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Fig.1 Cell adhesion measurements by FluidFM-based single—cell force spectroscopy

(a) Basic principles of FluidFM. (b) Workflow of cell adhesion measurements. (c—f) Schematic and optical images of cell adhesion measurements.

The optical images are under the schematic diagrams. The hollow cantilever was approached to the adhered cell (c). Upon contact, vacuum was

applied to attach the top of the cell to the aperture (d). The cantilever was retracted (e) until the cell was totally detached from the surface (f).
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Fig. 2 Force-distance curves of FluidFM-SCFS

(a) A typical force-distance curve of a measured cell, presenting the primary parameters F,, £ ,, and D_ . Representative force-distance retraction

curves for HEK 293T (b) and hTERT RPE-1 (c).
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Fig. 3 Dynamic changes of single—cell adhesion parameters for HEK 293T and hTERT RPE-1 cells during 40 h adhesion
et/ um?). (b, d) Adhesion force (F,4/nN). (c, g) Adhesion energy (£, ,/pJ). (f, h) Maximum detachment distance (D, /
um). Data are presented as meantstandard deviation (SD), with shaded areas (a, b, e, f) and error bars (c, d, g, h) indicating the SD range.

(a, ¢) Cell spreading area (4

Experiments were reproducible in at least three independent cell cultures.
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Table 1 Summary of key mechanical properties of HEK 293T and hTERT RPE-1 cells during spreading (mean=SD)

Parameters HEK 293T hTERT RPE-1
Initial 4_/um’ 162.04+19.16 315.63499.18
Max 4 /um’ 823.59+280.54 1 680.22+429.22
Time to max 4, /h 40 40
Initial F, /0N 10.74+6.54 31.44+33.41
Steady F,,/nN 30.85424.13 240.95+70.43
Time to steady F,, /h 4 1
Initial £, /pJ 0.01+0.01 0.16£0.23
Steady E, ,/pJ 0.12+0.16 2.20+1.34
Time to steady £, /h 4 1.5
Initial D /um 1.45+0.99 3.08+2.58
Steady D, /um 3.96+2.23 6.38+3.82
Time to steady D, /h 6 0.75
Initial F,,/4_,/ (aN-pm™) 0.07+0.04 0.10£0.14
Max F /4 ,/ (aN-um™) 0.13+0.10 0.56+0.31
Time to max F /A /b 4 1
Initial £, /4 ,/ (fJ-um™) 0.07+0.06 1.24+0.96
Max E, A,/ (fJ-um™) 0.4620.56 3.54+2.84
Time to max £, /4 ,/h 4 0.75
Initial D, /A /mm™ 8.96+6.10 10.35+10.75
Max D, /A, ,/mm 14.91+8.50 15.19+11.57
Time to max D, /A ,/h 4 1
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Fig.4 Dynamic changes in area—normalized single—cell adhesion parameters for HEK 293T and hTERT RPE-1 cells
during 40 h adhesion
(a, d) Area-normalized adhesion force ((F,,/A4.,)/(nN- um)). (b, e) Area-normalized adhesion energy ((E, 4/ )T um™)). (c, f) Area-normalized
maximum detachment distance ((Dmax/Ace“)/mm'l). Data are presented as mean+tstandard deviation (SD), with shaded areas (a, b, ¢) and error bars

(d, e, ) indicating the SD range. Experiments were reproducible in at least three independent cell cultures.
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Fig. 5 Correlations between adhesion force (F,,) and other single—cell adhesion parameters for HEK 293T (a—c) and
hTERT RPE-1 (d—f) cells during 40 h adhesion
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Data points with different shapes are color/shape-coded by time (0.25-40 h), with linear

regression lines, R? values, and Pearson correlation coefficients shown for each panel. Insets show the same correlations at three representative time

intervals for clarity.
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Table 2 Summary of pearson correlation coefficients of single—cell adhesion parameters for HEK 293T and hTERT RPE-1
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Cantilever
holder

1 \/ 2
=
- Detach

ever
cantileY Approach Hold

10 nN
Force
c\\ﬂ““e\ea

1C1O
P 3 4
Cell medium
Pressure

Microscope
kens Retract Detach 7 >

- Force-distance curves analysis

Release

Single-cell adhesion parameters (F,q,, E,qns Dpnaxs Aeenr) analysis

0.8 L \
400 | o—e ‘HEK 293T
+—4 :hTERT RPE-1 . ® 0 ~«— Approach
y /7 — Retract
-10 %
% - % Fagn
ST\
]
P
-30r L Eadh
max N L
0 10 20

Distance/pm

Abstract Objective Cell adhesion is a critical process that regulates cellular physiological functions.

Quantitative characterization of adhesion dynamics is essential for elucidating the intrinsic mechanical
mechanisms underlying cellular activities. Although atomic force microscopy-based single-cell force spectroscopy
is widely used for single-cell adhesion measurements, it requires complex chemical modifications for preparation

of live-cell probes, leading to limitations such as cumbersome operation, low throughput, and potential impacts on
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cell viability. Fluidic force microscopy, which combines atomic force microscopy with microfluidic probes, is a
technique allowing the operation of force-controlled nanopipettes in aqueous environments. By applying negative
or positive pressure via a pressure controller, a single living cell can be captured onto or released from the
cantilever under physiological conditions. This procedure offers a simple workflow and high assay throughput for
single-cell adhesion measurements without the need for chemical functionalization. In this study, fluidic force
microscopy-based single-cell force spectroscopy was adopted to achieve long-term quantitative characterization
of single-cell adhesion dynamics in a simpler and more efficient manner, comparing the dynamic differences in
adhesion establishment between two cell lines with different differentiation levels. Methods HEK 293T and
hTERT RPE-1 cells were non-invasively captured on the cantilever of a fluidic force microscope via its integrated
microfluidic system during 40 h of adhesion culture. Cell-substrate detachment assays were performed, and force-
distance curves were recorded to extract key mechanical adhesion parameters, including adhesion force, adhesion
energy, and maximum detachment distance. These measurements were combined with real-time monitoring of
cell spreading area to systematically characterize the dynamic evolution of single-cell adhesion. Results hTERT
RPE-1 cells rapidly entered a stable adhesion phase within 1 h after seeding, with both area-normalized adhesion
force and area-normalized adhesion energy reaching peak values. In contrast, HEK 293T cells required 4 h to
achieve stable adhesion. Subsequently, the adhesion force, adhesion energy and maximum detachment distance of
hTERT RPE-1 and HEK 293T cells stabilized at approximately 240 nN vs. 30 nN, 2.2 pJ vs. 0.12 pJ and 6 pm vs.
4 um, respectively. hTERT RPE-1 cells reached the peak of area-normalized adhesion parameters earlier than
HEK 293T cells, with their peak area-normalized adhesion forceand area-normalized adhesion energy being
substantially elevated relative to HEK 293T cells. HEK 293T cells presented stronger linear correlations among
adhesion energy, maximum detachment distance and adhesion force compared with hTERT RPE-1 cells. For both
cell lines, cell spreading area exhibited a weak correlation with adhesion force. Whereas the area-normalized
adhesion parameters of HEK 293T cells remained relatively constant throughout the adhesion process, hTERT
RPE-1 cells exhibited elevated values in the early phase, followed by a gradual decline. These results indicated
distinct dynamic adhesion patterns between the two cell types, with hTERT RPE-1 cells exhibiting stronger
adhesion strength and higher adhesion efficiency. Conclusion In this study, fluidic force microscopy-based
single-cell force spectroscopy was successfully applied to perform long-term in situ quantitative measurement of
the adhesion dynamics in single adherent cells. The approach revealed divergent adhesion patterns between HEK
293T and hTERT RPE-1 cells, suggesting a close association between cell differentiation and adhesion behaviors.
These findings provide quantitative mechanical evidence for further understanding the underlying mechanisms of

cell adhesion.
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