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Fig.1 Combining AFM with optical image recognition for rapid measurements of single—cellular mechanical properties

(a) Actual photograph of the commercial AFM used in this work. (b) The flow chart of automatically determining the spatial relationship between the

target cell and AFM probe from optical images. (c) Optical image annotation for training of deep learning model. (I, IIT) Original optical images of

cells (HEK 293 and MCF-7) and the (II, IV) corresponding annotation images.
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Fig. 2 Preparation of the AFM probe with a spherical tip

(a) Gluing a single microsphere (denoted by the red square) onto the AFM probe cantilever based on AFM micromanipulations under the guidance of

optical microscopy. (I) The AFM probe which has touched the two-part epoxy adhesive is controlled to approach a single microsphere. (II) The AFM

probe is touching the microsphere. (III) The microsphere has been attached onto the AFM probe cantilever. (b) SEM images of the prepared spherical

probe. (I) Top view SEM image of the probe. (II) SEM image recorded after tilting the probe at a certain angle.
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Fig.3 Schematic illustration of the UNet++ network structure
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Fig. 4 Experimental results of utilizing AFM conical probe to rapidly detect the mechanical properties of single living HEK

293 cells under aqueous conditions based on optical image automatic recognition

(a) Original optical image recorded by the AFM’s optical microscope. The inset is the high-resolution optical image of the AFM conical probe (used

to determine the position of the conical tip on the probe cantilever). (b) The recognition result of the target cell (denoted by the arrow in (a)) based on

the UNet++ network. (c) The recognition result of AFM probe (the center point of the blue square is the position of the conical tip). (d) The positional

relationship between the target cell and the AFM probe tip. () The AFM probe tip has been moved to the target cell based on the automatic

recognition results to perform indentation assay. (f) A typical force curve obtained on the target cell during indentation assay. The inset is the result of

fitting the indentation curve to obtain the Young’s modulus of the cell.
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Fig. 5 Experimental results of utilizing AFM conical probe to rapidly detect the mechanical properties of single living

MCEF-7 cells based on optical image automatic recognition

(a) Original optical image. (b) The recognition result of the cells. (¢) The recognition result of AFM probe (the center point of the blue square is the

position of the conical tip). (d) Automatic determination of the positional relationship between the target cell (denoted by the arrow in (a)) and AFM

probe tip. (e) Moving AFM probe tip onto the target cell based on the recognition results to perform indentation assay. (f) A typical force curve

obtained on the cell and the calculation of cellular Young’s modulus (inset).
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Fig. 6 Experimental results of utilizing AFM spherical probe to rapidly detect the mechanical properties of single living

HEK 293 cells based on optical image automatic recognition

(a) Original optical image. The inset is the high-resolution optical image of the AFM spherical probe (used to determine the position of the

microsphere on the probe cantilever). (b) The recognition result of the target cell (denoted by the arrow in (a)). (c) The recognition result of AFM

probe (the blue dot is the center point of the microsphere). (d) Positional relationship between the target cell and the spherical tip. (e) Moving the

spherical tip to the target cell according to the recognition results to measure the mechanical properties of the cell. (f) A typical force curve obtained

on the cell and the calculation of cellular Young’s modulus (inset).
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Fig. 7 Experimental results of utilizing AFM spherical probe to rapidly detect the mechanical properties of single living

MCF-7 cells based on optical image automatic recognition

(a) Original optical image. (b) The recognition result of cells. (c) The recognition result of AFM probe (the blue dot is the center point of the

microsphere). (d) Positional relationship between the target cell and the spherical tip. (¢) Moving the spherical tip to the target cell (denoted by the

arrow in (a)) according to the recognition results to perform indentation assay. (f) A typical force curve obtained on the cell and the calculation of

cellular Young’s modulus (inset).
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Fig. 8 Statistical histograms of measuring cellular mechanical properties based on the combination of AFM and optical

image recognition
(a, b) The Young’s modulus values of HEK 293 cells (a) and MCF-7 cells (b) measured by regular AFM probe with a conical tip. (¢, d) The Young’s

modulus values of HEK 293 cells (c¢) and MCEF-7 cells (d) measured by the AFM probe with a microsphere. The red curves are the Gaussian fitting

results.
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Combining Atomic Force Microscopy With Optical Image Recognition for
Rapid Measurements of Single—cell Mechanical Properties”

LU Xiao-Long"*", WEI Jia-Jia>**"", ZHANG Zhi-Hui", LI Mi**¥""
(VSchool of Artificial Intelligence, Shenyang University of Technology, Shenyang 110870, China;

IState Key Laboratory of Robotics, Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang 110016, China;
Dnstitutes for Robotics and Intelligent Manufacturing, Chinese Academy of Sciences, Shenyang 110169, China;
DUniversity of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Objective Cell mechanical property plays an essential role in regulating cellular physiological and
pathological processes and investigating cell mechanical property offers novel opportunities for revealing the
underlying mechanisms guiding life mysteries and human diseases. The advent of atomic force microscopy
(AFM) provides a powerful tool for characterizing the mechanical properties of individual cells. The unique merit
of AFM is that AFM is able to probe the mechanical properties of single living cells in their native states with high
precision (nanometer spatial resolution, piconewton force sensitivity) under aqueous conditions without any
pretreatments. AFM-based indentation assay has now become an important method to detect cell mechanical
property in the field of life sciences. However, current studies of single-cell mechanical assays based on AFM
mainly rely on manual operation, particularly the operator needs to move the AFM probe to the specific position
of the target cell to perform indentation assay during experiments, causing that the experimental procedures are
quite time-consuming and labor-intensive with low efficiency. Here, a method combining AFM with optical image
automatic recognition is developed for rapid measurements of single-cell mechanical property. Methods The
UNet++ deep learning model and the template matching algorithm were used to identify the cells and AFM probe
in the optical images, allowing automatically determining the positional relationship between the target cell and
AFM probe. The AFM probe was then moved to the target cell to perform indentation assays based on the
recognition results. A single microsphere was glued onto the AFM probe cantilever to prepare the spherical probe.
Two types of cells, including HEK 293 cell (human embryonic kidney) and MCF-7 cell (human breast cancer
cell), were used for the experiments. The Hertz-Sneddon model was applied to analyze the force curves obtained
during indentation assays to obtain the Young’s modulus of cells. Results The AFM probe could be accurately
moved to the target cell (HEK 293 or MCF-7 cell) to measure the mechanical properties of the cell based on the
automatic recognition of cells and AFM probe in the optical images. The experimental results also show that the
method developed here is not only suitable for conventional conical tips, but also suitable for spherical tips.
Conclusion Combining AFM with optical image recognition significantly improves the efficiency of AFM-
based single-cell mechanical assay, which provides a novel idea for high-throughput automated detection of
single-cell mechanical property and will have active impacts on the studies of cellular mechanical properties.

Key words atomic force microscopy, cell mechanical property, indentation assay, Young’s modulus, conical tip,
spherical tip
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