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Abstract: Aiming at the problem of poor construction
accuracy of the cellular three-dimensional (3D) mechan-
ical microenvironment, this article studies the cellular 3D
mechanical microenvironment based on machine vision.
The gelatin methacrylate microgel column was prepared
by NIH/3T3 mouse fibroblast and precursor solution of
gelatin methacrylate microgel. The gelatin methacrylate
microgel array with magnetic end was adopted. The
external magnetic field was used to load microgel array
and build 3D mechanics microenvironment model. The
deformed pictures of hydrogel under magnetic field were
obtained by fluorescence microscope. The scanning elec-
tron microscope was used to characterize the pore struc-
ture of gelatin methacrylate hydrogel. The pictures obtained
by machine vision method were used to calculate the
deformed parameters of sample. The machine vision
method adopted the discrete cosine transform for auto-
focus, and then used the image analysis and processing
technology to identify and estimate the cell motion para-
meters. After getting the cell motion parameters, Comsol
multiphysics (COMSOL) multiphysics multifield coupling
finite element analysis software was adopted. The correla-
tive numerical simulation method and gel deformed simu-
lation method were used to obtain the mechanical changes of
cells in the 3D mechanical microenvironment. Experimental
results show that the modulus of gelatin methacrylate
microgel is changed significantly during the tensile loading.
The tensile strain and the cell spreading area are nonlinearly
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related. The increase in stiffness of the hydrogel substrate
helps to promote cell proliferation to a certain extent.
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1 Introduction

Somatic cells are in a complex microenvironment. The
dynamic balance of microenvironment is the basis of
maintaining the normal behavior of cell. More researches
show that mechanical stimulation signals exist widely in
the cell microenvironment and play an important role in
regulating the cell behavior. It is significant to carry out
an interdisciplinary research on the three-dimensional
(3D) mechanical microenvironment of cells and clarify
the interaction between the mechanical stimulation signal
and life activities [1]. For some practical engineering pro-
blems, it is very difficult to get the analytical solution due
to the irregular geometrical properties of object and the
nonlinear or nonuniform materials. The finite element
method divides the research object into many elements
at first and then researches the mechanical properties
of these finite size elements. Finally, a set of algebraic
equations, which takes the node displacement as unknown
quantity, can be obtained. The existing calculation methods
can be used to get the approximate value of unknown quan-
tity at the node [2]. Its essence is to idealize the continuum
with infinite degrees of freedom into the element geometry
with finite degrees of freedom. According to the relationship
between node force and displacement, the algebraic equa-
tions taking node displacement as unknown quantities are
established, so that the problem is simplified into a struc-
tural problem, which is suitable for a numerical solution [3].

The stretch stress produced by cells in response period
not only drives the cell migration and the construction
of tissue morphology but also plays an important role in
cell proliferation, apoptosis, and differentiation behavior
[4]. The mechanical signals directly felt by somatic cells
come from the surrounding extracellular matrix. The extra-
cellular matrix consists of macromolecules such as collagen,

8 Open Access. © 2022 Yuejin Zhang et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0

International License.


https://doi.org/10.1515/phys-2022-0013
mailto:zhanaiyun84684@163.com

118 = Yuejin Zhang et al.

laminin, elastin, proteoglycan, and glycoprotein. Its mechan-
ical properties will directly influence the combination of
adhesion plaque and ligands and the further regulation of
cell adhesion, cytoskeleton assembly and dissociation, differ-
entiation, and proliferation. This category belongs to passive
dynamics stimulation. In the microenvironment, there are
many kinds of stress stimulation, which belong to active
mechanical stimulation.

During the 3D culture of cells by tissue engineering
method, the cell mechanical microenvironment plays an
important role in sequential studies. Only the stress of
cells in 3D state is clear, and we can understand the
process of cell formation well [5]. Therefore, the mechan-
ical quantitative analysis for mechanical materials is very
important. Martinez-Reina et al. researched the effects of
cell nonuniformity and explained how to adjust the com-
ponents and directions of basic multicellularunits in the
process of reconstruction. Meanwhile, they predicted the
arrangement of cell microstructure under different mechan-
ical loading conditions, and the heterogeneity and mechanical
properties of human femur under physiological loads [6]. A.
Libchaber proposed that the increase of tensile stress led to the
thinning of membrane bimolecular layer, and increased the
membrane deformed energy related to channel formation and
activation energy related to channel decomposition. In the
nature, the force-sensitive ion channels played an important
role in many physiological processes. When bacteria are sub-
jected to low osmotic pressure, the force-sensitive ion channel
acts as a safety valve. When sensing the rising turgidity on the
cell, the channel will open the pore to reduce the turgidity and
thus to prevent the cell from being dissolved [7]. Other
mechanical stimulation sensors such as G protein-coupled
receptors also have the ability to transmit mechanical signals.

According to the pixel distribution, brightness, and
color information, the structure is transformed into digital
signal [8]. The image system extracts the target features
from these signals and controls the equipment actions by
the discrimination results. Due to the high water-retaining
property, controllable physical and chemical property,
similar structure with extracellular matrix and good bio-
compatibility, the hydrogel can be used as a matrix mate-
rial for simulating the cell microenvironment [9]. In this
study, a finite element model was built based on
machine vision technology. The construction, characteri-
zation, and application of the 3D mechanical microenvir-
onment based on hydrogel were carried out. The modeling
analysis of the 3D mechanical microenvironment of cells
based on machine vision was researched. The machine
vision was applied to the 3D mechanical microenviron-
ment modeling and thus to improve the effectiveness of
analysis [10-12].
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2 Material methods

2.1 Experimental materials and methods
2.1.1 Experimental instruments

SensoPart V20C-CO-A2-C camera, CX-2000 ultraviolet cross
linker made in UVP Company (USA), ShanShi SS-150 scan-
ning electron microscope (SEM), NanoFocus laser confocal
microscope, Olympus X81 fluorescence microscope made
in Japan, Thermo Scientific cell incubator, Beckman flow
cytometer, Beckman Coulter high-speed centrifuge, freeze
desiccant, electric displacement platform made in Beijing
Weina optical automation equipment Co., Ltd., IKA con-
stant temperature magnetic force agitator, and baking
oven of Tianjin Taist Instrument Co., Ltd.

2.1.2 Experimental materials

Extracellular matrix, photomask, polymethyl methacrylate
(PMMA), microbead, acrylamide, methylenebisacrylamide,
ammonium persulfate, gelatin, sodium alginate, high-glucose
medium, trypsin, penicillin—streptomycin, fetal calf serum,
double staining Annexin V-PE, paraformaldehyde, polyethy-
lene glycol dimethacrylate, Duff’'s phosphate buffer solution,
gelatin methacrylate, and antifade mounting medium.

2.1.3 Experimental method

The precursor solution of gelatin methacrylate hydrogel
was placed in a special organic glass mold, and irradiated
with 20-40 s at ultraviolet (UV). Then, they were cross-
linked to form the hydrogel. The hydrogel was swelled for
24h. The hydrogel was deformed under the action of
magnetic field, and then the photographs of hydrogel
with different degrees of deformation were obtained by
fluorescence microscope. The deformed parameters of
samples were obtained by analyzing the images obtained
by machine vision. The pore structure of gelatin methacrylate
hydrogel was characterized by SEM. The specific methods are
as shown: first, the swelling equilibrium of gelatin methacry-
late hydrogel substrate is continued for 24 h, and then the
samples were processed with liquid nitrogen and placed in a
freeze dryer. After freeze-drying for 8 h at —60°C, the samples
are sprayed with gold on the surface until the samples are
completely dehydrated. Moreover, the surface pore structure
is characterized by SEM. The acceleration voltage is 15,000 V.
The aperture information of SEM photo is analyzed by the
method of machine vision.
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2.1.3.1 Mechanical loading experiment

The special magnetic array was used to conduct the non-
contact magnetic loading on the microgel column. To
achieve different degrees of strain mechanical loading,
the distance between the magnetic array and the mag-
netic end of microgel was controlled by the potential
displacement platform.

2.1.3.2 Cell inoculation and cell culture

For the gelatin methacrylate microgel column, NIH/3T3
mouse fibroblast was used to mix the cell suspension
with the same volume of precursor solution of gelatin
methacrylate microgel. The final density of cells was
2 x 10° cell/mL. Then, UV was cross-linked to form
microgel, which was washed with Dursler’s phosphate
buffer solution for three to five times and placed in the
medium. The culture medium was replaced every 4 h on
the first day. Subsequently, the culture medium was
replaced every other day.

2.1.3.3 Construction of 3D mechanical
microenvironment

To research the influence of different degrees of deforma-
tion on NIH/3E3 cells, the mechanical loading was con-
ducted by external magnetic field based on the microgel
array of gelatin methacrylate with magnetic end.

The photolithography was used to prepare the gelatin
methacrylate microgel arrays. At first, the precursor solu-
tion of polyethylene glycol dimethacrylate and some mag-
netic beads were mixed evenly and dropped into the
microporous organic glass mold. The designed magnet
array was used to precisely control the position of mag-
netic beads in micropores, and cross-link the gel layer of
polyethylene glycol dimethacrylate under the irradiation
of UV. After that, the gelatin methacrylate precursor solu-
tion mixed with cells was added to the plexiglass mold,
and the cover glass processed by TMSPMA (chemical
silicone-containing acrylate monomer) was covered. The
photomask was used to prepare the gel layer of gelatin
methacrylate under the irradiation of UV. The diameters
of gel layers of polyethylene glycol dimethacrylate and
gelatin methacrylate are all 800 um. Each microgel column
consists of two parts: the magnetic terminal of polyethy-
lene glycol dimethacrylate including magnetic beads and
the gelatin methacrylate containing cells. Under the action
of magnetic field, the magnetic end makes the gelatin
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methacrylate deforming. The mechanical stimulation is
applied on cells in 3D microenvironment.

2.2 Machine vision imaging and recognition
technology of cell in hydrogel
environment

2.2.1 Calibration and automatic focus of machine vision
in hydrogel environment

If the visual imaging is out of focus, the imaging quality
will decline, which directly affects the subsequent applica-
tion effect. Therefore, an autofocus technology is researched.
In other words, based on, the automatic search of focusing
position is realized by the focusing evaluation, so as to
ensure that the vision system is imaged on the focal
plane. In the frequency domain, the amount of image
transformation and details are large during the focusing.
Correspondingly, the number of high-frequency compo-
nents is large. During the defocusing, the adjacent pixels
in image influence each other [13], so the edge is fuzzy,
and the number of details is small. Correspondingly, there
are many low-frequency components. Therefore, the focus
evaluation of machine vision imaging can be realized
by the frequency component of image. Discrete cosine
changes are performed on the M x N image. Thus, as
equation (1):

2 S (2 + Dk
k, ) = ——c(k)c(l -
D(k, 1) mc( )e( )xgoygocos i o

In the above, x, k=0,1,---,M-1, y, 1=0,1,--,
N -1, and f(x, y) are the pixel values of original image,
and the coefficients (c(k), c(1)) are shown as equations (2)
and (3):

2

c(l) = {wj’ [=0, 3)

1, 1=12,-, n-1

After the discrete cosine transform, the coefficient
matrix of different frequency components can be obtained.
D(0, 0) is the mean value of all pixel values of the original
image (i.e., the direct-current (DC) component of image).
With the increase of the value of k and the value of [,
D(k, 0) and D(0, I) represent the incremental size of the
horizontal spatial frequency component and vertical
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spatial frequency component. Therefore, the processing
result of image after discrete cosine change mainly includes
DC component and the cosine with frequency from low
to high.

Construct a computer vision analysis system, load an
optical microscope head in front of the CCD camera, pre-
pare a methacrylic gelatin microgel column and place it
on the microscope stage, collect cell images through the
DH-CG300 video capture card (Zhongke Zhiyuan, Beijing,
China), and connect the two value processing to obtain a
grayscale image. The autofocus imaging projection model
is shown in Figure 1.

To find the focusing point more accurately, we can
establish the corresponding focusing evaluation function
by increasing the proportion value of high-frequency com-
ponent or the sensitivity to high frequency as equation (4):

X-1Y-1

Dk, D= Y Y 2+ BDk, 17

x=0y=0

(4)

When focusing the position, we can see that the focus
evaluation function has the maximum value. The focus
evaluation function decreases with the increase of offsets
between the lens and the focusing position. The focus
evaluation can be realized by judging the value of focus
evaluation function.

The focus evaluation function curve based on dis-
crete cosine transform has only one peak value. The
climbing method is used to search the peak value, so
that the focusing position can be determined. The specific
steps:

Step 1: set the focusing direction and moving step of
lens, move the lens in a single direction, and calculate
the value of focusing evaluation function;
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Step 2: judge whether the function value increases
progressively. If it decreases progressively, it is necessary
to change the focus direction and set a smaller step
length; and

Step 3: continue to move the lens and calculate its
evaluation function value, jump to Step 2, and repeat the
search until the focusing position is determined.

In the hydrogel environment, the cell imaging mainly
consists of the direct reflection of cells, the scattered light
in the reflected light of some cells, and the scattered light
of light source.

The total light intensity Iz(x, y) from the cell to the
imaging plane is shown as equation (5):

Iz = Ia(x, y) + I(x, y) + I(x, ). (©)

Among them, I4(x, y) and Iy(x, y) are the light intensity
that the reflected light of cell directly and indirectly reaches
the imaging surface. I(x, y) is the intensity of light scattered
by the light source. According to Lambert—Beer experience,
we can infer that the reflected light intensity and the dis-
tance between object and observer meet the exponential
attenuation relationship. The light intensity transmission
coefficient t(x, y) can be expressed as formula (6):

t(x, y) = efﬂd(X,y)’ (6)

where, f is the attenuation coefficient of medium and
d(x, y) denotes the distance from the corresponding point
in image to the imaging surface in actual space. The
direct reflected light of microparticles arriving at the ima-

ging surface can be expressed as equation (7):
La(x, y) = Io(x, y)ePaten), ™

Iy(x, y) denotes the actual reflected light intensity at
any point of microparticle.

Virtual imaging plane
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Figure 1: Autofocus imaging projection model.
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The reflected light of cells and the scattered light
of light source all reach the image surface after being
refracted by the organics and suspension cells in hydro-
meter, but the refraction will increase the path of light
propagation and cause the position shift [14]. Therefore,
when they are superposed with the direct reflection light of
target, it will lead to the imaging blur and the imaging
quality reduction. To simplify the model, the two parts of
the scattered light are collectively referred to as back-
ground light A(x, y). Thus, the hydrogel imaging model
can be obtained as equation (8):

L(x, y) = Io(x, y)e PA0V) + (1 — e PMAx, y).  (8)

2.2.2 ldentification and estimation of motion
parameters of cells in hydrogel environment

The movement parameters of cell mainly include instan-
taneous velocity, average velocity, and acceleration in all
directions [15,16]. It is only necessary to estimate the
average velocity and speed variation rate of cells. The
cell motion image recorded by machine vision system is
discrete. Based on the difference method, the discrete cell
position points and collection time interval are used to
approximate the movement of microparticles [17] to achieve
the estimation of cell motion parameters.

The acquisition speed of machine vision system is
fixed. When the acquisition speed is M frames/s, the
time interval At of any two consecutive frames is shown
as equation (9):

At =t -t = 1/M, 9

t; and t;_; are two consecutive acquisition times.

Based on fuzzy mathematics theory to realize the
positioning of the target particle center coordinates, use
the canny edge operator and the membership function to
calculate the membership of the nucleus center:

g > &m- (10)

In the formula, g is the gray value of the center of the
template, and gy is the set gray threshold. At this time,
all pixels in the original image are given a central mem-
bership degree, and the point with the largest member-
ship degree is selected as the cell center coordinate point.

When the center coordinates of the target microparticles
in the image coordinate system are (x;, ;) and (Xi;1, ¥;,,) in
these two acquisition times, the corresponding displacement
is shown as formula (11):

{dx(i) = IXi — Xi+1l8y

) (11)
dy(D) = 1y; = Y1118y
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dy and d, are the displacement of cells in the hori-
zontal coordinates and vertical coordinates of any two
consecutive images. g, and g, are the scale factors cali-
brated by the machine vision system.

According to the information of displacement and
time, the cell velocity can be expressed as equation
(12):

v (Xi +Xiv1 Vit yi+l) _ dx(l)
X ’ - ’
2 2 At. (12)
v (Xi + X1 Vit yi+1) _ dy(i)
N2 7 2 At

where v, and v, are the components of cell velocity on axis
X and axis Y at corresponding position, respectively.

After the velocity estimation is completed, the velo-
city change rate can be obtained by velocity estimation.
Because the movement displacement of cell is relatively
small, the velocity of cell at the previous position and the
next position can be used to estimate the velocity change
rate of cell at the current position [18], which is expressed
as equation (13):

dvx( Xi + Xi+1 , YitYin )

2 2
dt
v (Xi+1+xi+2 )’i+1+)’i+z) -y (Xi72+XH szﬂ’m)
X 3 X ’
2 2 2 2
= b
J . At (13)
dv. (Xi+xi+l i i+1)
Y\ 2 > 2
dt
Vv (Xi+1+xi+2 Yi+1+)’i+z) —v (Xifz*'xifl Yiat Vi
y 2 2 v 2 2
= ’
At

2.3 Cellular 3D mechanical
microenvironment modeling

The somatic cell can sense the stiffness of extracellular
matrix, complex stress—strain stimulation, tensile and com-
pressive stress, fluid shear stress, and so on. For muscle,
connective tissue, lung, bladder, and other soft-tissue
organs, the tensile mechanical stimulation is more common
[19]. It is necessary to construct the tensile stress—strain
microenvironment and research the influence of different
tensile stress—strain stimulation on the cell behavior. At
present, most of the construction systems mainly use the
mechanics research to study cell response by stretching and
loading cell basement (such as hydrogel, polymer film, and
polydimethylsiloxane [PDMS]).
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2.3.1 Numerical simulation method of magnetic field

COMSOL multiphysics multifield coupling finite element
analysis software is used to simulate the deformation of
hydrogel samples in magnetic field by combining solid
mechanics module and magnetic field module. The deformed
process of hydrogel under external load mainly includes two
stages. The first one is the short-range movement between
molecules. In this process, only the shape and properties of
hydrogel was changed, but the volume will not be changed.
The second is the long-range movement of water mole-
cules. During this process, the volume of hydrogel
remained unchanged, and the hydrogel was regarded as
an elastic material. This is mainly due to the long mole-
cular chain of hydrogel. In addition, the molecular chain is
highly twisted and curled. Under stretching load, the
molecular chain is expanded to the flat state [20]. There-
fore, the hydrogel can withstand larger elastic deforma-
tion. The hydrogel almost does not cause deformation
under hydrostatic pressure. In general, it is considered
as incompressible material, and its Poisson’s ratio is gen-
erally between 0.3 and 0.5. Based on the theory of contin-
uous medium, the stress-strain curve is measured by
experiment, and the strain energy function of material is
obtained by fitting. The stress—strain curve is generally
divided into four stages: elastic stage, yield stage, strength-
ening stage, and local deformation.

In the COMSOL software (Stockholm, Sweden), select
the 3D simulated magnetic field, select the steady-state
problem interface, and define the material properties to
form a union.

The formula of material strain energy function is
shown as equations (14) and (15):

W) = gal - 3), (14)

u=E/N21 +v). (15)

In the above formulas, I is the first principal invariant of
Green strain tensor, u denotes the shear modulus of hydrogel
sample, E denotes the tensile modulus of hydrogel sample,
and v denotes the Poisson’s ratio of hydrogel sample.

In the hydrogel environment, cell imaging is mainly
composed of direct reflection of cells, scattered light in
part of the reflected light of cells, and scattered light from
a light source. Through the machine vision technology,
the imaging clarity and image quality are improved, and
the imaging model of the hydrogel is obtained. The simu-
lation of static magnetic field around the permanent
magnet is realized in the field current less module of
COMSOL. The experimental environment is the room tem-
perature and the external temperature is 300 K. The
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absolute environmental pressure is 1atm. The steady-
state equation of magneto static field around permanent
magnet is shown as equations (16) and (17):

V-B=0, (16)

~V-(UoVVin - poMo) = O. 17)

The magnetization direction is along the long axis of
magnet. The distribution of magnetic field intensity around
the permanent magnet can be obtained by steady-state solu-
tion. The formula to calculate the magnetic field force of
magnetic bead in magnetic field is shown as equation (18):

F- L 15 Mo VB (X)dA. (18)

In the above formula, V;, denotes the scalar magnetic
potential, B denotes the magnetic induction strength, M,
denotes the magnetization strength, A denotes surface
area of magnetic bead, y, denotes the absolute perme-
ability, Msy¢ denotes the saturation magnetization value
of magnetic bead, and VB denotes the gradient distribu-
tion of magnetic field strength.

The corresponding geometric model is built in COMSOL
software. The sample boundary conditions are set under the
solid mechanics module. The top of hydrogel sample is
fixed constraint, and the bottom is subjected to magnetic
force. At the interface, the magnetic force expression is cal-
culated by inputting the current less module of magnetic
field, and then the coupling between magnetic field and
mechanical module is achieved to simulate the deformed
process of hydrogel sample under the magnetic field.

2.3.2 Deformed simulation of hydrogel

For the construction of the 3D gradient mechanical micro-
environment, the shapes of different hydrogel are related
to the surface strain distribution during the stretching
process. For the trapezoidal hydrogel, the surface strain
distribution during the stretching process is shown as
equation (19)
g= 20
1- kg

(19)

In the above, H denotes the height of trapezium, k
denotes the slope of gradient distribution function, and
&0 denotes the minimum strain on the surface of trape-
zoidal hydrogel.

According to the theory of linear elasticity, if the
hydrogel is very thin and the strain in the direction of
thickness of hydrogel is very small, the hydrogel strain
should meet equation (20):
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_9_ lﬂ (20)
E Elh

In the above, F denotes the tensile load, E denotes
the tensile modulus of hydrogel sample, and [ denotes the
trapezoidal width.

Equation (20) is substituted into equation (19), so
that the hydrogel shape function can be expressed as
equation (21):

l

L
H

L (1)

Similarly, different strain distributions can be designed
[21], so that the corresponding hydrogel shape functions
can be obtained. Meanwhile, the strain distributions of
linear, parabolic, and exponential relations are designed
respectively. The formula is shown as equations (22)—(24):

g = 30(1 + k%) 22)

2
&= eo[l + k(%) ] (23)
& = £y eXp (k%) (24)

The corresponding shape function is shown as equa-
tions (25)—(27):

l X
L 1/[1 + k(i)z], (26)
L H

l X

g = l/exp(kﬁ). 27

Based on the above process, the correlation simula-
tion of gel deformation and magnetic field in the 3D
mechanical microenvironment is realized.

3 Experimental results

In this experiment, the concentration of polyethylene
glycol dimethacrylate is high (12.5% w/v). The purpose
is to avoid deformation as much as possible under the
magnetic effect. After applying a magnetic load to it, we
can see that the maximum strain of magnetic end of poly-
ethylene glycol dimethacrylate under magnetic field is
less than 3%. The gelatin methacrylate at 5% (w/v) con-
centration, 10% (w/v) concentration, and 15% (w/v) con-
centration is selected. The deformed behavior of gelatin
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methacrylate microgel column under magnetic field was
characterized by the proposed method. Because the microgel
column has two layers, it is easy to lead to the stress con-
centration at the joint of polyethylene glycol dimethacrylate
and gelatin methacrylate gel layers. Meanwhile, it tends
to fracture during tensile loading. Before cross-linking of
gelatin methacrylate, it should be laid for a period of time,
then cross-linking UV. The purpose is to diffuse the gelatin
methacrylate solution to the gel network of polyethylene
glycol dimethacrylate and enhance the strength of the junc-
tion of gel layers through the interpenetrating network. The
pore structure of the gelatin methacrylate hydrogel was
characterized by scanning electron microscopy, and the
SEM image is shown in Figure 2.

According to Figure 2, it can be seen that the methacrylic
acid gelatin hydrogel is porous with uniform pore size and
smooth cross section. The scanning electron micrograph of
the local morphology of the composite gel particles is shown
in Figure 3.

The influence of standing time on the maximum
strain of microcolumn gel of gelatin methacrylate is
shown in Figure 4.

As can be seen in Figure 1, the longer the standing
time, the greater the maximum strain of the methacrylic
gelatin microcolumn gel. The influence of UV illumina-
tion time on the maximum strain of microcolumn gel of
gelatin methacrylate is shown in Figure 5.

The results show that the maximum strain of metha-
crylate gelatin layer can reach 180%. By analyzing the
influence of different standing time and UV light time
on the maximum strain of microgel column, we opti-
mized the technological parameters. Finally, we deter-
mined that the standing time was 12-16 min and the UV
irradiation time was 30 s. The methacrylate gel layer has
the highest strain at this time.

Figure 2: Pore structure of gelatin methacrylate hydrogel.
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Figure 3: Scanning electron micrograph of local morphology of
composite gel particles.

Combined with magnetic loading experiment and finite
element analysis, we obtained the stress—strain relationship
of different proportions of gel layers (see Figure 6):

The mechanical relationship between different gelatin
methacrylate microgel columns is shown in Figure 3. It is
approximately linear within the range of 210% strain. We
can see that the modulus of gelatin methacrylate microgel
does not change significantly during tensile loading.
Therefore, the influence of matrix stiffness and tensile
strain on the cell behavior can be researched in the 3D
mechanical microenvironment. After the finite element
calculation, we can see that the tensile modulus at gel

1 5%w/v GelMA
O 10%w/v GelMA

280 |
B (5%w/v GelMA

240

200 -

—_

[oN)

(=]
T

Strain/%
g 8
T T

IS
(=]
T

4 8 12 16 20 24 28
Soaking time/min

Figure 4: Effect of standing time on the maximum strain of microgel
columns.
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Figure 5: Effect of UV light time on the maximum strain of microgel
columns.

layer of gelatin methacrylate of 5, 10, and 15% w/v is about
2, 6, and 11 kPa, respectively. When the concentration of
methacrylic gelatin gel layer is 15% w/v, its tensile mod-
ulus is the largest.

The influence of the large deformation of matrix on
the cell behavior in the 3D mechanical microenvironment
was researched. Based on the matrix stiffness and tensile
strain in the 3D mechanical microenvironment, the NIH/
3T3 cell spreading behavior was studied.

The influence of the cell remodeling on the stiffness
of gel layer of methacrylate gelatin was investigated.

A
1 5%w/vGelMA
- O 10%wiv GelMA
B 59wy GelMA
24+
S 20
=
8 16
o
z 12p
H
8_
4 -
0 30 60 90 120 150 180 210
Strain/%

Figure 6: Stress—strain relationship of GelMA gel layers with dif-
ferent proportions.
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Considering 6 kPa microgel as an example, the influence
of culture time on the gel stiffness of methacrylate gelatin
is shown in Figure 7.

Figure 7 shows that after culturing for 5 days, there
was no significant change in the stiffness of methacrylate
gelatin layer, indicating that the degradation of extracel-
lular matrix by cells did not affect the stiffness of gel
within 5 days.

The relationship between the matrix stiffness and
tensile strain and the cell spreading behavior is shown
in Figure 8.

The experimental results in Figure 8 show that when
the tensile strain is not applied, the spreading behavior
of cells in the gel is inhibited with the increase of gel
stiffness. The reason is that with the increase of stiffness,
the network structure in the gel becomes denser, which
limits the cell spreading space to a certain extent. For
gelatin methacrylate microgel with different stiffness,
the tensile strain promotes cell spreading in gel, and it
tends to be stable on the third day of culture, so there is a
nonlinear relationship between tensile strain and cell
spreading area.

According to the physiological load, 1,000 pe con-
strained load and 2,000 pe constrained load were applied
to the top of cell model, respectively. All units on the
bottom of cell model were set as the fixed constraints.
The Poisson’s ratio is 0.3.

Because the cell structure is too complex, the num-
bers of cell meshes are different when the finite element
model is built. The average number of elements in 1,000 pe
group is about 470,000-480,000. Many elemental strains
are far less than the applied apparent strain. Eighty per-
cent of the elemental strains are less than 800 pe. The

Elasticmodulus/kPa

1 2 3 4 5 6
Culturing time/days

Figure 7: Effect of culture time on GelMA gel stiffness.
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Figure 8: (a) Quantitative relationship between cell spreading area
and culture time at 2 kPa, (b) quantitative relationship between cell
spreading area and culture time at 6 kPa, and (c) quantitative rela-
tionship between cell spreading area and culture time at 10 kPa.
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Table 1: Internal strain distribution of cells when 1,000 pe apparent
strain is applied

Strain (g) Number of elements Percentage (%)
1.0 x 1074 17 0.0036
2.0x1073 10,205 2.18
1.5 x 1073 10,801 2.36
1.0 x 1073 31,033 6.77
9.0 x 1074 11,305 2.47
8.0 x 107* 14,405 3.14
7.0 x 1074 20,038 4.37
6.0 x 107% 25,065 5.47
5.0 x 107 32,284 7.04
4.0 x107% 42,288 9.22
3.0 x1074 55,634 12.13
2.0x107* 69,845 15.23
<2.0 x 1074 145,856 31.81

dependence decreases with the increase of strain value.
Some phenomena show the stress concentration. The strain
value is more than 1,000 pe, and the maximum value is
1,300,000 pe. The results and the strain distribution inside
the cell are shown in Table 1.

Based on the finite element analysis method, the
strain distribution of cells under 1,000 pe and 2,000 pe
apparent loads in physiological range was obtained. The
strain value was far less than the apparent load. The main
mechanical effects of cells in the 3D culture were obtained.
The mechanical response of most units in cell is far less
than the apparent strain that the tissue can bear, so it has
enough bearing strength and antifatigue strength. Tables 1
and 2 show that the cell proliferation was not affected by
mechanical loading.

Table 2: Internal strain distribution of cells when 2,000 pe apparent
strain is applied

Strain (g) Number of elements Percentage (%)
1.00 x 107% 21 0.00397
2.00 x 1073 12,645 2.39
1.50 x 107> 13,546 2.56
1.00 x 1073 38,456 7.27
9.00 x 107% 12,364 2.34
8.00 x 107* 15,564 2.94
7.00 x 1074 22,254 4.21
6.00 x 1074 27,054 5.11
5.00 x 1074 34,685 6.56
4.00 x 107% 44,685 8.44
3.00 x 1074 57,465 10.86
2.00 x 107* 71,685 13.55
<2.0 x 1074 178,654 33.77
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4 Discussions

This article uses the machine vision and cell 3D mechan-
ical microenvironment modeling to effectively analyze
the cell behavior. Considering hydrogel as the research
object, an experimental system was built to characterize
the mechanical properties of hydrogel. Therefore, an
experimental model of the noncontact mechanical loading
system based on magnetic force is put forward. By adding
the magnetic ends with magnetic beads to hydrogel sam-
ples and combing with the finite element analysis, we
optimize the strength and gradient of the external mag-
netic field to achieve the test for the mechanical properties
of gel samples. The testing system overcomes the technical
bottlenecks of traditional mechanical testing methods,
such as difficult loading of hydrogel and easy destruction
of samples.

According to time, the interaction between mechan-
ical stimulation signals and cells in the microenviron-
ment can be divided into three stages: mechanical trans-
mission stage, receptive stage, and response stage. In the
stage of mechanical transmission, the cells contact with
the matrix and, thus, form adhesion plaque locally. And
then, we can start a series of downstream signal path-
ways to achieve the collection and assembly of actin and
tubulin in cells, forming a skeleton structure including
the vascular and tubulin. The mechanical signals in cells
will be transmitted along the microfilament. In the region
close to the adhesion plaque, the intracellular filaments
are often dense and intertwined to form strong stress
fibers, which has a more stable combination with the
extracellular matrix. In the receptive stage, the connec-
tion between the adhesion plaque and the cytoskeleton
plays an important role. After the cells anchor the matrix
and feel the external force stimulation, the response to
the outside world is the mechanical response period.

Matrix materials are directly in contact with cells,
and they participate in the formation of adhesion plaque,
the assembly and dissociation of actin, the formation of
pseudopodia, and other key physiological processes. The
adjustability of mechanical properties is very important.
According to different research purposes, the matrix mate-
rials are different. For example, the stiffness of extracel-
lular matrix around different cells is different, and the
stiffness of adult bone tissue can reach megapascal, or
even gigapascal. To study the mechanical conduction beha-
vior of bone cells, it is necessary to select matrix materials
with high stiffness, such as glass, silicon, rubber, PMMA,
and PDMS. When researching the response mechanism
of soft tissue cells to extracellular matrix, it is necessary
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to select matrix materials with lesser stiffness, such as
hydrogel and polymer scaffolds.

According to the different matrix materials, it can be
divided into inorganic nonmetallic materials and polymer
materials. In any case, the matrix materials should have
several characteristics, such as surface active molecules,
hydrophilicity, and hydrophobicity. The matrix should be
conducive to cell adhesion. Based on special technology,
the active molecular array is modified on the surface of
matrix to control the cell adhesion orderly. These methods
mainly include PDMS stamping method, photo-assisted
patterning method, and microfluidic-assisted patterning
method. PDMS stamping method is mainly used to prepare
PDMS stamp with different microarrays by Wiener tech-
nology, and modifies the active protein on the surface of
microarray, then presses PDMS stamp on the surface of the
matrix material. In addition, it modifies the active protein
on the surface of matrix, the cells inoculated on the matrix
only adhere to the position of active protein, thus form-
ing an orderly cell array. The photo-assisted patterning
method is mainly to graft photosensitive groups on active
protein, and modify the ordered protein array on substrate
through the photomask with special array. The micro-
fluidic-assisted patterning method is to design a micro-
channel chip with mutual transmission. Each channel
will flow to a coolant reservoir, and the active protein
solution is filled in channels, so that the array is formed.
The matrix material should have good mechanical proper-
ties (stiffness or viscoelasticity) and a large range of mechan-
ical control. For rigid materials such as glass, silicon, rubber,
and plexiglass, their stiffness is usually at the level of giga-
pascal, which is suitable for the construction of microenvir-
onment of hard tissue (bone, cartilage). Hydrogels have
good water-retaining property and mechanical adjustability,
so they are applied in the construction of microenvironment
of soft tissues (muscles and nerves).

The mechanical stimulation signals in microenviron-
ment are mainly transmitted to cells through extracel-
lular matrix, so the in-vitro simulation method is mainly
to explore the response of cells by applying mechanical
loads (such as tensile force, compressive force, and fluid
shear force) to matrix materials. At present, there are two
main mechanical loading methods. The first class is
mainly aimed at the mechanical loading of single cell
or single molecule based on optical tweezers, magnetic
tweezers, glass microtubules, microfluidic chips, mole-
cular combs, atomic force microscopy, and other loading
platforms. For example, the optical tweezers is a single
beam gradient force optical trap, which can load, control,
and capture the single molecules at the micro—nano
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level. The atomic force microscope uses the microcanti-
lever to sense and amplify the force between the tapered
probe on cantilever and the sample atoms to achieve the
detection. For example, Lim et al. used atomic force
microscopy to research the elastic modulus of early cells
and cancer cells of benign mammary tumors, respec-
tively, and found that the elastic modulus of cancer cells
is smaller, which is related to their migration ability.
Maxim E. Dokukin et al. used the atomic force microscope
probe to exert mechanical stimulation on epithelial cells
and to research the adhesion behavior of cells on sub-
strate under different strain conditions.

The characterization methods of cell mechanics micro-
environment can be divided into the shown categories.

4.1 Characterization of matrix mechanical
property

The characterization system of cell mechanical microen-
vironment mainly includes the characterization for the
mechanical properties of matrix materials, cell mechan-
ical behavior, and mechanical property of cell matrix
interface. The mechanical properties of matrix mainly
include stiffness and viscoelasticity. The stiffness of matrix
can be tested by the traditional mechanical property detec-
tion method, micro-nano indentation instrument, and
atomic force microscope. In the range of elastic deforma-
tion, Young’s modulus is measured. Due to high water-
retaining property of hydrogel matrix, its viscoelasticity
is between Hooker elastomer and Newton fluid.

4.2 Characterization of mechanical behavior
of cells

The traditional methods mainly focus on the matrix mate-
rial but ignore the cell tension and the interface mechanics
of cell and extracellular matrix. At present, elastic micro-
column confinement and tension microscope are the main
methods to characterize the cell tension. The elastic micro-
column confinement method is mainly to use the micro-
nano fabrication technology to prepare two-dimensional
substrate with PDMS microcolumn array and modify the
active protein, which is conducive to cell adhesion on the
surface of microcolumn. The stiffness of microcolumn
array can be controlled by changing the diameter or height
of microcolumn.
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4.3 Mechanical characterization of
cell-matrix interface

The above characterization methods can test the mechan-
ical properties of matrix materials or cells, but all of them
are at the level of single cell, which are difficult to achieve
the mechanical test at the molecular level, such as the
connection strength of integrins and matrix protein, and
the tensile strength of force sensitive protein on cell
membrane. These mechanical properties are significant
to research the cell mechanical conduction. At present,
the main method to characterize the mechanical proper-
ties of cell matrix interface at the molecular level is the
fluorescence tension probe method based on the principle
of fluorescence resonance energy transfer. The gene cloning
technology is used to insert the fluorescent probe into struc-
tural proteins of cells. Finally, the change of structural
mechanics of cells are estimated quantitatively or semi-
quantitatively by the fluorescent donor and receptor.

5 Conclusion

In this study, the method of machine vision is applied to
the construction and research of cell mechanics micro-
environment. When constructing the 3D cellular mechan-
ical microenvironment, hydrogel stiffness, stress—strain
stimulation, density of cell adhesion locus, and gel pore
structure are usually coupled. The above factors are inde-
pendently controlled by designing hydrogel cross-linking
method and analyzed as a single factor. NIH/3T3 mouse
fibroblasts are inoculated and cultured in the microgel
column of gelatin methacrylate to achieve the separate
regulation for gel stiffness, density of cell adhesion locus,
and gel pore structure, which provide a powerful tool
for the construction of 3D stiffness microenvironment.
Experimental result show that the degradation of extracel-
lular matrix is unable to affect the stiffness of gel within
5 days, and the increase in the stiffness of the hydrogel
matrix helps to promote cell proliferation to a certain extent.
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