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A B S T R A C T

Uniaxial cyclic stretching plays a pivotal role in the fields of tissue engineering and regenerative medicine,
influencing cell behaviors and functionality based on physical properties, including matrix morphology and
mechanical stimuli. This study delves into the response of endothelial cells to uniaxial cyclic strain within the
geometric constraints of micro-nano fibers. Various structural scaffold forms of poly(L-lactide-co-caprolactone)
(PLCL), such as flat membranes, randomly oriented fiber membranes, and aligned fiber membranes, were
fabricated through solvent casting and electrospinning methods. Our investigation focuses on the morphological
variation of endothelial cells under diverse geometric constraints and the mechanical-dependent release of nitric
oxide (NO) on oriented fibrous membranes. Our results indicate that while uniaxial cyclic stretching promotes
endothelial cell spreading, the anisotropy of the matrix morphology remains the primary driving factor for cell
alignment. Additionally, uniaxial cyclic stretching significantly enhances NO release, with a notably stronger
effect correlated to the increasing strain amplitude. Importantly, this study reveals that uniaxial cyclic stretching
enhances the mRNA expression of key proteins, including talin, vinculin, rac, and nitric oxide synthase (eNOS).

1. Introduction

Tissue engineering scaffolds serve as a favourable extracellular ma-
trix (ECM) environment for cell processes, experiencing intricate
external mechanical forces during tissue repair and regeneration cycles
[1]. Cellular responsiveness to mechanical signals governs fundamental
cellular behaviors such as adhesion, proliferation, migration, apoptosis,
and differentiation [2]. Understanding these responsive behaviors aids
in predicting cell fate, unraveling disease mechanisms, and guiding the
design of tissue engineering scaffolds [3]. Within vascular tissue engi-
neering, mechanical forces encompass shear forces from blood flow and
radial cyclic stretching forces induced by cardiac pulsations, with uni-
axial cyclic stretching emerging as a critical regulator of endothelial cell
(EC) morphology and function [4,5].

In physiological conditions, such as processes like cardiac cycles and
respiration, endothelial cells exhibit precise sensitivity to dynamic
uniaxial stretching of the underlying substrate [6], leading to distinctive
morphological reorientations [7–9]. This response involves subcellular

changes, including cytoskeleton reorientation [10,11] and internal
contractile forces [12], influencing cell function, particularly in endo-
thelial cell-dependent nitric oxide (NO) release [13], and this effect
varies with the stretching frequency [14] and strain amplitude [15–17].
While previous studies have explored the effects of cyclic stretching on
isotropic plane polydimethylsiloxane (PDMS) elastic membranes [18],
limited knowledge exists regarding the response of endothelial cells on
vascular tissue engineering scaffolds to cyclic stretching.

Electrospun poly(L-lactide-co-caprolactone) (PLCL) vascular scaf-
folds offer customizable topological structures and controlled mechan-
ical properties. Previous research has successfully demonstrated tissue
remodeling with these scaffolds in small-caliber applications [19],[22].
Moreover, investigating the impact of cyclic stretching on endothelial
cell morphology and functionality on diverse vascular scaffold sub-
strates is crucial for scaffold design and understanding matrix-cell re-
sponses to cyclic stretching.

In this study, we employed electrospinning technology to prepare
vascular tissue engineering scaffolds with micro-nano fibrous structures,
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in both disordered and oriented arrangements. Flat scaffolds were
fabricated by casting served as a control group. We explored the
response of endothelial cells to cyclic stretching on various scaffold to-
pologies, revealing that cells tended to align perpendicular to the
stretching direction; anisotropic topological structures predominantly
guided morphology. Notably, functional endothelial cells exhibited
positively regulated nitric oxide release in response to cyclic stretching
frequency and strain magnitude.

2. Materials and methods

2.1. Materials

PLCL (intrinsic viscosity = 3.2 dlg− 1) was purchased from Jinan
Daigang Biotechnology Co., Ltd (Jinan, China). SYLGARD™ 184 Sili-
cone Elastomer Kit came from Dow Corning. Dichloromethane (DCM)
and N, N dimethylformamide (DMF) were bought by Tianjin Kemiou
Chemical Co., Ltd (Tianjin, China). Syringe Propulsion Pump (LSP02-
2A) was purchased from Baoding Longerpump Co., Ltd (Baoding,
China). HUVECs (human umbilical vein endothelium cells) were pur-
chased from Beijing Oligobio. RPMI DEME, PBS, and fetal bovine serum
were purchased from BI. CCK8 assay was purchased from Japanese
Dojindo. Live/Dead Viability Kit was purchased from KeyGEN BioTECH.
CF 568 phalloidin, 4′,6-diamidino-2-phenylindole (DAPI), and ananti-
vinculin antibody were bought from Biotium, Beyotime, and Abcam,
respectively. Fluorescent probe 4-amino-5-methylamino-2′, 7′-difluoro-
fluorescein diacetate (DAF-FM DA) and Total Nitric Oxide Assay Kit
were purchased from Beyotime Biotechnology (Shanghai, China).

2.2. Build mechanical Cyclic Stretching Device

The uniaxial cyclic stretching structure consisted of three main
components: a deformable PDMS culture chamber (Fig. 1a), a loading
device (Fig. 1b), and a ball screw reciprocating feeding system (Fig. 1c).
The PDMS culture chamber was fabricated by pouring a mixture of base
material and curing agent (Sylgard 184 silicone elastomer kit) in a 10:1
wt ratio. The fabrication process involvedmixing, degassing, curing, and
demolding, with a curing temperature of 70 ◦C for 12 hours. To prevent
slippage, friction-enhancing grooves (Fig. 1d) in a pattern resembling
anti-slip tape were added to the contact area with the lid. The culture
chamber was firmly fixed in the groove of the fixing device, and the

other end connected to the feeding system through a ball screw. The
feeding system is driven by a stepper motor (DQ-42HB60A) (Fig. 1e),
which receives specific instructions from a servo motor controller (KH-
01). This arrangement enables the implementation of various modes of
uniaxial cyclic stretching.

2.3. Preparation of samples with different matrix morphology

Micro/nanofiber membranes were fabricated by the electrospinning
technique and named as ’Random’ and ’Align’, respectively. To prepare
these membranes, 0.8 g of PLCL was dissolved in a mixture of 10 ml of
DCM and DMF (in a volume ratio of 7:3). The solution was delivered at a
rate of 2 ml/h using a syringe pump through an 18 G stainless steel
needle (with inner diameter of 0.9 mm and outer diameter of 1.26 mm).
The electrospinning setup was configured with a high-voltage power
supply set to 18 kV and a negative pressure of -0.2 kV, with a working
distance of 16 cm. The flat samples, designated as ’Flat’, were created by
pouring a solution of 6 % PLCL in DCM. The resulting membranes had a
uniform thickness of 0.035 ± 0.005 mm. Finally, these membranes were
cut into rectangular shapes measuring 1*4 cm.

2.4. Characterising the physical properties of samples

Scanning electron microscope (SEM): After sputtering a thin layer
of platinum onto the samples, FEI Quanta 250 FEG were applied to
capture the images at an accelerating voltage of 10 kV. Subsequently,
software of ImageJ software and Fast Fourier Transform (FFT) [23]
analysis were employed to statistically analyze the diameter distribution
and fiber orientation of the samples.

Atomic Force Microscope (AFM): Matrix morphology and surface
roughness of the samples were examined by an AFM (Keysight 8500, U.
S.A) in tapping mode. The testing area covered a 20*20 μm region with a
scan rate of 0.80 lines/second. The experiments were carried out in air at
room temperature, and the AFM images were processed and analyzed
using Pico Image Basic 7.2 software.

Water Contact Angle: Wetting properties of the samples were
assessed using a camera (JC2000D1, China Zhongchen Corporation).
Four samples were tested for each group, with three measurements
taken on each sample. At room temperature, 2 μL of deionized water was
dispensed onto the surface of the fiber membrane.

2.5. Mechanical test

Uniaxial Tensile Testing: An electronic universal testing machine
(UTM2230, manufactured by SUNS Technology Company, Shenzhen,
China) was employed. The testing parameters were set as follows: a
testing speed of 5 mm per minute and a load of 100 N, all conducted at
room temperature (23 ◦C). The tensile direction of Align group was
consistent with the fiber arrangement. To assess the mechanical stability
of the samples before and after the tensile tests, cyclic loading was
applied to both the control (unstretched) and stretched groups of sam-
ples. Subsequently, stress-strain curves were generated and analyzed
using software of Origin 8.5.

Nanoindentation: To characterize the surface stiffness of the sam-
ples, nanoindentation was performed by a spherical-tipped nano-
indenter (Agilent Technologies G200). The depth was maintained at
5000 nm in each displacement-controlled mode. Subsequently, data
analysis was carried out using software of Origin 8.5 and GraphPad 8.0.

2.6. Culturing and in vitro cycling stretching of HUVECs

Cell culture procedures were conducted following our prior work
[24], with a modification to the culture medium, which was replaced
with DMEM containing 10% bovine serum albumin. Prior to use, culture
dishes were soaked in alcohol for 2 hours and subjected to 10 min of UV
irradiation. Each group of samples was seeded with cells from the same

Fig. 1. Cyclic Stretching Device. a) Deformable polydimethylsiloxane (PDMS)
culture chamber. b) Loading device. c) Ball screw reciprocating feeding system.
d) Friction-enhancing grooves. e) Stepper motor.
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passage at a density of 5000 cells/cm2, with the seeding area located at
the center of rectangular samples. Following seeding, media were
changed every 24 hours. After three days of culture, half of the
cell-seeded samples were transferred to the PDMS culture chamber and
subjected to uniaxial periodic stretching stimulation, while the other
half was cultured statically (as a control). The culture device and sam-
ples were placed in an incubator at 37 ◦C for 24 hours. The stretching
parameters were set at 1 Hz, (10 %, 15 %, 20 %), and 10% (0.8 Hz, 1 Hz,
1.2 Hz). The frequency and amplitude of the stretching are set based on
the normal physiological condition [25].

2.7. Immunostaining assessment of cells

Cell viability: Cell viability on day 1, day 3 and day 4 in static and
dynamic conditions was determined using the Live/Dead Cell Viability/
Cytotoxicity Assay Kit (KeyGEN BioTECH). AM (Calcein Acetoxymethyl
Ester) and PI (Propidium Iodide) were employed to label live and dead
cells, respectively. AM can penetrate the cell membrane of living cells
and produce green fluorescent substance with strong fluorescent signal
in the presence of esterase activity; PI can penetrate the cell membrane
of damaged or dead cells and bind to nucleic acids with red fluorescent
signal. Incubate for 30 minutes at room temperature, wash the samples
with PBS and observe the imaging under a confocal microscope (LSM
880, Zeiss, Germany).

Proliferation: Cell proliferation was assessed on days 1, 3, and 4 of
cell culture using the CCK-8 cell counting kit. CCK8 (20 μL) dissolved in
200 μL of medium was used as the assay solution for each sample, and
six replicate samples were added to the assay solution and incubated at
5 % CO2 and 37 ◦C for 2 hours. Subsequently, 100 μL of medium con-
taining CCK8 was drawn and added to the 96-well plate. The absorbance
was measured at 450 nm using an enzyme marker and the cell number
was calculated. The seeding density for each sample was 5000 cells/cm2.

Morphology: Cell morphology was visualized by staining with
DAPI, CF 568 Phalloidin, and anti-vinculin antibody. Cells were fixed
with 4 % formaldehyde for 10 min and permeabilised with 0.1 % BSA/
10 % normal goat serum/0.3 M glycine in 0.1 % PBSTween. Immedi-
ately thereafter, cells were permeabilised with 0.1 % BSA/10 % normal
goat serum/0.3 M glycine in 0.1 % PBST for 1 hour and then washed
with 1 % BSA in PBST. Finally, cells were incubated overnight at 4 ◦C
with anti-zinc protein antibody dilution (1:50v:v dilution, 1 % BSA)
(green). Label nuclear DNA (blue) with DAPI. Repeat the above fixation
to closure, then incubate the cells with rabbit primary antibody (anti-
vinculin) overnight, then rinse with PBS and repeat three times. Finally,
the cells were labelled with CoraLite488-conjugated Afffinipure goat
anti-rabbit protein for 1 hour at room temperature, 20 min and then 10
min with DAPI. The skeleton and vinculin samples obtained above were
imaged with a laser scanning confocal microscope (LSM 880, Zeiss,
Germany).

2.8. Statistical parameters of cell morphology

Stress Fiber Orientation Analysis: We assessed the orientation of
stress fibers in HUVECs stained with myosin immunofluorescence using
Image J [26]. The orientation of stress fibers was determined in relation
to the x-axis of the images, which also represents the direction of strain.
To ensure accurate analysis, the fluorescence images of the fibers were
first processed using Fiji. This involved background subtraction and
contrast enhancement to enhance the quality of the images. Subse-
quently, we employed the Directionality plugin (http://fiji.sc/wiki/
index.php/Directionality) to conduct a detailed directional analysis of
stress fibers. This analysis included the measurement of peak positions
achieved through Gaussian fitting of the Fast Fourier Transform (FFT)
signal, providing valuable data on the orientation of stress fibers.

Nuclear Shape Index (NSI) and Nuclear Aspect Ratio Calcula-
tion: The long and short axes of cell nuclei were quantified by
employing an image-based elliptical fitting method. Subsequently, NSI

was calculated using Equation (1)[27], and the nuclear aspect ratio was
determined using Equation (2)：

NSI =
4π × area
perimeter2

(1)

Nuclear Aspect Ratio =
LN
WN

(2)

where LN and LW are half of the nuclear length and nuclear width,
respectively.

Circularity and Cell Aspect Ratio Calculation: Cell long and short
axes, as well as spreading area and perimeter, were quantified using an
image-based elliptical fitting approach. Circularity was subsequently
computed using Equation (3), and cell aspect ratio was determined using
Equation (4)[28].

Circularity =
4π × spreading area

perimeter2
(3)

Cell Aspect Ratio =
LC
WC

(4)

where LC and WC are the long and short cell diameters, respectively.

2.9. Measuring nitric oxide release

Adjusting the concentration of the nitric oxide fluorescent probe
(DAF-FM DA) to 5 μM, the samples were incubated at 37 ◦C for 60 min.
The staining solution was then aspirated, followed by three slow washes
with deionized water, each lasting 5 min. Subsequently, confocal mi-
croscopy imaging was performed.

Determination of NO concentration：using the NO assay kit, 60 μL of
cell culture supernatant was transferred to a 96-well plate. Next, 5 μL of
NADPH, 10 μL of FAD, and 5 μL of Nitrate Reductase were sequentially
added, and the mixture was incubated at 37 ◦C for 30 min. The purpose
of this step was to reduce nitrates to nitrites. Following this, 10 μL of
LDH buffer and 10 μL of LDH were added to neutralize the impact of
NADPH. Finally, 50 μL of Griess Reagent I and 50 μL of Griess Reagent II
were added to measure the total amount of nitrites converted from ni-
trates, allowing for the inference of NO production based on a standard
curve. NO release data were normalized to CCK-8 data using normali-
zation formula (5).

stretched∕unstretched ratio of NO release =

(
ODNO release
ODcck-8

)

stretched(
ODNO release
ODcck-8

)

unstretched

(5)

2.10. Total RNA extraction and quantitative polymerase chain reaction
analysis

We utilized quantitative real-time Quantitative polymerase chain
reaction (qRT-PCR) to assess the expression of relevant genes. RNA
extraction was carried out using TRIzol reagent (Thermo Fisher), fol-
lowed by cDNA synthesis using the RevertAid First Strand cDNA Syn-
thesis Kit (Thermo Fisher) to obtain complementary DNA (cDNA). The
relative expression levels of the target genes were analyzed using the
PowerUp SYBR Green Master Mix (Thermo Fisher). Detailed experi-
mental procedures can be found in previous work [29](Table S2).

2.11. Statistical analyses

Unless otherwise specified, all experiments were conducted a mini-
mum of three times (n > 3 or n = 3). One-way analysis of variance
(ANOVA) was employed to assess significant differences among three or
more groups, while the t-test was used to analyze significant differences
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between two groups. A significance threshold of *P < 0.05, **P < 0.01,
and ***P < 0.001 was considered statistically significant. Standard de-
viation is depicted as error bars. All data are presented as mean ±

standard deviation.

3. Results

3.1. Surface morphology of the three different substrates

To investigate the behavior of endothelial cells on different orien-
tations of micro/nanofiber scaffolds under uniaxial cyclic stretching, we
prepared PLCL samples in the form of flat films, random fiber films, and
aligned fiber films. Flat samples were fabricated using a solvent casting
method, while random and aligned micro/nanofiber films were pre-
pared via electrospinning. Fig. 2 shows the SEM (Fig. 2A) and AFM
(Fig. 2B) images, and these images revealed the different microscale
surface structures of the three types of samples: the Flat group exhibited
a smooth surface, whereas the surfaces of the Random and Align groups
were characterized by smooth and relatively uniform fibers. AFM im-
ages of the Flat group exhibited subtle textures attributed to solvent flow
during the casting process. However, there were no significant differ-
ences in the surface roughness among these three sample groups. Sta-
tistical analysis of fiber diameters (Fig. 3A) showed that the fibers in the
Random group had a diameter of 1.06 ± 0.223 μm, while those in the
Align group had a diameter of 1.19 ± 0.274 μm. Hence, we can disre-
gard the influence of diameter on cell behavior.

The results of FFT (Fig. 3B) fiber orientation analysis indicated that
fibers in the Random group exhibited smaller fluctuations but a uniform
distribution, signifying even distribution at 180◦. In contrast, the Align
group’s fibers displayed a shark peak at 90◦, indicating a superior fiber
orientation [23]. The water contact angle results indicated that the
Random and Align groups had no significant difference, but both are
higher than the flat group (Fig. S1).

3.2. Mechanical Behaviour of the scaffold

To eliminate the influence of surface mechanics properties on cell
behavior and functionality, we conducted stiffness measurements using

a nanoindentation instrument. The results (Fig. 4A–B) revealed that
compared to flat films with a stiffness of approximately 6 MPa, the fiber-
based samples exhibited higher stiffness, approximately 25 MPa. All
three groups exhibited values in the range of 6–25 MPa, which exceeds
the stiffness range typically sensed by cells in ECM (1–100 kPa) [30].

To reflect the circumstance in vivo, we simulated the morphological
responses of cells at a frequency of 1 Hz [31,32] and under strain
amplitude of 10 %. We also investigated variations in cellular function,
specifically NO release, under strain amplitudes of 10 %, 15 %, and 20 %
in the oriented fiber group. Mechanical curves for the control
(unstretched) and stretched samples of the three groups were obtained
through uniaxial cyclic stretching (Fig. 5). The results indicated a high
degree of overlap in the cyclic stretching curves between the two groups,
with the stretched group exhibiting slightly lower tensile strength
(Table S1). Under strain conditions of 10 % and 15 %, all three groups
displayed almost linear stress-strain behavior, while at 20 % strain, the
response was nonlinear.

In particular, after the initial tensile cycle, the stress required for all
groups at the same strain amplitude is reduced, a phenomenon known as
stress softening, akin to the Mullins effect [23]. This phenomenon is
reminiscent of the mechanical behavior observed in various tissues,
particularly in blood vessels [33].

3.3. HUVECs activity and proliferation

In this investigation, the biocompatibility of PLCL samples was sys-
tematically evaluated, as depicted in Fig. 6. Live and dead cells were
distinguished utilizing AM and PI, respectively. Cell viability and pro-
liferation were quantified through the CCK-8 assay. The results showed
that the number of cells on random and aligned fiber membranes was
significantly higher than that on planar membranes on day 4.
Conversely, the cell count decreased in all groups following the
stretching treatment. Nevertheless, it is noteworthy that the cell
viability of all samples were above 90%.Moreover, the cell proliferation
curves (Fig. S2) displayed exponential characteristics, indicating a
robust cellular response to the PLCL samples under assessment.

Fig. 2. Distribution of surface morphology. A) Scanning electron microscope images of ‘Flat’, ‘Random’ and ‘Align’. B) Atomic force microscope images of ‘Flat’,
‘Random’ and ‘Align’. The unit of Sq is um.

C. Ren et al.
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3.4. Cyclic stretching changes cell morphology

Cell morphology variation with cyclic stretching was observed
through immunofluorescence staining results (Fig. 7). On Day 4, cells on
flat membranes are a nearly circular shape, attributed to the uniform
isotropic guides along the cell boundaries. Whereas cells on random
fiber membranes have a cobblestone-like boundary, and cells on aligned
fiber membranes appear spindle-shaped, as the fibers provided specific
anchoring points in certain directions. However, after undergoing
stimulation of stretching for 24 hours, the overall cell spreading area
increased (Fig. 8B). By fitting cell shapes with ellipses, we observed

changes in cell polarization (Fig. 8A). Specifically, the cell polarization
of the Flat and Random groups significantly increased after receiving
uniaxial cyclic stretching stimulation, while the cell polarization of
Align group was weakened by mechanical stimulation. Reduction in cell
circularity (Fig. 8C) primarily occurred in the Random group, while the
cell circularity in the Flat and Align groups did not exhibit significant
variations.

As one of the largest and structurally resilient organelles within cells,
the cell nucleus serves as a recipient of forces exerted by the cellular
cytoskeleton [34] and also dynamically adapts its shape in response to
mechanical cues [35]. The evaluation of nuclear morphology indices,

Fig. 3. Statistical analysis of fiber diameters and the results of fast Fourier transform. A) fiber diameters images of Random and Align. B) fast Fourier transform (FFT)
images of Random and Align.

Fig. 4. Nanoindentation images A) Nanometer indentation displacement− load diagram B) Elastic modulus of different surface topography samples.

C. Ren et al.
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specifically the Nuclear aspect ratio (Fig. 8E) and the NSI (Fig. 8F),
revealed noteworthy observations. Notably, a significant increase in
nuclear morphology index was observed in both the Flat and Align
groups, indicative of alterations in nuclear shape under specific me-
chanical conditions. Conversely, the Random group showed no signifi-
cant changes in the nuclear morphology index. Interestingly, the aspect
ratio of cell nuclei did not demonstrate significant changes across all the
experimental groups. These findings provide insights into the mechan-
ical modulation of nuclear morphology and highlight distinct responses
in different experimental conditions.

Stress fiber distributions, as assessed through immunofluorescence,
were scrutinized for fiber orientation in both control (unstretched) and
stretched groups (Fig. 7A–C). Under unstretched conditions on Day 4,
the cells in the Flat and Random groups exhibited a subtle orientation,
predominantly distributed uniformly around 180◦. In contrast, the cells
in the Align group displayed a highly oriented distribution along the
direction of the fibers, aligning with the strain direction. Following 24
hours of stretching, the changes in the orientation direction of the stress
fibers in the three groups were observed. The Flat group experienced a
rotational shift, transitioning from approximately -10◦ to around -50◦

(Fig. 7A), rather than rotating a full 90◦. This might be attributed to the
material’s Poisson’s ratio, which is 4 % for the two-dimensional mem-
brane used in the test. Consequently, when the membrane is subjected to
longitudinal stretching, it simultaneously encounters compressive forces
in the perpendicular direction, possibly restricting its rotation. Calcu-
lations suggest that cells rotate approximately 55◦ towards the direction.
Conversely, the angles in the "Random" and "Align" groups remained
stable approximately -40◦ and -30◦, respectively, with no alteration in
the primary orientation direction (Fig. 7 B, C). The difference lies in that
under the guidance of aligned fibers, the reorganization of cellular stress
fibers perpendicular to the direction of strain is constrained by geo-
metric shapes, manifesting only as a widening in the orientation distri-
bution of stress fibers and an increase in the adhesion area at the cell
borders. In contrast, on random fiber membranes, cells are subjected to
forces in directions from 0 to 90◦, with the maximum strain occurring in
the direction of maximum strain (0◦). Stress fibers are reorganized to
avoid the impact of the maximum strain direction and are compressed
by the forces perpendicular to the direction of strain, with a resultant
force forming a directional peak around 40◦. The observation un-
derscores that cells align with fiber orientation, and uniaxial cyclic

Fig. 5. Stresses and strains curves of uniaxial Tensile Testing. A-C) 10 % strain. D-F) 15 %. G-I) 20 % strain.

C. Ren et al.
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stretching also does not induce significant changes in the main orien-
tation. Essentially, cell orientation is primarily influenced by matrix
fiber morphology cues initiated by contact-induced interactions [36].

3.5. NO release enhanced by cyclic stretching

Beyond its impact on cell morphology, uniaxial cyclic mechanical
stretching exerts regulatory control over cellular functions. NO, a solu-
ble functional molecule secreted by endothelial cells, plays a pivotal role
in governing various physiological processes, including cardiovascular
function, metabolism, neural transmission and immune response [37].
Previous investigation, both in vitro and in vivo, have demonstrated a
significant elevation in nitric oxide release in response to mechanical
stretching stimuli [38]. To further understand the mechanism behind
this change, we explored the changes in NO release when subjected to
mechanical stretch and performed changes in nitric oxide synthase
(eNOS) mRNA, which is critical for elucidating the kinetics of NO
release. Given that stretching did not alter the direction of cell polari-
zation by matrix morphology, with the least change observed in the
Align group, this group was selected for studying NO release. This choice
aims to isolate, to the greatest extent possible, the influence of
morphology changes on NO release.

Pre- and post-mechanical stimulation assessments revealed a signif-
icant augmentation in DAF-FM staining (Fig. 9A), signifying that 1Hz,

10 % cyclic stretching induces the release of NO in endothelial cells. This
observation was further substantiated through rigorous statistical
analysis (Fig. 9B), establishing a positively regulatory effect of cyclic
stretching on endothelial-dependent NO release [39,40].

Subsequently, a detailed exploration was conducted to elucidate the
correlation between NO release and both strain amplitude and strain
frequency. HUVECs were cultured on oriented fibers and subjected to
tensile strains of 10 %, 15 %, and 20 % (Fig. 9D), and strain frequencies
of 0.8 Hz, 1 Hz, and 1.2 Hz (Fig. 9C) for a duration of 24 h. Following
this, NO release levels were normalized (Formula 5). The results reveal a
positive correlation between NO release and both strain amplitude as
well as frequency, with a notable emphasis on the pronounced depen-
dence on strain frequency.

3.6. Expression of genes versus cellular mechanosensing factors

Alterations in cell morphology serve as external manifestations of
intricate internal biochemical signal transduction processes [41]. To
decipher how cells perceive uniaxial cyclic stretching from the ECM, we
conducted an assessment of changes in the gene expression of me-
chanical sensors known to actively engage in mechanical signal trans-
duction. This approach contributes to a more comprehensive
understanding of cell perception of mechanical stimuli from the
perspective of signal transduction pathways. The examined mechanical

Fig. 6. Live− dead staining of HUVECs of different groups on day 1, day 3, day 4 (the scale bar is 100 μm), (Co. represents unstretched).

C. Ren et al.
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Fig. 7. Immunofluorescence staining of HUVECs cultured in different groups under co. (unstretched) and stretched conditions (scale bar 20 μm). A-C) Stress fiber
orientation of HUVECs cultured in different groups under co. (unstretched) and stretched conditions (scale bar 20 μm).

C. Ren et al.
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sensors encompass FAK, Paxillin, Vinculin, and Talin, all implicated in
cell adhesion and spreading, along with Rac1 and RhoA, which play
integral roles in cell cytoskeletal remodeling [42].

PCR results show that under mechanical stretching conditions, there
is a significant upregulation in gene expression of talin (Fig. 10A), vin-
culin (Fig. 10B), and rac1(Fig. 10C), while the expression of FAK
(Fig. 10E), paxillin (Fig. 10F), and RhoA (Fig. 10D) does not exhibit a
notable increase.

Furthermore, endothelial nitric oxide synthase (eNOS) plays a key
role in the NO release pathway. To deepen our understanding of how the
cyclic mechanical stimuli influence NO release, we conducted
molecular-level detection of eNOS gene expression. The results suggest
that, under 10 % strain and 1 Hz cyclic stretching stimulation, the gene
expression of eNOS (Fig. 9E) is significantly elevated in cells after 24
hours compared to cells in unstretched conditions，aligning with
established research findings [43].

4. Discussion

The design principles for vascular tissue engineering scaffolds pri-
oritize biomimicry to facilitate cell anchoring to the ECM for survival.
The electrospinning method is employed to achieve suitable ECM
morphology for small-diameter artificial vascular scaffolds [44], utiliz-
ing PLCL known for its exceptional biomechanical properties and
biocompatibility [45]. Endothelial cells adhere, align, and extend on
anisotropic PLCL fiber matrices, responding to mechanical stimuli
through alignment in the direction of cyclic strain on a 2D uniform
matrix [46,47]. Our research aims to deepen understanding regarding

the variation in the morphology and function of endothelial cells under
the combined forces of uniaxial cyclic stretching [48].

We successfully obtained three different scaffold membrane mor-
phologies: flat, random, and aligned membranes.The surface stiffness of
the electrostatically spun films was close to but higher than that of the
planar films, with all three having surface stiffnesses in the range of
6–25 MPa.The increase in stiffness could be attributed to the rapid
stretching and rearrangement of the PLCL molecular chains under the
action of a high-voltage electric field during the electrospinning process,
resulting in a relatively regular arrangement with greater resistance to
deformation. In contrast, the molecular chains in planar PLCL films
rearrange at a slower rate during solvent evaporation. Nevertheless, the
effect of surface stiffness on the cellular response to mechanical stimuli
can be ruled out, as the cells perceive stiffness at the kPa level. In
addition to the surface stiffness, we also performed a statistical analysis
of the fibre diameter and fibre orientation of the electrostatically spun
filaments from the Random and Aligned groups, as the surface wetta-
bility was already statistically analyzed and showed no significant dif-
ferences. Prior to the application of mechanical stimuli, all three groups
of samples showed good bioactivity and cell proliferation. In particular
the electrostatically spun fibres were better than the planar membranes.

Most importantly, the samples exhibited good recovery and stability
under mechanical stretching, providing a good platform for further
biological experiments. Many tissues and biomaterials exhibit relatively
linear elasticity when subjected to small deformations, typically less
than 20%. The stress-strain relationship is characterised by a relatively
constant slope (referred to as Young’s modulus E) [49]. In addition,
under physiological conditions, blood vessels undergo cyclic expansion

Fig. 8. Statistical graphs of immunofluorescence (A, C) Cell polarization was evaluated by cell aspect ratio and circularity, respectively. (B) Spreading area of
HUVECs. (D) AR definition diagram of cell and nucleus. (E, F) Nucleus aspect ratio and Nuclear shape index calculation. Mean ± standard deviation, n > 40, *p <

0.05, **p < 0.01, ***p < 0.001, ANOVA.
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and contraction. Studies have shown that human vascular tissue exhibits
circumferential tensile strengths ranging from 0.3 to 3.3 MPa [31]. The
circumferential strain during pulsatile blood vessel circulation typically
falls within the range of 10–15% [25]. This guided us in setting the
frequency of mechanical stimulation and the amount of stretching.

The samples were subjected to uniaxial cyclic dynamic stretching for
up to 24 hours to observe the cell response. The shapes of the cells on the
different membranes were found to be different. On the flat membrane,
the ’anchor points’ of the cells were observed to be random, resulting in
a random cell shape. In contrast, on the fibrous membrane, the cells
were guided by the linear ’anchor points’ and polarised in the direction
of the fibres. This is consistent with the concept of contact guidance as
proposed by Ref. [48]. Mechanical stimulation causes endothelial cell
actin fibres to reorganize into stress fibres in the direction of minimum
matrix deformation，resulting in cell shrinkage in the stretching di-
rection and repolarisation in the non-stretching direction, consistent
with stress avoidance theory [50]. The cell direction on the flat mem-
brane shifted by approximately 40 degrees relative to the stretching
direction. In the case of random and aligned fibre membranes, although
no obvious rotation was observed, the polarization in the fibre direction
was found to be significantly reduced, resulting in the emergence of
different orientations (Fig. 7A–C) [51].

Integrin, a key molecule for perceiving mechanical signals from the
ECM, transmits these signals to adhesion complexes, triggering the
extension and delivery of force sensor proteins [52,53]. These signals
guide the aggregation and reorganization of stress fibers, influencing the
nuclear localization function of transcription regulatory factors through
the LINC complex (Fig. 11) [54,55]. Cyclic stretching increased the

expression of talin, vinculin, Rac1(Fig. 10), consistent with the existing
studies, while the FAK and Paxillin did not exhibit a significant response
[56].The small GTPase Rho and its target Rho kinase (ROCK) are iden-
tified as central regulators of endothelial cytoskeletal contractility by
increasing MLC phosphorylation to form actin stress fibers [57]. Rac1 is
a member of the Rho family of GTPases, which enhances endothelial
function by mediating the formation of peripheral F-actin, the expansion
of intercellular junctions, and the formation of cell adhesion-associated
signaling protein complexes. The physiological stretching forces cause
talin to be stretched, thereby exposing cryptic binding sites for vinculin.
This, in turn, influences the interaction between talin (a protein that
links liganded membrane integrins to the cytoskeleton) and vinculin (an
adhesion protein activated by talin binding). This leads to the reorga-
nization of the cytoskeleton. This finding is in accordance with the re-
sults of previous studies in this field [58,59].

NO release is crucial in inhibiting thrombus formation in small-
diameter vascular grafts and serves as a signaling molecule. Both the
magnitude and frequency of uniaxial cyclic strain promote NO release,
attributed to the alteration in cell morphology induced by cyclic strain.
Spindle-shaped cells exhibit lower NO production compared to cells
under circular and non-restricted culture conditions [60].

5. Conclusion

In this study, we investigated the alterations in both the morpho-
logical and functional aspects of endothelial cells subjected to uniaxial
cyclic stretching within three distinct matrix morphologies. Concur-
rently, we conducted an in-depth analysis of the mRNA expression levels

Fig. 9. Immunofluorescence staining and Statistical analysis of NO release. A) DAF-FM staining. B) Laser intensity mean values of NO release under Co.(unstretched)
and Stretched. C-D) Stretched/unstretched ratio of NO release in different Frequency and Strain (Reference to formula 5). E) mRNA expressions of the nitric oxide
synthase (eNOS) genes related to cell adhesion quantified by q-PCR.
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of mechanosensitive proteins using PCR technology. Our results eluci-
dated that while uniaxial cyclic stretching has the capacity to reorient
cells within isotropic geometric constraints, the anisotropy inherent in
the basal morphology remains the primary determinant influencing cell
morphology. Additionally, the study revealed that uniaxial cyclic
stretching induces the release of NO and establishes a positive correla-
tion with both strain amplitude and strain frequency. Notably, strain
amplitude demonstrateed a more pronounced positive effect on NO
release in this context.

CRediT authorship contribution statement

Cuihong Ren: Writing – original draft, Methodology, Investigation,
Formal analysis, Conceptualization. Zhonghua Chang: Validation,
Investigation. Kecheng Li: Validation, Investigation. Xiaofeng Wang:
Writing – review & editing, Supervision, Formal analysis, Conceptuali-
zation. Dongfang Wang: Writing – review & editing. Yiyang Xu:
Visualization, Investigation. Xiaomeng Li: Validation, Investigation.
Qian Li: Writing – review & editing, Supervision, Project administra-
tion, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgments

This work was supported by the International Science & Technology
Cooperation Program of China (2015DFA30550), the “111” Project of
Henan Province, the Science and Technology Research Projects of
Henan Province (232102521001).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.mtbio.2024.101152.

Fig. 11. Cyclic stretching regulates the mechanism of EC mechani-
cal conduction.

Fig. 10. mRNA expressions of the genes related to dynamic actin rearrangement quantified by q-PCR under Co.(unstretched) and Stretched. (talin, vinculin, RhoA,
Rac1,FAK, paxillin). Mean ± standard deviation, *p < 0.05, **p < 0.01, ***p < 0.001, t-test.

C. Ren et al.

https://doi.org/10.1016/j.mtbio.2024.101152
https://doi.org/10.1016/j.mtbio.2024.101152


Materials Today Bio 27 (2024) 101152

12

References

[1] E. Gordon, L. Schimmel, M. Frye, The importance of mechanical forces for in vitro
endothelial cell Biology, Front. Physiol. 11 (2020), https://doi.org/10.3389/
fphys.2020.00684, 684–684.

[2] L. Wang, S. Wu, G. Cao, Y. Fan, N. Dunne, X. Li, Biomechanical studies on
biomaterial degradation and co-cultured cells: mechanisms, potential applications,
challenges and prospects, J. Mater. Chem. B 7 (2019) 7439–7459, https://doi.org/
10.1039/C9TB01539F.

[3] P. Gupta, B.B. Mandal, Tissue-Engineered vascular grafts: emerging Trends and
Technologies, Adv. Funct. Mater. 31 (2021) 2100027, https://doi.org/10.1002/
adfm.202100027.

[4] Y. Shao, J.M. Mann, W. Chen, J. Fu, Global architecture of the F-actin cytoskeleton
regulates cell shape-dependent endothelial mechanotransduction, Integr Biol-Uk 6
(2014) 300–311, https://doi.org/10.1039/c3ib40223a.

[5] N.F. Jufri, A. Mohamedali, A. Avolio, M.S. Baker, Mechanical stretch: physiological
and pathological implications for human vascular endothelial cells, Vasc. Cell 7
(2015) 1–12, https://doi.org/10.1186/s13221-015-0033-z.

[6] I. Constantinou, E.E. Bastounis, Cell-stretching devices: advances and challenges in
biomedical research and live-cell imaging, Trends Biotechnol. 41 (2023) 939–950,
https://doi.org/10.1016/j.tibtech.2022.12.009.

[7] U. Faust, N. Hampe, W. Rubner, N. Kirchgeßner, S. Safran, B. Hoffmann, R. Merkel,
Cyclic stress at mHz frequencies aligns Fibroblasts in direction of Zero strain, PLoS
One 6 (2011) e28963, https://doi.org/10.1371/journal.pone.0028963.

[8] S. Jungbauer, H. Gao, J.P. Spatz, R. Kemkemer, Two characteristic Regimes in
frequency-dependent dynamic reorientation of Fibroblasts on cyclically stretched
substrates, Biophys. J. 95 (2008) 3470–3478, https://doi.org/10.1529/
biophysj.107.128611.

[9] K. Nagayama, Y. Kimura, N. Makino, T. Matsumoto, Strain waveform dependence
of stress fiber reorientation in cyclically stretched osteoblastic cells: effects of
viscoelastic compression of stress fibers, American Journal of Physiology-Cell
Physiology 302 (2012) C1469–C1478, https://doi.org/10.1152/
ajpcell.00155.2011.

[10] A.M. Goldyn, P. Kaiser, J.P. Spatz, C. Ballestrem, R. Kemkemer, The kinetics of
force-induced cell reorganization depend on microtubules and actin, Cytoskeleton
67 (2010) 241–250, https://doi.org/10.1002/cm.20439.

[11] V. Gupta, K. Grandeallen, Effects of static and cyclic loading in regulating
extracellular matrix synthesis by cardiovascular cells, Cardiovasc. Res. 72 (2006)
375–383, https://doi.org/10.1016/j.cardiores.2006.08.017.
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