) two genes (SOX9, 
CEBPA) and the TCP upregulated (fold change ≥ 2.0) one gene (CEBPA). 
At day 17 in tenogenic media, the PLTMC 80/20 G upregulated (fold 
change ≥ 2.0) five genes (COL1A1, COL3A1, MKX, TNMD, FABP4), the 
TCP (COL1A1, COL3A1, MKX, FABP4), PGCL 10/90 G (COL1A1, 
COL3A1, MKX, FABP4) and PLTMC 80/20 P (NANOG, SOX2, MKX, 
FABP4) upregulated (fold change ≥ 2.0) four genes and the PGCL 10/90 
P upregulated (fold change ≥ 2.0) two genes (MKX, FABP4). At day 17, 
SPP1, BSP and COL2A1 were not detected independently of the media 

Fig. 2. Immunocytochemistry (A),% area of deposited tenascin C (B) and% relative frequency of tenascin C at 90◦ (C) of human TDCs at day 6 and day 17 in basal 
media (BM) and tenogenic media (TM) on 3 GPa TCP and planar (P) and grooved (G) 7 kPa PGCL 10/90 and 12 kPa PLTMC 80/20 substrates. Tenascin C: green. 
Nuclei: blue. Scale bars: 100 µm. + indicates highest (p < 0.05) value at a given time point and media. 
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and the substrate used. At day 6, not sufficient quantities of RNA were 
obtained from samples allocated to osteogenic (SPP1, BSP), chondro
genic (SOX9, COL2A1) and adipogenic (FABP4, CEBPA) genes. 

Discussion 

Although the combined effect of surface topography and substrate 
rigidity has been the subject of many investigations, most of the work to- 
date in this field has been carried out using non-degradable polymers. 
Thus, herein, the influence of planar and grooved PGCL 10/90 substrates 
with elastic modulus of 7 kPa and planar and grooved PLTMC 80/20 
substrates with elastic modulus of 12 kPa on human TDC response, in 
both basal and tenogenic media, was assessed and correlated to cells 
cultured on planar TCP with ~ 3 GPa elastic modulus. 

Protein synthesis and deposition analyses 

Starting protein analysis, the most notable finding was that at day 17, 
the grooved 12 kPa PLTMC 80/20 substrate induced the highest 
collagen type I deposition, especially in tenogenic media. Growth factors 
are frequently employed to enhance ECM synthesis [37]. It is interesting 
to note that only the grooved 12 kPa PLTMC 80/20 at both time points 
and in both media consistently induced aligned collagen type I 

deposition. Considering that both substrates had similar anisotropic 
topography, we believe that the observed difference is due to the elastic 
modulus difference (7 kPa PGCL 10/90 and 12 kPa PLTMC 80/20). 
Again, our data are in agreement with previous observations, where 
stiffer, as opposed to softer and similar in topography, substrates 
induced bidirectional cell and deposited ECM orientation (human 
tenocytes, PDMS, 1000 kPa, 130 kPa, 50 kPa, grooved topography 
groove depth of ~2000, ~1900 and ~1850 nm [17]). With respect to 
tenascin C, at day 17 in tenogenic media, the planar TCP and the 
grooved 12 kPa PLTMC 80/20 substrate induced the highest tenascin C 
deposition. We attribute this enhanced tenascin C deposition to the 
combined effect of topography and rigidity. A previous study reported 
increased tenascin C synthesis, when mouse adipose-derived stem cells 
were cultured on PDMS substrates with groove and ridge width of 10 µm 
and groove depth of 3 µm [38]. It is worth noting that in the case of 
tenascin C, when high amounts were deposited, independently of the 
substrate and media, the alignment was reduced. A similar observation 
has been reported previously for ECM deposition in the presence of 
macromolecular crowding; the authors speculated that the cells were 
not able to process fast enough the enhanced deposited ECM in an 
aligned fashion [39]. 

Fig. 3. Gene analysis of human TDCs at day 6 and day 17 in basal media (BM) and tenogenic media (TM) on 3 GPa TCP and planar (P) and grooved (G) 7 kPa PGCL 
10/90 and 12 kPa PLTMC 80/20 substrates. Red indicates upregulation (fold change ≥ 2.0), green indicates downregulation (fold change < 2.0), white indicates not 
detected and blue indicates groups that did not produce sufficient quantities of RNA for analysis. 
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Gene expression analysis 

With respect to gene analysis, firstly, in basal and tenogenic media, a 
significant reduction in tenogenic genes was observed form day 6 to day 
17, in alignment with previous publications with regards to the sus
ceptibility of TDCs to phenotypic drift [6,40,41]. Secondly, at day 17, in 
basal media, the expression of both chondrogenic and adipogenic genes 
was increased and in tenogenic media, the expression of adipogenic 
genes was increased. We attribute this to the TDC extraction protocol. 
Specifically, TDCs are customarily extracted using either the collagenase 
digestion [6] or the migration [42] protocol. It is evidenced that the 
migration protocol that was used herein does not necessarily provide a 
pure tenocyte population, but rather a mixed population of tenocytes 
and tendon stem cells, with the latter having the capacity to differentiate 
towards adipogenic and chondrogenic lineages [43,44]. Thirdly, it is 
interesting to note that in tenogenic media all substrates (including the 
TCP) at day 6 upregulated EGR2, TNC and SCX expression, which are 
considered early tenogenesis markers [45–49], whilst at day 17 upre
gulated MKX, which is considered a later tenogenic marker [50]. Lastly, 
we consider of significant importance that the grooved 12 kPa PLTMC 
80/20 at day 17 in tenogenic media upregulated the expression of 
COL1A1, COL3A1 and MKX (as did the TCP and the grooved 7 kPa PGCL 
10/90), but it was the only that upregulated TNMD, another late and 
prominent tenogenic marker [51–54]. 

Conclusions 

Contemporary tissue engineering utilises simultaneously biophysical 
cues and soluble factors to effectively control cell fate in vitro. In this 
context, herein we assessed the influence of planar 3 GPa tissue culture 
plastic and planar and grooved 7 kPa poly(glycolide-co-ε-caprolactone) 
and 12 kPa poly(lactide-co-trimethylene carbonate) substrates on 
human tendon derived cell response in basal and tenogenic media. At 
day 17 in tenogenic media, the grooved 12 kPa poly(lactide-co- 
trimethylene carbonate) substrate induced the highest deposition and 
alignment of collagen type I; induced the highest deposition (along with 
tissue culture plastic) of tenascin C; and upregulated the most tenogenic 
genes (COL1A1, COL3A1, MKX, TNMD). Our data advocate the use of a 
multifactorial approach to effectively control tendon derived cell func
tion in vitro. 

Author contribution 

SR and DIZ designed the study and wrote the manuscript. SR carried 
out experiments and analysed data. EMF was involved in the processing 
of the polymeric films. EP optimised tenogenic differentiation method. 
SHK optimised qPCR experiments. AO provided the silicon master 
moulds with grooved topography. All authors discussed the data and 
approved the final version of the manuscript. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 

Sofia Ribeiro was an early career researcher recruited at Sofradim 
Production, Medtronic, France and registered for PhD at University of 
Galway, Ireland. Yves Bayon is an employee of Sofradim Production, 
Medtronic, France. All other authors declare no conflicts of interest. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work has also received funding from the European Union’s 
Horizon 2020 research and innovation programme under the Marie 
Skłodowska-Curie, grant agreement No. 676338, the European Research 
Council (ERC) under the European Union’s Horizon 2020 research and 
innovation programme, grant agreement No. 866126 and the European 
Union’s Horizon 2020 research and innovation Widespread: Twinning 
programme, grant agreement No. 810850. This publication has 
emanated from research supported in part by grants from Science 
Foundation Ireland (SFI) under grant agreement No. 15/CDA/3629 and 
19/FFP/6982 and Science Foundation Ireland (SFI) and European 
Regional Development Fund (ERDF) under grant agreement No. 13/RC/ 
2073_2. E.M.F. acknowledges to the project TERM RES Hub – Infraes
trutura Científica para a Engenharia de Tecidos e Medicina Regener
ativa, grant agreement No. Norte-01–0145-FEDER-02219015. The 
authors would like to acknowledge the significant contribution of Dr 
Oonagh Dwane (University of Galway, Ireland) in the writing and 
management of all grants. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.bea.2023.100098. 

References 

[1] J.G. Snedeker, J. Foolen, Tendon injury and repair - A perspective on the basic 
mechanisms of tendon disease and future clinical therapy, Acta Biomater. 63 
(2017) 18–36. 

[2] A. Lomas, C. Ryan, A. Sorushanova, N. Shologu, A. Sideri, V. Tsioli, G. Fthenakis, 
A. Tzora, I. Skoufos, L. Quinlan, G. O’Laighin, A. Mullen, J. Kelly, S. Kearns, 
M. Biggs, A. Pandit, D. Zeugolis, The past, present and future in scaffold-based 
tendon treatments, Adv. Drug. Deliv. Rev. 84 (2015) 257–277. 

[3] C.F. Liu, L. Aschbacher-Smith, N.J. Barthelery, N. Dyment, D. Butler, C. Wylie, 
What we should know before using tissue engineering techniques to repair injured 
tendons: a developmental biology perspective, Tissue Eng. Part B Rev. 17 (3) 
(2011) 165–176. 

[4] S. Abbah, K. Spanoudes, T. O’Brien, A. Pandit, D. Zeugolis, Assessment of stem cell 
carriers for tendon tissue engineering in pre-clinical models, Stem Cell Res. Ther. 5 
(2) (2014) 38. 

[5] D. Gaspar, K. Spanoudes, C. Holladay, A. Pandit, D. Zeugolis, Progress in cell-based 
therapies for tendon repair, Adv. Drug. Deliv. Rev. 84 (2015) 240–256. 

[6] L. Yao, C.S. Bestwick, L.A. Bestwick, N. Maffulli, R.M. Aspden, Phenotypic drift in 
human tenocyte culture, Tissue Eng. 12 (7) (2006) 1843–1849. 

[7] K. Spanoudes, D. Gaspar, A. Pandit, D.I. Zeugolis, The biophysical, biochemical, 
and biological toolbox for tenogenic phenotype maintenance in vitro, Trends 
Biotechnol. 32 (9) (2014) 474–482. 

[8] C. Ryan, D. Zeugolis, Engineering the tenogenic niche in vitro with 
microenvironmental tools, Adv. Ther. 3 (2) (2020), 1900072. 

[9] A. Kapoor, E. Caporali, P. Kenis, M. Stewart, Microtopographically patterned 
surfaces promote the alignment of tenocytes and extracellular collagen, Acta 
Biomater. 6 (7) (2010) 2580–2589. 

[10] J. Zhu, L. Jie, W. Bin, Z.W. Jie, Z. Guangdong, C. Yilin, L. Wei, The regulation of 
phenotype of cultured tenocytes by microgrooved surface structure, Biomaterials 
31 (27) (2010) 6952–6958. 

[11] S. Vermeulen, A. Vasilevich, D. Tsiapalis, N. Roumans, P. Vroemen, N. Beijer, 
A. Dede Eren, D. Zeugolis, J. de Boer, Identification of topographical architectures 
supporting the phenotype of rat tenocytes, Acta Biomater. 83 (2019) 277–290. 

[12] A. Dede Eren, A. Vasilevich, E. Eren, P. Sudarsanam, U. Tuvshindorj, J. de Boer, 
J. Foolen, Tendon-derived biomimetic surface topographies induce phenotypic 
maintenance of tenocytes in vitro, Tissue Eng. Part A 27 (15–16) (2021) 
1023–1036. 

[13] E. Maeda, K. Kuroyanagi, Y. Ando, T. Matsumoto, Effects of substrate stiffness on 
morphology and MMP-1 gene expression in tenocytes stimulated with interleukin- 
1β, J. Orthop. Res. 38 (1) (2020) 150–159. 

[14] A. Engler, S. Sen, H. Sweeney, D. Discher, Matrix elasticity directs stem cell lineage 
specification, Cell 126 (4) (2006) 677–689. 

[15] H. Lv, H. Wang, Z. Zhang, W. Yang, W. Liu, Y. Li, L. Li, Biomaterial stiffness 
determines stem cell fate, Life Sci. 178 (2017) 42–48. 

[16] A. English, A. Azeem, K. Spanoudes, E. Jones, B. Tripathi, N. Basu, K. McNamara, S. 
A.M. Tofail, N. Rooney, G. Riley, A. O’Riordan, G. Cross, D. Hutmacher, M. Biggs, 
A. Pandit, D.I. Zeugolis, Substrate topography: a valuable in vitro tool, but a clinical 
red herring for in vivo tenogenesis, Acta Biomater. 27 (2015) 3–12. 

[17] C. Ryan, E. Pugliese, N. Shologu, D. Gaspar, P. Rooney, M. Islam, A. O’Riordan, 
M. Biggs, M. Griffin, D. Zeugolis, A combined physicochemical approach towards 
human tenocyte phenotype maintenance, Mater. Today Bio. 12 (2021), 100130. 

S. Ribeiro et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.bea.2023.100098
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0001
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0001
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0001
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0002
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0002
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0002
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0002
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0003
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0003
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0003
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0003
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0004
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0004
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0004
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0005
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0005
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0006
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0006
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0007
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0007
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0007
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0008
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0008
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0009
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0009
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0009
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0010
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0010
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0010
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0011
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0011
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0011
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0012
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0012
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0012
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0012
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0013
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0013
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0013
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0014
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0014
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0015
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0015
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0016
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0016
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0016
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0016
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0017
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0017
http://refhub.elsevier.com/S2667-0992(23)00028-2/sbref0017


Biomedical Engineering Advances 6 (2023) 100098

7

[18] M. Bai, L. Cai, X. Li, L. Ye, J. Xie, Stiffness and topography of biomaterials dictate 
cell-matrix interaction in musculoskeletal cells at the bio-interface: a concise 
progress review, J. Biomed. Mater. Res. B Appl. Biomater. 108 (6) (2020) 
2426–2440. 

[19] Y. Yang, K. Wang, X. Gu, K.W. Leong, Biophysical regulation of cell behavior-cross 
talk between substrate stiffness and nanotopography, Engineering (Beijing) 3 (1) 
(2017) 36–54. 

[20] D. Sharma, W. Jia, F. Long, S. Pati, Q. Chen, Y. Qyang, B. Lee, C.K. Choi, F. Zhao, 
Polydopamine and collagen coated micro-grated polydimethylsiloxane for human 
mesenchymal stem cell culture, Bioact. Mater. 4 (2019) 142–150. 

[21] S.T. Wong, S.K. Teo, S. Park, K.H. Chiam, E.K. Yim, Anisotropic rigidity sensing on 
grating topography directs human mesenchymal stem cell elongation, Biomech. 
Model. Mechanobiol. 13 (1) (2014) 27–39. 

[22] E.K. Yim, E.M. Darling, K. Kulangara, F. Guilak, K.W. Leong, Nanotopography- 
induced changes in focal adhesions, cytoskeletal organization, and mechanical 
properties of human mesenchymal stem cells, Biomaterials 31 (6) (2010) 
1299–1306. 

[23] A. Parandakh, A. Anbarlou, M. Tafazzoli-Shadpour, A. Ardeshirylajimi, M. 
M. Khani, Substrate topography interacts with substrate stiffness and culture time 
to regulate mechanical properties and smooth muscle differentiation of 
mesenchymal stem cells, Colloids Surf. B Biointerfaces 173 (2019) 194–201. 

[24] B. Zhu, Q. Zhang, Q. Lu, Y. Xu, J. Yin, J. Hu, Z. Wang, Nanotopographical guidance 
of C6 glioma cell alignment and oriented growth, Biomaterials 25 (18) (2004) 
4215–4223. 

[25] W. Hu, E. Yim, R. Reano, K. Leong, S. Pang, Effects of nanoimprinted patterns in 
tissue-culture polystyrene on cell behavior, J. Vac. Sci. Technol. A 23 (6) (2005) 
2984–2989. 

[26] M. Vatankhah-Varnosfaderani, W.F.M. Daniel, M.H. Everhart, A.A. Pandya, 
H. Liang, K. Matyjaszewski, A.V. Dobrynin, S.S. Sheiko, Mimicking biological 
stress-strain behaviour with synthetic elastomers, Nature 549 (7673) (2017) 
497–501. 

[27] S. Prasadh, R.C.W. Wong, Unraveling the mechanical strength of biomaterials used 
as a bone scaffold in oral and maxillofacial defects, Oral Sci. Int. 15 (2) (2018) 
48–55. 

[28] M. Gasik, A. Zuhlke, A.M. Haaparanta, V. Muhonen, K. Laine, Y. Bilotsky, 
M. Kellomaki, I. Kiviranta, The importance of controlled mismatch of 
biomechanical compliances of implantable scaffolds and native tissue for articular 
cartilage regeneration, Front. Bioeng. Biotechnol. 6 (2018) 187–197. 

[29] H. Petit-Eisenmann, E. Epailly, M. Velten, J. Radojevic, B. Eisenmann, H. Kremer, 
M. Kindo, Impact of prosthesis-patient mismatch on long-term functional capacity 
after mechanical aortic valve replacement, Can. J. Cardiol. 32 (12) (2016) 
1493–1499. 

[30] S. Ribeiro, A.M. Carvalho, E.M. Fernandes, M.E. Gomes, R.L. Reis, Y. Bayon, D. 
I. Zeugolis, Development and characterisation of cytocompatible polyester 
substrates with tunable mechanical properties and degradation rate, Acta 
Biomater. 121 (2021) 303–315. 

[31] S. Ribeiro, E. Pugliese, S. Korntner, E. Fernandes, M. Gomes, R. Reis, Y. Bayon, 
D. Zeugolis, Modulation of stem cell response using biodegradable polyester films 
with different stiffness, Biomed. Eng. Adv. 2 (2021), 100007. 

[32] S. Ribeiro, E. Pugliese, S. Korntner, E. Fernandes, M. Gomes, R. Reis, A. O’Riordan, 
Y. Bayon, D. Zeugolis, Assessing the combined effect of surface topography and 
substrate rigidity in human bone marrow stem cell cultures, (Submitted). 

[33] M.U. Wagenhauser, M.F. Pietschmann, B. Sievers, D. Docheva, M. Schieker, 
V. Jansson, P.E. Muller, Collagen type I and decorin expression in tenocytes depend 
on the cell isolation method, BMC Musculoskelet. Disord. 13 (2012) 140. 

[34] D. Tsiapalis, A. De Pieri, K. Spanoudes, I. Sallent, S. Kearns, J. Kelly, M. Raghunath, 
D. Zeugolis, The synergistic effect of low oxygen tension and macromolecular 
crowding in the development of extracellular matrix-rich tendon equivalents, 
Biofabrication 12 (2) (2020), 025018. 

[35] D. Tsiapalis, S. Kearns, J. Kelly, D. Zeugolis, Growth factor and macromolecular 
crowding supplementation in human tenocyte culture, Biomater. Biosys. 1 (2021), 
100009. 

[36] J. Vandesompele, K. De Preter, F. Pattym, B. Poppe, N. Van Roy, A. De Paepe, 
F. Speleman, Accurate normalization of real-time quantitative RT-PCR data by 

geometric averaging of multiple internal control genes, Genome Biol. 3 (7) (2002) 
research0034.1-research0034.11. 

[37] I. Rajpar, J.G. Barrett, Optimizing growth factor induction of tenogenesis in three- 
dimensional culture of mesenchymal stem cells, J. Tissue Eng. 10 (2019), 
2041731419848776. 

[38] K. Zhou, B. Feng, W. Wang, Y. Jiang, W. Zhang, G. Zhou, T. Jiang, Y. Cao, W. Liu, 
Nanoscaled and microscaled parallel topography promotes tenogenic 
differentiation of ASC and neotendon formation in vitro, Int. J. Nanomed. 13 (2018) 
3867–3881. 

[39] C. Ryan, E. Pugliese, N. Shologu, D. Gaspar, P. Rooney, M. Islam, A. O’Riordan, 
M. Biggs, M. Griffin, D. Zeugolis, The synergistic effect of physicochemical in vitro 
microenvironment modulators in human bone marrow stem cell cultures, 
Biomater. Adv. 144 (2023), 213196. 

[40] A.D. Mazzocca, D. Chowaniec, M.B. McCarthy, K. Beitzel, M.P. Cote, W. McKinnon, 
R. Arciero, In vitro changes in human tenocyte cultures obtained from proximal 
biceps tendon: multiple passages result in changes in routine cell markers, Knee 
Surgery, Sports Traumatol., Arthrosc. 20 (9) (2012) 1666–1672. 

[41] M. van Vijven, S.L. Wunderli, K. Ito, J.G. Snedeker, J. Foolen, Serum deprivation 
limits loss and promotes recovery of tenogenic phenotype in tendon cell culture 
systems, J. Orthop. Res. 39 (7) (2021) 1561–1571. 

[42] A.E.C. Nichols, S.E. Miller, L.J. Green, M.S. Richards, A.E. Loiselle, Impact of 
isolation method on cellular activation and presence of specific tendon cell 
subpopulations during in vitro culture, Biorxiv (2021), 2021.03.07.434268. 

[43] K. Lee, P. Clegg, E. Comerford, E. Canty-Laird, A comparison of the stem cell 
characteristics of murine tenocytes and tendon-derived stem cells, BMC 
Musculoskelet. Disord. 19 (1) (2018) 116. 

[44] S. Qin, W. Wang, Z. Liu, X. Hua, S. Fu, F. Dong, A. Li, Z. Liu, P. Wang, L. Dai, 
P. Liang, J. Zhang, W. Cao, X. Xiong, H. Chen, J. Xu, Fibrochondrogenic 
differentiation potential of tendon-derived stem/progenitor cells from human 
patellar tendon, J. Orthop. Translat. 22 (2019) 101–108. 

[45] K. Ackerman, Diaphragmatic embryogenesis and human congenital diaphragmatic 
defects, in: S. Moody (Ed.), Principles of Developmental Genetics, Academic Press, 
2015, pp. 593–606. 

[46] M. Grinstein, J. Galloway, Developmental biology in tendon tissue engineering, in: 
M. Stoddart, A. Craft, G. Pattappa, O. Gardner (Eds.), Developmental Biology and 
Musculoskeletal Tissue Engineering, Academic Press, 2018, pp. 181–206. 

[47] R. Delaine-Smith, G. Reilly, The effects of mechanical loading on mesenchymal 
stem cell differentiation and matrix production, in: G. Litwack (Ed.), Vitamins & 
Hormones, Academic Press, 2011, pp. 417–480. 

[48] A. Herchenhan, F. Dietrich-Zagonel, P. Schjerling, M. Kjaer, P. Eliasson, Early 
growth response genes increases rapidly after mechanical overloading and 
unloading in tendon constructs, J. Orthop. Res. 38 (1) (2020) 173–181. 

[49] V. Lejard, F. Blais, M. Guerquin, A. Bonnet, M. Bonnin, E. Havis, M. Malbouyres, 
C. Bidaud, G. Maro, P. Gilardi-Hebenstreit, J. Rossert, F. Ruggiero, D. Duprez, 
EGR1 and EGR2 involvement in vertebrate tendon differentiation, J. Biol. Chem. 
286 (7) (2011) 5855–5867. 
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