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Cell traction forces measurement based on BioMEMS microposts
matrix
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Abstract: A review of cell tfraction forces (CTFs) measurement based on Biological Micro Electromechanical
Systems (BioMEMS) microposts matrix is presented. CTFs are exerted by cells and transmitted to the underly-
ing substrate through focal adhesions and close contacts, which is essential for cells movement. Cells probe
the mechanical compliance of the extracellular matrix (ECM) in part by locally deforming it with hanonewton-
scale traction forces. Precision measurement of CTFs is significant for many researches such as cell biology
and tissue engineering and so on. Enabled by the advancement in BioMEMS technology, surface treated high
aspect ratio Polydimethyisiloxane (PDMS) microposts matrix devices, which serve as BioMEMS sensors for de-
tecting cellular nanoforces and studying in vitro cell mechanics, have been deweloped. Closely spaced vertical
microposts matrixes were designed to encourage cells to attach and spread across multiple microposts, and
to bend the microposts like vertical cantilevers as the cells locomote on the surface. Using this dense and dis-
crete matrix of microposts rather than a conventional continuous substrate, CTFs c¢an be directly measured and
quantified by processing the microscopy images of the deformations of microposts. The resolution of the force
was in tens of nN/um scale. At first, the conventional CTFs measurement methods were concisely summa-
rized. Then BioMEMS microposts matrix method was described in detail, including principle and fabrication
process, surface treatment and cell experiment results. Furthermore, high aspect ratio structure collapse prob-
lem was investigated.
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Traction forces, which are essential for cell move-
ment, are exerted by cells and transmitted to the
underlying substrate through focal adhesions'"?!
and close contacts > (Fig. 1). Cells probe the me-
chanical compliance of the underlying substrate in
part by locally deforming it with nanonewton-scale
traction forces'®'. CTFs are crucial to many biologi-
cal processes. They play a fundamental role in
many biological processes such as angiogenesis,
embryogenesis, inflammation, and wound healing.

Cellwtraction forces

E1 FHARE CFTs mEREN
Fig1 An illustration of CTFs in an adherent cell’*!.

Various methods have been developed to
measure CTFs of both populations of cells and of
single cells over last decades. According to tech-
niques adopted the methods can be classified in
two ways: active methods and passive methods.
Active methods apply forces in order to make cells
deformation which can be measured. Atomic Force
Microscopy (AFM) method™®’ uses a sharp tip atta-
ched to a flexible cantilever. The tip is used to
probe the cell and the relative deformation of the
cell and tip can then be used to estimate the force
applied and the stiffness of the cell. However,
scanning with too high a force on the tip might
damage cell and many different tip shapes were
used complicate replication of experiments in dif-
ferent laboratories. Micropipette method'”’ uses
gentle suction to a micropipette that is placed on
the surface of the cell. The cell is deformed and the
geometry of the resulting deformation together with

the applied pressure is used to calculate the force
applied. Mechanical properties of cells can then be
inferred from this data. Passive methods use sen-
sors to detect the forces generated by cells. Elastic
substratum method was developed in ref.’®. It's
the first successful attempt to measure ftraction
forces of individual cells using artificial flexible sub-
strata. Different cells were cultured on thin films,
polymerized with a flame, on the surface of silicone
fluid. The films were coated with ECM proteins to
promote cell adhesion and attachment. As the ad-
herent cells exert forces on the sheets, they cause
the surface to wrinkle, which can be easily visual-
ized under a light microscope. Refs."”’ and'"’ intro-
duced flexible sheets with micropatterned dots or
grids method. This method involves imprinting dots
on the flexible sheet and obsening the deformation
of the grid from the ideal grid. Models of deforma-
tion can then be applied to the grid and the cellular
forces inferred from the deformations produced.

Instead of using uniformly flexible substrata,
an innovative approach has been deweloped. Ena-
bled by the advancement in the BioMEMS technolo-
gy, surface treated high aspect ratio PDMS micro-
posts matrix devices, which serve as BioMEMS
sensors for detecting cellular nanoforces and stud-
ving in vitro cell mechanics, have been deweloped.
With micromachined mold on silicon wafers PDMS
microposts matrix devices were fabricated by repli-
ca-molding. Cells were seeded on the closely
spaced vertical microposts matrix, and encouraged
to attach and spread across multiple microposts.
Cells were observed crawling over the microposts,
bending the microposts like vertical cantilevers, the
deflections were detected with high precision under
the light microscope. Using this dense and dis-
crete matrix of microposts rather than a convention-
al continuous substrate, CTFs can be directly
measured and quantified by processing the mi-
croscopy images of the deformations of micro-
posts. The resolution of the forces was about in
tens of mN/um scale.
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1 Measurement principle and parameter
optimization

Figure 2 shows the schematic drawing of the
cell traction and deformation of a single micropost.
In the linear regime of small deforMations, the mi-
cropost behaves like simple springs such that the
deflection is directly proportional to the force exer-
ted by the attached cell. The linear elastic theory of
a clinder of radius r, and length L, bent by the ap-
plication of a lateral force F at its exiremity then
gives the following relation (Eq. 1, 2), where E, K,
and Ax, are the Young's modulus, spring constant
and the deflection of the micropost, respectively''").

4
F=KAx=(3ZLE3r )Ax (1)
4
a b

=
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Fig.2 Schematic drawing of the cell fraction on the top of micro-
posts matrix and deformation of micropost

B2 AEREEERRABESIREEEREE

Before fabrication, it is critical to optimize the
parameters of microposts matrix to keep the struc-
ture stable and achieve high measurement resolu-
tion. To culture cells on microposts and prevent
cells dropping down, the cell's diameter and the
spacing of the microposts must be considered
synthetically. Cells may hang up among micro-
posts of low density and overhigh density may
make microposts adhesion together when cells
spread. Although higher aspect ratio can bring
higher resolution, overhigh ratio may cause me-
chanical reliability problems. On the other hand low
aspect ratio microposts are stiff. It is very difficult to
detect the deformation displacement of the micro-

posts. Usually the diameter of the microposts ran-
ges from 1 to 3pm, the height ranges from 5 to 11
wm and spacing ranges from 3 to 9um.

2 PDMS microposts matfrix fabrication
process

Figure 3 presents the key PDMS microposts
matrix fabrication process steps adopting replica-
molding method. The first step (Fig. 3a-¢) is to de-
sign a conwventional photolithography mask. The
desired pattern is replicated in photoresist by pho-
tolithography. Tan et al.""? used SU-8 (Microchem,
Newton, MA) negative photoresist. After UV expo-
sure and dewvelopment, arrays of vertically-arranged
SU-8 microposts were released and stand on the
wafer as micromold. Using standard protocols for
contact I-line UV soft lithography, it is very difficult to
produce features smaller than this due to wave-
length limitations, catastrophic adhesion failure
and reflow of photoresist. Du Roure et al."™ and Li

et al.["

adopted positive photoresist and followed
by dry reactive ion etching (DRIE), also called the
“Bosch” process. Silicon wafers were patterned
with an array of cylindrical holes. Using this meth-
od, they were able to produce smaller dimension
microposts with 1pm diameter, 5.2um height and
2um spacing. This is an impressive improvement
in scale. However, there are two significant draw-
backs to this approach. First, the equipment and
infrastructure required for projection lithography and
DRIE are too expensive to be readily available to
most researchers and many institutions. Second,
microposts produced in this manner are not entire-
ly cylindrical and therefore cannot be considered to
behave like the simple cantilever beams. Addae-
Mensah et al."”’ improved to use standard contact
I-line UV soft lithography with SU-8 negative photo-
resist and a contrast enhancement step to elimi-
nate the deleterious effects of the air gap between
the SU-8 and the photolithographic mask.

Before the second step PDMS (Sylgard 184,
Dow- Corning) prepolymer needs to be prepared by
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mixing PDMS base and curing agent (volume ratio:
10:1) thoroughly and degassing with a vacuum
pump for more than 20 min for casting.

The second step (Fig. 3d-g) is PDMS prepoly-
mer casting. Method adopting negative photoresist
needs cast twice. At first, prepolymer was poured
over an array of SU-8 microposts made on silicon
wafers, cured at 65°C overnight, peeled off, oxidized
in an air plasma for 1 min, and silanized to aid
subsequent release of PDMS from the template.
Then, PDMS prepolymer was poured over the tem-
plate, degassed under vacuum, cured at 110°C for
20 h, and peeled off the template. For silicon posts
mold, the wafer was silanized to facilitate the re-
lease at first. Then PDMS prepolymer was poured
over the silicon template, cured at 65°C for 12 h,
and peeled off from it.

The third step (Fig. 3h-i) is surface treatment.
After demolding, PDMS microposts matrix was ox-
dized and sterilized in air plasma to make the
PDMS surface hydrophilic.

16,17]

Using microcontact
printing method' , the desired area of micro-
posts matrix was printed with ECM protein and flu-
orescently labeled for next cell experiment. Addae-
Mensah et al. used quantum dot-labeling tech-
niques allows precise localization and tracking of

microposts using standard fluorescence microsco-

time-dependent signal degradation.

3 Cell experiment
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Fig3 Cross-sectional view of the microposts matrix fabrication process steps using replica-molding method

E3 XASHBRAEHEMEERETZSRAAE

PDF created with pdfFactory Pro trial version www.pdffactory.com

py, minimizing problems associated with discrimi-
nation of post-tops and cell edge artifacts genera-
ted by DIC microscopy and virtually eliminating

We merge cell experiment SEM images in one
figure with the same scale bar for comparison (Fig.
4). Tan et al. constructed the mPADs (microfabri-
cated post-array-detectors) with a radius of 3 pum,
11pm height and 9um spacing, corresponding to a
spring constant of 32 mN/m per micropost. Using
DRIE method, the (FSA (microdimensional force
sensor array) was deweloped by du Roure et al.
The diameter of the micropost is 1 um, the height
of pores is 5.2 pm, and the central-to-central dis-
tance between two microposts is 3 um. The high
aspect ratio is near 6 and this ratio is the highest
among the articles compared. The Young's modu-
lus is 2 MPa and they reported a spring constant of
21.8 nN/pm. The MFSA (micropost force sensor ar-
ray) was developed by Li et al. The diameter of the
micropost is 2 wm, the height of pores is 6 um,
and the central-to-central distance between two mi-
croposts is 4 pm. The high aspect ratio is 3. In
combination with image analysis algorithms, it's re-
ported that the MFSA can achieve a spatial resolu-
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tion of 40 nm and a force sensitivity of 0.5 nN. The
BoN (bed of nails) was developed by Addae-Men-
sah et al. The diameter of the micropost is 2 um,
the height of pores is 7 um, and the central-to-cen-
tral distance between two microposts is 5 wm. The
high aspect ratio is 3.5 and the spring constant is
136 nN/um.

4 Discussion

According to the Eq.1 and Eq.2, the higher as-
pect ratio can bring higher resolution. Actually re-
searchers have been trying to improve fabrication
technology to make higher aspect ratio microposts
matrix. For example, the microposts matrix with
1pm diameter and 20 pm the height corresponds
to a spring constant of 0.04 mN/m per micropost.
The force resolution is pretty good, but higher ratio
may cause mechanical reliability problems. A few
groups have explored fabrication of high aspect ra-
using PDMS!"®%!
shows that the unique geometries of the

tio microposts structures

Sharp™"
high aspect ratio PDMS microposts structures may
have lateral collapse and ground collapse prob-
lems. Lateral collapse refers to the collapse to

each other and ground collapse refers to collapse

Fig4 Cells on the top of microposts mafrixes SEM images

comparison with the same scale bar a. from Tan et all1zl,
b. from du Roure et al.l’®!; c. from Li et al.l™*!; d. from Add-
ae-Mensah et al.["%).
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Tan et al!™!: b. k& du Roure etal.[™®: c. kA Lietal.l™;

d. 3k 8 Addae-Mensah et al.l"®!

to the ground substrate in one way or another.
Based on Hui's model® the high aspect ratio
PDMS microposts structures ground collapses un-
der its own weight. According to the gravitational
collapsing theory all fabricated PDMS microposts
structures should be stable, which is in contrast to
the experimental results. Actually the critical high
aspect ratio is around 6 depending on the Young's
modulus of PDMS in the air®’. Even heating PDMS
prepolymer for a long time or mixing PDMS base
and curing agent with a different ratio, the Young's
module doesn't change hugely*’.

We adopted a handy procedure for fabricating
high aspect ratio PDMS microposts matrix for cell
traction forces measurement and collapse investi-
gation. We found that the critical ratio can be higher
in aqueous solution. Actually the cell experiments
have been done in wetting environment and micro-
posts matrixes with seeding cells were immersed
in culture medium. We fabricated the microposts
matrix in the aqueous solution and achieved higher
ratio. We have designed the experiment to investi-
gate the mechanical reliability problem and the criti-
cal ratio of PDMS microposts in the aqueous solu-
tion, such as ethanol and water. If we can awoid e-
vaporation breaking the surface tension balance,
the microposts can keep standing. In water the crit-
ical ratio can reach 10 in our experiment. Some un-
expected forces such as shock, fluid flow and so
on, will not lead to adhesion between microposts.

5 Conclusion

CTFs are crucial for an adherent cell to mi-
grate, maintain its shape, organize ECM, probe
physical environments, and generate mechanical
signals. It is well recognized that a detailed knowl-
edge of CTFs is important in understanding many
fundamental biological processes. In this review,
we provide a detailed presentation of the CTFs
measurement using BioMEMS PDMS microposts
matrix method. The measurement principle and
model, fabrication technology, surface treatment,
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cell experiment and spring constant were de-
scribed and compared in detail. The novelty in this
field is remarkable and has provided many oppor-
tunities to investigate cell biomechanics although
there are still some limitations need to be owver-
come. We hope the knowledge we gained from
these studies will shed some insights into cell
traction force measurement.
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