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Abstract
Contractile dysfunctionof smoothmuscle (SM) is a feature of chronic cardiovascular, respiratory and
gastro-intestinal diseases.Owing to the lowavailability of human ex vivo tissue for the assessment of SM
contractile function, the aimof this studywas todevelop anovel in vitro SMmodel that possesses the
ability to contract, and amethod tomeasure its contractility. A range of electrospun scaffoldswere
produced fromcrosslinked gelatin andmethacrylated gelatin (GelMA), generatinghighly aligned scaffolds
with averagefibre diameters ranging from200 nmto severalmicrometres. Young’smoduli of the scaffolds
ranged from1×105 to 1×107Pa. Primary aortic smoothmuscle cells (AoSMCs; rat) cells readily
adhered to andproliferatedon thefibrous scaffolds for up to 10days.They formedhighly aligned
populations following the topographical cues of the aligned scaffolds and stainedpositive for SMmarkers,
indicating a contractile phenotype.Cell-seededGelMAscaffoldswere able, upon stimulationwith uridine
5′-triphosphate (UTP), to contract and their attachment to a force transducer allowed the force of
contraction tobemeasured.Hence, these electrospunGelMAfibres canbeused as biomimetic scaffolds
for SMcell culture and in vitromodel development, and enables the contractile forces generatedby the
aligned three-dimensional sheet of cells to bedirectlymeasured. Thiswill supplement in vitrodrug
screening tools and facilitate discovery of diseasemechanisms.

1. Introduction

Smoothmuscle (SM) is a key component of respiratory,
cardiovascular, and gastrointestinal systems. Certain
disease states arise due to dysfunction in the smooth
muscle component and, as yet, such diseases not fully
understood; an example is asthma [1]. Technical and
ethical difficulties associated with in vivo human
research and the maintenance of human primary cells
in vitro have significantly limited studies aimed at
elucidating the interrelationship between the main cell
types and the extracellular matrix involved in such
pathologies. In addition, the low availability of human
tissue suitable for ex vivo assessment of contractile

function has restricted current methods for studying
smooth muscle (such as airway smooth muscle; ASM)
to those that require ex vivo tissues, animal models or
2D in vitro systems [2]. Conventional 2Dculturemodels
represent a non-physiologicalmechanical environment
where contraction is assessed at a single cell level. Ex
vivo models replicate the in vivo situation in vitro but
these techniques (such as the precision cut lung slice
model) are technically challenging, the cell and matrix
components cannot be easily manipulated, and the
construct is essentially dying during the experiment.
Currently available animal models represent poor
relevance to human disease and only mimic aspects of
thehumanphenotype [3].
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Tissue engineering principles have been applied to
the generation of 3D culturemodels created using cells
in vitro cultured on a 3D scaffold to provide a more
physiologically relevant environment than 2D cultures
[4]. Natural polymers, such as collagen [5] and gelatin,
exhibit high cellular biocompatibility and are more
elastic in nature than synthetic polymers (e.g.: poly
(ethylene terephthalate) PET) [6]. Electrospinning
produces fibrous, porous, 3D scaffolds that resemble
the structure of the natural extracellular matrix [7].
Fluorinated alcohols used as electrospinning solvents
have been reported to cause denaturation of collagen
[8, 9]. As a result, there is little difference between the
resultant electrospun collagen fibres when compared
to those fabricated from gelatin [10]. Therefore, as an
alternative to collagen, electrospinning gelatin is a
more cost-effective way of producing scaffolds that are
chemically similar to collagen whilst still being bio-
compatible and biodegradable [11].

Crosslinking gelatin provides stability against
enzymatic degradation, lower water solubility and an
opportunity to modulate mechanical properties [12].
Gelatin methacrylate (GelMA), synthesised via a reac-
tion between gelatin and methacrylic anhydride, con-
sists of multiple methacrylamide groups [13]. These
can form chemical crosslinks between gelatin mole-
cules in the presence of free radicals from a photo-
initiator following light exposure allowing the tuning
of the mechanical and degradation properties of the
resultant scaffold. GelMAhas been utilised in hydrogel
cultures [14–16], micro-patterning [17], and 3D-
printing [18, 19]. Three dimensional (3D) GelMA
hydrogels closely resemble the native extracellular
matrix (ECM) due to the presence of cell-attachment
and matrix metalloproteinase responsive peptide
motifs [20, 21]. GelMA has been used to coat electro-
spun polycaprolactone fibres [22] and has recently
been electrospun into nanofibre scaffolds to investi-
gate wound healing and cutaneous regenera-
tion [23, 24].

Despite the clear clinical need for more effective
therapeutics to treat disease, such as asthma, that
involve the SM component, very few new classes of
drugs have made it to the clinic over the past 40 years
and it is clear that one of the reasons for this is the lack
of relevant in vitro and in vivo models [25]. A tissue
engineered approach allows the generation of ‘living’
tissue constructs from both animal (validation), and
human cells (relevance) which can be used to accu-
rately measure contraction. One approach to study
SMC function is to decellularise native vessels and/or
cross-link them for arterial grafting [26, 27]. Although
this does provide a native ECM with some preserva-
tion of structure and biochemical composition, the
acquisition of native vessels for decellularisation is
limited and suffers from issues with sample-to-sample
variability. In addition, this approach is extremely lim-
ited in the study of paediatric disease (due to the lack of

tissue donated for research purposes). These aspects
limit the application of this approach.

We have previously reported that electrospun PET
scaffolds allow control over fibre alignment, allowing
the generation of aligned sheets of smooth muscle [7].
Given that the Young’s moduli of in vivo SM, such as
human arteries, range from 0.1 to 1.0 MPa [28], which
is 100–1000 times lower than values reported for the
Young’s moduli of synthetic fibrous scaffolds (for
example those electrospun from PET exhibiting a
Young’s modulus of 200–300MPa [7]), we set out to
develop a GelMA-basedmodel that provides a suitable
matrix for culture of SMCs. This presents a standar-
dised culture platform that bypasses the need for
native tissue and allows tailoring of the scaffold’s
mechanical properties. The aim and novelty of this
study therefore was to develop an in vitromodel of SM
that possesses the ability to contract and importantly,
to develop a method to directly and quantitatively
measure this contractility.

2.Materials andmethods

2.1. Synthesis of gelatinmethacrylate
Gelatinmethacrylate (GelMA)was synthesised follow-
ing a previously publishedmethod [14]. Briefly, 10 g of
gelatin (type A 300 bloom)was dissolved in 95 ml PBS
at 50 °C and stirred for 1 h. Methacrylic anhydride
(8.0 ml) was added to the gelatin solution and stirred
for a further 3 h at 50 °C. PBS (400 ml) was added to
the mixture and stirred for an additional 30 min The
solution was then transferred into three dialysis
membranes (12–14 kDa molecular weight cut-off).
The membranes were placed in 3.0 L of distilled water
and stirred at 50 °C. The dialysis water was changed
twice daily for 7 days before the membranes were
removed and the solution frozen overnight at –80 °C.
The frozenGelMA solution was lyophilised and stored
at room temperature. The percentage of methacryla-
tion within the synthesised GelMA was calculated
using the following equation:

= ´
´ ´

DM I I% 5.6 ppm 0.3836 0.84 ppm
0.0385 100

2.2. Production of electrospun gelatin andGelMA
scaffolds
Solutions of gelatin at various concentrations (6, 8 and
10% w/v) were made by dissolving gelatin powder
(type A 300 bloom) (Sigma Aldrich, Dorset, UK) in
100% hexafluoroisopropanol (HFIP) (Sigma Aldrich).
Solutions of GelMA at 10% w/v were made by
dissolving freeze-dried GelMA directly into hexafluor-
oisopropanol (HFIP) (Sigma Aldrich). Solutions were
stirred using amagnetic stirrer overnight at 37 °C. The
gelatin solutions were added to a 5 ml syringe with an
18 G blunt tip needle attached (BD Falcon™, Oxford,
UK) and electrospun at ambient temperature and
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humidity in a ventilated fume cabinet. For each
scaffold, 4 ml of solution was electrospun at a flow rate
of 1.2 ml h−1. The needle collector distance was 15 cm
and the voltage across the apparatus was 15 kV. The
collector mandrel was set to spin at a speed of 2000
rpm. Upon completion of electrospinning, scaffolds
were cut from the mandrel using a scalpel blade and
stored in aluminium foil at room temperature.

2.3. Crosslinking of electrospun gelatin scaffolds
Prior to crosslinking the scaffolds, they were first
secured in an acetate frame (5star™, Cambridge, UK)
using aquarium sealant (Sinclair animal and house-
hold care Ltd, Gainsborough, UK) on either side of the
scaffold. The acetate frame size was either
23×42 mmwith an internal window of 13×32 mm
or 25×25 mm with an internal window of
15×15 mm. Once the acetate frames were adhered,
individual scaffolds were cut out and left to dry
overnight. The gelatin scaffolds were crosslinked with
EDC and NHS [29], whereby a solution of 250 mM
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) (Applichem, Darmstadt, Germany) and 100
mM N-Hydroxysuccinimide (NHS) (TCI Europe,
Zwijndrecht, Belgium)was prepared in distilled water.
Ethanol (Sigma Aldrich) was added to the solution
until the total volume was 10 times the original
volume. Scaffolds were then placed in the EDC/NHS
solution for 24 h at 4 °C and washed in distilled water
(x3) before being lyophilised overnight.

2.4. Crosslinking ofGelMA scaffolds
Prior to crosslinking, GelMA scaffolds were first
secured to an acetate frame (section 2.3). Scaffolds
were then submerged in a 1% w/v solution of
2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropio-
phenone (photoinitiator) in a solvent mix of ethanol
and water. Solvent ratios used ranged from 1:0 to 9:1
ethanol:water. Scaffolds were then exposed to UV
radiation (0.5 Wm2) for 10 min and washed in PBS
three times. The proposed mechanism of the cross-
linking process is displayed in; no further crosslinking
of the sample occurswhenUV sterilised for cell culture
due to the wash step removing excess photoinitiator.
Samples used for SEM imaging were washed in dH2O
and freeze-dried prior to analysis. Samples used for
cell culture were incubated in antibiotic/antimycotic
solution (50 000 units mL−1 penicillin G, 500
mgmL−1 streptomycin sulphate and 125 μgmL−1

amphotericin B) (Fisher Scientific) in PBS at 4 °Cprior
to use.

2.5. NMRanalysis
Samples of gelatin and GelMA (as synthesised) were
dissolved in D2O in glass NMR tubes and the NMR
spectrum of each sample was determined using a
Bruker Avance 600MHz spectrometer (Bruker, Cov-
entry, UK). Spectra were analysed using the

MestReNova LITE software package (Mestrelab
research,Hereford, UK).

2.6. Scaffoldmorphology
Samples of electrospun scaffolds were cut using an
8.0 mmdiameter biopsy pen andmounted on a holder
using graphite adhesive SEM pads (Agar Scientific,
Essex, UK). Samples were gold coated for 5 min
(Balzers Union SCD 030, Balzers Union Ltd, Liechten-
stein) and were then imaged at 20–30 kV using a
scanning electron microscope (JEOL JMS-6060 LV,
JEOL Ltd, Hertfordshire, UK) at different magnifica-
tions (as identified on the images). Scaffold fibre
diameter and fibre alignment were determined by
analysis of SEM micrographs using the image analysis
software packages MeasureIT (Olympus Soft Imaging
solutions GmbH, Münster, Germany) and ImageJ
respectively. Alignment was calculated by expressing
individual fibre angles as deviations from the sample
mean fibre angle. All measurements were achieved by
measuring 20 fibres from images of 3 individual
scaffolds (60 fibres in total).

2.7. Tensilemeasurements of GelMA scaffolds
Samples of electrospun GelMA scaffolds were cross-
linked in acetate frames (25×25 mmwith an internal
window of 15×15 mm; the frames were used to
prevent shrinkage of the scaffold) as described above.
Crosslinked scaffolds were cut away from the edges of
the scaffold along the two sides parallel to the fibre
direction using a scalpel. Scaffolds were then placed in
a TA HDPlus Texture Analyser (Stable Micro Systems
Ltd, Surrey, UK) with a 5 kg load cell with the fibre
direction parallel to the testing direction. Samples
were tested at an extension rate of 6 mmmin−1.
Young’s moduli of the samples were calculated from
the resultant stress/strain curves.

2.8. Isolation and culture of primary rat aortic
smoothmuscle (AoSM) cells
Male Wistar rats (200–225 g) were killed by stunning
and exsanguination, using an approved Schedule 1
method of euthanasia. All procedures were approved
by the animal welfare and ethical review body
(AWERB) of the University of Nottingham. Rat aorta
was dissected from the aortic arch to the abdominal
aorta and placed in a zero Ca2+ dissection buffer
solution (5.40 mM KCl, 137.0 mM NaCl, 0.50 mM
NaHPO4, 0.44 mM NaH2PO4, 10.0 mM glucose,
10.0 mM HEPES, 1.0 mM MgCl2) on ice. The aorta
was washed in ice-cold zero Ca2+ dissection buffer,
excess connective tissue removed, then placed in a low
Ca2+ dissection buffer (zero Ca2+ dissection buffer
solution with the addition of 0.10 mM CaCl2) and
incubated at 37 °C for 5 min. The aorta was cut into
small sections and placed in 2 ml papain solution (�15
units mL−1 papain from papaya latex, 5.83 mM 1,4-
dithioerythritol, 0.90 mg mL−1 BSA) Sigma Aldrich)
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in low Ca2+ dissection buffer before incubation at
37 °C for 45 min. The partially digested aortic tissue
was extracted from the papain solution and washed in
BSA solution (Sigma Aldrich) 3 times before transfer-
ring into 3 ml AoSMC media (high glucose DMEM
supplemented with 10% (v/v) FBS and 1% (v/v)
antibiotic/antimycotic solution (10 000 units ml−1

penicillin G, 100 mgml−1 streptomycin sulphate and
25 μg ml−1 amphotericin B). Tissue was firmly agi-
tated by pipetting for 30 s to release cells from the
partially digested tissue before the cell suspension was
transferred into two collagen-coated (0.03 mg mL−1

type I bovine collagen (PureCol®, Advanced Bioma-
trix, San Diego, CA) in PBS) T-25 flasks containing
5 ml AoSMCs media. Flasks were incubated (at 37 °C,
5% CO2) for 48 h before the media was changed to
remove decellularised tissue and unattached cells; the
cells were cultured for a further 5 days before the first
passage. Subsequent passages were carried out every 7
days up to passage 3 in collagen-coated flasks; cells
were used at passage 2–3.

2.9. PrestoBlue® cell viability assay
AoSMCs cell viability was measured post-seeding on
aligned scaffolds using the PrestoBlue® assay at various
time points across a 10-day period. Samples were
washed with PBS prior to incubation with 1 ml
PrestoBlue working solution (10% (v/v) PrestoBlue in
HASM culture media) for 10 min at 37 °C. PrestoBlue
was then collected (100 μl aliquots) and replaced with
media and the constructs returned to the incubator.
Fluorescence was measured in duplicate on a Tecan
InfiniteM200 plate reader (Tecan, Reading, UK) using
excitation and emission wavelengths of 560/590 nm.
Resultant readings were expressed as a percentage of
thefluorescence reading at day 0.

2.10. Immunocytochemistry
All samples were washed with PBS prior to fixation
with 3.8% (w/v) p-formaldehyde for 10 min at room
temperature. Samples were permeablised using 0.5%
(v/v) Triton X-100 in PBS (5 min, 4 °C) then blocked
sequentially with 3% (v/v) BSA, 1% glycine (w/v)
solution for one hour, followed by 10% (v/v) goat
serum solution in PBS for 1 h at room temperature.
The following primary antibodies were used at 1:200
dilution in 10% (v/v) goat serum in PBS: α-smooth
muscle actin (Alexa Fluor 488-conjugated phalloidin;
Life Technologies, Paisley, UK), SM22α (ab14106;
Abcam, Cambridge, MA), desmin (D1033; Sigma-
Aldrich, UK), connexin (C6219; Sigma-Aldrich, UK),
vinculin (V4505; Sigma-Aldrich, UK) and calponin
(ab46794; Abcam, Cambridge, MA). Samples were
incubated with the relevant primary antibody at 4 °C
overnight. Nuclei were stained with Hoechst 33342 at
a 1:833 dilution for 10 min (Fisher, UK). Samples were
imaged using a Leica TCS SP2 laser scanning confocal
inverted microscope (Leica Microsystems Ltd, Milton

Keynes, UK) or a Leica DM2500 M fluorescent
microscope. Images were then analysed using ImageJ.
Nuclei alignment was calculated using particle analysis
on binary images of Hoechst-stained cell nuclei.
Surface coverage was determined by calculating the
fraction of confocal z-stack images that were not
stained for SM22α. SM marker positivity was calcu-
lated by counting the number of nuclei co-expressing
the marker of interest and subtracting from the total
nuclei present. Cell density was determined by divid-
ing the number of nuclei visible per micrograph by
micrograph area.

2.11. Scaffold contraction assays
Samples of crosslinked 10% w/v gelatin or GelMA
scaffolds were placed in 6-well plates and sterilised by
UV exposure (20 min), followed by incubation in
media (60 min, 37 °C) prior to cell seeding). Gelatin/
GelMA scaffolds were seeded with AoSMCs at a
density of 2×105 cells cm−2 and incubated for 10
days at 37 °C until confluency. Following incubation,
culture media was aspirated and 1 ml serum-free
DMEM added to each sample; scaffolds were cut out
from their acetate frames and allowing them to be
free-floating in the well-plates. Serum free DMEM
(1 ml)±smooth muscle contraction agonist, uridine
5′-triphosphate (200 μMUTP)was then added to each
sample with minimum disturbance, allowed to equili-
brate and imaged using a flatbed scanner at time
intervals up to 30 min. Scanned images were analysed
using ImageJ which was used to measure the surface
area of the construct.

2.12.Direct forcemeasurement of AoSMC-seeded
GelMA scaffold contraction usingmuscle
physiology apparatus
A force monitoring apparatus design has been pre-
viously reported by Dennis and Kosnik [30], and later
adapted to measure the contractile force of cultured
skeletal muscle constructs [31, 32]. This was further
adapted here to measure uniaxial contractile force.
Rectangular GelMA scaffolds (13×32 mm) were
prepared, sterilised and seeded with AoSMCs at
2×105 cells cm−2. Scaffolds were then incubated for
10 days at 37 °C until confluence when they were
removed from culture media, washed twice with
serum-free DMEM and individually placed in an 85-
mm petri dish containing a strip of canning wax
adhered to the dish surface. Scaffolds were cut away
from the acetate frames along the long axis of the
scaffold (parallel to fibre direction) using a scalpel.
One end of the scaffold was pinned in place by passing
a minuten pin through the acetate frame into the
canning wax. Serum-free DMEM (5 ml) was added to
the dish and the acetate frame was cut away along the
long axis to leave the scaffold free floating at one end. A
minuten pin adhered to a glass bead was threaded
through the underside of the scaffold at the free-
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floating end, which was then attached to a model
403 A force transducer (Aurora Scientific, Dublin,
Ireland) using canning wax. The force transducer was
connected to a Powerlab 4/25 T unit with associated
software (AD Instruments, Oxford, UK). Force was
measured at a frequency of 1 kHz. Once stable, the
baseline force of the resting scaffolds wasmeasured for
3 min before the addition of 500 μl of 1 mM UTP in
serum-free DMEM (500 μl serum free DMEM in
control experiments) using a pipette (disturbance to
the scaffolds was reduced to a minimum by careful
pipetting). Contraction was then measured continu-
ously for 60 min.

2.13. Statistical analysis
All statistical tests were carried out using theGraphPad
Prism 6 (GraphPad Software Inc. San Diego, CA).
Each statistical test carried out is stated in the relevant
section and figure legends. Statistically significant
results are represented with asterisk(s) (*, **, ***, ****)
and represent p values �0.05, 0.01, 0.001 and 0.0001
respectively.

3. Results

The aim of this study was to develop a novel in vitro
model of contractile smooth muscle tissue. We have
previously shown that smooth muscle cells follow
topographical cues from their environment; when
cultured upon aligned electrospun PET scaffolds, the
cells quickly formed an aligned population of cells
[7, 33]. However, one noticeable feature of these
scaffolds was that they were very stiff, with Young’s
moduli much higher than seen in in vivomuscle tissue
[28]. To achieve a contractile SMC construct, we
electrospun and crosslinked gelatin-based scaffolds
that better mimic the mechanical properties of the
extracellular matrix (ECM). These scaffolds were then
seeded and cultured with rat aortic smooth muscle
cells (AoSMCs), which were used as an exemplar
smooth muscle cell type. The ability of these cells to
align according to the aligned fibrous nature of the
scaffolds, to express proteins associated with SMC
phenotype and the ability to measure contraction in
response to chemical stimulus is presented here.

3.1. Electrospinning aligned gelatinfibre scaffolds
Gelatin was chosen due to its more elastic properties
and its chemical similarity to collagen, which has been
shown to allow the contraction of smoothmuscle cells
[34]. Gelatin was electrospun from solutions ranging
6% to 10% (w/v) (figures 1(A), (C) and (E)) to provide
the topographical cues we had previously observed
important for cell alignment [7, 33]. Scaffolds were
crosslinked using EDC and NHS in an ethanol/water
mixture with shrinkage prevented by securing the
scaffolds in place during crosslinking using acetate

frames. SEM images of the electrospun and cross-
linked gelatin scaffolds are shown in figures 1(B), (D)
and (F).

The average fibre diameter and degree of fibre
alignment were analysed for each scaffold. Measure-
ments were taken before and after the scaffolds were
crosslinked to assess the effect of crosslinking on the
morphology of the gelatin scaffolds. Fibre diameter of
gelatin scaffolds increased with increasing concentra-
tion of the gelatin solution; 10% gelatin solutions pro-
duced fibres with an average diameter of 1.2 μm
whereas 8% and 6% produced scaffolds with average
fibre diameters of 788 and 286 nm respectively. Cross-
linking of these scaffolds significantly affected the
average fibre diameter with merging of individual
fibres apparent (p<0.0001). In all cases, the average
fibre diameter of the 10%, 8% and 6% gelatin scaffolds
increased to 1.49 μm, 978 nm and 746 nm, an increase
of 20%, 24% and 161% respectively (figure 2(A)). All
gelatin scaffolds were highly aligned, with 58%, 65%
and 43% of fibres within 10° of themean fibre angle in
10%, 8% and 6% scaffolds respectively which
decreased in all cases (to 51%, 48% and 23% respec-
tively) after the crosslinking process (figure 2(B)).

Tensile testing was performed on crosslinked 6%,
8% and 10% (w/v) aligned gelatin scaffolds. Representa-
tive stress/strain curves for each scaffold are displayed in
figure 2(C). The gradients of these curves were used to
calculate theYoung’smodulus of each scaffold. The stiff-
est scaffold was that fabricated from 10% gelatin, with a
mean Young’s modulus value of 3.8±1.7MPa. The
mean Young’s moduli of the 8% and 6% gelatin scaf-
folds were 2.6±0.7 and 1.5±0.8MPa respectively
(mean±SD). There was a statistical difference between
the stiffness of the 10% and 6% gelatin scaffolds as
shown infigure 2(D) (p<0.05).

3.2. Culture of AoSMCs on gelatin alignedfibre
scaffolds
The differences seen in crosslinked gelatin scaffold
alignment (10%>8%>6%) is reflected in the
nuclear alignment of cells cultured upon the scaffolds.
AoSMCs were more aligned when cultured on the
10% crosslinked gelatin scaffolds (38% within 10° of
the mean) than on the 8% (27%) and 6% (21%)
scaffolds (figure 3(A); a high magnification image
illustrating nuclear alignment on the fibre scaffolds as
identified by Hoescht staining is presented in
figure 3(F)). Due to the increased alignment of cells on
10% gelatin scaffolds, and demonstrating only a slight
difference in stiffness compared to the other gelatin
scaffolds, the 10% cross-linked gelatin scaffolds were
chosen to be used for further cell culture studies.

Cell proliferation on the scaffolds was monitored
using PrestoBlue (figure 3(B)). Cellular metabolic activ-
ity increased steadily over the first 6 days of culture
before a large increase between days 6 and 8. Confluency
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was achieved after 9 days when scaffolds were seeded at a
density of 2×105 cells cm−2. To confirm SM pheno-
type, cells cultured on the gelatin fibre scaffolds were
immunostained and found to express the SM markers
SM22α (figure 3(C)) and calponin (figure 3(E)). Cells
also stained positive for the gap junction protein con-
nexin, and negatively for the intermediate filament pro-
tein desmin (figure 3(D)). Individual focal adhesions
were observed in cells stained for vinculin (figure 3(F)).
Cells exhibited a spindle-like morphology, with most
focal adhesions occurring at the spindle poles.

3.3. Contraction ofAoSMCs seeded on gelatin (10%)
fibre scaffolds
Crosslinked 10% gelatin electrospun scaffolds were
seeded with AoSMCs at 2×105 cells cm−2 and incu-
bated for 10 days before scaffolds were cut away from the

supporting acetate frames. The cell-fibre constructs were
submerged in media (free-floating) and the cells stimu-
lated with 100μMUTP and imaged to assess the degree
of scaffold contraction. Figures 4(A) and (B) displays
images of a cell-seeded gelatin scaffold at times t=0 and
t=20min respectively. By comparing the surface area of
the construct across this period, constructs reduced to
90±4.5% (mean±SD) of their original size, and no
further contraction was seen after 20min (figures 4(C)
and (D)).Unstimulatedcontrols remainedapproximately
100% their original size, with insignificant spontaneous
contractionobserved, throughout the study.

3.4. Production of electrospunGelMAfibre
scaffolds
Electrospinning ofmethacrylated gelatin (GelMA)was
investigated provide a fibrous matrix with greater

Figure 1.Electrospun gelatin scaffolds pre- and post-crosslinking. Representative SEM images of gelatin scaffolds electrospun from
6%, 8%and 10%w/v gelatin solutions (A, C, E respectively). The scaffolds were then imaged after cross-linkingwith ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) andN-hydroxysuccinimide (NHS) (B), (D), (F). Scale bar=10 μm.
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tenability to modulate the stiffness of the scaffold. The
degree of gelatin methacrylation can be controlled by
the ratio of gelatin:methacrylic anhydride in the initial
reaction mixture in addition to length of exposure to
UV light and concentration of photoinitiator. GelMA
was synthesised in-house and the degree of methacry-
lation calculated using proton NMR spectroscopy.
Comparing the 1HNMR spectrum of synthesised
GelMA to that of gelatin, there are two clear additional
peaks in the GelMA spectrum at approximately 5.3
and 5.6 ppm due to the two protons found on the
methacrylate vinyl group. The degree of methacryla-
tion was calculated using a previously published
method [18]. The peak at 0.84 ppm can be used as a
reference peak ascribed to the hydrophobic side chains
of valine, leucine and isoleucine; the integration of this
peak (I0.84) corresponds to 0.3836 mol/100 g (sum of
known composition of these amino acids in gelatin).
The total amount of available amine groups in gelatin
is equal to 0.0385 mol/100 g. Therefore, the percent-
age of methacrylation within the synthesised GelMA
can be expressed using the following equation:

= ´
´ ´

DM I I% 5.6 ppm 0.3836 0.84 ppm
0.0385 100

Using this equation, the percentage of methacryla-
tionwas calculated to be 81.0%.

The synthesised GelMA was electrospun using a
10% (w/v) solution as for the gelatin scaffolds
(figure 5(A)). SEM image analysis was used to deter-
mine the average fibre diameter (297.4±101.1 nm
(mean±SD) and degree of fibre alignment (50% of
fibres within 10° of the mean fibre angle) of the elec-
trospun scaffolds. Distribution curves of the fibre dia-
meter and angle are displayed in figures 5(B) and (C)
respectively. GelMA scaffolds were cut and adhered to
acetate frames before being crosslinked using UV light
in the presence of a photoinitiator (1%w/v solution of
2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropio-
phenone). To prevent the GelMA scaffolds from dis-
solving during the crosslinking process, taking into
account a single intensity UV lamp was used, a num-
ber of solvent mixtures were investigated. These ran-
ged from pure ethanol to a 9:1 ethanol:water mixture.
Scaffolds would not crosslink in pure ethanol and dis-
solved in solutions containing greater than 10% H2O.
Three different ethanol:water solutions were explored
further including 39:1 (2.5% H2O), 19:1 (5% H2O)
and 9:1 (10%H2O). Tensile tests of the different cross-
linkedGelMA scaffolds showed that the Young’smod-
ulus increased with increasing water content in the
crosslinking solution: average Young’s moduli were
142.2±25.4, 158.7±95.3 and 451.5±111.3 kPa
(mean±SD) for scaffolds crosslinked in 2.5%, 5.0%

Figure 2.Properties of crosslinked electrospun gelatin scaffolds. (A)Average fibre diameters for each gelatin scaffold before and after
crosslinking; error bars represent standard deviation (n=60, 20measurements taken from3 images of independent scaffolds).
Unpaired t-tests were carried out between thefibre diameters of each scaffold before and after crosslinking. (B)Distribution curves
illustrating the degree of alignment in each scaffold before and after crosslinking. (C)Representative stress/strain curves for three
different gelatin scaffolds. (D)Average Young’smodulus for each scaffold (error bars represent standard deviation; n=6). One-way
ANOVAwith Tukey’smultiple comparisons test was carried out between Young’smoduli of all scaffolds (p<0.05).
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and 10% water in ethanol solutions respectively
(figure 5(D)). Scaffolds crosslinked in 10% H2O in
ethanol were significantly stiffer than those cross-
linked in 5% and 2.5% H2O in ethanol solutions
(p<0.01). Scaffold opacity increased with increasing
crosslinking solution water content (figures 5(E)–(G)).
In addition, the failure rate of the scaffolds during
post-crosslinking washing was much higher when
crosslinking in 2.5% H2O in ethanol. Individual fibre
analysis post-crosslinking was not possible due to a
lack of fibre resolution; fibres appeared to merge toge-
ther during crosslinking although the aligned fibre
morphology was evident when crosslinked in 5% and
10% H2O in ethanol solutions (figures 5(H), (I)). Due
to the high failure rates of 2.5%H2O in ethanol-cross-
linked scaffolds and the significantly higher Young’s
modulus of the 10% H2O crosslinked scaffolds, scaf-
folds crosslinked in 5% H2O in ethanol were chosen
for the cell culture studies.

3.5. Culture of AoSMCs onGelMA scaffolds
AoSMCs were cultured on crosslinked aligned GelMA
scaffolds for a period of 10 days, during which cellular
metabolic activity was monitored using the Presto-
Blue® assay. Cell metabolism increased steadily
throughout the 10-day period (figure 6(A)), indicating
cell proliferation over this time. Samples were fixed
after 10 days and stained for the SM markers SM22α
and calponin, and for the gap junction protein

connexin (figures 6(B)–(D) respectively). Samples
stained positive for all markers and stained negatively
for desmin (figure 6(D)). Unlike AoSMCs cultured
upon gelatin fibre scaffolds, those cultured upon
GelMA fibre scaffolds did not stain positively for
vinculin, with no clear focal adhesions present. Cell
alignment on GelMA scaffolds was similar to the
degree of alignment achieved on 8% and 6% gelatin
scaffolds, with 23% of nuclei oriented within 10° of
the mean (figure 6(E)). A comparison of the morpho-
logical and mechanical properties of the scaffolds
produced and smooth muscle ECM is shown in
table 1.

3.6. Contraction ofAoSMC-seededGelMAfibre
scaffolds
Crosslinked GelMA scaffolds were seeded with
AoSMCs at a density of 2×105 cells cm−2 and
incubated for 10 days before scaffolds were stimulated
with 100 μM UTP and imaged to assess the degree of
contraction. Figures 7(A) and (B) display images of a
cell-seeded gelatin scaffold at times t=0 and
t=30 min respectively. By comparing the construct’s
surface area across this period, AoSMCs contraction
resulted in the reduction to 78±2.5% (mean±SD)
of their original size (22% reduction in size), and no
further contraction was observed after 30 min
(figures 7(C) and (D)). Unstimulated controls
remained close to 100% their original size throughout

Figure 3.Culture of AoSMCs on crosslinked gelatin scaffolds. (A)Distribution curves illustrating the alignment of AoSMCs cultured
on the cross-linked scaffolds. (B)Cellmetabolismwasmonitored using the PrestoBlue® assay for 10 days. Error bars represent SEM;
n=6. (C)–(F)AoSMCswere stainedwith SM22α (C), connexin (D) and calponin (E, F) (all green). Cells were also stained for desmin
(D) and vinculin (F) (all red). All samples were additionally stainedwithHoechst 33342 (blue). Scale bar=100 μm.
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the study. This level of contraction was higher than
witnessed in the AoSMC-seeded gelatin scaffolds
(reducing to 90±4.5% of their original size). Follow-
ing these results, the direct forcemeasurement (using a
force transducer) of AoSMC-seeded GelMA construct
contraction was measured. AoSMCs were cultured
upon crosslinked GelMA scaffolds for 10 days. After
this culture period, constructs were cut from their
acetate frames and attached to the force transducer
(figure 7(E)). Once attached, the force was allowed to
stabilise before recording started. The stable force
reading was measured for 3 min before the constructs
were stimulated with 100 μM UTP. Control studies
were stimulated with serum-free DMEM. An increase
in force was detected within seconds of adding the
agonist solution and continued to rise quickly for
20 min before slowing. Force measured continued to
increase for a further 30 min before beginning to
plateau (figure 7(F)). The maximal force generated by
the AoSMCs constructs ranged from 755.2 μN to
1356.4 μN, with the average max force being

1008.1±251.6 μN (mean±SD). The majority of
contraction occurred within the first 5 min following
stimulation, with 42±3% of the maximal force
measured occurring within this time; 60±4% mea-
sured 10 min following stimulation and 95±2%after
40 min stimulation.

4.Discussion

The aim of this study was to develop an in vitromodel
of SM that possesses the ability to contract. This study
explores the production of a range of electrospun
crosslinked gelatin scaffolds which possess elastic
properties and an aligned fibrous morphology to serve
as a topographical cue to the cells. Primary rat aortic
smooth muscle cells (AoSMCs) were explored as a
model smoothmuscle cell type, and the contraction of
the cell-scaffold constructs in response to agonists
weremeasured.

Given the wide range of polymers available when
electrospinning, fibrous scaffolds can possess Young’s

Figure 4.Contraction of AoSMC-seeded gelatin constructs. Scanned images of AoSMC-seeded gelatin scaffolds at t=0 (A) and
t=20 min (B) following stimulationwithUTP. Scale bar=35 mm.To compare the constructs at the two time points, A has been
overlaid onto image B, to give (C). Image analysis of the constructs atmultiple time points was used to assess the level of construct
contraction (D), error bars represent standard deviation (n=4).
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moduli ranging from a few hundred kPa [35] to several
hundred MPa [36]. This wide range in stiffness can
greatly impact attachment [37], proliferation [38], and
differentiation [39] of mammalian cells cultured upon
them. It was therefore important to choose a material
with mechanical properties that closely match the
mechanical properties that cells experience in vivo to
produce tissue constructs with functional outputs
(such as contraction). In this study, the contractile
behaviour of AoSMCs cultured upon electrospun scaf-
folds was explored. In addition, using the scaffold that
supported SM contraction, the physical force gener-
ated during agonist-induced SM contraction was
activelymeasured usingmuscle physiology apparatus.

In a previous study, HASM cells were cultured
upon electrospun PET scaffolds for up to 14 days and
expressed markers of a contractile SM phenotype [7].
In addition, we showed that HASM cells rapidly
aligned on these scaffolds following the topographical
cues from the fibres. However, the Young’s modulus
of in vivo SM is much lower than the Young’s moduli
of the PET scaffolds (200–300MPa). For example, the
Young’s moduli of human arteries and porcine
bronchi range from 0.1 to 1.0 MPa and 0.35 to
1.35 MPa respectively [28, 40]. These values are 100 to
1000 times lower than the values obtained for the PET
scaffolds although some caution must be taken when
comparing such values and native and synthetic mate-
rials are likely to have different porosities. As a result, a
much less stiff material was required to provide sui-
table mechanical properties that would facilitate SM
contraction. Gelatin was investigated, which is bio-
compatible, chemically similar to collagen, inexpen-
sive, and possesses favourablemechanical properties.

Gelatin fibrous scaffolds were successfully fabri-
cated using electrospinning. The fibre diameter
increased with increasing gelatin concentration and
ranged from 286 nm to 1.24 μm, a range similar to
previously published work when similar concentra-
tions of gelatin in fluorinated alcohols were electro-
spun [10, 38]. When gelatin is electrospun using
aqueous solutions, much greater concentrations
(30%–40% w/v) need to be used to achieve similar
sized fibres [12, 41]. This once again illustrates the
effect that different electrospinning parameters (e.g.:
solvent used) can have on the resultant fibres [42].
Scaffold fibre alignment was high for all scaffolds fab-
ricated. Image analysis of the scaffolds after cross-
linking showed that scaffolds appear slightly less
uniform and the degree of alignment had decreased
slightly. This is due to several fibres merging together
during crosslinking as crosslinks formed between
fibres, also leading to a reduction in visible pores
between fibres; however, the aligned fibrous topo-
graphy of the scaffolds remained. Crosslinking also
resulted in an increase in fibre diameter in all of the
gelatin scaffolds; this has also been reported by Zhang
et al [12], who crosslinked gelatin scaffolds with EDC
and NHS at 25 mM EDC. Fibre swelling, due to
absorption of water, has also been reported when
crosslinking gelatin scaffolds with genipin [41]. In this
case, the crosslinked scaffolds appear to behave like a
hydrogel, swelling in size with reduced stiffness, whilst
retaining their fibrous structure. Zhang et al also
found that when wet, the Young’s modulus of cross-
linked gelatin scaffolds dramatically decreases [12]. As
the scaffolds produced in this study were to be used for
cell culture, only the wet state Young’s modulus was
measured, which ranged from 3.80 to 1.54 MPa—

Figure 5.Properties of electrospunGelMA scaffolds. (A) SEM image of aligned electrospunGelMA spun from a 10%w/v solution
before cross-linking. (B), (C)Histograms andGaussian distribution curves offibre diameter (B) andfibre alignment (C) are presented
(n=60, 20measurements taken from3 images of independent scaffolds). (D)Average Young’smoduli of GelMA scaffolds
crosslinked in differentH2O:EtOHmixtures. Error bars represent standard deviation (n=4). OnewayANOVAwithTukey’s
multiple comparisons test was carried out between the Young’smodulus of all scaffolds (p<0.01) (E), (F), (G). Representative
photographs of scaffolds crosslinked in 2.5%, 5.0% and 10.0% (v/v)H2O in ethanol respectively, showing increasing scaffold opacity
(scaffolds shownwithin dashed boxes). (H), (I) SEM images of crosslinkedGelMA scaffolds crosslinked in 5.0% (E) and 10.0% (F)
H2O.
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values similar in magnitude to those measured by
Zhang for similar sized scaffolds. Future work will
determine the mechanical properties of individual
fibres using atomic force microscopy to identify the
forces experienced by individual cells [43].

Scaffolds spun from 10% w/v gelatin solutions
were chosen to assess cell attachment, proliferation
and phenotype. AoSMCs displayed high alignment
when cultured upon the scaffolds. Cells achieved con-
fluency over 9 days with increasing metabolic activity
over the same period, signifying that cells were pro-
liferating on the scaffolds. Immunostaining for
SM22α and calponin showed that both proteins were
present, in addition to illustrating the aligned, spindle-
shaped morphology of the cells, all of which are indi-
cative of a contractile SM phenotype. In addition, cells
stained positive for the gap junction protein connexin,
with gap junctions visible between cells. Focal adhe-
sions were also seen on scaffolds, with cells staining
positive for vinculin. Once again, cells stained negative
for desmin. Vascular smoothmuscle cells possess little

to no desmin, with vimentin being the key constituent
of intermediate filaments [44].

Few studies have investigated the contractile force
generated by seeding SM cells onto materials
[2, 45, 46]. Very few have directly measured this force,
and those that did were carried out on cell-seeded col-
lagen hydrogels [47]. In this study, cell-seeded con-
structs were stimulated with 100 μMUTP and imaged
periodically to measure scaffold contraction. Scaffolds
reduced in size by an average of 9.5% over 20 min fol-
lowing stimulation relative to unstimulated controls.
Although the level of contraction was small, it was
deemed possible to create AoSMC-seeded electrospun
aligned scaffold constructs that contract by reducing
scaffold stiffness further.

Due to the multiple ways in which the mechanical
properties of GelMA hydrogels can be manipulated,
GelMA was considered as an attractive material that
could potentially produce electrospun scaffolds with
Young’s moduli lower than those seen in the gelatin
scaffolds by varying the degree of cross-linking.

Figure 6.Culture of AoSMCs on crosslinkedGelMA scaffolds. (A)AoSMCswere cultured on crosslinkedGelMA scaffold for 10 days,
cellmetabolismwasmonitored periodically using the PrestoBlue® assay; error bars represent standard error of themean (n=6). (B),
(C), (D) Immunostaining of AoSMCs on electrospunGelMA scaffolds for SM22α (B), calponin (C), and connexin (D) (all green).
Cells were also stained for desmin (D) and vinculin (C) (both red). All samples were additionally stainedwithHoechst 33342 (blue).
Scale bar=100 μm. (E) Samples werefixed after 10 days and cell nuclei stained. Image analysis of stained samples was carried out in
order to determine cell alignment (n=6).

Table 1.Comparison ofmorphological andmechanical properties of the scaffolds produced in this study and smoothmuscle ECM.

Material Gelatinfibres GelMAfibres Native SMECM

Average fibre diameter (μm) 1.24 0.38 —

Fibre alignment (%within 5°mean) 48 37 —

Nuclear Alignment (%within 10°mean) 38 23 65 [7]
Young’smodulus (MPa) 1–4 0.15–0.45 0.15–0.9 [28]
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GelMA was successfully synthesised following a pre-
viously publishedmethod [14, 17]. The level of GelMA
crosslinking can be controlled by the initial level of
methacrylation, the amount of photoinitiator used,
the length of UV exposure and the solvents used in the
crosslinking process. Following synthesis, the degree
ofmethacrylation of gelatin was calculated usingNMR
spectra and found to be approximately 80%. This level
of methacrylation matches previously published cal-
culated values for the same gelatin: methacrylic anhy-
dride ratio (degree of methacrylation of ∼70%–

80%) [14, 17].
Synthesised GelMA was electrospun at a con-

centration of 10% w/v generating aligned fibres
around 300 nm in diameter, whichweremuch thinner
compared to gelatin fibres electrospun from the
equivalent concentration (average diameter of
1.2 μm). This is most probably due to a change in the
overall net charge of the molecule during GelMA
synthesis, whereby consumption of the majority of
free amines by methacrylation (and no change to the
number of free carboxylate groups) led to an increased
negative charge at neutral pH due to the presence of
deprotonated carboxylic acid groups [48]. This in turn
affected the conductivity of the electrospinning solu-
tion, leading to thinner fibres. A crosslinking method
had to be developed where the scaffolds retained their
fibrous architecture whilst submerged in a photo-
initiator solution. Previous studies have crosslinked
GelMA hydrogels in PBS [14, 17, 18], but this was not
possible with the electrospun scaffolds due to the high
solubility of these GelMA fibres upon contact with
aqueous solutions. In order to overcome this issue, the
EDC and NHS gelatin crosslinking method was

adapted [12], which utilises a 9:1 ethanol:watermix for
crosslinking. A range of ethanol:water mixtures were
investigated for use as the solvent for the photo-
initiator solution. Mixtures with a water content
higher than 10% (v/v) caused the scaffolds to dissolve,
and those with a water content of less than 2.5% failed
to sufficiently crosslink scaffolds under UV light, lead-
ing to dissolution of the scaffolds upon washing with
PBS. By changing the ethanol to water ratio it was pos-
sible to partially control the level of GelMA cross-
linking and, as a result, the mechanical properties of
the scaffolds. Young’s moduli of the scaffolds ranged
from 142 kPa (2.5% water) to 451 kPa (10% water)
which was in line with values published for human
arteries (0.1 to 1.0 MPa [28]). SEM images of cross-
linked scaffolds suggested that scaffolds appeared to
lose their porous structure due to fibre swelling upon
crosslinking, but the aligned fibrous topography of
scaffolds was still visible.

AoSMCs were cultured upon GelMA scaffolds
crosslinked in a 5% water in ethanol solution. These
scaffolds were chosen for further cell culture experi-
ments due to their low Young’s modulus and high
crosslinking success rate relative to 10% and 2.5%
(crosslinking solution water in ethanol) respectively.
As with gelatin scaffolds, cells proliferated on the sur-
face of the GelMA scaffolds over a 10 day period and
aligned upon the scaffolds, indicating that the surface
topography of the scaffolds remained sufficiently
intact after crosslinking to provide mechanical cues to
the cells. The degree of nuclear alignment was lower
when cells were cultured on the GelMA scaffolds than
on the PET scaffolds (23 versus 49% of cells within 10°
of the mean; [7]), which correlates with the loss of

Figure 7.Contraction of AoSMC seededGelMA scaffolds and direct forcemeasurement of contraction of AoSMC seeded-GelMA
constructs. (A)–(C) Scanned images of AoSMC-seededGelMA construct at (A) t=0 and (B) t=30 min following stimulationwith
UTP. To compare the constructs at the two time points, A has been overlaid onto image B, to giveC. (D) Image analysis of the
constructs atmultiple time points was used to assess the level of contraction, error bars represent standard deviation (n=3). (E)
Photograph of AoSMC seeded-GelMA constructs contracting whilst attached to the force transducer. (F)Error bars represent
standard deviation (n=4).
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alignment seen when crosslinking the GelMA scaffolds.
AoSMCs once again stained positive for SM22α, calpo-
nin and connexion. Unlike when cultured on gelatin
scaffolds, AoSMCs onGelMA scaffolds showedno clear
positive staining for vinculin, signifying that no focal
adhesion points could be identified. It has been pre-
viously documented that the level of vinculin bound to
the cytoskeleton, and the amount of vinculin localizing
at focal adhesions is larger on stiffer surfaces than on
more elastic ones [49, 50]. The difference in stiffness
between the GelMA and gelatin scaffolds could there-
fore be the reasonwhy no vinculin localisationwas seen
on the GelMA scaffolds. As previously attempted with
the gelatin scaffolds, AoSMCs were cultured upon
square crosslinked electrospun GelMA scaffolds for 10
days prior to contraction studies. When stimulated to
contract with 100 μMUTP, theAoSMC-seededGelMA
constructs reduced in surface area by an average of 22%
due to AoSMCs contraction. Since this level of contrac-
tionwas higher than that seen inAoSMC-seeded gelatin
constructs, GelMA scaffolds were chosen to be used for
the measurement of the physical force exerted by SM
cells during contraction.

AoSMCs were seeded on crosslinked GelMA scaf-
folds and cultured for 10 days to achieve a confluent
layer of cells. These constructs were then attached to
the force transducer and stimulated with 100 μM
UTP; these constructs contracted instantly and gener-
ated average maximal forces in the region of 1000 μN.
Although electrospun gelatin scaffolds have been used
to produce contractile tissues such as cardiac [35] and
skeletal [43] muscle previously, this is the first time
that SM contraction has been assessed using electro-
spun scaffolds. In addition, this is also the first time
that the physical force of contraction from any cell
type has been directly measured on electrospun scaf-
folds. In addition, the ability to modulate the stiffness
of the scaffold allows the impact of matrix stiffness,
relevant in the study of inflammatory diseases such as
asthma where tissue remodelling occurs, upon cell
phenotype and function to be studied.

5. Conclusions

This work represents the first time that the contractile
forces generated by a confluent, aligned sheet of SM
cells cultured upon gelatin based electrospun scaffolds
have been directly measured. We also describe novel
methods for the crosslinking of electrospun GelMA
scaffolds. Using these methods, the mechanical prop-
erties of the GelMA scaffolds were manipulated by
controlling the amount of water in the ethanol based
photoinitiator solution. SM cells readily attached to,
proliferated and aligned upon both gelatin andGelMA
fibrous scaffolds, expressing contractile SMmarkers in
all cases. SM cells were able to contract both gelatin
and GelMA scaffolds, with greater contraction seen on

the less stiff GelMA scaffolds. This in vitro model of
contractile smooth muscle holds great potential for
the study of disease arising from matrix remodelling
and in the discovery of new therapeutic entities to treat
such diseases.
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