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In this study, the nanomechanical properties and dynamic response of healthy and cancerous
human liver cells were investigated using atomic force microscopy (AFM). The Young’s modulus
of healthy and untreated cancerous cells was measured at 2.940+1.069kPa and 0.785+0.282kPa,
respectively. Treatment with cisplatin, atmospheric cold plasma (DBD), and their combined
therapy increased the Young’s modulus of cancer cells to 2.218Y/YA+ « and 3.660+1.811,
respectively. Furthermore, the enhanced cellular stiffness induced a shift in the AFM cantilever
resonance frequency toward higher values, increasing the first-mode frequency from 17.85 kHz
to 22.15kHz. An analytical model based on Timoshenko beam theory and the DMT contact model
showed excellent agreement with experimental and finite element method (FEM) results, with a
relative error below 2%. These findings demonstrate that coupling nanomechanical
characterization with AFM dynamic analysis provides a precise and non-destructive tool for
evaluating cancer cell mechanical properties and monitoring therapeutic efficacy.

Extended Abstract

1. Introduction

valuating cellular biomechanical properties—particularly elasticity and stiffness—serves as a vital

biophysical marker for diagnosing pathological conditions and cancer progression. While techniques such

as optical tweezers [ 1] and micropipette aspiration [2] offer valuable mechanical insights, they remain
constrained by localized thermal heating, optical dependencies, or limited spatial resolution [3]. In contrast,
Atomic Force Microscopy (AFM) [4] enables non-destructive, high-resolution nanomechanical probing of living
cells under physiological conditions without chemical fixation [5]. In modern oncology, non-thermal atmospheric
plasma (NTAP) delivered via dielectric barrier discharge (DBD) setups has emerged as an effective, minimally
invasive therapeutic modality [6. 7]. The therapeutic action of cold plasma relies on the controlled generation of
reactive oxygen and nitrogen species (RONS), which preferentially elevate oxidative stress and trigger apoptosis
in malignant cells while sparing healthy tissue [8, 9]. Because both chemotherapeutic agents and plasma-induced
oxidative stress fundamentally alter the cytoskeleton, quantifying these shifts in cellular elasticity via AFM
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provides crucial insight into treatment efficacy [10, 11]. In this study, AFM-based contact and vibration modeling
is utilized to evaluate the nanomechanical properties of healthy and cancerous human liver cells. Furthermore, the
comparative effects of Cisplatin chemotherapy and DBD plasma therapy on cellular Young’s modulus are
investigated. Finally, the extracted mechanical properties are employed to model the dynamic response, resonance
frequency shifts, and frequency response function (FRF) amplitudes of the oscillating AFM cantilever.

2. Experimental Method

2.1 Atomic Force Microscope (AFM)

Cell Lines and Culture: Malignant human liver epithelial cells (AGS cell line, Pasteur Institute of Iran) and
healthy control cells (differentiated adipose-derived stem cells, ADSCs-iHep, Iranian Biological Resource Center)
were cultured under standard incubator conditions (37*° C, 5% CO2).

Therapeutic Regimens:

Cold Atmospheric Plasma: A custom-built Dielectric Barrier Discharge (DBD) system with copper electrodes,
an adjustable ~5 mm gap, and a high-voltage AC source (15 kV, ambient air) was applied at optimized durations
(10 s and 15 s).

Chemotherapy: Cisplatin dosage was calibrated using MTT viability assays to identify IC50 values and
evaluate lower-concentration synergistic thresholds.

AFM Force Spectroscopy & Dynamic Measurements: Experiments were carried out using a JPK NanoWizard
AFM system in a liquid environment with rectangular silicon cantilevers (MIKROMASH HQCSC17). Force-
indentation curves were interpreted via modified Hertz-DMT contact mechanics for conical tips to compute
Young’s modulus (E) and adhesion forces.

Theoretical & Numerical Modeling: An advanced dynamic analytical model based on the Timoshenko beam
theory was formulated. The formulation accounts for hydrodynamic liquid effects (Huzak hydrodynamic function,
added mass, and squeeze-film damping) coupled with contact boundary conditions. Finite Element Method (FEM)
simulations were executed to extract and validate the dynamic Frequency Response Functions (FRF) across the
first three vibrational modes.
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Figure 1. Schematic illustration of the experimental framework: (A) Dielectric Barrier Discharge (DBD) plasma reactor setup for
in vitro cell treatment, and (B) Dynamic interaction geometry of the rectangular AFM cantilever tip indenting the liver epithelial
cell membrane in liquid medium.

3. Nanomechanical Elasticity & Treatment-Induced Stiffening
Quantitative force spectroscopy measurements revealed marked differences in mechanical stiffness:

Malignancy Softening: Untreated cancer cells exhibited an average Young’s modulus of E = 0.785 + 0.282
kPa, representing a >73% reduction compared to healthy control cells (E = 2.940 + 1.069 kPa).

Single Therapies: Administration of Cisplatin and DBD plasma significantly increased cell rigidity to 2.218
kPa and 2.780 kPa, respectively.

Synergistic Combined Therapy: The concurrent CT-PT protocol induced a profound synergistic stiffening
effect, elevating the modulus to E =3.660 + 1.811 kPa (exceeding baseline healthy levels). This effect is attributed
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to Reactive Oxygen and Nitrogen Species (ROS/RNS) accumulation, extensive cytoskeletal cross-linking, and
apoptotic cell compaction.
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Figure 2. Statistical distribution and comparative histograms of Young’s modulus (kPa) for the five experimental groups:
Healthy (ADSC), Cancerous Control (AGS), Chemotherapy (AGS-CT), Plasma Therapy (AGS-PT), and Combined Treatment
(AGS-CT-PT).

3.2 Dynamic Resonant Frequency Shifts and FRF Analysis

The mechanical stiffening of the cell substrate directly modified the equivalent contact stiffness (kn),
precipitating a pronounced upward (“blue”) shift in the resonant peaks of the cantilever:

In the first vibrational mode, the resonant frequency shifted from 17.85 kHz in compliant untreated cancer cells
to 22.15 kHz in stiffened CT-PT treated cells.

Modes 2 and 3 exhibited corresponding upward shifts in resonant peak positions and amplitude dampening
profiles.

Table 1. Comparison of experimental (AFM) and numerical (FEM) resonant frequencies (kHz) across vibrational modes 1 to 3
for healthy, cancerous, and treated cell groups.

Samples 1% Resonant Frequency, Hz 2" Resonant Frequency, Hz 3™ Resonant Frequency, Hz
ADSC 5.783% 5.472% 5.509%
AGS 6.721% 4.898% 5.22%
AGS-CT 5.955% 4.229% 5.318%
AGS-PT 4.472% 4.227% 5.533%
AGS-CT-PT 5.549% 4.951% 5.095%

3.3 Numerical Model Validation

The FEM simulations based on the Timoshenko beam theory with DMT contact mechanics matched the
experimental measurements with exceptional precision:

The relative error across all vibrational modes and cell states was strictly bounded below 2.0%.

The statistical correlation between simulated and experimental FRFs exceeded R > 0.988, confirming the
validity of the hydrodynamic and contact parameters.
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Figure 3. Experimental versus numerical (FEM) Frequency Response Functions (FRF) illustrating the resonant peak shifts for
Modes 1, 2, and 3 under different therapeutic conditions.
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4. Conclusion

Malignant transformation results in pronounced cellular softening (>73% reduction in elastic modulus),
validating Young’s modulus as an effective biomechanical marker. Concurrent application of cold atmospheric
plasma and cisplatin exhibits a synergistic therapeutic effect, reversing cell softening and elevating rigidity beyond
normal baseline levels. The dynamic resonant frequency of an oscillating AFM cantilever is highly sensitive to
variations in cellular elasticity, showing a significant upward shift from 17.85 kHz to 22.15 kHz (Mode 1). The
developed Timoshenko-based FEM model accounts for hydrodynamic and contact interactions with a relative error
of <2%, providing a robust computational and experimental platform for high-throughput anti-cancer drug
screening and real-time therapeutic monitoring.
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