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ABSTRACT: Single-cell adhesion studies play a crucial role in cell
biology. Cell adhesion measurement methods, such as atomic force
microscopy (AFM) technology, can be used to measure the single-
cell adhesion force. However, these methods have many
limitations, such as complex operations or the need for labeling.
In this study, we proposed a miniature fiber-tip shear force probe
(FSFP) that can achieve accurate measurement of the single-cell
adhesion force under physiological conditions. A shear force probe
structure that facilitates lateral manipulation was designed based
on the principles of structural mechanics and fabricated integrally
at the end face of a single-mode fiber using femtosecond laser two-
photon polymerization technology. The relationship between the FSFP spectral output and the applied force was established, and its
microforce sensitivity was obtained to be 2.81 nm/μN, a minimal detectable force is 7.1 nN. The achieved overall measurement
range of the device is 69 μN. The adhesion force of MCF-7 breast cancer cells was measured under physiological conditions by using
the FSFP. Compared to polymer substrates, the average adhesion force of cells was greater on glass substrates with greater stiffness.
The average cell adhesion force value decreased by more than two times after trypsin stimulation. In addition, experiments have
shown that cells tend to spread into shuttle shapes on glass substrates with greater stiffness and have a denser actin filaments
distribution. To the best of our knowledge, this is the first report on the accurate measurement of the single-cell adhesion force using
a miniature all-fiber microforce sensor, which is flexible, fast, and label-free, opening new avenues for single-cell analysis.
KEYWORDS: optical fiber sensor, biosensor, two-photon polymerization, cell adhesion, single-cell analysis

Cell adhesion is critical in a variety of developmental functions,
and most cells must adhere to surfaces in their environment to
survive.1,2 Cells spread and form organized actin and complex
transmembrane signaling regions after adhering to the
substrate, and then the cells begin to express functions such
as proliferation, differentiation, and migration.3,4 The charac-
teristics of cell adhesion not only affect the morphology and
function of cells but also are closely related to the occurrence
and development of various diseases, such as cancer,5,6

arthritis,7 and cardiovascular disease.8,9 In addition, the
adhesion between cells and substrates is closely related to
the cell viability. When cell viability is low or death occurs, the
number of surface molecular bonds rapidly decreases, resulting
in a reduction in the adhesion force of the cells.10,11 It should
also be noted that for different types of cells adhesion kinetics
are often characteristic of a given cell type. Cells can actively
adhere to a fibronectin-coated surface, forming adhesion
complexes and thus having shape characteristics of the given
cell type. Moreover, different types of cells bind to different cell
adhesion motifs in distinct ratios, depending on their specific
integrin receptors and adhesion mechanisms, resulting in
differences in adhesion strengths and patterns.12,13 The study
of cell adhesion is a key factor in understanding cell−substrate

behavior, and quantifying live cell adhesion forces is essential
for understanding cellular physiological processes.

In recent years, research on single-cell adhesion has aroused
widespread interest.14,15 Studies based on cell populations can
only give average biological results, which may mask
differences between individual cells, and a more precise
understanding of the differences between individual cells can
help to better understand physiological processes.16−18

However, it is extremely challenging to realize fast and
accurate measurement of the single-cell adhesion force under
physiological conditions. Currently, single-cell adhesion force
measurements are often performed using robotic fluidic force
microscopy (FluidFM),1 resonant waveguide grating (RWG)
biosensor,12,19 computer controlled micropipette (CCM),20

microfluidics,21,22 optical tweezers,23 and atomic force
microscopy (AFM) techniques.24 Robotic FluidFM allows
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the disposition or suction of fluids in a femtoliter scale and
enables mature adhesion contact measurement in a high-
throughput manner, obtaining corresponding force−distance
curves and extracting the maximal adhesion force and adhesion
energy values. Force calibrated single-cell RWG can measure
the local refractive index changes near 150 nm on the sensor
surface, thus providing real-time kinetic information about cell
adhesion and spreading. CCM technology can measure the
adhesion force of surface-attached cells by applying different
vacuum levels above the detected cell. The microfluidic
technique obtains the adhesion characteristics of cells to the
substrate by placing the cells in a laminar flow and applying a
controlled fluid shear force to disengage the cells, but the
method can only qualitatively assess the adhesion strength of
the cells, and a precise adhesion force value cannot be
obtained. Optical tweezer technology achieves cell adhesion
force by using a highly focused laser beam to capture and
manipulate tiny particles such as bacteria or cells, but it is
usually only applicable to suspended cells.25 AFM utilizes a
microcantilever to separate the cells from the culture substrate,
enabling quantitative adhesion force measurements that are
label-free, real-time, and high-resolution.26−28 Single-cell RWG
sensors have a very high throughput and can simultaneously
measure thousands of cells. CCM can measure the adhesion of
individual cells with relatively high throughput (approximately
hundreds of cells within 30 min). The throughput of optical
tweezers and AFM is very low with only a few cells per hour.
The throughput of Robotic FluidFM is 10 times higher than
that of traditional AFM.19 In 2024, Li et al. measured the
adhesion force of HMrSV5 cells based on AFM-based single-
cell force spectroscopy and investigated the effect of the fluid
environment on single-cell adhesion.29 However, microcanti-
levers, the key driving elements of AFMs, generally need to be
functionalized and modified before the cells attach. Afterward,
the cells are separated from the substrate, and a new
microcantilever needs to be replaced for each cell for a new
measurement. In this case, replacing and calibrating the
microcantilever increase the difficulty of this operation and
reduce the efficiency and throughput.25,30 In addition,
traditional AFM has a large volume and complex operation,
which greatly limits its flexibility and flux in the application.31

Therefore, it is urgent to develop a new generation of
miniaturized, integrated, and sensitive microforce sensors to

achieve flexible, fast, and accurate measurement of the single-
cell adhesion force.

Optical fiber sensors have the advantages of small size,
flexibility, and biocompatibility.32−35 However, no reports on
the use of all-fiber microforce sensors to measure single-cell
adhesion force have been carried out to the best of our
knowledge. This may be due to the low force resolution and
single shape structure of fiber optic microforce sensors
composed of pure silica. To achieve flexible and accurate
measurement of cell adhesion force, it is necessary to construct
novel fiber optic microforce sensors using new materials and
fabricating techniques. Femtosecond laser two-photon poly-
merization (TPP) is a novel 3D microprinting technology
induced by femtosecond laser, which has the advantages of
high processing accuracy and flexible processing.36 TPP
technology can integrate micronano functional structures on
traditional optical fibers.37−39 Therefore, the combination of
traditional fiber optic and TPP technology has created a new
solution for developing miniaturized all-fiber microforce
sensors.40,41

Herein, we present a compact fiber-tip shear force probe
(FSFP) that achieves fast, noninvasive, and accurate measure-
ment of single-cell adhesion force under physiological
conditions. Based on the principles of structural mechanics, a
shear force probe suitable for lateral operation was designed
using the finite element method, and an integrated fabrication
of the device was achieved using femtosecond laser TPP
technology. The functional relationship between the applied
force and the dip wavelength of the FSFP was established, and
its microforce sensitivity was obtained to be 2.81 nm/μN. The
adhesion force of MCF-7 breast cancer cells was measured
with this FSFP. Furthermore, the effects of culture substrate
and biological reagent stimulation on single-cell adhesion were
investigated. The results indicate that the stiffness of the
substrate affects the spreading of cells and the formation of
actin and thus further affects the adhesion force of cells.
Furthermore, this proposed FSFP can measure the adhesion
force of fully adhered cells and has great potential for single-
cell activity analysis application.

■ RESULTS AND DISCUSSION
Sensor Construction and Theoretical Basis. Figure 1a

demonstrates a schematic diagram of an FSFP structure
integrally printed using femtosecond laser TPP technology.

Figure 1. Structure diagram and working principle of FSFP. (a) Schematic structure of FSFP based on a shear force probe. (b) Simulation diagram
of the working principle of FSFP.
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The structure includes a single-mode fiber (SMF), a base, a
microbeam, and a square frustum probe. The base that
connects the fiber end face and supports the microbeam was
designed as a combination of semicylindrical and rectangular
forms to increase the stability of adhesion of the base to the
fiber end face and to enhance the robustness of the device. The
thickness, width, and length of the microbeam are 3, 20, and
125 μm, respectively. To ensure that the square frustum probe
can first touch the target sample once pushing the sample
laterally in the horizontal plane, the end of the microbeam was
designed to exceed the edge of the fiber end face. A square
frustum probe was printed at the end of the microbeam, and
the top of the square frustum probe is a rectangular surface
with a length of 20 μm and a width of 5 μm. The rectangular
surface enables the force surface be larger and more uniform
when pushing cells and prevents the probe from puncturing
the cell membrane during the pushing process. The
combination of base, microbeam, and square frustum probe
forms a micro push rod, which is convenient for lateral
operation. In addition, to increase the reflectivity of the
microbeam surface and improve the biocompatibility of the
shear force probe, a gold coating was deposited on the surface
of the microbeam and the square frustum probe by using a
magnetron sputtering coating instrument.42,43

Figure 1b illustrates the working principle of the FSFP. The
fiber end face and the surface of the microbeam form a Fabry−
Perot cavity. The incident light is reflected at both the fiber
end face and the surface of the microbeam, respectively, and
multiple beams of reflected light interfere in the core, forming
a reflection spectrum. When the FSFP pushes against small
objects such as cells, the reaction force of the small objects will
cause bending deformation of the microbeam, resulting in a

change in the cavity length D of the Fabry−Perot cavity,
leading to a shift in the dip wavelength λ of the reflection
spectrum. The relationship44 between the cavity length change
(ΔD) and the dip wavelength drift (Δλ) satisfies: Δλ/λ = ΔD/
D. Therefore, the force exerted on the FSFP, i.e., the force
applied to small objects such as cells, can be obtained by
monitoring the dip wavelength of the reflection spectrum.
Construction Simulation and Fabrication. To optimize

the structural mechanical properties of the FSFP, a mechanical
simulation model of the structure was established using
COMSOL Multiphysics finite element software. In the
simulation model, the density, Poisson’s ratio, and Young’s
modulus of the shear force probe structural material are set to
be 1499 kg/m3, 0.33, and 2.34 GPa, respectively,40 while the
density, Poisson’s ratio, and Young’s modulus of the fiber optic
material are set to be 2700 kg/m3, 0.17, and 73 GPa,
respectively.40 To investigate the microforce sensitivity
influence of the microbeams length, the lengths of the
microbeams were set to be 80, 125, and 155 μm, while all
the other geometric parameters are the same. When the same
force of 1000 nN is applied to the probe, the bending
deformation simulation results of the FSFP are shown in
Figures 2a−c. It is clear that under the same force, the
maximum bending deformation are 154.4, 1083, and 2478 nm,
corresponding to FSFP with different length of 80, 125, and
155 μm, respectively. Thus, the bending deformation increases
with the increase of microbeam length, indicating that
increasing the microbeam length can improve the microforce
sensitivity of the FSFP.

The relationship between the length of the microbeam and
the bending deformation under the same force (1000 nN) is
concluded and shown in Figure 2d. This indicates that as the

Figure 2. (a−c) Simulation results of bending deformation when the same microforce (1000 nN) was applied to FSFP with different microbeam
lengths (80, 125, and 155 μm). (d) Relationship curve between bending deformation and microbeam length. (e) Fabrication process of FSFP.
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length of the microbeam increases, the bending deformation of
the shear force probe increases rapidly, which is consistent with
the theory that the bending deformation of the microbeam is
proportional to the third power of the length.45 The FSFP with
a longer length microbeam has higher microforce sensitivity.
However, excessively long microbeams can also reduce their
mechanical strength and robustness, making them susceptible
to damage from the surface tension of the developer during the
development process.46 Herein, the length of the microbeam
was chosen to be 125 μm by considering the microforce
sensitivity, convenience of lateral operation, and mechanical
strength.

The integrated device was fabricated by using femtosecond
laser TPP technology. As shown in Figure 2e, the fabrication
process of the FSFP includes three steps. The first step is to
vertically fix an SMF onto a fiber holder and fill the gap
between the fiber end face and the coverslip with photoresist.
The shear force probe structure designed was then printed in a
preset path by focusing the femtosecond laser on the end face
of the SMF through a 63x oil-immersion objective (NA = 1.4).
The repetition frequency and central wavelength of the
femtosecond laser were 200 kHz and 1026 nm, respectively.
To improve fabrication efficiency, the output power and
scanning speed of the femtosecond laser were set to be 1.8 mW
and 800 μm/s, respectively. In the second step, as shown in the
middle of Figure 2e, after printing was completed, the fiber was
removed from the fiber holder, and the developer solution
mixed with acetone and isopropanol (volume ratio of 1:3) was
carefully dripped onto the optical fiber end face through a
syringe to remove the unpolymerized photoresist. After this
step, a shear force probe structure can be achieved. Finally, as
shown on the right side of Figure 2e, a gold film with a

thickness of ∼20 nm was deposited on the surfaces of the
microbeam and the square frustum probe to increase the
reflectivity of the microbeam surface using a magnetron
sputtering coating instrument.
Characterization. The structural morphology, optical

properties, and elastic properties of the fabricated FSFP were
characterized, as shown in Figure 3. Figure 3a demonstrates
the 3D morphology of the device structure captured by using a
scanning electron microscope (SEM). It is clear that the shear
force probe, which consists of a combination of base,
microbeam, and square frustum probe, was completely printed
according to the predesign, and the surface was smooth and
flat. Even though the length of the microbeam exceeds the
edge of the fiber, its overall shape remains straight, with
uniform thickness and good parallelism with the fiber end face.
The square frustum probe is stably printed at the end of the
microbeam. The combination of a semicylinder and a
rectangular prism forms a base, which connects and supports
the microbeam, and adheres stably to the fiber end face. All
these characteristics indicate the flexibility and reliability of
using femtosecond laser TPP technology to print shear force
probe structures. Figure 3b is a side view of the FSFP obtained
using an optical microscope. From this optical microscope
images, the core and cladding of the SMF can be clearly
observed, and the core is directly opposite to the surface of the
microbeam, so that the light exiting from the core was reflected
back to the fiber core at both the surface of the microbeam and
the fiber end face, resulting in a reflection spectrum. Then, the
reflection spectrum of the FSFP, as shown in Figure 3c, was
obtained by using a broadband light source and an optical
spectrum analyzer. The maximum contrast of the reflection
spectrum of the device is over 19.6 dB, and the free spectral

Figure 3. Performance characterization of FSFP. (a) SEM image of the device. (b) Optical microscope image of the device. (c) Reflection spectrum
of the device. (d) Elastic properties of the device.
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range (FSR) at 1550 nm is about 17.7 nm. This high contrast
characteristic of the reflection spectrum lays the foundation for
the biomechanical application of FSFP. As shown in the inset
in Figure 3d, the elastic properties of the FSFP were tested by
using a commercial nanoindenter transducer (Hysitron
TriboIndenter TI980, USA) and its matching cylindrical flat
indenter. The cylindrical flat head gradually presses down,
applying force to the shear force probe to cause a bending
deformation of the microbeam. Figure 3d shows the obtained
force−deflection curve of the FSFP. It can be seen that there is
a linear relationship between force and deflection deformation,
and its spring constant k is calculated to be 0.932 N/m by
linear fitting of the measured data.47

Force Measurement. Prior to single-cell adhesion force
measurements using the FSFP, the relationship between the
force applied to the FSFP and the output spectrum, i.e., the
relationship between the external force and the dip wavelength,
must be quantified. To characterize the microforce sensing
characteristics of FSFP, a microforce testing system was set up,
as shown in Figure 4a. Furthermore, this microforce testing
system is used to accurately measure the cells’ adhesion force.
This microforce testing system includes a broadband light
source (BBS, 600−1700 nm), an optical spectrum analyzer
(OSA, resolution 0.02 nm, YOKOGAWA, AQ6317C), a 3 dB
coupler, a PI piezoelectric displacement stage (Piezo stage, P-
631.XCD, stroke 80 μm, resolution 0.1 nm, linear error
0.02%), a 3D stage, and a charge-coupled device (CCD)
camera. The 3D stage is used for mounting and fixing the

tested samples and adjusting the height of the samples. The
CCD camera is used for real-time observation of the test
process. To minimize the impact of environmental vibration
and noise, the entire system was mounted on a vibration
isolation platform (Newport, S-2000A-116). In addition, to
reduce the temperature and humidity fluctuation effect on
testing, the microforce testing system is located in a constant
temperature and humidity ultra clean room. The FSFP is fixed
on a high-precision PI piezoelectric displacement stage and is
driven by the PI piezoelectric displacement stage for push
testing. The reflection spectrum of the FSFP is carefully
tracked and demodulated by the aforementioned optical signal
demodulation system aforementioned.

To measure the adhesion characteristics of cells under
physiological conditions, the microforce characteristics of the
FSFP were measured in phosphate-buffered saline (PBS). The
FSFP was driven to press against a hard metal substrate by a PI
piezoelectric displacement stage. The microbeam undergoes a
bending deformation, and the deflection dc generated by the
microbeam is equal to the displacement dp of the PI
piezoelectric displacement stage. Then, the force acting on
the FSFP can be calculated40,48 by F = kdc. Figure 4b shows the
evolution of the reflection spectrum when the FSFP gradually
pressed toward the hard metal substrate in a step size of 268.2
nm. According to F = kdc, the microforce exerted on the FSFP
at each step is calculated to be 0.25 μN. As the purple dashed
arrow shows, as the external force gradually increases from 0 to
2 μN, the reflection spectrum of the FSFP shifts toward the

Figure 4. (a) Microforce testing system. (b) Evolution of the reflection spectrum of devices under a microforce. (c) Dip wavelength shift as a
function of external force applied to the FSFP. (d) Repeatability testing of dip wavelength under different microforces.
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short-wave direction, i.e., blue shift, with wavelength shift of
∼5.4 nm, indicating that the prepared FSFP can work stably in
the liquid environment. Figure 4c shows the dip wavelength
change with external forces, extracted from Figure 4b. A
microforce sensitivity of −2.81 nm/μN is obtained by linearly
fitting, and the matching degree of the fitting is as high as
0.991. The minimal detectable force can be obtained by the
ratio of the resolution of the optical spectrum analyzer that
used to the microforce sensitivity.49 The minimal detectable
force of the FSFP is 7.1 nN within the limited 0.02 nm
resolution of the optical spectrum analyzer (OSA, YOKOGA-
WA, and AQ6317C). Experimentally, the obtained overall
measurement range of the device is 69 μN.

To investigate the repeatability and stability of the FSFP
force response, three cycle repeatability experiments were
conducted. During the measurement, the external force was
first increased from 0 to 2 μN and then gradually decreased
from 2 to 0 μN, the same steps of 0.25 μN were adopted for
both the increasing and decreasing forces. Figure 4d shows the
dip wavelength variation during the repeatability test as the
different external forces were applied to the FSFP. The results
show that the dip wavelength response to the external force is
relatively stable and has good repeatability as the external force
increased or decreased.
Cell Adhesion Measurement. The characterization of

breast cancer cell adhesion will help to understand the
potential molecular events that lead to tumor proliferation
and can reflect the potential of tumor to malignant
development.50,51 To perform single-cell adhesion force
measurements using the proposed FSFP, MCF-7 breast cancer
cells were cultured, as shown in Figure 5a. First, a rectangular
glass substrate (20 mm × 40 mm × 0.2 mm) was placed in a
cell culture dish. The dish was sterilized by placing it in a UV
environment, and then MCF-7 breast cancer cells were
inoculated into the dish. Then, the culture dish was placed
in a cell culture incubator for incubation. Finally, as shown on
the right side of Figure 5a, after 24 h of cultivation, the glass
substrate in the culture dish was taken out and fixed on the 3D
stage of the microforce testing system, and PBS cell buffer was

dropped onto the glass substrate to ensure environmental
stability of the cells during the testing process.

A real-time observation of the MCF-7 breast cancer cells
pushed laterally by FSFP was obtained by the CCD camera, as
shown in Figure 5b. It is clear that MCF-7 breast cancer cells
grow well on the glass substrate, and most of the cancer cells
grow individually in a shuttle shape. Large and stable focal
adhesive plaques are formed between cancer cells and the glass
substrate, which stabilize the adherence of the cancer cells to
the wall. In addition, the relative position of the shear force
probe and the cancer cell can be clearly observed in Figure 5b,
and in this case, the FSFP can be controlled to achieve
accurate measurement of the adhesion force of different MCF-
7 breast cancer cells.

The FSFP gradually pushes MCF-7 breast cancer cells
through carefully controlling the PI piezoelectric displacement
stage. Due to the cell adhesion force, the microbeam will
undergo bending and deformation in the process of pushing
the cancer cells. Thus, the reflection spectrum formed by the
microbeam drifts and the magnitude of the force can be
obtained by monitoring the dip wavelengths of its reflection
spectrum. Figure 5c demonstrates the relationship between the
force applied to FSFP and the pushing displacement. The
pushing displacement was recorded only when the shear force
probe gradually moved toward and contacts the cancer cells,
and the first contact point is denoted as point A, corresponding
to the schematic diagram A on the right side of Figure 5c.
Then, the cancer cells began to deform under the lateral load
of the shear force probe. Simultaneously, the shear force probe
suffers a reactive force; thus, the microbeam deforms,
corresponding to schematic diagram B on the right side of
Figure 5c. As the displacement increases, the deformation of
cancer cells gradually increases, and the force acting on the
FSFP also increases. It is observed that as the shear force probe
continues to move, the force gradually reaches to its maximum
value and then decreases. Herein, the maximum force value is
obtained to be 1239.5 nN, and this maximum force is defined
as the adhesion force of a single cell,10 corresponding to the C
diagram on the right side of Figure 5c. From this moment on,
cancer cells begin to separate from the glass substrate. As the

Figure 5. (a) MCF-7 breast cancer cell culture and measurement preparation. (b) Microscopic observation of MCF-7 breast cancer cells pushed
using a FSFP. (c) Schematic diagram of push MCF-7 breast cancer cells and a curve of the relationship between the force applied and the
propulsive displacement.
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displacement continues to increase, the degree of separation
between cancer cells and the glass substrate increases, and the
force acting on the FSFP decreases. Finally, the cancer cells
were completely separated from the glass substrate, breaking
the molecular bonds between the cancer cells and the glass
substrate. At this time, the FSFP is no longer subjected to the
reaction force of cancer cells, and the bending deformation of
the microbeam disappears, corresponding to the schematic
diagram D on the right side of Figure 5c. In addition, after the
test, it was found that the morphology of the cancer cells
changed from a shuttle shape to a spherical shape after they
were detached from the glass substrate from the adherent state
while maintaining good activity. Furthermore, this experiment
test indicates that the proposed FSFP can achieve fast,
noninvasive, and accurate measurement of single-cell adhesion
force under physiological conditions.

Cells can sense external environment changes through
transmembrane proteins, which in turn affect physiological
characteristics such as cell growth, proliferation, and
migration.52 In addition, the culture substrate of cells not
only provides physical support but also can affect the cell
behavior through its mechanical properties, such as stiffness.53

To investigate the effect of the culture environment on single-
cell adhesion, the adhesion force values of single cells under
different culture substrates and bioreagent stimulation were
measured using the FSFP. As shown in the cell culture method
in Figure 5a, MCF-7 breast cancer cells were inoculated on the
glass substrate (Young’s modulus of 73 GPa) and the polymer
substrate (Young’s modulus of 2.34 GPa) under the same
experimental conditions, and adhesion force values of 30 single
cells were obtained. Figure 6a,b shows the statistical graphs of
the adhesion force measured on glass substrates and polymer
substrates, respectively. It was found that cancer cells cultured
on the same substrates has different adhesion force values. This
is mainly because single cells are extremely complex systems
with individual variability, and even under the same culture
conditions, their physiological characteristics may vary. The
maximum value of single cells adhesion on the glass substrate

was measured to be 1625.2 nN, and the average value was
1170.3 nN. Meanwhile, the maximum value of single cells
adhesion on the polymer substrate was 1211.4 nN, and the
average value was 862.1 nN. Thus, it is verified that the MCF-7
breast cancer cells cultured on the glass substrate had a
stronger overall adhesion, i.e., it requires a higher shear force to
separated cells from the glass substrate. This may be mainly
because the stiffness of the substrate affects behaviors such as
cell spreading, adhesion plaque formation, and differentia-
tion.54,55

To investigate the effect of biological reagent stimulation on
single-cell adhesion, as shown in the inset in Figure 6c, cancer
cells cultured on a glass substrate for 24 h were soaked in
trypsin for 10 s before being taken out. The adhesion force was
measured using the FSFP. Figure 6c demonstrates a statistical
graph of the adhesion force values of 30 cancer cells measured.
The maximum value of single-cell adhesion force is 831.5 nN,
and the average value is 565.8 nN. Compared with the results
shown in Figure 6a, the adhesion force of single cells has a
significant reduction after trypsin stimulation, and the average
adhesion force value decreased by more than twice. The reason
may be that the adhesion force of a single cell is closely related
to the number of molecular bonds,10 and trypsin stimulation
breaks the molecular bonds between the single cells and the
substrate.

Figures 6d and 6e are typical optical microscopy images of
MCF-7 breast cancer cells on glass and polymer substrates,
respectively. It can be seen that on the substrate with larger
stiffness, the cancer cells tend to spread into a shuttle shape
and has a larger contact area. Also, a larger contact area can
help form large and stable focal adhesive plaques with a larger
number of molecular bonds formed with the substrate,
resulting in larger adhesion. In contrast, on the surface of the
substrate with lower stiffness, cancer cells are more inclined to
grow into elliptical or spherical with smaller contact areas,
resulting in a smaller adhesion force. Figure 6f shows the
optical microscope image of cancer cells soaked in trypsin for
10 s. Trypsin can digest the adhesive proteins produced by

Figure 6. (a) Statistical graph of adhesion force measured on a glass substrate. (b) Statistical graph of adhesion force measured on the polymer
substrate. (c) Statistical graph of adhesion force after trypsin stimulation. Panels (d) and (e) are typical optical microscopic images of MCF-7 breast
cancer cells on the glass substrate and polymer substrate, respectively. (f) Typical optical microscopy image of cancer cells soaked in trypsin for 10
s.
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cells, breaking the molecular bonds between single cells and
the substrate. Cancer cells are approximately spherical, and the
adhesion force rapidly decreases, which agrees well with the
measurement results in Figure 6c.

Figure 7a,b illustrates the principle of adhesion between
MCF-7 breast cancer cells and the substrate. At the initial stage

of adhesion, adhesion molecules such as integrins and
cadherins on the cancer cells form adhesion sites and start to
attach to the substrate.1,28 Subsequently, the cells spread on
the substrate surface and formed an organized actin
cytoskeleton. Finally, adhesion molecules are connected to
both the substrate and the cytoskeleton, forming stable
molecular bonds links.56 The adhesion force of cancer cells
is the sum of all of the forces generated by all molecular bonds.
Typical confocal images of MCF-7 breast cancer cells on the
glass substrate and polymer substrate were obtained by a
confocal microscope, as shown in Figure 7c,d. The blue color
represents the cell nucleus, and the green color represents the
actin cytoskeleton. It is clear that the actin filaments of the
cancer cells on the polymer substrate are mainly distributed
around the cells with only a little inside. However, on the glass
substrate, actin filaments are densely distributed both around
and inside the cancer cells, and cancer cells are distributed with
a denser actin cytoskeleton, which generates traction forces on
the substrate and enhances focal adhesion.57

Table S1 compares the performance of different cell
adhesion measurement techniques. Single-cell RWG biosen-
sors can simultaneously measure thousands of cells, with force
resolution force at the nN level,1,58 but it needs to be calibrated
by robotic FluidFM to accurately quantify the force value.
Robotic FluidFM, CCM, and AFM systems are all capable of
single-cell measurements. Robotic FluidFM can measure
approximately 20 cells within 1 h,19,59 and CCM can measure
hundreds of cells within 30 min.20,60 The throughput of AFM
is very low and only a few cells can be measured within 1
h.29,61 The force resolutions of robotic FluidFM and CCM are
both at the nN level, while the force resolution of AFM can
reach the pN level. One unique feature of the CCM method is
that after the adhesion force measurement individual cells can
be isolated for further study. Traction force microscopy
(TFM) can be used to quantify the adhesion force exerted by
cells throughout the entire cell cycle. However, the throughput
of TFM is relatively low, and it can only measure

approximately 50 cells within several hours.62,63 Optical
tweezers typically manipulate a cell within 15 min, and the
force resolution can reach 0.1 pN. However, lasers may cause
damage to cells. The proposed method based on FSFP can
directly measure single-cell adhesion force with relatively high
throughput, measuring hundreds of cells within half an hour.
FSFP can measure the adhesion force of fully adhered cells
with a force resolution at the nN level. Moreover, FSFP can
achieve noninvasive measurement and analysis of single cells.

■ CONCLUSIONS
In conclusion, we developed a new method for simple, fast, and
noninvasive measurement of single-cell adhesion force based
on the proposed FSFP. First, a shear force probe structure that
takes into account microforce sensitivity and lateral operation
convenience was designed by combining mechanical structure
optimization algorithms. Then, the FSFP was integrally
fabricated by the femtosecond laser TPP technique, with a
microforce sensitivity of up to 2.81 nm/μN, and has excellent
mechanical stability and repeatability. Accurate measurement
of the single-cell adhesion force under physiological conditions
was achieved using the FSFP, and the individual variability in
single-cell adhesion was verified. Furthermore, the effect of the
culture environment on the adhesion force of MCF-7 breast
cancer cells was investigated, and the mechanism of cell
adhesion on the substrate was analyzed. It was found that the
stiffness of the culture substrate can affect cell spreading, actin
formation, and the number of molecular bonds, thus affecting
cell adhesion. In addition, the stimulation of biological reagents
such as trypsin can break molecular bonds on the cell surface
and thus reduce the cell adhesion force. The new FSFP
platform is flexible and efficient, without the need for
cumbersome cell fixation steps, and can measure the adhesion
force of fully adhered cells, which may create new biomedical
applications that cannot be achieved by current commercial
AFM. It is worth noting that the FSFP is also suitable for
measuring lateral forces of various micronano materials and has
great potential in biomechanical and material measurement
applications.

■ MATERIALS AND METHODS
Cell Culture. The MCF-7 breast cancer cells (HTB-22, American

Type Culture Collection) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco, USA). An appropriate amount of
DMEM cell culture medium (Gibco, USA) containing 10% fetal
bovine serum (Gibco, USA), 100 units/mL penicillin, and
streptomycin (Gibco, USA) was added to the culture dish. Cells
were incubated in a humidified atmosphere at a temperature of 37 °C
and 5% CO2.
Cell Confocal Imaging. Cancer cells cultured for 24 h were taken

out of the cell culture incubator and washed with PBS, after which the
cells were fixed with 4% paraformaldehyde for 10 min, and washed
with PBS after completion of fixation. Then, 0.1% Triton X-100
(Sigma-Aldrich) was added to permeabilize the cells for 10 min, and
after permeabilization was completed, the cells were again washed
with PBS. Afterward the cells were treated with 1% BSA occlusion for
1 h, labeled with primary antibody (α Tubulin mouse monoclonal
antibody) for 3 h, and then washed with PBS. Secondary antibody
(Alexa Fluor 647) was then added for 45 min for labeling and washed
again using PBS. Then, DAPI (4′,6-diamidino-2-phenylindole) was
added and incubated for 20 min to label the nuclei, followed by
washing with PBS. Afterward, Alexa Fluor 488 phalloidin (Gibco,
Invitrogen Corporation, Melbourne, Australia) was added and
incubated for 30 min to label actin filament network (F-actin).
After labeling was completed, the cells were rinsed three times with

Figure 7. (a) Schematic diagram of the principle of adhesion of MCF-
7 breast cancer cells to glass substrates. (b) Schematic diagram of the
principle of adhesion of MCF-7 breast cancer cells to polymer
substrates. (c) Typical confocal image of MCF-7 breast cancer cells
on glass substrates. (d) Typical confocal image of MCF-7 breast
cancer cells on polymer substrates.
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PBS and finally imaged by confocal laser microscopy (Zeiss LSM
880).
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