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Tendinopathy is characterised by pathological changes in tendon matrix composition,
architecture, and stiffness, alterations in tendon resident cell characteristics, and fibrosis,
with inflammation also emerging as an important factor in tendinopathy progression. The
sequence of pathological changes in tendinopathy and the cellular effects of the
deteriorating matrix are largely unknown. This study investigated the effects of
substrate stiffness on tendon-derived cells (TDCs) and THP-1 macrophages using
PDMS substrates representing physiological tendon stiffness (1.88 MPa), a stiff gel
(3.17 MPa) and a soft gel (0.61 MPa). Human TDCs were cultured on the different gel
substrates and on tissue culture plastic. Cell growth was determined by alamarBlue™
assay, cell morphology was analysed in f-actin labelled cells, and phenotypic markers were
analysed by real-time PCR. We found that in comparison to TDCs growing on gels with
physiological stiffness, cell growth increased on soft gels at 48 h (23%, p = 0.003). Cell
morphology was similar on all three gels. SCX expression was slightly reduced on the soft
gels (1.4-fold lower, p = 0.026) and COL1A1 expression increased on the stiff gels (2.2-
fold, p = 0.041). Culturing THP-1 macrophages on soft gels induced increased expression
of IL1B (2-fold, p = 0.018), and IL8 expression was inhibited on the stiffer gels (1.9-fold, p =
0.012). We also found that culturing TDCs on plastic increased cell growth, altered cell
morphology, and inhibited the expression of SCX, SOX9, MMP3, and COL3. We conclude
that TDCs and macrophages respond to changes in matrix stiffness. The magnitude of
responses measured in TDCs were minor on the range of substrate stiffness tested by the
gels. Changes in THP-1 macrophages suggested a more inflammatory phenotype on
substrates with non-physiological stiffness. Although cell response to subtle variations in
matrix stiffness was moderate, it is possible that these alterations may contribute to the
onset and progression of tendinopathy.
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INTRODUCTION

Tendons have a highly aligned and hierarchically organised
extracellular matrix (ECM) (Andarawis-Puri et al., 2015),
primarily composed of type-I collagen fibres interspersed with
proteoglycans andminimal amounts of other matrix proteins and
glycoproteins (Riley et al., 1994; James H;Wang, 2006). The tissue
is predominantly avascular (Petersen et al., 2000) and sparsely
populated with fibroblast-like cells residing between the aligned
collagen fibres (Whittaker and Canham, 1991). Tendon disease or
injury leads to pain and reduced function, commonly referred to
as ‘tendinopathy’, and causes characteristic changes in tendon
tissue such as hypercellularity, increased vascularity and
innervation, and altered matrix architecture. Although
tendinopathy is common and increasing in prevalence (James
et al., 2008; Clark et al., 2020), treatment options are limited and
often fail to reverse the tendinopathic changes and fully restore
tendon functionality. The sequence of pathological changes that
occur in tendinopathy, and the interplay between the
deterioration of the ECM and the cells, are still not well
understood.

The altered ECM composition and structure in tendinopathy
results in tendons with inferior mechanical properties, which are
prone to failure (Kannus and Józsa, 1991; Millar et al., 2015; Zhu
et al., 2020). Pathological changes in tendon stiffness can take one
of two forms: reduced stiffness, caused by the disruption of the
organised ECM structure, or greater stiffness, seen in fibrotic or
calcified tendon (Evans and Barbenel, 1975; Kannus and Józsa,
1991). Tendinopathy also affects the cellular component of the
tendon. Resident fibroblast-like cells increase in number and
assume a more rounded shape, and inflammatory cells
infiltrate the tissue (Dakin et al., 2015; Stolk et al., 2017). In
the early stages of tendinopathy there is evidence of macrophage
infiltration (Millar et al., 2010; Dakin et al., 2015) and increased
expression of inflammatory markers, including interlukin-1β (IL-
1β) (Stolk et al., 2017) and prostaglandin-E2 (PGE-2) (Fu et al.,
2002; Dakin et al., 2012). Macrophages appear to contribute to the
healing process, as higher levels of anti-inflammatory
macrophage markers post-surgery is associated with better
healing outcome (Dakin et al., 2015).

Studies in matrix biology have demonstrated that the ECM
microenvironment plays a key role in regulating the activity of
cells. Substrate stiffness plays a crucial role in regulating cell
growth, morphology (Mih et al., 2012; Skardal et al., 2013),
migration (Sridharan et al., 2019), stem cell differentiation
(Engler et al., 2006), and maintaining cell phenotype
(Chaudhuri et al., 2014). In tendon biology, the effect of
substrate stiffness on tendon progenitor cells has been
extensively studied, demonstrating that stiffness can modulate
tendon progenitor cell proliferation and tenogenic potential
(Sharma and Snedeker, 2010; Islam et al., 2017; Liu et al.,
2018; SJ et al., 2018) Substrate stiffness has also been
demonstrated to affect macrophage morphology, proliferation,
and activation, however, these have typically been carried out in
the low kPa range, below that of physiological tendon (Adlerz
et al., 2016; Sridharan et al., 2019; Xing et al., 2021). The effect of
substrate stiffness on resident tendon cells has not been well

characterized. A recent study exposed human tendon cells
derived from a single donor to different substrate stiffness
conditions (Ryan et al., 2021). However, the effect of substrate
stiffness was not the primary focus of this study as it was
exploring multiple combined physicochemical cues for
maintaining tendon cell phenotype.

Most studies of TDCs in vitro have used very stiff tissue culture
plastic (TCP)to better understand tendon cell biology, which is
well known to induce TDC dedifferentiation (Taylor et al., 2009).
Also, the majority of current tissue engineering approaches aim to
apply material scaffolds that do not match the native tendon
biomechanical properties, thus creating a mismatch in properties
between the intervention and tendon resident cells (Vasiliadis
and Katakalos, 2020; Mao et al., 2021). Therefore, understanding
how ECM microenvironemntal cues affect cell behaviour in
tendon has importance for creating more physiologically-
relevant in vitro platforms to study tendon cell biology, and
for infomring future therapeutics which can better direct and
maintain resident tendon cell characteristics.

Thus, the aim of the current study was to investigate the effects
of substrate stiffness on resident tendon cells and on the
phenotype of the infiltrating macrophages. We developed an
in vitro gel-based platform with tuneable substrate stiffness
and studied the effect of physiological and non-physiological
substrate stiffness on human TDCs and THP-1 macrophages.

MATERIALS AND METHODS

Isolation of Human Tendon Derived
Cells (TDC)
Healthy hamstring and biceps tendons were isolated from
patients undergoing orthopaedic surgery (Supplementary
Table S1). Ethical approval for the study was obtained from
the New Zealand Northern Health and Disability Ethics
Committee (approval number NTX/05/06/058/AM15), and all
participants provided written informed consent prior to surgery.
TDCs were isolated as previously described (Chhana et al., 2014;
Musson et al., 2015). Briefly, tendon tissue harvested during
surgery was collected, cut into small pieces (~1 mm3 size), and
incubated in digestion medium (DMEM/F12, 10% fetal bovine
serum (FBS), dispase (0.5 mg/ml) (all from Gibco™,
ThermoFisher Scientific Inc.), and collagenase II from
Clostridium histolyticum (400 units/ml; Sigma Aldrich) in a
shaker incubator at 37°C overnight. Following digestion, cells
were strained using a 70 μm cell strainer, resuspended in fresh
DMEM/F12 with 10%FBS, seeded in T-75 tissue culture flasks,
and incubated at 37°C/5%CO2. Cells were harvested at confluence
and transferred to liquid nitrogen storage. Prior to use, passage 1
TDCs were revived and cultured to confluence in T-75 flasks, and
then seeded on substrates of various stiffness.

Preparing Poly-Dimethyl Siloxane (PDMS)
Substrates
Poly-dimethyl siloxane (PDMS) resin and the crosslinking agent
(Sylgard 184, Dow Corning) were mixed in various ratios to
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prepare mixtures with different crosslinking concentration. It has
been previously established that PDMS stiffness can be controlled
by the concentration of the crosslinking agent (Wang et al., 2014),
with increased concentrations producing stiffer gels. For the
present study we prepared gels of three different weight ratios
(PDMS: crosslinker): 5:1 for a stiff substrate, 15:1 for a
physiological-stiffness substrate, and 80:1 for a soft substrate.
The reagents were mixed thoroughly, degassed under vacuum for
30 min and poured into wells of 24-well plates. The plates were
incubated at 80°C for 2 h and cooled to room temperature
overnight. Prior to use, the gels and the TCP substrate were
functionalized with plasma treatment at 800mTorr for 2 min in
45W Air-plasma (Harrick Plasma), coated with 0.15 mg/ml
collagen-I solution overnight at 4°C, and sterilized by UV light
for 30 min (Hisey et al., 2021).

Substrate Elastic Modulus Characterization
Bovine superficial digital flexor tendons, sourced from Wilson
Hellaby-Auckland Meat Processor Ltd., were cut into 1 cm2

pieces of sectioned longitudinally along the direction of the
fiber alignment to 300 µm thickness in a cryo-microtome. The
elastic modulus of PDMS gels and the bovine tendon were
measured using Asylum Research Atomic Force microscope
(AFM) with SiNi tips (BudgetSensor, sini-10, Silicon Nitride
tips, stiffness 0.27 N/m and freq 30 kHz).

The elastic modulus measurement for all the slices and
PDMS gels were conducted in an aqueous environment while
hydrated in phosphate buffered saline. Prior to each
experiment the tip was calibrated for stiffness and Inverse
Optical Lever sensitivity in air and liquid environment. At least
30 indentations were performed at randomly chosen locations
on the healthy, control bovine tendon slices (n = 3) and each
PDMS stiffness gel group (n = 3–5) and were analyzed using
the Asylum Research software (version 16.26). The force
measurement in AFM is calculated by multiplying tip
deflection with spring constant of the tip. The distance
travelled by the tip was measured from the movement of
the Piezo actuator height (Z). The indent portion of the
curve was fitted into the hertz model (the tip assumed to
have a pyramid shaped and the Poisson’s ratio (υ) of the
material assumed to be 0.5) to calculate the elastic modulus
of the substrates. Hertz’s contact stiffness measurement
equation for micro-scale elastic modulus measurement in
AFM using a pyramidal tip takes the following form

F � δ2 × (E ×
tan(α)�

2
√

× (1 − υ2))
In the equation, E denotes the Young’s Modulus of the

substrate, F denotes the indention force on the tip, α denotes
the half angle of the pyramidal tip (half cone angle specified by the
manufacturer as 35°), δ denotes the deformation of the tip, υ is
Poisson’s ratio.

Cell Growth Assay
Cell growth assays were carried out as previously described
(Musson et al., 2015), using alamarBlue™ (Invitrogen™,

ThermoFisher Scientific Inc.) as a measure of cell number
(De Fries and Mitsuhashi, 1995; Al-Nasiry et al., 2007).
Human TDCs were seeded in 24-well plates (Greiner
BioOne, Sigma Aldrich) in DMEM/F12 with 5%FBS at a
density of 25,000 cells/well and incubated at 37°C/5%CO2.
The effect of substrate stiffness on TDC growth was quantified
at 24 and 48 h. To quantify the cell growth, 5% alamarBlue™
(v/v) was added to the wells and incubated for 4 h at 37°C/5%
CO2. At the end of the incubation period, 200 µl of
alamarBlue™-containing conditioned medium from each
well was transferred into a 96-well plate (Greiner Bio-One,
Sigma Aldrich), and fluorescence determined in Synergy
2 multi-detection microplate reader (BioTek Instruments,
Inc., Winooski, VT). Following the first time point, medium
in each well was refreshed and the assay was repeated at 48 h.
The fluorescence background reading was subtracted, and the
results were normalized to the that of cells on physiological
stiffness after 24 h.

Morphological Characterization of TDC
TDCs were seeded at a density of 104 cell/well in 24-well plates
with the PDMS gels representing physiological, stiff and soft
stiffness and incubated in DMEM/F12 with 5% FBS for 24 h.
Cells were fixed in 4% paraformaldehyde for 20 min, and
permeabilised with 0.5% triton-X overnight. For actin
cytoskeleton staining, cells were incubated overnight with
Alexa-Fluor™ 594 Phalloidin (Invitrogen™, Thermo Fisher
Scientific), following the manufacturer protocol. Cells were
then incubated for 3 h with DAPI (4′,6-Diamidine-2′-
phenylindole dihydrochloride, Sigma Aldrich) for nuclear
staining. Images of the fixed and stained cells were captured
using Olympus CKX53 inverted fluorescence microscope
using Olympus DP-72 camera. Cell periphery was manually
traced from the images to calculate cell area, aspect ratio (the
ratio between the major axis and the minor axis of the cells,
AR) and circularity (defined as
Circularity � 4 × π × ( Area

Perimeter2). More than 100 cells were
captured per experimental group, taken from 10 images
across 5 replicate wells in 3 independent biological
experiments. Quantitative analysis of cell morphology was
carried out using the NIH-ImageJ software (http://rsb.info.
nih.gov/ij/).

Macrophage Response to Stiffness
Cells of the human monocytic cell line, THP-1, were used as a
model for macrophages. THP-1 cells, cultured in RPMI-1640/
10%FBS (Gibco™, ThermoFisher Scientific Inc.), were seeded
at a density of 1.5×106 cells/well in 24-well plates containing
the PDMS gels representing physiological, stiff and soft
stiffness. Phorbol 12-myristate 13-acetate (PMA) (200 ng/
ml) was added to the medium for 24 h to induce the
differentiation of THP-1 cells to macrophages (Starr et al.,
2018), confirmed by the cells becoming adherent and CD68+.
The PMA supplemented media was removed after 24 h and
replenished with RPMI-1640/5%FBS media. Conditioned
media was collected after 48 h, and cells were trypsinised
and cell pellet were collected for gene expression analysis.
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Analysis of Gene Expression by
Real-Time PCR
RNA was extracted from TDCs and THP-1 cells after 48 h of
culture on PDMS gels representing physiological, stiff and soft
stiffness using the RNeasy® Mini kit (QIAGEN). RNA was
extracted following the manufacturer’s protocol, and on-
column DNase digestion with the RNAse-Free DNase Set
(QIAGEN) was used to eliminate DNA contamination. The
RNA concentration and purity were measured using Nano-
Drop Lite spectrophotometer (Thermo Fisher Scientific) with
260/280 absorbance value > 1.8 considered as acceptable.
cDNA was synthesised with Superscript-III (Thermo Fisher
Scientific). Gene expression was analysed in QuantStudio™ 5
Real Time PCR System, using multiplex PCR with FAM-
labelled TaqMan™ assays for the target genes and VIC-
labelled TaqMan™ assay for 18S rRNA, used as the
endogenous control (Thermo Fisher Scientific). The relative
expression level of the genes compared to cells cultured on the
physiological stiffness PDMS gels was calculated by the 2-ΔΔCt

method. The genes studied are listed in Supplementary
Table S2.

Analysis of Macrophage-Secreted IL-1β by
ELISA
Secreted IL-1β was quantified in conditioned media samples
collected from THP-1 cells using DuoSet ELISA (R&D

Systems) and following the manufacturer’s protocol.
Absorbance of each well at 450 nm was read using Synergy
2 multi-detection microplate reader (BioTek Instruments, Inc.,
Winooski, VT).

Statistical Analysis
GraphPad Prism 8.2.1 (GraphPad Software) was used for all
statistical analysis. Data was assessed for normality using the
Shapiro-Wilk test. Normally distributed data were analysed using
either one-way analysis of variance (ANOVA) or two-way
ANOVA, with post-hoc Dunnett’s or Tukey’s test. Tests were
2-tailed, and a 5% significance level was maintained throughout
the study. For non-normal data Kruskal–Wallis test was
performed.

RESULTS

Substrate Elastic Modulus Characterization
of PDMS Gels
The mean elastic modulus of the tendon samples was 1.48 MPa
(95% CI 1.30, 1.66). The elastic modulus of the physiological gel
was similar to that of tendon, with a mean of 1.88 MPa (95% CI
1.65, 2.11) (p = 0.11). The stiff gel had a 2.1-fold higher elastic
modulus (3.17 MPa; 95%CI 2.98,3.37), and the soft gel had a 2.5-
fold lower elastic modulus (0.614MPa; 95%CI 0.57, 0.66) than
that of the tendon (p < 0.0001) (Figure 1).

FIGURE 1 | Stiffness of Tendon slices and three formulations of PDMS
gels The stiffness of the matrices was measured using AFM. Dots represent
individual measurements, means and 95%CI are indicated. Stiffness of the
different substrates was compared by Kruskal Wallis test. * = statistically
significant compared to bovine tendon slices, # = statistically significant
between gel systems, both p < 0.05.

FIGURE 2 | TDC growth on substrates with different stiffness Cell
growth was determined by alamarBlue™ assay. Results are presented as
means ± SEM (n ≥ 4) normalized to 24 h physiological stiffness group. Groups
were compared by two-way ANOVA with post-hoc Dunnett’s test. **p <
0.01, in comparison to cell growth on substrate with physiological stiffness of
the respective day.
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TDCs Growth Is Induced on SubstratesWith
Non-physiological Stiffness
At 24 h, TDC growth was similar on all three gel substrates and
26% greater (p = 0.0005) on TCP than on the physiological-
stiffness gel (Figure 2). At 48 h, cell growth was approximately
23% greater (p = 0.003) on soft substrate, and 45% greater (p <
0.0001) on TCP than on the physiological-stiffness gel. To
examine whether the response to substrate stiffness in our
experimental system is a characteristic of the TDCs or a more
general cellular response, we repeated the experiment with mouse
osteoblast-like MC3T3-E1 cells. The growth of MC3T3-E1 cells
was similar on TCP, physiological, and soft gels, but significantly
higher on the stiff gel (Supplementary Figure S1).

TDC Morphology is Similar on the Three gel
Substrates but Different on TCP.
Cells were stained with DAPI and phalloidin (Figure 3A), and
cell morphology was analysed from microscopic images. The
mean area of TDCs cultured on TCP was almost three times
higher than that of cells cultured on physiological-stiffness gel
(p < 0.0001) (Figure 3B). There were no significant differences in
cell morphology between cells cultured on the stiff, physiological,
and soft gels.

Gene Expression in TDC Cultured on the
Different Substrates
Compared to TDCs on physiological stiffness substrate, cells
cultured on the soft gel had lower expression of SCX (mean ±
SEM, 0.72 ± 0.05, p = 0.016), and TDCs cultured on the stiff
substrate had higher expression of COL1A1 (mean ± SEM, 2.25 ±

0.50, p = 0.0410) (Figure 4). TDCs cultured on TCP had lower
expression of SCX, COL3, MMP3, and SOX9 compared to TDCs
on physiological stiffness substrate. The expression of THBS4,
ALPL, and CTGF in TDCs was similar on all substrates.

The Effect of Substrate Stiffness on
Macrophages
The expression of IL1B, encoding the inflammatory cytokine IL-
1β, was approximately 2-fold higher in THP-1 macrophages
cultured on the soft substrate and on TCP than on the
physiological-stiffness gel (Figure 5A). However, the
concentration of secreted IL-1β protein in the conditioned
media did not change significantly between cells cultured on
the different substrates. The expression levels of IL8 and TGFB1,
were also determined in the THP-1 cells. IL8 showed
approximately 2-fold decrease in THP-1 cells cultured on the
stiff substrate compared to the physiological substrate
(Figure 5.B), whereas the expression of TGFB1 was similar on
all substrates.

DISCUSSION

Our study found that TDCs and THP-1 macrophages respond to
changes in substrate stiffness. Using a PDMS gel based in vitro
system, we prepared substrates with physiological tendon
stiffness, and two formulations that represented matrix
stiffness in non-physiological condition: soft gels with 2.1-fold
lower stiffness, and stiff gels with 2.5-fold higher stiffness. In
comparison to TDCs culturing on physiological substrate
stiffness, we found increased cell growth and reduced
expression of SCX in TDCs cultured on the soft gels, and

FIGURE 3 |Morphology of TDCs cultured on substrates of different stiffness. (A) Representative images of cells stained with DAPI (blue, nucleus) and Alexa-Fluor
594 Phalloidin (red, actin filaments) (Scale bar = 100 µm). (B)Morphological parameters of TDCs–circularity, aspect ratio, and area were measured in cells on the different
substrates. Aspect ratio; higher values indicate a more elongated cell shape. Dots represent individual measurements, means and 95% CI are indicated. Groups were
compared by Kruskal Wallis test. **p < 0.01in comparison to substrate with physiological stiffness.
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increased expression of COL1A1 in TDCs cultured on the stiff
gels. Culturing THP-1 macrophages on soft gels induced the
expression of IL1B, whereas IL8 expression was inhibited on the

stiffer gels. We also found that culturing TDCs on tissue culture
dishes induced increased cell growth and altered cell morphology
and the signature of gene expression in comparison to the

FIGURE 4 | Gene expression in TDCs cultured on substrates of different stiffness. (A) Genes associated with tendon phenotype, Scleraxis, Thrombospondin-4,
Tenascin-C. (B) Genes associated with matrix remodeling: Collagen-1a1, Collagen-III, Matrix metalloproteinase-3. (C) Genes associated with transdifferentiation and
fibrosis; SOX-9, Connective tissue growth factor, Alkaline phosphatase. Expression levels are presented relative to the expression in cells cultured on the substrate with
physiological stiffness (represented here by a line at y = o) Each dot represents one biological repeat, means ± SEM are indicated. Groups were compared by one-
way ANOVA with post-hoc Dunnett’s test. *p < 0.05, **p < 0.01 in comparison to substrate with physiological stiffness (n ≥ 3).

FIGURE 5 | The effect of substrate stiffness on THP-1 macrophages. (A) Relative expression of IL1B mRNA and the concentration of IL1β protein secreted from
THP-1 macrophages into the condition medium. (B) Relative expression of TGF and IL8 in THP-1 macrophages cultured on substrates of different stiffness. Gene
expression levels are presented relative to cells cultured on substrate with physiological stiffness. Each dot represents one biological repeat, means ± SEM are indicated.
Groups were compared by one-way ANOVA with post-hoc Dunnett’s test. *p < 0.05 in comparison to substrate with physiological stiffness (n ≥ 4).
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substrate with physiological stiffness, confirming that TCP is not
suitable for maintaining tendon cell characteristics. Our findings
suggest that changes in tendon matrix stiffness during
tendinopathy play a role in altering resident cell behaviour.
These alterations in cell behaviour are minor, but may
contribute to the onset and progression of tendinopathy.

Although it is well established that tendinopathy affects
tendon matrix stiffness, the exact magnitude of these changes
at the substrate stiffness level, and their contribution to the
progression of tendon disease, are still largely unknown. The
tensile modulus of tendon tissue, however, has been well
characterised by elastography or ex-vivo tensile testing
(Coombes et al., 2018; Finnamore et al., 2019). In
tendinopathy the tensile modulus of tendon is reduced,
resulting in a less stiff tendon (Wiesinger et al., 2020). Higher
stiffness characteristic of scar tissue is also relevant to
tendinopathy, but our current knowledge is mostly based on
measurements of scar formation in other tissues (Liu et al., 2010).
Here, using AFM we determined tendon substrate stiffness at
~1.5 MPa, which is similar to a previous study that reported the
substrate stiffness of hydrated collagen fibres in tendon at
1.2 MPa (Grant et al., 2008). In the current study, we used
PDMS gels as a biomimetic platform for substrate stiffness,
with three different proportions of PDMS: crosslinker used to
prepare stiff, physiological, and soft substrates for cell cultures.
Because the magnitude of change in diseased tendon stiffness is
not clearly established, we chose to model changes of
approximately 2-fold change in matrix stiffness.

The main substrate stiffness-dependent effect in TDCs was a
small increase in cell growth on a softer matrix, with no effect
seen in TDCs cultured on the stiffer matrix. Hypercellularity is
one of the main cellular hallmarks of tendinopathy (Kannus and
Józsa, 1991). Our results suggest that the softer tendon matrix in
tendinopathy may contribute to the increase in cell number.
Interestingly, most previous studies found that stiffer substrates
promote greater increases in cell growth compared to softer
substrates (Evans et al., 2009; Hopp et al., 2013), similar to
what we observed in osteoblast-like MC3T3-E1 cells. This
suggests that cells vary in their responses to substrate stiffness,
and this response is likely dictated by the physiological stiffness of
their natural tissue environment. Similar to previous research, we
found that TCP, a substrate with a very high stiffness in
comparison to physiological tendon matrix, increased cell
growth (Mih et al., 2012; Skardal et al., 2013). While the
mechanisms driving the observed changes in TDC growth
were not explored as part of this study, there is evidence that
cell response to stiffer substrates tend to be driven by Rho-ROCK
pathways (Paszek et al., 2005; Mih et al., 2012; Sridharan et al.,
2019; Doss et al., 2020). Neural cells, meanwhile, have been
shown to respond to softer substrates through the EGFR/
PI3K/AKT pathway (Zhang et al., 2020). Understanding the
mechanisms regulating TDC response to substrate stiffness
could play an important role in directing future therapeutics
for tendinopathy. Although there was stiffness-dependent effect
with TDC cell growth, TDC morphology was comparable on the
three different stiffness gels. Previous studies in this stiffness
range have mixed results, with culture on stiffer substrates

resulting in increased cell area and AR in human dermal
fibroblasts, but no stiffness-dependent effect observed in
embryonic stem cells (Evans et al., 2009; Hopp et al., 2013). In
vitro, TDC morphology is known to be regulated by substrate
architecture (English et al., 2015; Fotticchia et al., 2018;
Mohammad et al., 2020). Whereas, in vivo, native cells
elongate and align along the collagen fibres (James et al.,
2008), thus changes in cell morphology that occur during
tendinopathy are more likely a result of the disorganised
tendon ECM, rather than changes in matrix stiffness. TDCs
cultured on TCP tissue culture plastic had increased area
compared to the cells on physiological stiffness gels, similar to
previous studies (Mih et al., 2012; Skardal et al., 2013).

Minor effects on TDC gene expression profiles were also
observed on different stiffness gels. In comparison to TDCs on
physiological stiffness gels, TDCs on soft gels had lower
expression of SCX, which encodes for a transcriptional factor
essential for determining tendon cell fate. Previous studies have
shown decreased SCX expression in tendinopathy (Taylor et al.,
2009), and it is possible that lower substrate stiffness may
contribute to this change. In line with previous studies, we
observed higher COL1A1 expression in TDCs cultured on the
stiff substrate (Islam et al., 2017). COL1A1 encodes for the major
component of type I collagen, which is the main structural
protein of tendon (Riley et al., 1994), suggesting stiffer, fibrotic
regions in tendon matrix may promote further matrix
production. Interestingly, we did not observe any changes in
COL3A1 or CTGF expression on the stiffer substrates, which
would be expected as both are associated with fibrotic healing in
tendon (Riley et al., 1994; Morita et al., 2016; Nichols et al., 2019).
TDCs cultured on TCP substrate had lower expression levels of a
number of genes investigated, similar to previous studies that
demonstrated a drift in tendon cell phenotype, and loss of
tendon-selective gene expression in cells cultured on plastic
(Yao et al., 2006; Jelinsky et al., 2010).

Understanding the effect of matrix stiffness in immune cell
response is important in the context of tendinopathy, with
histological studies observing immune cell invasion into the
diseased tendon (Kannus and Józsa, 1991; Cetti et al., 2003;
Abate et al., 2009). Our data indicate that exposure to softer
substrate gels results in higher IL1β expression in macrophages,
while exposure to stiff substrate gels results in lower IL8
expression, indicating a pro-inflammatory shift on response to
non-physiological stiffness. Other studies have reported similar
pro-inflammatory activation of macrophages on soft substrates,
although this effect appears to be reversed in the presence the
biochemical mediator LPS (Previtera and Sengupta, 2015; Chen
et al., 2020; Chuang et al., 2020). There is emerging evidence that
inflammation plays a role in the progression of tendinopathy
(Abate et al., 2009), and also its resolution (Dakin et al., 2015),
suggesting this is an area that warrants further exploration.

This study has several limitations. One potential limitation is
that the native tendon stiffness was determined in bovine tendon
slices. Direct measurements of tendon stiffness in samples of
healthy tendon and samples from patients at different stages of
tendinopathy would have allowed us to relate our findings to
tendon disease in humans. However, obtaining clinical samples of
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human tendon that are of sufficient size and quality to allow for
AFM measurements to be made is problematic. Therefore, given
the evidence that tendon structure is conserved across species, we
used the bovine tendon to estimate physiological stiffness of
human tendon (Lee and Elliott, 2019). The stiffness of the
physiological substrate used in the study is approximately
1.2 times of that of the measured native tendon. Although the
difference was not statistically significant, it is possible that this
could have a minor effect on the results. The current study was
limited as it only examined the effects of 2 to 2.5-fold changes in
tendon matrix stiffness. It would be important to investigate the
effects of greater magnitudes in matrix stiffness on TDC
characteristics to develop a spectrum of responses to
determine key points for targeted treatment. Also, while THP-
1 cells are a validated model of macrophage-like cells, they are a
monocytic cell-line derived from an acute monocytic leukemia
patient, are therefore may not be truly representative of the
macrophage population present in tendon. Although the THP-
1results presented here are of interest, further study should look
to validate these with a more representative cell population.
Furthermore, the present study is limited to short time points
and limited end point analyses, and therefore it is possible that
important temporal dynamics between signaling responses may
have been missed. The present model only tested the effect of
substrate stiffness, further studies of the effect of matrix
composition and architecture could provide a more
comprehensive understanding about the role played by the
ECM cues in regulating tendinopathy.

Overall, we established a PDMS gel based in vitro system
that allows tailored substrate stiffness and can mimic tendon
tissue. We found that TDCs and macrophages respond to
changes in matrix stiffness, with softer substrate stiffness
affecting TDC growth rate and gene expression, and THP-1
macrophages expressing higher levels of pro-inflammatory
cytokines on substrates with non-physiological stiffness.
These effects were relatively minor, and while they may
contribute to the cellular changes observed in tendinopathy,
it is likely that matrix stiffness, architecture and composition
all work synergistically to regulate cell characteristics in
healthy and tendinopathic tendon.
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