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Introduction. Atomic force microscopy (AFM)-based micro-rheology enables quantitative assessment of
viscoelastic properties of soft biological samples over a broad range of frequencies. In this study, we combined
conventional piezoelectric actuation with photothermal excitation to extend the accessible frequency range
from hundreds of Hz to the kHz regime, providing a broader characterization of cellular viscoelasticity."> We
applied this multi-frequency approach to investigate the nanomechanical properties of different tumor-
associated macrophages (TAMs) phenotypes,** as part of a broader multi-scale and multi-technique strategy
for characterizing immune cell mechanics in the tumor microenvironment.

Methods. THP-1-derived macrophages were polarised into anti-tumor (M1) and pro-tumor (M2) phenotypes
and cultured on glass substrates.’ single-cell micro -rheology measurements were performed using a Nanosurf
Drive AFM integrated with an inverted optical microscope (Zeiss Axio Observer). Piezoelectric and
photothermal actuation were employed sequentially to probe the frequency-dependant mechanical response
over 1-300 Hz and 100-1500 Hz, respectively. The storage modulus (G'), loss modulus (G"), and loss tangent
were determined form the measured response.

Results. Both anti-tumor and pro-tumor macrophages exhibited a frequency-dependent complex modulus
characterized by a double-power-law, with a predominately elastic response at low frequencies transitioning
toward an almost purely viscous behavior at higher frequencies. Anti-tumor macrophages exhibited a softer
and more viscous profile compared to pro-tumor macrophages as indicated by 1) lower storage modulus and
higher loss tangent in the entire range of frequencies, and ii) higher values of both low-frequency and high-
frequency exponents. Notably, low- and high-frequency curves, acquired using the piezoelectric and
photothermal actuation, showed good overlap in the shared frequency range, demonstrating the consistency of
the combined approach and enabling a continuous description of macrophage viscoelasticity over an extended
frequency window.

Conclusion. These findings highlight the potential of multi-frequency AFM micro-rheology as a tool for
probing immune cell mechanics in tumor contexts. This approach, coupled with other techniques (e.g.,
FluidFM and immunostaining) and mechanobiology tools, will enable us to investigate the mechanobiology
of macrophages in response to physical and chemical stimuli in the tumor microenvironment.
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