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Abstract: Cyclic mechanical stretching, including uniaxial strain, has been manifested to regulate
the cell morphology and functions directly. In recent years, many techniques have been developed
to apply cyclic mechanical stretching to cells in vitro. Pneumatically actuated stretching is one of
the extensively used methods owing to its advantages of integration, miniaturization, and long-
term stretching. However, the intrinsic difficulty in fabrication and adjusting the strain mode also
impedes its development and application. In this study, inspired by the topological defects principle,
we incorporated a ridge structure into the membrane surface of a traditional pneumatic cavity
stretching chip to regulate the strain mode. Our results showed that the surface ridge structure
can directly change the equiaxial stretching mode to the standard uniaxial strain, and it is ridge
width-independent. The uniaxial strain mode was further proved by the cell orientation behavior
under cyclic stretching stimulation. Moreover, it is easy to realize the multimodal strain fields by
controlling the width and height of the ridge and to achieve high-throughput testing by creating
a cavity array using microfabrication. Together, we propose a smart method to change the surface
strain field and introduce a simple, yet effective, high-throughput pneumatically actuated uniaxial
stretching platform, which can not only realize the multimodal mechanical stimulation but also
achieve multiscale mechanosensing behaviors of single-cell or multi-cell (tissue and/or organoid)
mechanobiology applications.

Keywords: pneumatic cell stretching chip; ridge structure; uniaxial strain; cell orientation; cell

mechanosensing

1. Introduction

Cells live in complex biochemical and biophysical microenvironments, including me-
chanical stimulations [1,2]. Recently, numerous researchers have suggested that mechanical
stimulations, especially mechanical stretching, play an important role in regulating many
cellular biological activities, such as proliferation, apoptosis, differentiation, and migra-
tion [3-8]. In the human body, cyclic mechanical stretching participates in many biological
activities, such as vasodilator [9-11], peristaltic of intestines [9,12], alveoli ventilation func-
tion [13,14], and the activity of muscle fibers [6,15]. Uniaxial stretching, as a major mode of
mechanical stretching, has been widely accepted as the common cyclic mechanical stretch-
ing mode for the investigation of a cell function and behavior in response to mechanical
stimulation due to its explicit stretching mode and robust post-analysis strategy.

To implement uniaxial stretching, many integrated and interesting devices have been
developed [1,2,8,16-19]. These devices can be mainly classified into three types based on
the actuating principle: servomotor-actuated device, magnetically actuated device, and
pneumatically actuated device. Servomotor-actuated devices are often integrated with
an external stepper motor that pulls the elastomeric membrane in one direction to realize
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uniaxial stretching [18,19]. Although this kind of device can precisely control the accuracy of
stretching, the overheating of the external motor system impedes its long-term stimulation
application. Additionally, these devices generally fail to realize stretching at different strain
levels simultaneously, which hinders increasing the experiment throughput. A magnetically
actuated system is another commonly used method to apply uniaxial stretching [20,21].
The device is integrated with magnetic materials as the magnetic pole. When this device is
exerted under a magnetic field, uniaxial stretching occurs in the direction of the magnetic
field. Although this technology can realize long-term stretching, the device size results
in low-throughput and poor integration. Compared to these methods, the pneumatic
actuation manner has outstanding advantages of high-throughput, versatility, and long-
term stretching. Typically, there is a commercial pneumatically actuated cell stretching
device, i.e., Flexcell.

Another most accepted pneumatically actuated layout is a balloon-like device in which
positive air pressure is loaded to stretch the elastic membrane on a circle cavity [15,17,22,23].
This kind of device can easily obtain a uniform equiaxial stretch mode, high-throughput,
and long-term stretching by integrating the microfluidic platform. However, these devices
fail to apply the well-accepted uniaxial stretching mode due to intrinsic structure limitations.
Although some strategies have been proposed to solve this problem through designing
double- or three-layer structure devices in which a vacuum is obtained in the by-side
channels [6,19,22-24]. Those multilayer structure devices need complex fabrication and
careful alignment of the multilayer structure [11,25-27]. The fatal flaw of the multilayer
structure device is a poor alignment performance of elastic posts between the membrane,
causing poor stretching. Thus, it is necessary to come up a new, simple, effective, long-
term, and high-throughput device, which not only applies a well-accepted uniaxial stretch
stimulation but also overcomes these drawbacks of the commonly used method.

Herein, inspired by the topological defects principle, we sought to introduce a periodic
ridge structure to the pneumatically actuated balloon-like device to produce uniaxial
stretching, which was validated by a FEM simulation and experimental method, including
the cell orientation response, and further determine how the geometric parameters of the
ridge could dictate the strain field. We found that the strain manner can be easily changed
by introducing the ridge structure into the traditional pneumatically actuated balloon-like
device, which generated a uniaxial strain. Moreover, it is easy to realize multimodal strain
fields by controlling the width and height of the ridge. Together, we propose a smart method
to change the surface strain field and provide a simple, yet effective, high-throughput,
programmable pneumatically actuated multifunctional stretching chip.

2. Materials and Methods
2.1. Fabrication of Cell Stretching Chip

The cell stretching chip was composed of three layers, including the top elastic mem-
brane layer with a periodic ridge structure, the middle pressure control layer with a circle
cavity array, and the bottom glass substrate (Figure S1). The cell stretching chip was fabri-
cated using the standard soft-lithography technique [28-30]. Briefly, in order to fabricate the
periodic ridge structure, a photomask was printed according to the designed pattern, and
the ridge template was fabricated by the spin-coating SU8-3025 photoresistor (Microchem,
Newton, MA, USA) on a silicon wafer at 2000 rpm for 45 s. After silylanization, the wafer
was coated with a thin layer of a PDMS prepolymer containing the base monomers and
cuing agents (10:1 w/w; Sylgard 184, Dow-Corning, Bay City, MI, USA) using a spin coater;
the thickness of PDMS layer was precisely controlled by the spin speed. Then, the elastic
membrane with a periodic ridge structure was cured at 100 °C for 1 h. Similarly, the
pressure control layer was also fabricated in the same way. Chip assembly was achieved
by step-by-step plasma bonding while employing the alignment platform (WH-AM-01,
Wenhao Co., Ltd., Suzhou, China) to ensure one of the ridges crossing the center of the
cavities. Then, a cylinder halo (Diameter: 20 mm, Height: 10 mm) was plasma bonded on
the elastic membrane, which acted as a culture dish to support a long-term cell culture.
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Finally, a cell stretching chip 75 mm in length, 25 mm in width, and 13 mm in height was
fabricated and sterilized by UV and then coated with collagen I (C8060, Solarbio, Beijing,
China) for the cell culture.

2.2. Characterization of Pressure Control Layer

Membrane thickness measurement: The PDMS membrane thickness, which is mainly
decided by the spin speed, affects the ridge’s stretch strain greatly. The thickness was
measured by the surface profiler (Alpha-step 1Q, KLA-Tencor, Milpitas, CA, USA).

2.3. FEM Simulation and Experimental Measurement for Strain

In order to determine the strain field distribution in the cell stretching chip, both FEM
simulation and experimental validation were used to measure the strain in the surface ridge
structure. Briefly, FEM simulation based on an incompressible hyper-elastic (neo-Hookean)
model was performed to calculate the displacement and strain field of the top elastic
membrane. Young’s modulus of the PDMS elastic membrane was ~3.7 MPa measured by
AFM (MFP-3D, Asylum Research, Santa Barbara, CA, USA).

To validate the simulation results, the strain field distribution was further measured
by the experimental method. We prepared a circular fluorescent dot array on the surface
of the ridge using microcontact printing. When the cell stretching chip was subjected to a
positive pressure, the circular dot deformed according to the stretching. The strains in the
longitudinal and lateral directions were measured by the change in diameter between the
relaxed and stretching states in the corresponding direction.

2.4. Cell Culture and Stretching

A549 cell was maintained in RPMI-1640 medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, Melbourne,
Australia) and 100 U/mL penicillin-streptomycin Thermo Fisher Scientific, in a 5% CO,
incubator at 37 °C. A549 was seeded in the cell stretching chip at a density of 2 x 10° per
chip. Four hours after seeding to allow cells to adhere and spread, the square pulse signal
was imputed by a multichannel pressure controller (OB1 MK3+, Elveflow, Paris, France)
to stretch the cells. Parameters of the stretching stimulation, such as pressure amplitude,
frequency and duty ratio, could be easily set in the software of the pressure controller.

2.5. Cytoskeleton Staining

Cells were fixed with 4% paraformaldehyde for 30 min at room temperature and
then permeabilized with 0.3% Triton X-100 in PBS for 5 min. Subsequently, the cells
were stained with DAPI, phalloidin Thermo Fisher Scientific, and anti-vinculin antibody.
Fluorescence images were taken using a Nikon confocal microscope with a 40x water
immersion objective.

2.6. Measurement of Cell Orientation Index

To quantify the orientation of the cells cultured on the ridge surface of a stretching
chip, we established a coordinate system with the lateral axial (x axial) parallel to the width
of the ridge and longitudinal axial (y axial) parallel to the length of the ridge. The cells
were fit with ellipses by Image] software, and the orientation angle () between the long
axis of the cells and the lateral axis of the defined coordinate system was measured. To
simplify the statistics, the orientation angle was processed ranging from 0° to 90°. Then,
the cell orientation index (7) was further calculated to reflect the cell arrangement using
the formula as follows:

Ve = 2(60561- — sinb;) P; (1)
i=1
where i (iy5c = 9) and P; were the divided angle group number per 10° and the percentage
of the orientation angle distribution, respectively.
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This is a measure of the orientation of the cells centered around zero: positive and neg-
ative values indicate the orientation in the longitudinal and lateral directions, respectively,
and the magnitude indicates the extent of the orientation in the given direction.

2.7. Statistical Analysis

All error bars were shown as the mean =+ standard deviations from the experiments
that were performed in at least three independent experiments. Statistical analysis was
analyzed with one-way analysis of variance (ANOVA) followed by Tukey’s test using
GraphPad Prism software (https:/ /www.graphpad.com). Statistical significance was ac-
cepted when the p-value was less than 0.05 for all indicated comparisons.

3. Results and Discussion

In our present work, inspired by the topological defects principle in solid mechanics,
we introduce a ridge structure in a traditional pneumatically actuated balloon-like device
to change the membrane surface strain field (Figure 1A). We incorporated a ridge structure
into the pneumatic cavity stretching membrane (Figure S1). From the 3D top view image,
one can see that the ridge was stretched along the longitudinal direction because of the
structure confinement (Figure 1A). In conjunction with microfluidic technology, our ridge
structure-dictated cell stretching chip consisted of three layers, i.e., an elastic membrane
layer, a pressure control layer, and a glass substrate (Figure 1B). The periodic ridges of
the rectangle cross-section were assembled on the surface of the elastic membrane layer
(Figure 1B).

B C

Stretching ridges

Pressure inlet

Stretching layer

Pressure channel layer

Figure 1. Ridge surface-dictated cell stretching chip. (A) Concept of cell stretching chip. Up panel
is a cross-sectional view of the stretched cavity under air pressure. Down panel is a 3D view of the
stretched ridge on the surface of the elastic stretching layer. (B) Schematic and (C) physical pictures
of the stretching device. The stretching chip consists of three layers, i.e., top elastic membrane layer
with a periodic ridge structure, middle pressure control layer with a circle cavity array, and a bottom
glass substrate.

To validate the stretching mode of our cell stretching chip, experiment measurements
and FEM simulation analysis were conducted to analyze the strain field on the surface of
the ridge structure. To take a side view of the expansion process of the cavities, our chip
was firstly placed vertically on the stage of microscopy; then, the cavities that were on the
edge of the chip were focused accurately on the equatorial plane. In one inflation cycle, a
high-speed CCD camera (Mikrotron, EoSens CL, Landshuter, Germany) installed during
microscopy (CKX41, OLYMPUS, Tokyo, Japan) was used to capture the stretching process
in a cross-sectional view. We first stretched the ridges with 100-um width and 50-um height
under the pressure of 1 bar, and the frequency of 1 Hz with a duty ratio of 0.5 (Figure 2A).
One could clearly see a dynamic stretching process, as the membrane gradually expanded
within the stretch period, with the maximum stretch at 0.5 s. We further measured the
normal displacement of the cavity along the diameter from the cross-sectional view image
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at 0.5 s (Figure 2A). The height displacement of the selected region of interest (ROI, see the
points in Figure 2A) under 1 bar (red points) represented a parabolic distribution with the
center as symmetrical point (Figure 2B), which was consistent with previous studies [15].
We also measured the height displacement under the conditions of 0.8 and 0.5 bar, and the
experiment measured data (Exp. Data) perfectly fit with the displacement curve calculated
by the simulation model, demonstrating the accuracy of our simulation model. Based on
the simulation results, strain distribution along the ridge structure could also be obtained.
We plotted the longitudinal strain distribution (longitudinal of ridge) on the stretched
ridges at different pressures (Figure 2C). The value of the strain varied from 8% to 15%,
with the pressure increasing from 0.5 to 1 bar, meeting the strain range requirement for
the cell stretching assay [15]. Moreover, take the cavity with a diameter of 800 um as an
example, the strain value remained constant in most areas of the ridge from 180 to 620 um
(Figure 2C), showing a stable stretching mode.
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Figure 2. The pneumatically actuated membrane deformation and simulation results of a strain in
the ridge structure. (A) Pneumatic stretching process of the stretching chip. Images showing the
cross-sectional (up panel) and top (down panel) views of one swelling cavity deformation in one
inflation cycle under a given pressure (AP = 1 bar) of 1 Hz. Scale bar: 200 pm. (B) Quantitative data
showing the maximum height of membrane expansion deformation under the indicated pressure
corresponding to the measurement points selected in (A). Lines represent the simulation results,
and dots show the experimental measurements. (C) Plot of the longitudinal strain distribution on
a stretched ridge under the indicated pressure conditions. The diameter of the pressure cavity is
800 pm. The width of ridge is 100 pm.

In contrast to the equiaxial strain field on the traditional flat surface, it is obvious that
the ridge was stretched in the longitudinal direction and squeezed in the lateral direction
(Figure 3A). This difference between lateral and longitudinal strain was consistent with
the property of a typical uniaxial stretch strain distribution [3,31], demonstrating that the
ridge structure can easily change the equiaxial strain to a uniaxial strain manner instead of
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changing the working mode of the actuator, such as in traditional strategy [3]. The change
of the stretch mode was mainly affected by the surface topography. To further validate
this uniaxial stretch mode, we measured the deformation of the circular fluorescent dots
on the ridge (Figure 3B). It is apparent that the circle became an ellipse under stretching.
The dots were stretched longer, around 10% in the longitudinal direction, and shrunk
simultaneously about 5% in the lateral direction (Figure 3C), which could be ascribed to
the Poisson’s effect on elastic materials. Through a statistical analysis by SPSS, the p-value
was 0.900, demonstrating that the experimental results were consistent with the simulation
results (Figure 3C). In conjunction with the advantages of the microfluidic platform [25],
our surface ridge structure-dictated cell stretching chip makes it easy to achieve the high-
throughput test by creating a cavity array, such as 1000 units (column x row: 10 x 100)
(data not shown here).

B C

Lateral strain  Longitudinal strain 15 [Longitudinal H Lateral

g 91 1 IL‘
54
-10 T T
0 Experiment FEM

Figure 3. Characterization of the uniaxial strain property of the stretching chip. (A) Lateral and

Flat surface-dictat-
ed equiaxial strain

Strain (%)

Ridge surface-dicta-
ted uniaxial strain

longitudinal strain field distribution of the pressure cavity with a flat surface (up panel) and ridge
structure (down panel) based on FEM. (B) Representative phase and fluorescence images showing
the deformation of the pressure cavity and fluorescent dots under 0 bar pressure (left panel) and
0.5 bar pressure (right panel), respectively. Scale bar: 200 um. (C) Quantitative data showing the
lateral and longitudinal strain from experimental and FEM simulation assays (p = 0.100, ns).

In order to further analyze the performance and scalability of our stretching chip, we
measured the strain value and distribution of all the ridges on one cavity more carefully
based on the simulation (Figure 4A and Figure S2). It is evident that the uniaxial stretching
mode was present on all the ridges. We acquired the strain value of the ROIs on the ridges
(Figure 4B, see the indicated edge and center ROIs). We found that the strain increased from
8% on the ridge located at the edge of the cavity to 15% on the ridge located at the center of
the cavity under one pressure condition. Meanwhile, the strain value could also be adjusted
from 5% to 15%, with the cavity’s diameter increasing from 500 to 1000 pm (data not shown
here). These all are beneficial to improve the throughput and simplify the experimental
system. The decrease of the strain on the edge of the cavity could be ascribed to the circle
border constraint. We further investigated the effect of the ridge’s width on the strain field
manner. Our results showed that the uniaxial strain pattern appeared on the ridge of each
width (50, 100, and 150 um), representing ridge width independent fashion. Meanwhile,
the longitudinal strain values were also similar to the ridge with different widths.

Together, by means of our creative design, we bridged the gap between the traditional
pneumatic stretching technique and well-accepted uniaxial stretch application, which
was crucially important for promoting the integrated research of mechanical stimulation
in vitro [1]. Previous researchers have demonstrated that the cellular response to a strain
stimulation is strain value-dependent [3,32]. This requests high experiment standards
that eliminate the groups’ deviation and increases the throughput, which is difficult to
achieve based on the traditional method due to the limitation of the stretching mechanism.
Besides the high-throughput, the realization of the strain gradient on our stretching chip
also facilitated the research strategy. Another advantage of our stretching chip that de-
serves being emphasized is the potential programmable design of the strain field through
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modulating the parameters of the ridge, including the width and height (Figure S3). The
strain field is commonly regulated by the cooperation of actuating motors in different
directions or adding a supply of air pressure and control channels based on the current
stretching methods [33]. Better than these strategies, we can easily program the distribution
of the strain field, including the equiaxial strain, uniaxial strain, and biaxial strain, by
purposefully designing the topography on the elastic stretching membrane. Based on the
cooperative property, topography structure with various structure feature sizes could also
be designed on purpose so that different modes of a stretch stimulation could be applied
simultaneously on this novel cell stretching chip. It provided potential for the application
in some areas, such as cell interaction and tissue engineering [9,34].
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Figure 4. Uniaxial strain property is independent of the ridge location in a pressure cavity and
the ridge width. (A) Longitudinal strain field distribution in all of the ridges within one pressure
cavity. The diameter of the pressure cavity is 1000 pm. The width of ridge is 100 um. (B) Center
and edge regions of interest (ROIs) in a ridge represent the regions that were used for analyzing the
longitudinal strain. (C) Bar plot showing the longitudinal strain of the center and edge regions in
the ridge indicated in (A). (D) Lateral and longitudinal strain field distributions in a ridge with a
width of 50, 100, and 150 um under 0.8 bar pressure. (E) Bar plot showing the quantitative data of the
longitudinal strain of the center and edge regions (indicated in A) in a ridge with different widths.

Cells in the body were continuously subjected to mechanical strains and respond
through both morphology and biochemical changes. Among these cells, lung alveolar
epithelial cells experience a cyclic linear stretch strain (5~15%) at a frequency of 0.2~0.3 Hz
under normal conditions. However, the amplitude and frequency of the cyclic strain differ
significantly under pathological conditions. For example, some patients’ breath frequencies
increased up to about 50 times per minute when suffering from acute respiratory distress
syndrome. When the cells were subjected to a cyclic stretching stimulation in vitro, the
change occurred gradually and achieved a stable situation, indicating that the cells were
able to adjust to the cyclic stretching stimulation to maintain the biomechanical homeostasis.
To demonstrate the potential of our cell stretching chip, cells cultured on the chip were
stretched under a series of stretch situations and analyzed for cell orientation (Figure 5A).
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Our results showed that the orientation of A549 cells, a human alveolar basal epithelial
cancer cell line, which is often chosen as a study model to investigate lung-relevant diseases,
was clearly parallel to the lateral direction of the ridge after stretching for 24 h, further
demonstrating the uniaxial strain manner of our stretching chip. The same results could
also be observed on the orientation of the cell nucleus and F-actin fiber (Figure 5B), which is
consistent with previous studies [3,35], suggesting that the cells readjusted their contractile
activity and reoriented their cytoskeleton to achieve stable conditions in response to the
stretching stimulation.

DAPI C Ridge width
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Figure 5. Cell orientation reflected the uniaxial strain feature of the stretching chip. (A) Representative
phase contrast (left) and fluorescent (right) images of A549 cells cultured on a ridge surface of the
stretching chip after being stretched at 1 bar for 24 h. Scale bar: 50 um. (B) Illustration of the cell
orientation angle measurement. Scale bar: 50 pm. (C) Angular distributions of the cell orientation
of A549 cells under the indicated ridge width (top panel), strain (middle panel), and stretching
frequency (down panel) conditions.

To further quantify the cell orientation, we measured the angle 6 between the lateral
direction and long axial direction of the cell as the orientation feature. When the cells were
adhered on a flat surface, the cells did not prefer to orient in any direction (Figure 5C) due
to the cyclic equiaxial stretch [36,37]. Cells gradually aligned at 0 degree when the width
of the ridge was 50, 100, and 150 um. As for the strain, when the strain was less than 5%,
the cells did not present obvious orientation behavior, while, when the strain was greater
than 10%, the cells aligned at 0 degree (Figure 5C), showing strain-dependent behavior,
which was consistent with previous studies that cellular stress fiber (SF) reorganization is
dependent on the stretching strain value [36]. Except the ridge width and strain ratio, the
dynamic features such as pressure signal frequency also contributed to the cell arrangement
in response to stretching [34]. Below 1 Hz, the degree of cell orientation was pertinent to
the frequency. At 5 Hz, the cell orientation behavior decreased (Figure 5C). This tendency
could be ascribed to the dynamic stochastic model about rate-dependent SF reorganization
induced by matrix stretching [36]. In this model, when the stretching rate was faster than
the SF self-adjustment, the SF would disassemble and gradually accumulate in the direction
of the smallest perturbation. Furthermore, the index of cell orientation, 7., was defined
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to evaluate the extent of the cell orientation (Figure 6). Together, these results of the cell
orientation demonstrated the uniaxial stretching mode of our chip.
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Figure 6. Cell orientation index showing the relationship between the cell arrangement and ridge
width (A), strain (B), and stretching frequency (C). When the index is near 0, the cells are oriented
randomly. When the index is near 1, the cells are parallel to the lateral direction. If the index is near
—1, the cells are orientated in the longitudinal direction.

4. Conclusions

In conclusion, our work proposed a new device of introducing a ridge structure to
modulate the strain manner and fabricated a new chip through making a ridge structure on
the pneumatically actuated balloon-like device to produce a uniaxial strain. Together, the
developed design successfully provided a new high-throughput method in the investigation
of the mechanical stimulation, which could enrich the application of pneumatically actuated
stretching and also provide new potential for further applications in mechanobiology.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /chemosensors10080302/s1. Figure S1: Fabrication process and
assembly strategy of the stretching chip. Figure S2: Lateral strain distribution on multi stretched
ridges. Figure S3: Structure feature sizes of the ridge-regulated strain.
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