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“Cells are the fundamental unit of life, and understanding their mechanical behavior is crucial for

understanding how tissues and organisms function”

James Weaver



BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE, PILANI

Abstract
DOCTOR OF PHILOSOPHY

Mechanical Microscopy of Biological Structures: Investigations on The Mechanical

Resonance of Tissues and Cells

by Diplesh Gautam

Biological cells are complex dynamic systems with highly integrated structures that can respond

to external stimuli such as mechanical forces, chemical potentials, electrical impulses, etc.

Their mechanical properties are crucial for maintaining proper physiological function. When

these properties are impaired, it can lead to various diseases. Additionally, changes in the

mechanical response of cells can sometimes be an indicator of a diseased state and can even

contribute to the development of a disorder. The primary objective of this thesis is to investigate

the mechanical properties of biological materials such as cells and tissues from an indigenous

developed experimental technique and correlate their behavior to computational studies.

Several frequency-based approaches are developed and employed to target diseases. However,

these typically function by stimulating cells with their inherent frequency, which causes resonance

and cell damage. Hence, it is important to understand the natural frequency of a cell because it

is a characteristic determined by their mass and stiffness. Theoretical models are framed for the

estimation of cell resonance. In the current study, the natural frequency of biological cells was

derived from an extension theory of drop oscillations proposed by Rayleigh and Lamb. Rayleigh

derived an equation for the frequency of natural oscillations of a drop, whereas Lamb carried

the same for a drop in a viscous fluid. The objective is to develop a technique that provides a

framework for identifying pathological conditions such as cancer and vascular disorders. A key

part of this objective is to understand the cell response to external mechanical stimuli, which can

give insight into its behavior. Even for the same cell type, experimentally obtained material cell

characteristics differ by orders of magnitude compared to theoretical methods. The experimental

method and the theoretical models were utilized to interpret the results and the fundamental

causes of this difference. Experimental and theoretical differences in the mechanical characteristics

of the cells can only be reconciled by establishing a strong mathematical framework which was

achieved in the present work. Prior validation of the developed experimental techniques was

achieved by successfully conducting work on macro-scale biological organs (Femur bone and skin).

In biological systems, like a cell, cytoplasmic viscosity influences biomolecule diffusion, which is

essential for diffusion-driven intramolecular interactions to carry out signaling pathways. Changes



in intracellular viscosity may affect molecule transport and basal bio-molecular reaction rates,

altering cell homeostasis and health. Therefore, it becomes imperative to monitor intracellular

viscosity in live cells. Considering the above parameters, this study reports the development of an

experimental setup to evaluate the frequency-based viscosity in cells. Our regimen is sensitive and

can also measure slight alterations in intracellular viscosity. Understanding the behavior of a cell

in an experimental condition would benefit significantly from its prospective mechanical model.

Characterizing the in-vivo response of cells necessitates a mathematical model of the extracellular

matrix’s embedding environment. Most studies on external stimulation in biomechanics have

relied on either an iterative mathematical solution of the individual solid phases or a sequential

solution of the whole domain utilizing a linked approach.

Nowadays, cancer research focuses on identifying methods that trigger cancer cell death without

damaging the surrounding normal cells. Mechanical vibration is a possible biocompatible

treatment approach and is a subject of mechanomedicine in the field of cancer. Hence the effects

of low-frequency mechanical vibration (20 Hz to 60 Hz) on Huh-7 cells and their viability were

investigated. Further traditional flow cytometry was used to measure the two main cell deaths in

the cells i.e. apoptosis and necrosis. Apoptosis and necrosis both involve cell death but differ

in how it occurs. Apoptosis is a controlled process of cell death that is important for normal

development and function in multicellular organisms. It is regulated and orderly. Necrosis is an

uncontrolled process of cell death caused by injury or infection that can lead to inflammation and

tissue damage. Which results in rapid cell destruction and the release of cell contents. Despite

the fact that the exact mechanisms by which low-frequency mechanical vibration causes cell

death through apoptosis and necrosis are not yet fully understood. The findings suggest that

mechanical vibration could potentially be used as a form of mechanomedicine in cancer treatment.

Biological cells are the basic unit of life and play important roles in various biological activities.

They are responsible for storing and replicating DNA and performing normal physiological

functions through biochemical and transport pathways, as well as through their mechanical

behavior. Without cells, biological systems could not exist or function, such as the circulation of

red blood cells, which transport oxygen to body tissue in vertebrates. Cells also have specialized

functions, such as fibroblasts which migrate to wounds and initiate the healing process, and

endothelial cells, which line blood arteries and act as filtration barriers. The cytoskeleton, a

network of polymeric filaments made up of actin, intermediate filaments, and microtubules,

give cells rigidity and allows them to alter their mechanical characteristics in response to their

environment. Focal adhesions (FAs) are large macromolecular complexes that allow cells to

respond to mechanical force and regulate mechanosensitive information and play crucial roles

in cellular functions such as proliferation, differentiation, and motility, as well as pathological

processes like cancer and wound repair. These complex structures transmit mechanical force and

regulate signals between cells and the extracellular matrix (ECM). It is important to understand

the impact of changes in FAs stiffness on cell behavior. In this work, a novel computational



technique for analyzing cell resonance was studied with respect to different focal adhesion stiffness.

We used a PSD-based non-invasive technique to measure the dynamics of Huh-7 cells and

compared the results with numerical AFM. We evaluated the modal and frequency response of

the cell by considering different ranges of focal adhesion stiffness. This work has the potential

to improve our understanding of the resonance behavior of cells and could potentially be used

to target diseased cells. Additionally, this study highlights the potential of using hyperelastic

material models, which can simulate cells and other biological materials, to understand the

hyper-elastic-viscoelastic behavior and resonance characteristics of cells.

There is a necessity to develop experimental platforms and techniques that can accurately regulate

the mechanical microenvironment in order to understand the mechanisms and processes through

which mechanical forces regulate cellular function. There are several experimental tools and

methods that have been developed to evaluate a cell’s stiffness, adhesion, contractility, and

response to mechanical stimuli. Microfabrication technologies can offer viable solutions for

addressing challenges in studying cell biomechanics and mechanobiology. Active microfluidics is

a field that uses piezoelectric actuators to actively control the interfaces between microchannel

boundaries, particles, and fluid. There are two ways in which this interfacial actuation can

be achieved, depending on the signal used to drive the actuator: (1) low frequency, high

amplitude actuation (typically around 1 MHz and 100 µm), and (2) high frequency, low amplitude

actuation (usually around 100 MHz and 1 µm). This piezoelectric actuation can be used to

regulate and control the transport of biological particles within microchannels, as well as for

diagnostic and targeted treatment purposes in severe diseases. Hence, this research also focused on

microfabricated piezoelectric actuation-based microchannel to regulate the transport of biological

particles and morphological changes in the cell while flow, which directly applies to lab-on-a-chip

approaches in cell separation and diagnosis.

Several drawbacks of experimental techniques such as limited spatial and temporal resolution, cost

and time, ethical concern, and limited flexibility motivate us to look into some versatile, speedy,

and cost-effective tools or preferred methods for analyzing biological cells and understanding the

mechanisms underlying a wide range of biological processes. Molecular dynamics is a powerful tool

that can be used to analyze biological cells, and in many cases, it is preferred over experimental

methods for various reasons. One of the main advantages of MD simulation is that it allows for

investigating processes that may be difficult or impossible to study experimentally. In the current

study, computational modeling using the molecular dynamics approach was used to study the

impact of external perturbation on the various constituents level of the cell and the behavior

of the transmembrane protein in a molecular system. It is basically a biphasic representation

of the molecular system comprised of semiviscous fluid and solid phases. The study reveals

the significant changes in the biophysical behavior of membrane protein systems, potentially

causing transmembrane proteins to become mechanically sensitive under mechanical stress. The



investigation results showed that the individual components of the membrane help to prevent the

diffusion and detachment of proteins at high concentrations.

The results obtained from the present study are expected to provide several design development

for biological samples. The idealization shall be modified to meet the similar characterizations of

the biological samples to provide a better mechanical response. Future research will be devoted

to attaining this task.
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Chapter 1

Introduction

1.1 Background

Cells are the basic unit of life and the building blocks of all living organisms. They have a

complex structure consisting of various organelles, such as the nucleus, mitochondria, ribosomes,

and endoplasmic reticulum, each with specific functions that enable the cell to carry out a

diverse range of biological processes. The nucleus is the most prominent organelle, housing the

cell’s genetic material and regulating gene expression. Mitochondria are the cell’s powerhouse,

generating energy through oxidative phosphorylation. Ribosomes are responsible for protein

synthesis, while the endoplasmic reticulum serves as the site for lipid and protein synthesis and

transport. The lipid bilayer composing the cell membrane selectively regulates the exchange of

materials between the cell and its environment by acting as a permeable barrier. Cells perform

numerous functions, including energy production, protein synthesis, cell signaling, metabolism,

and cell division. They can be classified into different types based on their structure and function,

such as prokaryotic cells, which lack a nucleus, and eukaryotic cells, which have a defined nucleus.

The hierarchy of cells in biological systems ranges from individual cells to tissues, organs, and

entire organisms, each level building upon the next to create complex living systems.

Mechanobiology is the field of study that examines the relationship between mechanical forces

acting on cells and their biology. It includes an understanding of cells’ response to mechanical

stimuli and characterizing the mechanical properties of cells. Figure 1.1 depicts a generalized cell

that includes features from all types of cells, with the main components showing the cytoplasm,

nucleus, and cell membrane. The cytoplasm comprises biopolymer filaments known as the

cytoskeleton, which includes actin, microtubule, and intermediate filaments, which provide

stiffness to the cell’s structure.

The mechanical properties of different parts of the cell, such as the membrane, cytoskeleton,

nucleus, and organelles, all contribute to the overall mechanical characteristics of the cell. The

1
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Figure 1.1: A schematic of a generalized cell structure: comprehending the fundamental
components of life [1].

overall mechanical behavior of cells is understood from the mechanical characteristics of individual

cell components and their interaction with their surroundings. The cell membrane, cytoskeleton,

nucleus, and organelles are all interconnected and play critical roles in the mechanics of single cells.

For example, the cell membrane can transmit stresses and strains from the outside of the cell to

the nucleus through the cytoskeleton. The cytoskeleton is made up of different types of fibers,

including microfilaments, intermediate filaments, and microtubules, which work together to resist

deformation and maintain the shape of the cell. The nucleus is also connected to the cytoskeleton

and cell membrane through structures called Linker of Nucleoskeleton and Cytoskeleton (LINC)

complexes. LINC complexes are composed of nucleoporins, which are integral membrane proteins

of the nuclear pore complex, and cytoskeletal proteins such as actin and intermediate filaments.

It plays an important role in various cellular processes including nucleus mechanics, chromatin

organization, transcriptional regulation, cell migration, and sensing & responding to mechanical

forces. Single-cell analysis can be useful in medical development, stem cell research, and the study

of cancer & physiological processes in embryos and adults. Previous research has shown that the

mechanical properties of single cells can affect various cell functions such as growth, division,

migration, and adhesion. The ability to determine variations in mechanical properties, such as

Young’s modulus and shear modulus at the single-cell level, has been used in various techniques,

including cell separation, disease diagnosis, and drug development. The mechanical stimuli

on the cells are another critical area of study that provides insights into mechanical behavior

and the response of the cells to their surrounding environment. Mechanical cues can have a

profound impact on cellular processes which are vital for tissue development and homeostasis.

The research focused on studying mechanical stimuli of cells can facilitate the development of

new tissue engineering approaches, improved medical devices, and in-depth investigations into

the underlying mechanisms of various diseases.

Microenvironmental stimuli’ impact on cell functioning is as shown in Figure 1.2. Mechanical

forces, both intrinsic and extrinsic, can have a significant impact on cellular behavior. Changes

in these forces can alter cellular function and structure, such as cell differentiation, migration,
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Figure 1.2: Unraveling the influence of microenvironmental stimuli on cell behaviors and
functions: A schematic representation of force factors. [2]–[4]

proliferation, apoptosis, necrosis, etc. Additionally, mechanical stresses play a role in determining

cell fate and shaping embryo development, cell differentiation, and contributing to the function of

tissues. When a cell is subjected to mechanical forces, its ability to deform or resist deformation

is related to its mechanical properties. Cells can change shape through various mechanisms,

such as extension, contraction, protrusion, invagination, blebbing, endocytosis and exocytosis,

cytoskeleton remodeling, and migration. To gain insight into the mechanical properties of cells,

it is essential to evaluate the cell’s deformation in response to a mechanical force. Cells are

viscoelastic structures, meaning they can behave elastically (regain their original shape after

deforming) and viscously (flowing like a liquid) on the application of the forces. This can lead to

phenomena like stress relaxation (stress constant and strain decreases) or creep (strain increases

and stress constant). These are important parameters that result in the mechanical properties of

the cells.

Several tools are available for studying the impact of mechanical forces on cells, including atomic

force microscopy (AFM), microfluidic platforms that assess the effects of shear stress due to

interstitial flow on cells, and cellular force measurement techniques that use image processing

algorithms. Cells respond to mechanical stimuli such as stretching, surface morphology, and

surface stiffness, which help to characterize their mechanical properties. This study aims to

review and compare various technologies used to conduct mechanical analysis of biological cells

to identify differences and similarities between them. Existing methods can help estimate the

mechanical properties of normal and clinically treated cells and potentially aid in the development

of new analysis techniques.
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a) b) c) d)

e) f) g) h)

i) j) k) l)

Figure 1.3: Exploring the mechanics of cancer cells: A comprehensive overview of major
techniques. (a) atomic force spectroscopy; (b) magnetic twisting cytometry; (c) cytoindentation;
(d) microplate stretcher; (e) micropipette aspiration; (f) laser/optical tweezers; (g) optical
stretcher; (h) shear flow; (i) microfluidic assay; (j) microfabricated post array; (k) particle
tracking microrheology; (l) magnetic nanoparticle-based stimuli. This figure is reused with

permission from Suresh et.al. [1]

There is a high demand for techniques that accurately, reliably, and sensitively measure the

mechanical properties of single cells. In 1986, the atomic force microscope was developed and

initially used to capture high-resolution images of hard surfaces. Radmacher et al. later used

AFM to measure the mechanical properties of living cells (Figure 1.3a), and it has since become

one of the most widely used methods due to its high precision [5]. Microfluidic techniques (MMs)

have also been employed to measure the mechanical properties of single cells with high throughput

(103–104 cells/s), making them useful for various biological and clinical applications [6]. Other

techniques for measuring cell mechanics, such as magnetic twisting cytometry (MTC), magnetic

tweezers (MTs) (Figure 1.3b), cytoindentation (Figure 1.3c), and parallel-plate technique (PPT)

(Figure 1.3d), exist as well. Micropipette aspiration (MA) (Figure 1.3e) was first developed in 1954

by Mitchison and Swann to measure the surface tension of sea urchin egg cell membranes [7] and

is still widely used to measure the viscoelastic properties of local areas and whole cells. Optical

tweezers (OT) (Figure 1.3f) and optical stretchers (Figure 1.3g) are also among the techniques

that are available to understand cellular mechanics. Additionally, some other microfluidic-based

techniques, such as shear flow, microfluidic assay, and microfabricated post array (Figure 1.3h-l),

are mostly utilized for cell sorting, cell counting, cell culture, cell analysis, and cell separation.

Particle-tracking microrheology (PTM) (Figure 1.3k) is a passive method that can evaluate the

mechanical properties of a single cell by recording the random motion of fluorescent beads within

the cell using a high-magnification fluorescence microscope.

Apart from the aforementioned techniques, dielectrophoresis (DEP) has the potential to measure

the mechanical properties of individual cells. DEP has been used to study cell deformation [8].
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However, there are relatively few DEP studies that use accurate parameters like the elastic modulus

and shear modulus to characterize the mechanical properties of single cells [9]. Furthermore, there

is an insufficiency of comprehensive models for quantitatively characterizing cell deformation by

DEP, which can result in an erroneous measurement of mechanical parameters such as the shear

modulus under substantial deformation [10].

There are two categories of techniques for measuring the mechanical properties of cells based on

the location of the measurement: methods that measure the mechanical properties of single cells

at local regions (including the cell surface and interior) and methods that measure the mechanical

properties of cells at the whole-cell scale. Techniques such as AFM (including mAFM), MTC, and

MTs can measure the mechanical properties of the cell surface and the interior. Conversely, MA

only provides measurements of the cell surface. Intracellular measurements are limited to PTM

and OTs. Techniques that measure the mechanical properties of single cells at the whole-cell

scale include AFM, MMs, MA, MTC, OTs, OS, and parallel-plate technique (PPT).

Several techniques were developed to measure and manipulate cells with stresses on the piconewton

scale and displacements on the nanometer scale. Magnetic tweezers (MTs) and optical tweezers

(OTs) are examples of such techniques that can detect forces in the piconewton range when cells

undergo nanometer-scale deformation. Atomic force microscopy (AFM) is capable of detecting

stresses ranging from piconewtons to micro newtons when cells deform within the range of 0.5

to 104 nm. Microfluidic techniques (MMs) are particularly notable for their high-throughput

capacity, which enables the mechanical properties of single cells to be measured at a rate of

103–104 cells/s. This feature significantly reduces the workload of cytopathologists and speeds

up sample testing. Additionally, some of these techniques have been modified to enhance their

effectiveness in measuring cell mechanics. For instance, specialized tips in modified atomic

force microscopy (mAFM) have been proposed to measure intracellular and nucleus mechanical

properties that would be challenging to obtain using conventional AFM.

1.2 Measurement methods for mechanical properties of single

cells

This section has provided a detailed explanation of various techniques that are used to determine

the mechanical properties of individual cells. We have described how these techniques work, and

their technical characteristics, and have provided examples of their use. These techniques will be

categorized based on the location of the measurement, namely the cell surface, the inside of the

cell, or the entire cell. Some techniques, such as AFM, MA, MTC, MTs, and OTs, can measure

mechanical properties at multiple locations. In contrast, others, such as PTM (which can only

measure properties within the cell), MMs, PPT, OS, and AMs (which can only deform the entire

cell to obtain mechanical properties), are restricted to a single position.
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Figure 1.4: Atomic force spectroscopy for the measurement of cell deformation. Inset showing
different indentor tips. [11]

1.2.1 Atomic Force Microscopy (AFM)

AFM involves using a microfabricated, flexible cantilever beam with a tip to indent a cell. A laser

is directed at the cantilever beam, which is typically coated with a reflective material. The beam

gets deflected due to the indentation of the cell and thus the change in the angle of the reflected

laser beam. This change in angle is detected by a position-sensitive photodetector and converted

into an electrical signal. These electrical signals correspond to the deformation of the cells that

are in correlation with the deflection of the cantilever beam (Figure 1.4). AFM can provide

information on the physical properties of the cell, such as its stiffness and elasticity. Since its

development in 1986, the capabilities of AFM in terms of multi-parameter, multi-frequency, and

high-speed measurements have greatly improved [12]. For instance, high-speed AFM (HS-AFM)

can study the dynamic mechanical properties of single cells and even single molecules by reducing

the time required to acquire an image.

While evaluating the mechanical properties of single cells using AFM, it is crucial to consider the

influence of probe geometry. Different probe shapes and radii may result in different moduli for a

given sample (inset in Figure 1.4). For example, the Michigan Cancer Foundation (MCF-7) breast

cancer cell line’s elastic modulus, measured with a conical probe, is approximately nine times

higher than that measured with a spherical probe [11]. The smaller contact area of the conical tip

applies more stress on the cell surface, resulting in a stiffer apparent elasticity measurement. The

probe’s shape may also impact the indentation depth into the cell surface, affecting the measured

elasticity. However, in another study, AFM with spherical tips provided more accurate cell

elasticity values. Still, pyramidal tips under medium loads (i.e., 3 nN) may result in extraneous

contact between the AFM tip and cell surface, leading to an overestimation of elasticity values

[13]. Additionally, the contact locations of the probes may affect the measurement results. For

example, the elastic modulus near the nucleus differs from that at the cell border [14].
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AFM is a commonly employed technique for evaluating the mechanical characteristics of specific

parts of cells like the cell nucleus and surface. The AFM-based broad modulus range nanomechan-

ical mapping technique can measure elastic moduli ranging from 1 kPa to 20 GPa by capturing

force-distance curves and directly measuring the force and indentation depth of a surface sample.

This technique has been used to examine the E. coli cell surface and measure the elastic modulus

of flagella. Its potential for studying the mechanical properties of individual cells for various

purposes, including exploring mechanoresponse to stimuli and characterizing the mechanical

dynamics of heterogeneous surfaces, is significant [15].

Hosokawa et al. [16], [17] utilized atomic force microscopy (AFM) to measure the impulse forces

generated by a femtosecond laser pulse. Focusing a laser pulse near a targeted cell produces

shockwaves and stress waves, which act as impulsive pressures on the cell. It was predicted that

the impulsive force created by the fs laser can replace the force applied to cells during conventional

AFM measurement in a non-contact manner. This non-contact approach has been applied to

quantify the impulsive force required to break the intercellular adhesion of HL-60 leukocytes

attached to human umbilical vein endothelial cells (HUVECs) and Madin-Darby canine kidney

(MDCK) cells monolayer [18]. It can also determine the adhesion strength between mast cells and

neurite cells at a high throughput of 100 cells per hour. Oikawa et al. (2015) and Yamada et al.

(2017) demonstrated the capacity of this non-contact method to assess mechanical interactions in

both animal and plant cells, such as zebrafish embryonic epithelia and palisade mesophyll cells

[19], [20].

A modified AFM with specialized tips can measure the mechanical properties of intracellular

organelles. There are currently two primary techniques for modifying AFM tips: (1) the focused

ion beam (FIB) technique and (2) the addition of nanowires or nanotubes onto conventional

AFM tips [21]. Researchers have developed a modified AFM with a specific needle tip (depicted

in Figure 1.4) that can measure the mechanical properties of the cell nucleus in situ without

disrupting the activities of live cells. The study revealed that the isolated nucleus of fibroblast-like

valve interstitial cells (VICs) had a much lower Young’s modulus than the intact nucleus in

situ. Additionally, the Young’s moduli of the VICs grown on a hard substrate were higher than

those grown on a soft substrate. Moreover, the less metastatic Rhabdomyosarcoma, Transformed

4 (RT4) cells exhibited a stiffer membrane/cytoplasm and nucleus than the more metastatic

Transitional cell carcinoma 24 (T24) cells [22]. This technology has the potential to determine

the mechanical properties of intracellular organelles, as AFM with a modified tip can penetrate

the cell membrane without harming live cells.

AFM can measure the mechanical properties of the entire cell by using a cantilever with the

appropriate stiffness (i.e., 0.01–0.06 N/m) and probe geometry (e.g., a spherical tip of about 5 µm),

in addition to measuring the mechanical properties of specific areas of cells (e.g., the cell surface

and nucleus) [23]. The mechanical properties of the entire cell are often analyzed thoroughly by
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combining AFM with advanced theories such as the Hertz contact theory, exponential equation,

and parallel-spring recruitment model [24]. Pogoda et al. (2012) studied the mechanical properties

of live fibroblasts and found that Young’s modulus values of the whole cell decreased as the

indentation depth increased [25]. They also demonstrated the ability to detect cancer cells with

indentation greater than 500 nm based on the proposed depth-sensing hypothesis in two human

melanomas (WM35 and A375). AFM is commonly used to measure the mechanical properties of

single cells at various locations, including the cell surface, interior, and whole cell, and to validate

the measurement data obtained by other methods. We anticipate that AFM will continue to play

a critical role in the study of the mechanical properties of single cells, particularly in the areas of

throughput enhancement and multi-parameter measurement, with the continuous advancement

of AFM-based techniques.

1.2.2 Microfluidics methods (MM)

Microfluidic methods (MMs) typically analyze the deformability of cells and measure cell mor-

phological changes. MMs are unique because they can process cells at a very high rate (103-104

cells/s). Dielectrophoresis, Micro trapping, Micro constrictions, etc are frequent use MMs for

cell analysis and cell separation for medical diagnostics (as in Figure 1.5). There are three main

ways to use microfluidics to evaluate cell deformability: micro-constriction, extensional flow,

and shear flow. In the micro-constriction method, cells are passed through a small constriction,

and their passage time is measured to determine their deformability. The shear flow method

involves flowing cells through a narrow channel and observing how they are distorted using optical

imaging. The extensional flow method uses a microfluidic device with a cross-slot to deform

cells, which can be observed through an optical microscope. Extensional flow-based deformability

cytometry provides the highest strain rate (10 kHz) and applied stress (nearly 10 kPa) of these

three approaches.

V

Micro constrictionMicrowell

Micro trapsDEP

Figure 1.5: An overview of techniques used in 2D microfluidics to study intercellular interactions
at the single-cell level. [26]

Urbanska et al. [27] compared the efficacy of above mentioned three techniques to measure single-

cell deformability. Their findings predicted that the micro-constriction and shear flow methods
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are appropriate for measuring mechanical properties related to the actin cytoskeleton. Meanwhile,

the extensional flow method is better suited for determining mechanical properties linked to

cellular components such as the nucleus [27]. Further, previous studies on microfluidic-based

micro-constriction channels in which post-arrays were used to measure the mechanical properties

of K562 leukemia and NIH 3T3 cells. The results indicated that as the amount of lamin A

increased, the cells became more rigid [28]. Another study utilized the extensional flow technique

to analyze the deformability of cells in pleural effusion and accurately predicted the disease state

and immune activity of cancer patients with high sensitivity and specificity [29]. A different

approach called shear flow with deterministic lateral displacement was used to quickly identify

red blood cells’ size, shape, and deformability and could potentially provide more information

about their mechanical characteristics, such as elasticity and viscosity [30]. Microfluidic methods

are capable of high-throughput measurements using either contact or non-contact methods. They

can be combined with other techniques, such as micro-aspirators and optical tweezers, to allow for

precise manipulation of individual cells and efficient measurement of their mechanical properties.

1.2.3 Micropipette aspiration

In this technique, the cell’s deformation and geometric changes are observed due to suction

pressure applied to the cell surface that helps to determine its elastic or viscoelastic properties

(as in Figure 1.6). Micro Aspirator (MA) is generally used to measure single-cell mechanical

characteristics, in which the friction between the cell membrane and the walls of the micropipette

may be ignored ([31]). This is because the size of the micropipette opening is typically smaller

than the cell diameter, which reduces the contact area between the cell membrane and the

micropipette walls. Additionally, the low suction pressure used in MA minimizes the force applied

to the cell, which further reduces the potential for membrane friction.

Micropipette

Suction

Figure 1.6: Schematic illustration of micropipette aspiration technique [32]

The mechanical characteristics of various cell components can be measured on varying the

magnitudes of suction pressure; for example, to measure the cell membrane and cell cytoskeleton,

threshold pressures of around 1 Pa and 1 KPa (or several hundred Pa) are required ([33]). MA

can also be used to determine the mechanical characteristics of the cell nucleus [33], [34]. When
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using MA to measure soft biological materials such as tumors and embryos, the impacts of surface

energy must be considered. It was observed that if the size of the micropipette or the aspiration

length is similar to the elastocapillary length, it can cause the surface energy to decrease the

normal surface displacement and internal pressure, resulting in an overestimation of the elastic

modulus [35]. Hogan et al. (2015) developed an MA-based technique to analyze cellular adhesion

force at the single-cell level [36].

Single interference reflection microscopy (IRM) of the cell depicts the force needed to detach

a cell from the substrate and measures the area covered by the adhesive bonds. MA can be

used to explore the mechanical characteristics of the membrane and cytoskeleton cortex of

Entamoeba histolytica (E. histolytica) by combining it with a theoretical model that explains

the polymerization and depolymerization of actin. The findings showed that morphological

changes in cells are the foundation for cell motility [37]. MA can also aspirate an entire cell into

a micropipette and distort it to test its viscoelastic characteristics. Hochmuth (2000) studied

neutrophils’ and chondrocytes’ elastic and viscous behavior by aspirating whole cells into a

micropipette [38]. Findings predicted neutrophils behaved like liquids with a surface tension of

30 pN/m while chondrocytes behaved like elastic solids with an elastic modulus of 0.5 kPa. MA

has the ability to measure the mechanical characteristics of individual cell organelles (such as

the membrane and nucleus) and the whole cell. Additionally, it can be used in conjunction with

MMs to perform high-throughput measurements, reducing the complexity of the equipment and

measurement technique.

1.2.4 Parallel-plate technique

The Parallel-plate technique (PPT) involves placing a cell between two parallel plates, one

flexible and the other rigid (Figure 1.7). The rigid plate has a stiffness that is 1000 times greater

than the flexible plate, and both plates are compared to a reference plate with known bending

stiffness [39]. This setup allows for the assessment of the mechanical properties of whole cells

by inducing dynamic mechanical deformation, which has contributed to the development of

theoretical models of single-cell mechanics [40]–[42]. The PPT has been used to evaluate the

mechanical characteristics (viscous, elastic, and shear modulus) of specific cell types, such as

MCF-7 cells, and has been found to produce results comparable to those obtained using other

techniques, such as AFM with dull probes and MTC [42].

The PPT has also been used to study the dynamics of the actomyosin cortex in cells and to

measure Young’s modulus, deformability, relaxation, and creep functions with high precision [43].

However, obtaining high throughput measurements using PPT can be challenging.
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Figure 1.7: Parallel plate technique for measuring the cellular deformation. [39]

1.2.5 Magnetic twisting cytometry (MTC) and magnetic tweezers(MT)

The MTC technique involves using magnetic beads that respond to a magnetic field by spinning

and applying stresses to these beads to assess the mechanical characteristics of cells in different

locations, including the surface and interior as shown in Figure 1.8. The motion of the magnetic

beads within cells is tracked using a high-resolution imaging system to assess the mechanical

properties inside the cells, and the experiments must be conducted under controlled conditions

[44]. MTC has been used to study the dynamic responses of various cellular components, such as

the cytoskeleton [45], membrane [46], and cytosol [47]. Similar principles are used in MTs, which

have been applied to a range of studies, including the investigation of vinculin function in F9

embryonal carcinoma cells [48], the breakdown of endothelial barrier function with MDA-MB-231

cells and endothelial cells [49], high-throughput gene transfection and screening of heterogeneous

leukemic cells [50], and the assessment of the nonlinear local viscoelastic response of NIH3T3

mouse embryonic fibroblasts [51]. However, one limitation of MTC and MTs is the restricted

force that can be applied to the magnetic beads. Customized MTs have been developed that

can apply forces of up to 100 nN on 5 µm magnetic beads to deform cells [52]. These modified

MTs can also be used to study force-regulated processes and mechanotransduction in live cells.

The 3D MTs system was developed to study intracellular components such as the cytoplasm and

nucleus. The study revealed that the viscosity of mouse embryo cell cytoplasm was 8 times higher

than that of water because the concentration of molecules and organelles within the cell, as well

as their cytoskeletal network, provides structural support. The central portions of the inner cell

were more flexible than the peripheral regions during 3D magnetic bead navigation within the

embryo, with forces up to 120 pN [54]. Further, a study based on an optimized 3D magnetic

tracking system and applied stable forces for over 30 minutes were conducted to manipulate

submicrometer magnetic beads inside T24 cells [55]. Their findings showed that the major axis

of the nucleus was more resistant to deformation compared to the minor axis.

The MTs technique has also been used to investigate the force-generating machinery that keeps

the spindle at the center of the cell during mitosis in Caenorhabditis elegans embryos, revealing

that this high-stiffness machinery can suppress thermal fluctuations to locate the mitotic spindle
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Figure 1.8: MTC technique for the dynamic measurement of the different parts of cellular
structure. [27], [53]

precisely [56]. Both MTCs and MTs can measure the mechanical properties of the cell surface

and interior, and with the advances in the control of magnetic beads, these methods can be used

to characterize the mechanical properties of cells more thoroughly, potentially providing new

insights into single-cell mechanical phenotypes.

1.2.6 Optical stretchers (OS) and Optical tweezers (OT)

An optical stretcher (OS) traps and deforms cells by using two divergent beams (Figure 1.9).

Depending on the size and index of refraction, the forces imparted to glass or latex beads vary

from piconewton to nanonewton as a function of laser power increases from a few mW to 1.5 W,

which is enough to stretch complete cells [57]. The amount of stretch force applied to cells may

rise as laser power increases, causing increased cell deformation. However, the too intense laser

beam could affect cell mechanical characteristics or harm cells. Bellini et al. (2012) created a

monolithic OS by designing optical waveguides in glass with an fs laser and used it to study the

influence of temperature on microtubule depolymerization at 0 ◦C [58], [59].

An optical stretcher has also been utilized to explore the impact of heating on the mechanical

characteristics of single cells due to the nature of laser heating. Modified OS causes millisecond

temperature variations, leading to the idea of thermorheology, which was developed to characterize

the intrinsic features of cells in response to temperature changes [60]. Using OS, Chan et

al. (2014) investigated the impact of heating on the mechanical characteristics of suspended

HL60 cells [61]. The findings revealed that the compliance of HL60 cells scaled linearly with

temperature below a critical threshold (i.e. 52.1◦C). Still, when the temperature exceeded the

critical point, cells displayed an active contraction in the direction of higher stress owing to
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Figure 1.9: Optical trapping and stretching technique for the measurement of the cellular
deformation in the structure. [57]

TRPV2 ion channel activation. The volume fluctuations of isolated nuclei of HL60 cells were

also investigated using OS. Chan et al. ([62]) showed that the volume of isolated nuclei was

significantly temperature-dependent. The isolated nuclei may be thought of as highly charged

polymer gels with thermoresponsive capabilities.

A concentrated laser produces a 3D light gradient, which may apply attractive and repulsive

forces to a bead or cell. However, the force produced by OTs is confined to the piconewton level,

which is insufficient to deform the whole nucleated cell but sufficient to test the characteristics

of actin filaments. By putting microbeads over F-actin, the viscoelasticity of adhering alveolar

epithelial cells could be evaluated with OTs. The findings were equivalent to those obtained with

MTC [63]. Aside from actin filaments, the OTs may assess intracellular mechanical characteristics

by capturing and oscillating beads inside a cell. Hoffman et al. (2006) used internal laser tracking

microrheology (LTM) to evaluate the frequency-dependent shear modulus of mammalian cells,

and the digital deflection rate of random beads may reach 50 kHz [44]. Wei et al. ( [64]) employed

OTs to alter internal lamellar bodies in alveolar epithelial type II cells to measure viscoelastic

moduli.

An optical stretching and optical trap can monitor cell mechanical characteristics without directly

contacting the cells. It can collaborate with MMs to accomplish high-precision and reasonably

high-throughput manipulation and measurement of single cells. As a result, they have enormous

promise for creating automated systems for single cell culture, manipulation, and mechanical

phenotypic.

1.2.7 Acoustic methods (AM)

The acoustic technique utilizes acoustic waves commonly produced by piezoelectric materials.

When a voltage is applied to the electrodes, the piezoelectric material expands and contracts

along or normal to the surface. This mode of vibration is called breathing mode. For some

material orientations, the piezoelectric material will deform in the perpendicular direction of the

applied electric field. This mode of vibration is called the shear mode. On exciting interdigitated
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transducers (IDTs) patterned on a piezoelectric crystal, vibrations can be generated on the

surface of the material in the form of surface acoustic waves (SAWs). The wavelength of the

SAW (λ) is dependent on the width and spacing between IDT fingers as shown in Figure 1.10.

Acoustic methods are often used for size-based cell separation by measuring the compressibility

of individual cells using standing surface acoustic waves. However, the measured compressibility

parameters are converted into standard viscoelastic parameters to characterize the mechanical

properties of individual cells accurately [65].
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Figure 1.10: Acoustic wave generation through piezoelectric materials: a) Expanding and
contracting surface via the voltage applied to the electrodes. b) Separation of bacteria from

blood cells using a standing SAW technique. [66]

Recent studies have shown accomplished noninvasive cell stiffness measurements using acoustic

fields [67]. A study based on an Isoacoustic Focalization (IAF) technique predicted the size-

independent results where, distinct cell types, such as monocytes, lymphocytes, neutrophils,

BA-F3, and MCF7 cells, exhibit varying effective acoustic impedance values ranging from 1.55 to

1.75 MPa-sm−1, due to their different acoustic-mechanical characteristics [68]. Kang et al. (2019)

used size-normalized acoustic scattering (SNACS) to determine the size of a particle. During

the cell cycle, quantify the mechanical characteristics of the complete cell where a suspended

microchannel resonator (SMR) was used as the oscillator [69]. This technique helps us understand

how cells in evolution maintain their structural stability and can be used to monitor delicate and

transient changes in their mechanical properties.

In the past decade, photoacoustic technology has rapidly progressed in the fields of biological and

medical imaging. A photoacoustic microscope is a powerful tool for quantifying and studying the

physical and mechanical properties of cells, such as size, shape, temperature, oxygen saturation,

and dissolved oxygen [70], [71]. It has been used to detect and characterize single red blood

cells and melanoma cells in flowing bovine blood in vitro, as well as leukocytes and platelets

in the circulating blood of rat mesenteric microvessels in vivo [72], [73]. When illuminated by
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a laser pulse, red blood cells absorb optical energy and produce an ultrasonic pressure wave

(photoacoustic wave). The corresponding power spectrum provides information about the size

and shape of the cells. The power spectrum also allows for the measurement of healthy red

blood cells and the characterization of abnormal ones with irregular shapes [74]. In addition to

determining the mechanical characteristics of single cells, acoustic methods can also separate cells

based on their mechanical properties, such as deformability, using a high-throughput, non-contact

method. However, the metrics measured by acoustic methods, such as compressibility, need to be

converted into standard viscoelastic characteristics to describe the mechanical properties of cells.

These reviews showcase the various methods and their developments used in the research on

the mechanical analysis of cells. The literature background demonstrates the rapid development

in biological research, utilizing various engineering disciplines. As technology and methods

have improved over time, researchers have sought out the best alternative methods for a deeper

understanding of the mechanics of cells and how they interact with their surrounding structures

and environments.

However, the complex internal structure of the cells, consisting of numerous elastic components and

cross-connects, and their overall vibrational behavior are not explored much in previous literature.

Few studies on healthy and diseased cells demonstrated that their vibrational frequencies are a

reliable indicator of most major myopathies. Still, a precise technique is required to study the

dynamics of the microscale biological systems. It is a need to develop an experimental setup that

helps to conduct research on understanding the dynamics of cells, which does not require the

microscale structure to be either 1-D or 2-D structures. This thesis presents the development of a

new noninvasive method and highlights the potential of using noninvasive cell vibration frequency

measurements for detecting several diseases, opening up a new field in mechano-diagnostics. The

measured vibrational frequencies should be quite effective in detecting the state of cells as well

as their transition from epithelial to mesenchymal state. In the context of cell dynamics, modal

analysis techniques can help to identify the natural frequencies and modes of vibration of cells,

which can provide insights into their mechanical properties and behavior. Hence, the next section

describes the modal analysis techniques that are necessary to understand the concept of cell

dynamics and to analyze the vibrational behavior of a system.

1.3 Modal analysis techniques

Developing a reliable mathematical model that accurately reproduces the behavior of all com-

ponents of the complex structure is difficult. It is relatively simple to model individual parts,

but it is typically difficult to model connections and inherent constituents. Additionally, it can

be complicated to model damping to understand the dynamic response of a complex biological

structure to various loading conditions using only analytical or numerical tools. A common
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approach to overcoming these difficulties is to rely on experimental methods, in which response

data from the structure is collected, analyzed, and used to develop a model that accurately reflects

the behavior of the system. This process is known as experimental modal analysis and became

popular in the 1970s. It has since been applied to a wide range of fields, including substructure

coupling, model updating, damage detection, and Vibro-acoustics. The current section of the

study focuses on the techniques used for identification in experimental modal analysis.

It’s important to understand the different measurements that can be made in practice. It includes

measuring the dynamic response in a free vibration condition, i.e., the natural decay of vibration,

or measuring the force response due to external loading. In contrast, the external force may

be unknown or very difficult to quantify (in the case of ambient excitation, such as wind on

structures). In these situations, only the response is measured. When the external force can

be determined or controlled, measurements are taken of the ratio of the response to the input.

These ratios are called frequency-response functions (FRFs) if working in the frequency domain

and impulse-response functions (IRFs) if working in the time domain. The IRFs can be obtained

from FRFs by applying an inverse Fourier transform. For an N-degree-of-freedom (DOF) system

with viscous damping, the dynamic equilibrium equation is given by

[M ]ü+ [C]u̇+ [K]u = {F} (1.1)

Where [M ] is the mass matrix, [C] is a damping matrix, [K] is the stiffness matrix and {F} is

the force vector. In steady-state conditions, and from the harmonic excitation case, it is possible

to establish the relation between the complex amplitudes of response and the amplitudes of the

applied forces, through a matrix [H], Each element of [H] is called a frequency response function,

relates the response coordinate to a force coordinate. It is given by

X = [H]F (1.2)

Hjk(ω) =
N∑
r=1

rAjk

(ωrζr + i(ω − ωr(
√

1− ζ2r )))
+

rA
∗
jk

(ωrζr + i(ω + ωr(
√

1− ζ2r )))
(1.3)

where rAjk, ωr and ζr are the residue, the natural frequency, and viscous damping ratio of mode

r, respectively are a real part. While rA
∗
jk shows an imaginary part. An alternative and simpler

version of Equation 1.3 is

Hjk(ω) =

N∑
r=1

Ar + iωBr

ω2
r − ω2 + 2iζrωrω

(1.4)
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where the numerator, for ω = ωr, is known as the modal constant. The impulse response function

is the analogue of Equation 1.3 in the time domain and it is given by

hjk(t) =

2N∑
r=1

rAjke
srt (1.5)

Where sr = -ωrζr + i(ωr(
√
1− ζ2r )). Equation 1.3 or Equation 1.5 represents the behavior of

the structure among the selected points, and one can work in the time domain or the frequency

domain. Moving from one domain to the other is a matter of applying Fourier transforms.

The classification is in between identification methods that use data in the time domain and

those that use data in the frequency domain. The time domain can always be used, either for

free response data or forced response data. Frequency domain methods are only used for forced

vibration when the forces are known.

1.3.1 Classification according to the number of input and output locations

In each domain, there are methods that use data from one response location and others that

simultaneously use data from various response locations. In each case, there may be one force

location or various force locations, leading to the following classification.

• Single-Input Single-Output (SISO)→ One response due to one force

• Single-Input Multiple-Output (SIMO) → Many responses due to one force

• Multiple-Input Multiple-Output (MIMO) → Many responses due to various forces

• Multiple-Input Single-Output (MISO) → One response due to many forces

In the time domain, the responses (time histories) naturally possess information about the

frequency content. However, this is ‘hidden’, so it is difficult to say how many resonances are

present in a certain time period. Consequently, time domain methods simultaneously identify

various resonances of the structure, and for MIMO methods, various modes of vibration. They

are known as multi-degree-of-freedom (MDOF) methods. In the frequency domain, because the

resonance peaks are visible, it is also possible to make an identification mode by mode. These

methods are called single-degree-of-freedom (SDOF) methods.

1.3.2 Classification according to the type of identified dynamic properties

There is another classification to consider in both domains (time and frequency): i.e. direct

and indirect. Direct methods estimate the dynamic properties in terms of stiffnesses, masses,
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and damping coefficients, i.e. It work out the matrices in Equation 1.3; indirect methods

evaluate the properties associated with each mode of vibration, the so-called modal param-

eters: natural frequency, damping ratio, and modal constant (amplitude and phase), as in

Equation 1.4–Equation 1.5.

The study of the dynamic behavior of structures emerged primarily in the 1930s due to the

increasing importance of comprehending the dynamic performance of aircraft. The available

technology at that time was limited, and the only feasible measurements were based on the free

vibrations at the wings’ tips where a recording device recorded the free decay. These records

provided information on the fundamental natural frequency and damping ratio. Resonance

testing was used to excite the structure through a shaker, inducing it into resonance. This method

of modal testing and analysis was referred to as "resonance testing". Force appropriation, also

known as normal mode testing, utilized appropriately tuned shakers along the wing to bring

it into resonance, enabling the identification of each resonant frequency and its corresponding

mode, and providing insight into the set of forces applied through the shakers.

In the 1960s, a significant advancement with the development of the fast Fourier transforms

algorithm, which allowed for faster processing of time signals and more efficient conversion to

and from the frequency domain. The advent of digital computers in the 1970s further utilized

this algorithm, leading to significant improvements in the analysis and testing of structures. In

recent times, the abundance of technical literature on experimental modal analysis has made to

categorize the multitude of methods that are available.

The rational fraction polynomial is a SISO frequency domain method proposed by Richardson

and Formenti et. al. and is among the most used nowadays [75]. It is based on the viscously

damped model and the FRF is expressed as the ratio of two polynomials. Besides the simple

methods for the current study, we use the method basically in which the natural frequencies were

evaluated directly from the peaks of the frequency response functions (FRFs), and the damping

ratios were calculated by the half-power points method.

Modal analysis is a technique used to understand the dynamic behavior of a structure by applying

a known force and frequency, measuring the response, and using that information to evaluate

the structure’s dynamic parameters through Frequency Response Functions (FRFs). Testing

biological systems with this method can be difficult due to the challenges of applying and

measuring the input force and response. As a result, methods have been developed specifically

for the modal testing of small biological cells, which will be discussed in the next section.
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1.3.3 Excitation methods

Biological cells are extremely small and techniques that rely on direct physical contact, such as

using an impact hammer or shaker, cannot be used to study the vibration patterns of these cells.

Instead, non-contact methods are used to test the vibrations of such a system. Additionally, the

vibrations of cells occur at higher frequencies compared to the macro counterparts, usually in the

range of a few kilohertz to several megahertz. This section will describe the various excitation

techniques that can be used for testing the vibration patterns of biological systems.

1.3.3.1 Acoustics excitation

This method involves applying a pressure wave with a specific frequency through any acoustic

source such as the acoustic resonator (Figure 1.11), SAW and BAW devices, causing harmonic

pressure to be applied to the structure. The generated acoustic waves are used to produce

mechanical forces that can displace cells and control their position. An acoustic horn is an

alternate approach connected to a speaker to generate acoustic excitation.

Without acoustics
With acoustics

Streaming

Microscope

Acoustic resonator

Acoustic streaming

Cell
Cell

Cell
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Figure 1.11: Schematic illustration of a controllable method for stimulating cells using
gigahertz ultrasonic device-generated acoustic streaming. The system enables observation of cell

deformations and excitations. [76]

1.3.3.2 Chemical excitations

This method uses chemicals to excite cells or their extracellular matrix, such as neurotransmitters.

These chemicals are drugs, which are synthetic or naturally occurring substances that can have a
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variety of effects on the cell structure. The changes in the cell’s interior and extracellular, resulting
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Figure 1.12: Nanovibrational Stimulation of Mesenchymal Stem Cells induces therapeutic
reactive oxygen species using defined media and chemicals. Adapted from Wich Orapiriyakul et.

al. 2020. [77]

from chemical stimulation-induced up and down-regulation of various biological activities within

the cell structure, are depicted in Figure 1.12. Drugs can be used to modulate the activity of

specific cells or to induce changes in the cell itself. Various biological activity such as, ROS

(Reactive Oxygen Species) and NOx (Nitrogen Oxides) both are signaling molecules that play

important roles in the cellular response to physical forces such as stretching, compression, and

shear stress generated due to chemical stimulation.

ROS are molecules that are produced by cells in response to various stimuli. It can act as signaling

molecules, activating pathways that lead to changes in gene expression and cellular function.

Furthermore, NOx are also signaling molecules that can be produced by cells in response to

mechanical stress due to chemical stimulation. NOx can act as vasodilators, promoting increased

blood flow to tissues in response to mechanical stress. NOx can also regulate gene expression

and cellular function, particularly in the context of inflammation and immune responses.

Overall, the activity of ROS and NOx during mechanical stimuli on cells is complex and

multifaceted, with both molecules playing important roles in regulating cellular responses to

physical stress. Depending on the type of drug used, the effects can be temporary or long-lasting

and can vary in intensity. Drugs can be used to study cellular function, target specific cells, and

have therapeutic effects on the body.

1.3.3.3 Optical excitations

This method uses light to excite cells, such as laser or LED illumination. This technique is

commonly known as optogenetics, which is a method that uses light to control the activity of

specific cells, typically neurons, in living tissue. The light used in this technique can come from
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various sources, such as laser or LED illumination. Laser illumination is a type of light that has

a very high intensity and a very narrow wavelength, while LED illumination is a type of light

that is less intense and has a broader wavelength.

The purpose of using light to excite cells is to study cellular function, modulation of the specific

activity in the cells, or induce changes in the cell itself. Depending on the type of light used,

the effects can be temporary or long-lasting and can vary in intensity. Optogenetics is widely

used in neuroscience, to study brain functions and to develop therapies for neurological and

psychiatric disorders. Additionally, LED illumination is also being used in phototherapy, which

is a non-invasive treatment that uses specific wavelengths of light to treat various skin conditions

such as acne, eczema, and psoriasis.

1.3.3.4 Base excitations

The problem with the above method is that it is not external. In addition, it is not suitable for

generating FRFs, since it is not possible to measure the input accurately. A more promising

alternative is the use of base excitation, which is a technique that does not alter the structural

dynamics of the system.
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Figure 1.13: External stimulation of cells in cultured Petri dish through the piezo disc attached
at the base of the plate.

In our study, a micro-shaker is used to excite the structure, as shown in Figure 1.13. The input

to the disc is measured and controlled by a function generator. It can be mounted on the base of

the cultured disc. It is also possible to find the FRFs of the biological cell by taking base motion

as the reference. Since the response is affected by the dynamic characteristics of the testing

apparatus, care must be taken during the design of experiments.
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1.3.4 Measurements methods

It is impossible to place sensors directly on a micro-size biological sample, so various alternative

detection methods that mostly use optics have been developed. These methods must use

non-contact devices and be able to operate at high frequencies. Measuring the motion of

microstructures is challenging because of the high frequencies involved. One technique that

has been adopted from optics to overcome this challenge is position-sensing device (PSD). This

method uses a LASER light source with 630 nm wavelength on a moving structure at a specific

point at a prescribed frequency. This laser reflects or refracts toward the PSD. By coordinating

the laser spot with the motion of the micro-size system under excitation frequency, it is possible

to record the movement of the structure using the PSD at different times. The highest frequency

that can be detected is limited by the pulse time of the refracted laser light.

Since the motion of microstructures generally includes high frequencies, however, the direct

observation of the motion requires high contrast microscope or a high-speed camera (CCD).

Retrieving the associated data requires a data acquisition unit and image-processing system.

Video-imaging techniques can also be applied to measuring structural motion. For instance, a

CCD camera can be used in conjunction with an optical microscope to record the motion of

microstructures, which can then be analyzed using image processing techniques. Advantages of

this method include simplicity of the setup and not requiring expensive equipment, since only an

optical microscope, a regular High-speed camera, and a laser light source are required. However,

several images must be collected to describe the motion completely. This method is more suitable

for measuring in-plane motions.

There are various experimental modal analysis techniques, each with its advantages and limitations.

The experimental modal analysis involves physically testing a system in a controlled environment.

This method provides accurate and reliable results but can be time-consuming and expensive.

Another method is numerical modal analysis, which involves using computer simulations to model

the behavior of the system. This method is cost-effective than experimental modal analysis, but

the accuracy of the results are limited by the assumptions and inputs used in the simulation.

Regardless of the specific technique used, modal analysis is an important tool for understanding

the dynamic behavior of structures and mechanical systems. It allows researchers to identify and

diagnose problems with the system and to design modifications to improve its performance.

In this study, Vibrations of the structure are measured using non-contact means using an

indigenous laser-based position sensing device.
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1.4 Motivation

Dimensions of the structures range from subatomic particles to celestial bodies such as planets

and stars. These structures have various roles in the evolution and functioning of the universe,

their impact on the physical and chemical properties of matter, and their potential for supporting

life. Macro-scale and micro-scale structures are two distinct categories of structures that differ in

size and complexity. Macroscale structures are typically on the scale of meters or centimeters. In

contrast, microscale structures are typically on the scale of a micro-meter or nano-meter and are

often too small to be seen without a microscope. Micro-scale structures include microelectrome-

chanical systems (MEMS) and biological cells. The micro-scale cells are the fundamental unit of

life in all living organisms. They are the smallest unit of life that can function independently

and are composed of molecules, including DNA, proteins, and carbohydrates. It is a complex

dynamic system with a highly integrated structure and function. The dynamic behavior of such

micro-scale structures is a complex and multi-faceted subject of significant importance in various

fields, including materials science, engineering, and biology. Understanding the mechanics of cells

and their specific behaviors and responses under different conditions can provide valuable insights

of their characteristics and facilitate the development of new technologies and applications.

The field of cellular biomechanics studies how cells respond to mechanical stimuli in their native

environment and how these mechanical signals can influence cellular physiology. This includes

changes in the mechanical properties of cells as they interact with their surroundings, as well

as the ways in which cells respond to mechanical signaling pathways. Alteration in mechanical

properties will influence their biological behavior, such as cellular growth, nucleation, unfurling,

migration, and necrosis. The health condition of the cell and quantification of the mechanical

properties of individual cells has been an active area of research. The mechanical properties

of cells are closely related to the pathological conditions of humans[1]. Any changes in the

mechanical properties can result in the breakdown of the proper functioning of the cells and,

consequently, give rise to disease states. Studies on the evaluation of the viscosity of individual

cancer cells have the potential to explain the mechanisms of disease onset and progression[2].

The present emphasis of biomedicine is on the genome’s and proteomics disease that results from

changes in the biophysical or biochemical characteristics of living cells. Recent breakthroughs

in mechanobiology and nanotechnology indicate that cells and tissue respond to mechanical or

chemical stress to contribute to the progression or delay of disorders actively.

Mechanical diagnosis of cells refers to the measurement of mechanical properties such as stiffness,

viscoelasticity, and deformation characteristics of cells. Various techniques have been developed

to investigate mechanical properties of cells, including atomic force microscopy (AFM), optical

tweezer, and microfluidics-based techniques. AFM is a high-resolution technique that can measure

mechanical properties of cells with sub-nanometer resolution. Optical tweezer utilizes focused

laser beams to manipulate cells and measure their mechanical properties. Microfluidics-based
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techniques use microchannels to apply shear forces on cells and measure their deformation. These

techniques have been used to study a wide range of cells, including red blood cells, cancer

cells, and stem cells, and have provided valuable insights into cell mechanics in normal and

pathological conditions. Mechanical diagnosis of cells has the potential to revolutionize diagnosis

and treatment of various diseases by providing a new avenue for identifying biomarkers and

developing targeted therapies based on cell mechanics.

Early diagnosis of the disorder reduces incidence, morbidity, and treatment costs and highlights

the relevance of studying cellular biomechanics and its behavior. Various techniques use vibration

monitoring, ultrasound irradiation, spectrophotometry, and emerging trends in nanotechnology

but have their limitations. Meanwhile, the existing bioassays used to investigate these concerns

are intrusive, expensive, and time-consuming. To address these limitations, a new technique is

required that is rapid, noninvasive, and inexpensive for studying the physiology of biological

systems. Hence, it motivates us to develop such diagnostic tools or experimental techniques

which help to improve or monitor health conditions.

The existing experimental techniques are conventionally used for the dynamic characterization

and assessing the mechanical behavior of macro structures for various applications, including

the determination of dynamic parameters of the system (mass, stiffness, and damping). In these

techniques, the structure is stimulated with a definite frequency and of various types (impulse,

chirp, sinusoidal, etc.) using an actuator, and the subsequent responses are measured from sensors.

This thesis examines the experimental assessment of the vibration-based dynamic response of

several macro and microscale systems, including biological cells.

Dynamic response refers to the time-varying response of a structure, often in the form of

mechanical vibrations, in response to a known stimulus. Such research is well-known for macro-

size counterparts. Vibrations in microscale structures often have a very small amplitude and high

frequency. Therefore, the initial difficulty is to accurately detect these vibrations and compare

them to established theoretical findings for validation. The true objective of this work is to

interpret the alteration in vibration characteristics of biological structures that are anticipated and

experienced during normal operation. We can predict the condition of a cell structure and monitor

changes from its vibration characteristics. The primary concern is to use the well-established

theory of modal and harmonic analysis to examine the measured data and develop deterministic

conclusions. Our research begins with the femur bone and concludes with a diagnostic of cancer

cell research.

This thesis aims to extend the investigation of a simple macroscale biological structure to

a complex microscale structure and use experimental measurements based on the vibration

characteristics to investigate the behavior of such structures. The valuable information about

their internal structure (e.g., changes in elasticity, stiffness, etc.) and the external interface (e.g.,

boundary conditions) is measured and analyzed for the purposeful work.
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This work will be carried out in four sections to meet all the objectives of the proposed thesis.

The background of the proposed work informs us about the available recent techniques that are

in trend to identify the exact phenomena and process on which it works. This helps to determine

the opportunities and obstacles of the method during their use in the mechanical characterization

of biological cells.

1.5 Gaps in existing research

The present thesis aims to address significant issues that still need to be addressed, as predicted

by the shortcomings of existing techniques. The significant issues are as follows:

• Development of a non-contact approach to study the dynamic response of biological

structures and evaluate their mechanical properties.

• Lack of noninvasive experimental techniques that can able to characterize healthy and

diseased cells based on their dynamic behavior.

• Understanding the dynamic behavior of the cell under low frequency external mechanical

stimuli environment.

• Absence of noninvasive techniques for evaluating the dynamics of flowing cells based on

their vibration signatures.

• Development of the mathematical framework for assessing the mechanical properties and

validated the same with the experimental technique that works under the same environment

similar to the analytical boundary conditions.

The present works aimed at addressing these gaps and developing a neat process for the identifica-

tion of the mechanical properties of normal cells, diseased cells, and clinically treated cells. Along

with this, the study also allows us to propose a technique for the measurement of cell dynamics

during flow and the associated morphological changes. And also focuses on the measurement

of the protein expression level on the basis of their vibration signatures. The work aims to

identify a platform that can be able to evaluate the cell properties and can also capture the

improved mechanical properties of diseased cells after suitable clinical or drug treatment based

on their mechanical responses. Results will be capable of detecting differences in the mechanical

properties between cell lines that vary in normal, malignancy, and invasiveness cells and validate

these observations through independent measurements with any of the available methods. This

technique will enable sensitive measurements for biophysical studies of environmental changes on

a cell, which could prove valuable in studying the role of signaling in disease.
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1.6 Focus and Scope of the research

The subject of the thesis is at the crossroads of various domains of current interest. These include

the study of (1) the dynamics of the femur bone, (2) experimental and numerical studies on the

influence of nanocarrier additives on the biomechanical response of rat skin, (3) the dynamics

behavior of Huh-7 cancer cells, (4) the effect of low-frequency excitation on the apoptosis of

the Huh-7 cells, (5) the mechanical resonance of Huh-7 cells based on the elasticity of adhesion

proteins, (6) development of Piezoactive ZnO /PDMS microchannel device for cell diagnostics and

finally (7) understanding the cancerous membrane and their constituent effect using molecular

dynamics. The study provides experimental, analytical, and numerical studies of several biological

structures from the body’s largest organ i.e. femur bone, to the smallest basic structural and

functional unit of life i.e. cells. The pertinent section of the thesis provides a review of the

relevant topics.

We begin our study with measurements of vibrational frequencies and mode shapes of a femur

bone, a biological structure. The femur is the largest and strongest bone in the body. It plays a

vital role in supporting the body’s weight, providing leverage for movement, and protecting the

delicate organs of the thigh. Vibrational studies of the femur can provide valuable insights into its

structural integrity and its ability to withstand the forces applied to it during daily activities. By

analyzing the natural frequencies and modes of vibration of the bone, researchers can determine

its stiffness, strength, and resilience. This study focused on goat femur bone and was configured

as a fixed-fixed beam. The bone material properties were considered homogenized property, a

simple assumption from a material point of view (no material complexities as in the case of

biological cells) but traced the exact complex geometry. The material simplicity makes modeling

simple and focuses attention on the role of geometric features on vibration characteristics. We

have explored several modes of vibration of the bone. Experimentally captured frequencies and

several mode shapes of the femur bone have been verified with finite element method (FEM)

simulations.

The emphasis is on investigating the ease of actuation and measurements of modes of vibration

in biological structures and the verification of measured quantities from numerical simulations

based on FEM models that have hardly any uncertainties. The vibrational study of the femur

bone is an important area of research that has the potential to improve understanding of the

mechanics of the vital bone. By analyzing the vibrational properties of the femur, researchers can

identify areas of weakness and develop more effective treatments for bone injuries and diseases.

The results of this study are not only useful in the design of a non-invasive technique but also in

a lab-on-chip device for the exploitation of modes of vibration of such structures. This study is a

confidence builder for the employed experimental technique to study more complex structures

(taken up subsequently) where there are more uncertainties in modeling the structures, such as

human skin.
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Next, we studied the vibrations of non-homogeneous skin and their dynamics. The vibrational

study of human skin and its mechanics is an important area of research because it provides

insight into the complex properties of the skin. The skin is the largest organ in the human body

and plays a vital role in protecting the body from the external environment. It is also responsible

for regulating body temperature, sensory perception, and the production of certain hormones.

This work can help improve our understanding of the skin’s functions and its response to different

stimuli, leading to better treatments for skin diseases and improve overall skin health.

Similarly, various nanocarrier gels and creams are used for the treatment of different types of

skin disorders. Nanocarrier gel and cream are topical products that have been developed to

deliver active ingredients to the skin at the nanoscale. This offers several potential benefits for

the treatment of various skin conditions. One of the key importance of using nanocarrier gel and

cream on the skin is their ability to penetrate the outer layers of the skin and deliver the active

ingredients directly to the site of action. The nanoscale size of the active ingredients in these

products also enables them to be more easily absorbed by the skin, leading to better and faster

results.

This allows for more efficient and effective treatment of a wide range of skin conditions, including

acne, psoriasis, eczema, and skin irritations. Hence, we extended the work to study the effect of

nanocarrier-formulated gel and cream on the dynamics of the skin using a non-invasive technique.

Here the vibration characteristics are affected significantly by the external cream or gel interface,

i.e., the top surface of the skin on which the gel or cream is applied. The exposure time for the

cream or gel on the skin surface modulates its modal frequencies. This study addresses two major

issues: (i) the use of a Position Sensing Device for dynamic measurements on a 3-D structure,

and (ii) establishing vibrational correlates with the mechanical properties of the skin that effects

due to nanocarriers substances w.r.t time using non-invasive measurements on skin. This research

can help to improve understanding of the skin’s functions and its response to different stimuli,

which can ultimately lead to better treatments for skin diseases and improved overall skin health.

Further, we studied the biological cells that are complex structures both geometrically and

materially. Their boundary conditions are nowhere near the two cases studied before. It is

essentially because of the complex structure of cells that we first studied simpler, homogeneous

structures and carried out many experiments on them so that we could place greater confidence

in our experimental results on cells. The study of cells is split into two parts. First, we study

the mechanical behavior of normal liver cells and then of cancerous liver (Huh-7) cells. Cellular

elasticity and viscosity are emerging indicators of the disease state and its progression. An

alteration of intracellular viscosity has the potential to modulate cellular function and hence is

often associated with various pathological conditions. Cancer cells at each stage of progression

are postulated to show differential viscosity. Viscosity is an essential parameter that regulates

bio-molecular reaction rates of diffusion-driven cellular processes. Hence, abnormal viscosity
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levels are often associated with various diseases and malfunctions like cancer. For this reason,

monitoring intracellular viscosity becomes vital. In comparison, several approaches have been

developed for in-vitro and in-vivo measurements of viscosity. Analysis of intracellular viscosity in

live cells has not been well explored till day. This study reveals and introduces a novel, natural,

frequency-based, non-invasive method to determine the intracellular viscosity in cells. This

method can not only efficiently analyze the differences in intracellular viscosity post modulation

with molecules like PEG or glucose but is sensitive enough to distinguish the difference in

intra-cellular viscosity between normal and cancer cells as well.

Interestingly, TGF-β, a cytokine reported inducing epithelial to mesenchymal transition (EMT),

a feature associated with cancer invasiveness, resulted in reduced viscosity of cancer cells, as

captured through our method. To corroborate our findings with existing methods of analysis we

analyzed intra-cellular viscosity with a viscosity-sensitive molecular rotor-based fluorophore-TPSII

(designed at Prof. Inamur R. Lasker Lab.). In parity with our PSD-based approach, an increase

in fluorescence intensity was observed with viscosity modulators, while TGF-β exposure resulted

in its reduction in the cells studied. This is the first study of its kind that attempts to characterize

differences in intracellular viscosity using a novel, non-invasive PSD-based method. Also, recent

findings suggest that intracellular viscosity varies significantly between invasive and non-invasive

cells, like healthy breast cells exhibit higher viscosity than invasive carcinomas. No wonder the

elastic response of tumor cells has been explored earlier as a diagnostic for cancer cells or their

metastatic potential.

With experiments on healthy and diseased cells, we also explore the vibrational frequencies of the

cells that are an excellent marker for most major cellular disorders. The further extended study

on MCF-7 (breast) cancer cells, and their experimental captured vibrational frequencies, turn out

to be an excellent marker for detecting cancerous cells and their transition from an epithelial to

a mesenchymal state. Although the internal structure of these cells is quite complex, with many

more elastic components and cross-connects, their gross vibrational behavior is captured very

well using numerical simulations. Numerical simulations are performed on the real 3-D images

of the cells obtained from confocal imaging. Experimental and numerical findings of the study

have been an eye-opener as it indicates that noninvasive (to the cells) measurements of cellular

viscosity and frequencies can be used for detecting perhaps several diseases, thus opening a new

area in mechnodiagnostics.

Cancer research focuses on identifying methods that trigger cancer cell death without damaging

the surrounding normal cells. The biophysical and biochemical characteristics of tumor cells offer

multiple targets for treatments. Recent developments in cellular and molecular oncology have

led to significant improvements in diagnostic and therapeutic applications, although antitumor

therapies are still ineffective. One of the primary focuses of current research is to improve

techniques for suppressing carcinogenesis. Chemotherapy is the most significant method used in
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the current anti-cancer endeavor. Due to its unfavorable effect on normal cells, unfortunately, its

efficacy is diminished.

Consequently, to improve oncochemotherapy, it is required to expand research efforts on possible

novel oncolytic drugs or treatment approaches that would precisely target tumor cells. Mechanical

vibration is a possible biocompatible treatment approach and is a subject of mechanomedicine in

the field of cancer. Hence, we further study the Huh-7 cells subjected to low sound frequency (20

Hz to 60 Hz) excitation and its effect on apoptosis. Similar PSD-based noninvasive techniques

were used to evaluate the frequency response of the cells. Cell viability of Huh-7 cells was

determined while subjected to a low range of mechanical vibration. It was observed that the

cellular morphology changes in the Huh-7 cells. These changes alter cell shape and size. Cells

degrade and attain more polygonal shapes compared to cells without excitation. Further, obtained

frequencies were compared from the analytical model (standard Voigt). Apoptosis and necrosis

were evaluated after mechanical vibration and compared to cells maintained in static culture. Even

though the particular intracellular processes by which low-frequency mechanical vibration induces

cell death through apoptosis and necrosis are not well understood. Nevertheless, outcomes

imply a potential role of mechanical vibration that might represent a unique application of

mechanomedicine to cancer treatment.

In light of the above affirmations, several kinds of research have been required to improve the

understanding of cytophysiology and the developmental process of cell aggregates. Translational

research is an effective key for this purpose, and nanoparticles, acoustic irradiation, mechan-

otransduction, and vibration analysis have been shown to potentiate a better understanding of

active mechanisms at the cellular, subcellular and molecular levels.

The idea that the cell is a mechanical system has greatly impacted how we think about biology.

Hence, the importance of recognizing the cell as a mechanical entity, both in terms of its

behavior and response to surrounding mechanical conditions, is becoming more apparent in

various biological studies. The application or analysis of the role of mechanical forces in eliciting

a molecular response, leading to a quantifiable change in form and/or function. The importance

and influence of environmental and mechanical conditions on cell fate and function have been

thoroughly established and are the subject of multiple reviews.

Mechanobiology is a key component in pathology; development, and morphogenesis; and in many

specialized tissues such as bone, tendon, heart valves, intervertebral disc, and cartilage. The

ability to precisely manipulate the mechanical microenvironment to understand the mechanisms

and processes by which mechanical forces regulate cell function will require novel experimental

platforms and techniques. Several experimental tools and methods have been made to measure

a cell’s stiffness, adhesion, and contractility and address the cell’s response to mechanical

stimuli. Microfabrication technology can provide viable solutions to problems associated with

understanding cell biomechanics and mechanobiology. Applications of these microtechnologies
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in this field have prompted recent reviews on the subjects. Microfabrication studies on cells

may provide significant benefits in achieving what has to be done, being helpful, being exact,

and completing tasks rapidly. However, there is still a long way to go before most people

adopt these technologies. This study aims to look at and summarize the recent changes in

microfabricated technologies that are being used to solve experimental problems in the fields of

cellular biomechanics and mechanobiology.

Here, we aim to develop a smart microchannel that can be used to study various aspects

of mechanobiology. The concept of smart microchannels was carried out to control cells in

biomedicine precisely. In this study, a low-cost piezoelectric-based microchannel was developed

to evaluate the resonance behavior of targeted Huh-7 cancer cells. A novel opto-mechanical

vibration-assisted approach was used on the microchannel, which was made of synthesized ZnO

nanoparticles and polydimethylsiloxane (PDMS). The outcome of the study indicates that the

fundamental frequencies of the cancer cells were affected by the actuations on the ZnO/PDMS

microchannel, and may be useful for developing a resonance-based device for identifying malignant

conditions.

There are several drawbacks to existing experimental techniques or methods used in studying the

behavior of biological cells. These include:

1. Accuracy: Experimental techniques often have limited spatial resolution, which means that

they cannot provide detailed information about processes occurring at the molecular level

within a cell. In addition, experimental techniques are often limited in their temporal

resolution, meaning they cannot track processes that occur over concise periods of time.

2. Cost and time: Experimental techniques can be expensive and time-consuming, particularly

if they require specialized equipment or facilities.

3. Ethical concerns: Some experimental techniques, such as those involving the use of animals

or human subjects, raise ethical concerns.

4. Limited control: Experimental techniques often have limited control over the conditions

being studied, which can make it difficult to isolate and study specific processes or variables.

5. Limited flexibility: Experimental techniques are limited to studying a specific system or

process, and it can be difficult or impossible to modify the conditions of the study once the

experiment has commenced.

Thus above listed drawbacks motivate us to look into some versatile, speedy, and cost-effective

tools or preferred methods for analyzing biological cells and understanding the mechanisms

underlying a wide range of biological processes.
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Molecular dynamics (MD) simulation is a computational technique that allows for the prediction

of the behavior of a system at the atomic level. It is a powerful tool that can be used to analyze

biological cells, and in many cases, it is preferred over experimental methods for various reasons.

One of the main advantages of MD simulation is that it allows for investigating processes that

may be difficult or impossible to study experimentally. For example, MD simulation can be used

to study the dynamics of proteins and other biomolecules in a cell, including their interactions

with other molecules and their movements within the cell. This can provide insights into the

mechanisms underlying various biological processes, such as enzyme catalysis, protein folding,

and signaling pathways. Another advantage of MD simulation is that it allows for examining the

effects of different conditions on a system. For example, the impact of different temperatures, pH

levels, or chemical modifications on the behavior of proteins or other biomolecules. This can help

researchers to understand how these factors influence the function of a cell or the behavior of a

particular biological process.

MD simulation can be used to accurately predict how a system will behave in various conditions

or environments. It can be used to study how proteins or other biomolecules might behave in

different body parts or under different physiological conditions. This can help to understand how

drugs might affect a particular biological process and to identify potential therapeutic targets.

Finally, MD simulation is generally less time-consuming and more cost-effective than experimental

methods, particularly for complex systems or processes. It allows researchers to study a wide

range of scenarios in a relatively short period of time without the need for expensive equipment

or the time-consuming process of conducting experiments.

Overall, MD simulation can provide valuable insights into the behavior of biological cells and

the mechanisms underlying a wide range of biological processes. It is a valuable alternative to

experimental methods and is often preferred due to its versatility, speed, and cost-effectiveness.

Hence, Further extending the research work to use the capabilities of the molecular simulations

to capture the impact of cholesterol levels in the cancerous membrane protein system under

external mechanical stimuli.

The low-cholesterol cancerous environment can affect the biophysical behavior of transmembrane

proteins. It is difficult to experiment and measure the dynamic behavior of the membrane

protein systems under a strained environment. This study adopted an atomistic approach to

investigate the transmembrane protein behavior during lipid-bilayer separation under strain at

different cholesterol concentrations. Several structural parameters were studied to understand

the dynamics of the membrane protein systems. The impact of the decreasing cholesterol across

the membrane protein system and their effect on area-per-lipid, average tilt angle, and order

parameters. This observation indicates that the decreased cholesterol concentration in a cancerous

environment hinders the bonding and compactness of the membrane protein system. Stretching
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and unfolding of protein were observed during bilayer separation and the resistance stresses

decreased for decreasing cholesterol.

The investigation revealed that cholesterol is an essential membrane constituent that impedes

diffusion and resists protein detachment at high concentrations. The transmembrane proteins can

retain end terminals positions across the membrane and resist functional failure. This study showed

that decreased cholesterol concentration causes significant changes in the biophysical behavior

of the membrane protein system that could trigger the mechanosensitivity of transmembrane

proteins under mechanical perturbation.

1.7 Objectives of the proposed research

We performed a detailed literature review to understand the microstructure and the mechanics

of the biological cells. There are several mechanical techniques for biological cell analysis that

have their advantages and limitations. For the present study, based on the existing research

gap the following objective is refined from the perspective of the development of an indigenous

non-contact experimental technique.

• Development of an experimental platform to measure the dynamic response of biological

samples on the macro-micro scale.

• Mechanical diagnosis of the macro-sized biological samples based on their vibration signa-

tures and their numerical analysis.

• Study the role of TGF-β induced EMT on the intracellular viscosity in cancer cells.

• Comprehending the impact of external low-sound frequency stimulation on the mechanical

response of cells.

• Investigation on the mechanical resonance of Huh-7 cells based on the elasticity of adhesion.

• Development of a smart microfluidic platform to study the dynamics of different cells and

their characterization based on their resonance.

• Atomistic analysis of the effect of cholesterol on cancerous membrane protein system to

reveal the unfolding and associated resistance under strain environment.

1.8 Outline of the thesis

In the first chapter of this thesis, we provide motivation to carry out the study on the dynamics

of biological cells. We started the work for the prior validation of the developed experimental
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technique from the largest organ of the body viz. bone and skin, and further move to the

functional basis of life i.e. cells.

In the second chapter, we study the dynamics of a femur bone using PSD based experimental

setup. Experimental results are validated by numerical means. This noninvasive experimental

technique helps to find out the mechanical behavior of the bone sample. The response of the bone

depicts the damping characteristics of bone, which reflects the decay of vibration in the biological

sample. These values are auspicious for the evaluation of the modulus of elasticity of the bone

sample. The evaluated modulus of elasticity by the proposed experimental technique and finite

element modeling are close to each other. Bone is anisotropic material; hence homogenization

using Computational Multiscale Analysis (CMAS) gives the optimized material property of the

sample, which is further used for the evaluation of the mechanical response of bone. A numerical

analysis was done to evaluate the frequency response of the femur bone. The modal analysis

shows the various natural frequencies which can aid in designing the prosthetic bone to avoid the

failure of the prosthetic parts. Random vibration analysis was carried out to observe the real-life

daily activity of the bone sample, and a comparative study for deformation in the bone was done

using a non-destructive technique and a numerical approach. This work shows the establishment

of the experimental technique for the evaluation of the mechanical properties of the bone sample.

In the third chapter, we study the dynamics of skin (obtained from the dorsal portion of Wistar

rat) and show the alteration in the elastic behavior of skin over a period of time with and without

nanocarrier additives application. Nanocarrier additives modulate the natural frequency of the

skin. This study evaluates the natural frequencies and Young’s Modulus of the skin concerning

the change with time using a non-destructive optical technique, such as PSD and FE modeling.

Based on the results, the normal skin’s experimental frequencies were found to be higher than

the skin sample with cream and cubosome-loaded gel. The Numerical FE results exhibit the

modal frequencies and mode shape at different frequencies. Also, we evaluated the stresses

and deformation in the skin with the increase in the stratum corneum thickness. Notably, the

described methodology predicts the dynamic behavior of the skin. This experimental technique

has enormous scope in the diagnosis of diseased skin. Vibration analysis allows observing the

variations in the dynamic behavior of healthy and diseased skin with time. We verify these

frequencies with analytical calculations and find that all the measured frequencies are within an

acceptable range of theoretically predicted values. Further, this method can be implemented to

evaluate the in-vivo mechanical response of the skin, and a lab-on-a-chip device can be developed

for real-time monitoring of skin behavior.

In the fourth chapter, we study the vibration signatures of cancer cells. Here we measure

the natural frequencies of normal and specific cancerous cells. Findings showed that we could

distinguish the two, based on their natural frequencies. We find that the natural frequency of

cancerous cells is approximately half that of normal cells. We could distinguish epithelial and
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mesenchymal cancer cells based on their natural frequency values. For Epithelial cells, we activate

the signaling pathways to induce EMT and notice the reduction in the natural frequency. This

mechanical assay based on vibration response corroborates results from biochemical assays such

as Western blots and PCR, thus opening a new technique of mechano-diagnostics.

In the fifth chapter, we used noninvasive techniques to examine the effects of mechanical vibration

on the frequency response and viability of Huh-7 cells. We observed changes in the shape and

size of the cells, with a shift towards more polygonal shapes and degradation. When comparing

the obtained frequencies to an analytical model, we found that the fundamental frequency of

the cells and the onset of apoptosis and necrosis increased with an increase in the excitation

frequency and duration. These results suggest that mechanical vibration may have a potential

role in cancer treatment. However, the exact mechanisms by which it leads to cell death through

apoptosis and necrosis are not fully understood.

In the sixth chapter, we used a non-invasive technique called the Position Sensing Device (PSD)

to evaluate the resonance behavior of Huh-7 cells and compare the results to numerical AFM

modeling. The atomic force microscope (AFM) has been used in cell biology for over a decade to

investigate the mechanical properties of live cells and map the distribution of these properties,

which can provide insight into the cytoskeleton and cell organelles. We developed a new method

for numerical AFM characterization of the cells using real images of trypsinized Huh-7 cells,

which allowed us to evaluate the natural frequency of the cells and investigate the impact of focal

adhesion (FA) stiffness on the natural frequency. These measurements can help to improve our

understanding of normal and pathological cell mechanics and potentially aid in disease diagnosis

and therapy selection. The proposed technique and numerical approach can also be useful in

selecting target therapy parameters and evaluating the mechanical properties of cells.

In the seventh chapter, a low-cost piezo active microchannel was developed to evaluate the

resonance behavior of targeted cancer cells using a novel opto-mechanical vibration-assisted

approach. The microchannel was made of piezo-active ZnO nanoparticles and biomimetic

polydimethylsiloxane (PDMS). The microstructure of the ZnO nanoparticles was analyzed using

scanning electron microscopy and X-ray diffraction (XRD). The piezoelectric properties of the

proposed ZnO/PDMS microchannels were also evaluated to assess their mechanical and electrical

behavior. The morphological changes in Huh-7 cells flowing through the electrically stimulated

ZnO/PDMS microchannel were studied using high-speed imaging. The resonance behavior

of the cells flowing through the vibrating microchannel was also determined using a position

sensing device (PSD) based non-invasive experimental technique. The resonance frequency of

cells in control (without actuation), low and high actuation conditions on the microchannel

were evaluated and indicate that the fundamental frequencies of Huh-7 cells can be impacted by

actuations generated by piezo activity on the ZnO/PDMS microchannel. These results may be

useful for developing a resonance-based device for detecting the presence of malignant conditions.
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In the eighth chapter, the biophysical behavior of transmembrane proteins in a different cholesterol-

level cancerous membrane was investigated using an atomistic approach. Various structural

parameters were studied, such as the area per lipid and average tilt angle, and the order parameter.

This indicates that decreased cholesterol concentration in a cancerous environment weakens

the bonding and compactness of the membrane protein system. The protein was also observed

stretching and unfolding during bilayer separation with resistance stresses. The cholesterol

molecules were found to be bonded with proteins and the investigation revealed that cholesterol at

high concentrations impedes the diffusion and detachment of proteins. Therefore, transmembrane

proteins can retain their positions across the membrane and resist functional failure when

cholesterol concentration is high. This study demonstrated that cholesterol concentration leads

to significant changes in the biophysical behavior of the membrane protein system, which could

affect the mechanosensitivity of transmembrane proteins under mechanical perturbation.

The thesis ends by summarizing the findings of the whole work in the ninth chapter and states

the future research directions



Chapter 2

Nondestructive Evaluation of

Mechanical Properties of Femur Bone

2.1 Background

Bone mechanics is the study of the mechanical properties of bones and their behavior under

various types of loading conditions. This field of study is important because bones play a critical

role in the functioning of the human body. They provide the structural support needed for our

bodies to move and maintain their shape, and they also protect internal organs from injury.

The mechanical properties of bones are determined by their composition and microstructure.

Bones are composed of living cells embedded in a matrix of collagen and minerals, primarily

hydroxyapatite. Collagen provides flexibility and tensile strength, while minerals give bones their

hardness and compressive strength. The arrangement and orientation of these components within

the bone determine its overall mechanical behavior.

The mechanical behavior of bones is highly complex and depends on a variety of factors, including

the type and amount of loading they experience, their age and health, and the specific region of

the bone. For example, bones in the legs and feet are subjected to different types of loading than

bones in the arms and hands, and bones in the spine have different mechanical behavior than

those in the skull. One of the key factors that affect the mechanical behavior of bones is the

type of loading they experience. Bones are subjected to two main types of loading: static and

dynamic. Static loading occurs when a constant force is applied to a bone, such as when we are

standing still. Dynamic loading, on the other hand, occurs when a bone experiences changing

forces, such as when we walk or run. The importance of studying bone mechanics lies in the fact

that it can help us understand how bones respond to different types of loading and how they

can be injured or damaged. This knowledge can be used to develop better treatments for bone

fractures and other injuries, as well as to design medical devices and prostheses that better mimic

36
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the mechanical behavior of healthy bones. Hence, the study of bone mechanics is important

because it helps us understand the mechanical behavior of bones and their response to different

types of loading. This study can be used to improve the diagnosis and treatment of bone injuries,

as well as to design medical devices and prostheses that better support and protect bones.

2.2 Introduction

The femur bone is the human body’s longest and largest bone. It is also known as the bone of

the leg. It attaches to the pelvis at the proximal end, forming the hip joint and joining the knee

joint at the tibia’s distal end. One of the most frequent fractured bones in the human body is the

femur bone, which carries the maximum percentage of body weight [78]. The femur is a strong

bone that is difficult to break. It requires a big impact force for them to break. Common injuries

to femur bone at a young age are often due to high energy collision. The most common cause of

femur fractures is a motor vehicle and motorcycle crash. Lower force incident is also common

for fractures in old age who have weaker bones and unable to carry a sustainable body load.

Various fragile bone diseases like osteoporosis, Osteopenia, Osteitis deformans, and osteomalacia

are responsible for weakening and decreasing the bone load-carrying ability because of reduced

bone mass. A decrease in bone mass causes a thinner cortical bone that therefore weakens the

bone. This is caused mainly in older people. Due to this illness, people are falling more often

and breaking their femur. Femur bone with its various parts are shown in Figure 2.1.

Head

Neck

Lesser Trochanter

Corpus Femoris

Condyles

Adductor tubercle

Medial Condyles

Greater Trochanter

Figure 2.1: Structure of femur bone[79].

Femoral head fracture, femoral shaft, and femoral condyle fractures are the distinctive fractures

mostly occur in femur bone at different locations. A femoral head fracture is a type of stress

fracture. It is chronic and caused due to repetitive activities [80]. This fracture surrounds the

head part of the femur. The shaft region is in between the lesser trochanter and the adductor
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tubercle of bone. High energy collision in young age people and lower energy fall in elder age

humans cause femoral shaft fractures [81]. The femoral fracture can be classified as transverse,

comminuted, and open type shaft fractures. A femoral condyle fracture occurs after a medial

tendon.

An Anterior Cruciate Ligament (ACL) is located at the center of the knee joint and extends from

the backside of the femur. ACL reconstruction with extra-articular tenodesis occurs between

the site of fixation of the extra-articular augmentation and the intraosseous femoral tunnel[82].

Several Researchers have performed experimental investigations on the various form of fracture

and damages in human bone. Many researchers studied its mechanical behavior in different

mechanical loading using techniques such as strain gauges [83], ultrasound testing [84], and

universal testing [85].

Lang (1969) developed a method based on the measurement of ultrasonic bulk wave velocities

(BWV) propagating along different directions of a bone sample as an alternative to conventional

mechanical techniques, which are unsuccessful in measuring multiple elastic constants on the

same sample [86]. BWV measurements are used for obtaining elastic longitudinal and shear

constants in the various anatomical directions of a sample [87], [88]. The process, however, has

some drawbacks: (1) the sample must have standard dimensions greater than a few millimeters

(approximately 5 mm) [89]. (2) Multiple measurements with specimen repositioning and delicate

manipulation of transducers are included in the BWV process. (3) Greatly increase the time and

complexity of preparation of the specimen. (4) The accuracy of the BWV method is dependent

on the orientation of the transducer and the acoustic coupling quality between the transducers

and the sample [90].

The resonant ultrasound spectroscopy (RUS) method, will overcome the afore mentioned limita-

tions of of BWV technique. The resonant frequencies of the sample are measured by propagating

the ultrasound waves and the signals are received using transducers. The elastic constants of

the sample are eluated using the resonant frequency data [91], [92]. RUS technique is widely

used to characterize single crystals and biological materials such as human dentin [93] and bone

[94]. The RUS [95] technique demands for high quality factor around few hundred and above are

recommended to show sharp resonant peaks. Usually for crystalline or metallic specimens have

higher quality factor(Q), where as biological samples are viscoelastic in nature, this will lead to

overlap of resonant peaks, and thus these resonant frequency measurements become a drawback

of RUS. RUS was successfully applied to materials with a smaller Q in the range of 150 [96] and

to materials with a Q around 50 [97] with the use of a signal processing method for the resolution

of overlapping peaks. Lee et al. (2002) estimated Q in the low range(10-30) for bovine cortical

bone; however, they did not use any advanced approach to solve overlapping peaks and could not

retrieve more than three resonants frequencies. Bernand et al. uses RUS with signal processing

unit to characterize the anisotropic human cortical bone specimen in millimeter scale and retrieve
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the elastic constants of the specimen [98]. Daoui et al. predicted the elastic modulus of a cuboid

shaped trabecular tissue specimen using resonant ultrasound spectroscopy, and evaluate the

resonance frequency to evaluate tissue elastic modulus [99]. RUS is a non-destructive technique

that is easy to implement compared to traditional mechanical testing but has a limitation in

the in-vivo studies. RUS demands the sample size at least millimeter size, and the surfaces

should be parallel, this would lead to tedious sample preparation [88]. There should be strong

coupling between transducer and specimen, hence the acoustic impedance between transducer

and the specimen is a main drawback of the RUS technique [100]. The applicability of RUS in

micro-damaged biological samples are still challenging [101].

Bone microdamage is required for the fracture risk assessment. Muller M. et al.[102] proposes the

nonlinear ultrasound techniques for damage detection in human bone subjected to fatigue loading.

Predicted the correlation of progressive fatigue of human bone to their nonlinear dynamical

response. The ultrasound technique is having non-invasive and non-ionizing characteristics for

damage detection in biological samples. These characteristics of this technique become merit

for in vivo bone damage characterization. Nonlinear resonant ultrasound spectroscopy (NRUS)

is one of the powerful techniques for damage assessment in the biological samples [103]. The

nonlinear behavior of damaged materials can be significantly evaluated from this resonance-based

technique. high-energy X-ray computed tomography imaging is also used for identifying the

prominent cracks assessment. But for the samples with an increased quantity of damages, NRUS

shows its better ability by revealing a corresponding increase in the nonlinear response.

Several factors need to be considered during the evaluation of the mechanical response of biological

samples, such as geometrical data of the tested bones [104], loading rates, and point of application

[105], material properties [106]. Inherent damages and voids throughout the sample decreases

the overall strength of the bones. Thus, there is an increase in the error while evaluating the

mechanical properties of the bone samples through experimental procedures. The femur bone

consists of various constituents like cortical bone, trabecular bone, bone marrow, collagen fibers,

and inorganic minerals. Both Cortical, and Trabecular, contribute to bone strength and support

the load at different parts of the bone. Trabecular bone has a large surface exposed to the bone

marrow and blood flow compared to cortical bone [107]. Therefore in terms of loads and strength,

these constituents are essential to the bone and are taken into account for the analysis.

Bone is a composite material that shows nonlinear behavior; hence, evaluating its properties is

a challenging task. These nonlinearities can be better understood by coupling the mechanical

responses of micro and macrostructures together [108]. Homogenization is a process of making

the composition of the structures uniform. Furthermore, the material will behave as same as the

ideal structure [108].

Finite element analysis is one of the most versatile techniques to analyze complex structures

and inhomogeneous material properties and is considered as a tool for biomechanics modeling
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[109], which has complicated geometrical shapes and heterogeneous material properties. Viano et

al. [110] evaluated the natural frequencies and mode shapes by considering the bone as simple

beam models. The natural frequencies of the bone are found to be in the range of 250 Hz to 2250

Hz across several modes of vibration. Most of the researchers have evaluated the mechanical

characteristics of the femur bone using strain gauges [111]. Strain gauges can measure the average

values of strain, which changes with the applied force over the gauge length of the device and

thus provide a source for comparison with numerical solutions, but at particular locations and

cross-sections on the bone surface.

Mathukumar [112] found that the end loading and damping influence the natural frequency

of bone. The frequency analysis of bones helps to predict the quality of bone or integrity to

characterize the various disorders present in the bone structures. The modal analysis was used to

determine the failure pattern of remodeled bone in the fractured model. A numerical approach

was proposed to evaluate the natural frequencies and mode shapes of an unconstrained femur to

get the mechanical response of the bone by changing the material density [113]. Stress analysis

predicted the stresses experienced by the femur bone and evaluate the critical load for the

ultimate failure of the bone. These findings are essential in the replications of the natural design

parameters in the development of synthetic bone replacements [114]. Taylor [115] proposed the

finite element model to evaluate the natural frequencies using modal analysis, and predicted

the elastic properties of the sample, and compared these frequencies with experimental natural

frequencies obtained using ultrasound technique. Keyak [116] proposes the Finite Element

modeling of the proximal femur to predict fracture location and fracture type and compare it

with mechanical testing. The fracture strength of the bone depends on the necessary constraints

like boundary conditions, loading, and mechanical and hydraulic stiffness of the bone [117].

In this work, we experimentally evaluate the natural frequencies and corresponding mode shapes

of a goat femur bone. These are a dynamic property of the structure; it represents a pattern

of structural deflection corresponding to its natural frequency. Bone is held in mechanical

configuration and excited with an impact hammer, and the response is measured using PSD

unit-based optical technique. Elastic properties of the bone are evaluated using the measured

natural frequencies from the experiments. The elastic modulus of the bone is also estimated

using finite element analysis. The numerically predicted values are within 9% of the measured

results. We emulate the experimental condition of random vibration, and analysis is carried out.

The predicted spectrum followed the measured spectra.

This non-destructive technique helps to predict the mechanical properties of biological samples

like bone, although a lot of the techniques are available in which many are based on destructive

and imaging techniques [118], [119]. With the versatility of the technique, invivo and invitro

experiments can be performed in the biological samples to find the mechanical responses. Each

biological sample is having its natural frequency of vibration, and this frequency-based assay will
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aid in determining the mechanical properties [120]. Damaged and diseased bone samples have

a different natural frequency than a healthy bone sample [121]. Hence this technique will aid

in the field of sports engineering to determine bone health conditions and monitor bone health,

which can be possible along with the use of some suitable techniques with this technique [122].

Thus, the suggested method will provide the physicians with a tool to investigate the bone’s

condition/strength (after the proposed method will be clinically proven and regulatory approved).

2.3 Materials and Methods

2.3.1 Numerical Modelling

The Femur bone is designed and saved as a step file format and imported to ANSYS Geometric

modeller. Material assignment to geometry has been done by creating the material library. In this,

we assign the homogenized material properties evaluated using Numerical material testing (NMT)

in the Computational Multiscale Analysis (CMAS). Table 2.1 provides the general material

properties of the bone considered for homogenization.

Table 2.1: Properties of femur bone for homogenization [79], [123]

Parameter Cortical bone Trabecular bone Bone marrow
Hounsfield unit(HU) 2200 800 660

Density (g/cmc) 2.020 1.371 1.012
Young’s Modulus (MPa) 18155 3195.3 880

Poisson’s Ratio 0.40 0.40 0.30

Figure 2.2 shows the various steps and a micro-macro decoupling scheme involved in the numerical

analysis of homogenization using CMAS to acquire the homogenized property for the bone sample.

The nonlinear two-scale analysis was performed on the bone with periodic microstructures

(unit cells), based on the available functional macroscopic constitutive equation [108], [124].

Homogenization theory is used to solve the two-scale boundary value problems (BVP) derived

within the framework [124], [125]. A series of numerical material tests (NMTs) is conducted on

the unit cell model to obtain the data used to identify the material parameters in the assumed

constitutive model. For the NMTs with arbitrary patterns of macroscale loading, the governing

equations [108], [124] used for modeling microscale boundary value problem (BVP) equipped

with the external material points is shown in Equation 2.1

F = ∇Y Φ (X;Y ) = ∇YW (X;Y ) + 1 = H(X) +∇Y U (X;Y ) + 1 (2.1)

Where X denotes the macroscopic material point in the macro scale, reference configuration is

not an independent variable in the microscale kinematics. Here, ∇Y is the gradient operator
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Figure 2.2: Homogenization Process using CMAS.

for the microscale Y, H is the macroscopic displacement gradient that is independent of Y, 1

is the second-order identity tensor, and U is the Y periodic displacement field that represents

a fluctuation due to microscale heterogeneity. Homogenization has been done by considering a

unit cell having bone marrow molecules at the center and cortical bone molecules at the corners

adjacent by Trabecular bone molecules matrix using Computational Multiscale Analysis System

(CMAS) in ANSYS. Computer-Aided engineering tool “CMAS" comprises the homogenization

method for multiscale modelling [123]. Homogenization of the various constituting materials

of bone in a microscale level carried out and then implemented to the macroscale level human

femur bone has been done by the following steps.
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2.3.1.1 Create a Micromodel

Creation of a microscaled model of femur bone has been done in ANSYS design modeller

using CMAS module. For this unidirectional centered and corner position for individual bone

constituents is being opted and assignment of the material properties to the individual elements

followed by meshing of the micro model as shown in Figure 2.2.

2.3.1.2 Homogenization Analysis

After unit cell mesh generation and the boundary conditions [124], the numerical material test

was conducted in the ANSYS and then equivalent property value such as elasticity modulus,

density, and poison’s ratio has been evaluated. Following are the steps involved in NMT analysis

[124].

• A macroscopic constitutive material model is done by integrating the Equation 2.1.

• NMTs on a unit cell model using Finite Element mesh

1. If H is macroscopic displacement gradient,then the relative displacement vector q[J ]

on the external points

q[J ] := H · L[J ] (2.2)

2. The microscopic BVP Equations are given by

∇y.P = 0

F = ∇y . ω + 1

 in y0. (2.3)

P = ℑF

ω[J ] − ω[−J ] = H̃ .L[J ]

T̃ [J ] = 1∣∣∣∂y[J]
0

∣∣∣
∫ .

∂y
[J]
0
P.E[J ]ds

 in ∂y[J ]0 . (2.4)

By imposing

w[J ] − w[−J ] = q[J ]

Where P is a nominal Stress vector, F is force vector, T is a traction force vector.

3. Obtain 1st Piola-Kirchhoff (PK) or nominal stress PiJ at each incremental step n for

all loading patterns α from the reaction force vector directly obtained by solving the

extended microscale BVP

PiJ =
Ri[J ]

|∂Y0[J ]|

Where R is reaction force and ∂Y0[J ] is the area.
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• Identifying macroscopic parameters for materials

1. Using the NMT data, calculate the macroscale 2nd PK stress

S[n,α] =

((
F [n,α]

)−1
P [n,α]

)
(2.5)

and the right-CG deformation tensors C[n, α] and store all sets of data over n[α]step

2. Build a function with the material parameters p

3. Identify the macroscopic material parameters p by solving the obtained algebraic

equations Gp = b, where G and b are coefficient matrix.

• Macroscopic FE-analysis: Solve the macroscale BVP using the assumed constitutive model

with identified material parameters.

After homogenization, the obtained isotropic material properties have been assigned to the femur

bone shown in Table 2.2.

Table 2.2: Homogenized Properties of femur bone.

Property Value

Density (gm/cc) 2.02
Young’s Modulus (MPa) 14800
Poison ratio 0.3

We emulate the restriction of movement by the adjacent bones by applying fixed boundary

conditions at the base of condyles and the femur neck. Modal analysis is done to evaluate the

natural frequencies and the corresponding mode shapes.

2.3.2 Experimental Studies

Figure 2.3a shows the detail description of the experimental setup. A laser source with 23 mW

power and 650 nm wavelength powered by an external AC Voltage source of 240 V and 50 Hz.

Ideal goat femur bone was procured and held in fixed-fixed beam configuration using fixtures

Figure 2.3a. The length of the bone in between the supports is marked and divided into five

equal parts (Figure 2.3b). The bone is actuated using an impact hammer, and the response is

measured at the predefined measurement points using PSD.

The laser beam (measurement beam) is incident on the measurement point on the bone surface

and gets reflected from the surface, and the reflected beam carries information of the vibrations

of the structure is captured using PSD (Figure 2.3a). Displacement of the bone was traced by

PSD [Hamamatsu S5990-1], and the vibration amplitude is monitored using AC operating point
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Figure 2.3: (a) Experimental setup for the mechanical response of femur bone. (b) Loading
and boundary conditions of the femur bone.

circuit [Hamamatsu C4674-01]. The output of the circuit is readout using an oscilloscope. The

amplitude of vibration in X and Y directions are monitored using two channels. We take FFT of

the time domain data to obtain the frequency response of bone at the specified measurement

point. Sequential measurements are taken on the bone and supports. The response measurements

are taken at the predefined measurement point on bone and support [126].

2.3.3 Response Measurements

The bone is held in a fixed-fixed beam configuration, and we ensure that the cross-section of the

bone remains constant within the measurement zone called the gauge length of the specimen.

The structure is actuated using an impact hammer, and the transient response of the bone is

measured using PSD. Frequency response is obtained by taking FFT of the time domain data.

We take the transfer function of bone with respect to base, to take away all base related modes.

The natural frequency of the bone will be extracted using a peak picking approach.

2.3.4 Evaluation of Young’s Modulus

Natural frequency of the system is a function of mass and stiffness. We consider the bone sample

held in a fixed-fixed beam as a discrete model, upon neglecting the damping present in the system.

The elastic modulus is estimated using measured natural frequencies. Table 2.3 provides the

geometric parameters of the bone within its gauge length.

The natural frequency of any structure is a function of stiffness and mass, for a fixed-fixed beam

of length l the natural frequency is given by

fn =
kn
2π

√
EI

wl4
(2.6)
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Table 2.3: Geometric properties of femur bone.

Parameter Value

Length of the bone (mm) 248.52± 4.02
Gauge length of the bone (mm) 173.78± 2.82
Diameter of the bone (mm) 16.49± 2.02
Mass of the bone (gm) 70.04± 1.08

Where, fn is natural frequency, E is the modulus of elasticity, w is linear density of the sample, l

is gauge length, kn is a frequency parameter, and I is the moment of inertia. Modulus of elasticity

(E ) of the bone sample was evaluated using the experimentally measured natural frequency.

2.3.5 Random Vibration Analysis

The response of a structure under generalized loading conditions is modeled using random

vibration analysis. As the structural dynamics predict the response, we are first carrying

out modal analysis of bone to evaluate the natural frequencies and their corresponding mode

shapes. Boundary conditions and modal results are transferred to the random vibration analysis

environment in ANSYS. We provide base excitation to the structure at the support. The support

motion data obtained by the experimental means is provided as an input for random vibration

analysis. The power spectral density is evaluated at the predefined points on the sample, and

from the power spectral density, the response spectrum is obtained.

2.4 Results

2.4.1 Experimental Studies

Measurements were taken at five predefined positions on the bone spaced equidistant from the

center. The transient response of the bone is obtained by applying an impulse load of 100 N for

60 ms near point 1 on the bone. Frequencies are evaluated by plotting the frequency domain

data of the specimen obtained from the oscilloscope in the MATLAB. A peak in the frequency

spectrum corresponds to the natural frequencies. Figure 2.4a depicts the frequency responses in

the frequency domain for the bone sample and the support. We take the transfer function of

bone with respect to base to take away all base related modes. Figure 2.4b shows the transfer

function response of the sample for capturing the most prominent frequency of the bone sample

by removing the effect of support excitation and other vibration influencing noise acting on

the supports. The transfer function plot shows the fundamental frequency at 1496 Hz and

other natural frequencies at 3164 Hz and 4894 Hz. These values represent the different modal

frequencies. Measurements are taken at predefined positions to evaluate the modeshapes of bone.
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All the points on the bone sample show the same frequency response for the corresponding mode

shapes.

Figure 2.5 shows the measured deformation at predefined points on the bone under the base

excitation. Impulse excitation was given to the base, and the response was recorded in the

frequency domain, and the amplitude corresponding to the natural frequencies are extracted.

Since the sample is held in fixed-fixed configuration, maximum deformation was noticed at the

center and less deformation in the points near the fixed supports compare to the center point in

the bone sample. The experimentally measured modeshape follows as expected to Equation 2.6

(Figure 2.5).
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Figure 2.4: (a) Frequency responses of the bone sample and base support. (b) The transfer
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Figure 2.6 shows the time domain response of a sample for an impulse excitation at the support.

The amplitude of oscillation is decaying exponentially with time. We fit the decay with an

exponential function (inset Figure 2.6) The time constant of the bone, which predicts the damping

present in the system. The damping ratio for the bone sample is found to be 0.0394 ± 0.0011.

The elastic modulus calculated from the measured natural frequencies is found to be 14.91 ±
1.21 GPa.
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Figure 2.6: Time domain response of the bone sample with exponential decay for vibration
amplitude.

2.4.2 Numerical Analysis

Numerical material testing was done using CMAS module in ANSYS to evaluate the homogenized

properties of human bone. Elastic modulus and density of bone are found to be 14.8 GPa and

2.02 gm/cc, respectively. We use these properties for subsequent analysis. Zero displacement

boundary conditions are applied at the supports and the modal analysis was carried out to

evaluate the natural frequencies and corresponding modeshapes. Figure 2.7 shows the natural

frequencies and modeshapes of the first three modes of vibration of femur bone held in fixed-fixed

beam configuration.

Random vibration analysis of the bone sample was used to calculate the structural response to

non-deterministic loads during normal daily human activities. In this study, support motion

measured experimentally was provided to the fixed support of the bone sample. Displacement

response on each point on the bone sample was evaluated in the ANSYS. The structure was found

to have maximum amplitude at the center (point 3 in Figure 2.3b) and zero least displacements

near support (point 1 and 5 in Figure 2.3b). In this study, we monitor the deflections at the

center for the applied load. Figure 2.8 shows that the maximum displacement of 0.124 mm at

the center of the bone. Numerical results were found to overpredict the amplitude which can be

attributed to the amount of damping present in the bone sample. The actual bone sample shows

the changes in damping behavior with time as compared to the ideal modeled femur bone.
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2.5 Discussions

The proposed experimental method is a noninvasive technique that can be used to evaluate the

mechanical properties of the bone sample. Furthermore, the combination of optical position

sensing device method and finite element modeling is an immensely powerful methodology, with

great potential for evaluating the mechanical responses of biological samples like tissues and

cells. In the present study, we derived the resonant frequencies of the goat femur bone from the

obtained responses in the time and frequency domain using an oscilloscope and further signal

analysis. Figure 2.3 and 2.7 represent the frequencies from the optical position sensing device

and mode shape frequencies from the numerical modeling, respectively. Frequencies range from

1496.0 Hz to 4894.0 Hz for three consecutive modes in the case of the experimental study, while

frequencies range from 1456.10 Hz to 5364.80 Hz from the numerical study, thereby supporting

the result that the three consecutive modal frequencies of the bone could be in the range of

the 1496.00 Hz to 5364.80 Hz. The difference between experimental and numerical results can

be attributed to neglecting the nonlinear behavior and mechanical properties of the bone. The

difference in results can be due to elasticity variation across the length of the bone, and the

blood flow carries veins and arteries within the sample, inside the constructive model and uneven

morphology of the bone throughout the length [125], time-dependent properties such as changes

in elastic modulus and mass with time, which directly influence the natural frequency of the

bone sample [127], [128]. Since this study focused on evaluating the resonant frequencies and

elasticity of the bone, mass and stiffness are an essential factors affecting the results.

Table 2.4: Comparison with other techniques.

Experimental Numerical Bernand
et al.[98]

H daoui
et al.[99]

Rho et
al.[129]

Niebur
et
al.[130]

Young’s
Modu-
lus(GPa)

14.91 14.80 12.80 13.92 11.70 18.70 ±
3.40

The Table 2.4 compares the evaluated Young’s modulus by PSD (proposed technique) with other

methods reported in the literature, it was noticed that evaluated values are close to the reported

values. The difference can be attributed to sample size, heterogeneity, experimental artifacts,

anatomical location, etc. The reported values of elastic modulus using other techniques are

evaluated by considering trabecular and cortical bone separately. Bernand et al. [98] consider

cortical bone, while Daoui et al. [99] consider trabecular bone only. Rho [129] uses the ultrasonic

wave velocity techniques to measure the Young’s modulus value of cortical and Cancellous bone

and found around 11.7 GPa. The difference in Young’s modulus between the reported and present

techniques can be due to measuring the properties of complete bone.
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Table 2.5: Comparison between experimental and numerical results.

Experimental Numerical % Error

fn (Hz)
Mode 1 1496.00 1456.10 2.66
Mode 2 3097.00 2976.00 3.907
Mode 3 4894.00 5364.80 9.619

E (MPa) 14912.00 14800.00 0.75

In this work, studies were conducted on goat femur bone at different locations to propose a

nondestructive technology in biological sciences. As the test result demonstrates, the constitutive

model could represent the mechanical properties of the bone very well, as by the difference between

the measured and predicted frequencies and young’s modulus. It can be noticed (Table 2.5)

that the higher mode frequencies are linearly increases compared to fundamental frequencies

of the femoral shaft portion of the bone. A significant cause for uncertainty in the results is

the material properties used in the theoretical and finite element models to evaluate the mode

shape with its corresponding natural frequency. The FE model uses isotropic and linearly elastic

material; however, the real bone has anisotropic material properties, nonlinear, and hyperelastic

behavior [131]. This behavior leads to changes in theoretical and experimental mode shape

(Figure 2.5). From Table 2.5 we can notice that the calculated elastic modulus is within 1% of

experimentally measured values. For this study, bone material properties were estimated from

the literature data; however, bone of different age and size is likely to behave differently[132],

indeed, exciting areas for further investigation would be to use ultrasound technique to predict

the inherent structure and voids and incorporate the same in the FE model to calculate the

results with greater accuracy. In this work, random vibration analysis was done to emulate

the real-life conditions experienced by the femur bone in the normal daily activities. Results

predict the acceptable range of the deformation and showing the damping nature of the bone

by absorbing and decay of the excitation vibration. Porous structure with various constitutive

material in the bone forms a matrix-shaped structure that absorbs the vibrations and reduces

the amplitude.

The results show the mechanical properties of bone based on their natural frequency. When a

bone sample vibrates with these frequencies, the bone sample follows a specific modeshape and

deformation [133]. When the excitation frequency coincides with the natural frequency of bone

leads to resonance condition, and bone attains maximum deformation undergoing the dynamic

fracture. Hence it is essential to avoid the resonance for the smooth functioning of organs. This

technique depicts the avoidable resonant frequency of bone samples to avoid the failure of the

bone. This is the advantage of this method and can be used in bone prosthesis and biological

tissue rampage or failure [134], especially in the field of medical and sports engineering.
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2.6 Conclusions

This noninvasive experimental technique helps to find out the mechanical behavior of the bone

sample in dynamic conditions. The time response of the bone depicts the damping characteristics

of bone, which reflects the decay of vibration in the biological sample. These values are auspicious

for the evaluation of the modulus of elasticity of the bone sample. The evaluated modulus of

elasticity by the proposed experimental technique and finite element modeling are close to each

other. Bone is anisotropic material; hence homogenization using CMAS gives the optimized

material property of the sample, which is further used for the mechanical response of bone. A

numerical analysis was done to evaluate the frequency response of the femur bone. The modal

analysis shows the various natural frequencies which can aid in designing of the prosthetic bone

to avoid the failure of the prosthetic parts. Random vibration analysis was carried to observe

the real-life daily activity of the bone sample, and a comparative study for deformation in the

bone was done using a nondestructive technique and numerical approach. This work shows the

establishment of the experimental technique for the evaluation of the mechanical properties of

the bone sample. This proposed experimental technique can be extended to other biological

samples for calculating their mechanical response.

This technique can be implemented in the field of medical and sports engineering to determine

the inherent flaws, deficiencies, and wide range of mechanical properties of the biological samples

and their substitute implants. These techniques would lead to a new incitement in designing and

material selection for the bone prosthesis and sports equipment.



Chapter 3

Effect of nanocarrier additives on

biomechanical response of a rat skin

3.1 Background

Nanocarriers, such as liposomes and polymeric nanoparticles, have been widely investigated as

delivery systems for drugs and other therapeutic agents. These systems have the potential to

improve the efficacy and safety of transdermal drug delivery by enabling the transport of drugs

across the skin barrier. However, in order to fully realize the potential of these systems, it is

important to understand the effect of nanocarrier additives on the biomechanical properties of

skin.

The biomechanical properties of skin, including stiffness, strength, and elasticity, play a critical

role in determining the ability of the skin to act as a barrier to the transport of drugs and other

molecules. Alterations in these properties can affect the permeability of the skin and, therefore,

the effectiveness of transdermal delivery systems.

Sevreal previous experimental studies have been conducted to evaluate the effect of various

nanocarrier additives on the biomechanical properties of the skin. These studies typically involve

mechanical testing, such as tensile and compression testing, to measure the stiffness, strength,

and elasticity of skin samples. However, these studies have yielded inconsistent results, with

some studies reporting a decrease in the biomechanical properties of skin with the addition

of nanocarrier additives, while others have reported no significant change. Numerical studies

have also been used to complement the experimental findings on the biomechanical response

of skin to nanocarrier additives. Finite element models of skin have been developed and the

mechanical properties of skin have been analyzed using various nanocarrier additives as inputs.
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These simulations have the potential to provide a more detailed understanding of the underlying

mechanisms of the biomechanical response of skin to nanocarrier additives.

Thus, understanding the influence of nanocarrier additives on the biomechanical properties of skin

is important for the design and optimization of transdermal delivery systems using nanocarriers.

Experimental and numerical studies have been conducted to evaluate the effect of nanocarrier

additives on the biomechanical properties of skin, with some inconsistent results.

3.2 Introduction

Skin is a biomechanically nonlinear, viscoelastic, multi-layered largest organ that protects the

human body from the external environment. The superficial layer of the skin, the stratum corneum

act as a barrier preventing the passage of various pathogens and hazards such as UV radiations,

dehydration, and extreme weather conditions by maintaining body temperature [135], [136]. Skin

is susceptible to a variety of acute and chronic disorders. Diagnostic techniques commonly used

to identify skin diseases include a visual inspection, histopathological analysis, and blood sample

testing. In cases where cutaneous diseases show early symptoms, the blood-based analysis may

not provide accurate results. Thus, necessitating the development of alternative cost-effective and

non-invasive approaches for diagnosing skin disorders such as psoriasis, atopic dermatitis, and

autoimmune diseases such as cutaneous lupus erythematosus (LE) [137]. Identifying autoimmune

skin conditions can be challenging as lupus erythematosus may have specific morphological lesions,

and psoriasis may present with diverse clinical and pathophysiological features. [137].

The on-time detection of skin disorders has a significant effect on reducing the severity and

managing the impact of the disease [138]. Epiluminescent microscopy, high-resolution MRI, and

ultrasound were used to determine the mechanical behavior and magnitude of the severity of

skin disease in−vivo from the measured deformation of the skin structures [137], [139], [140].

Crichton et al. [141], characterized the full-thickness skin at micro scales through elastic modulus

and viscoelastic properties using customized probes of scales from sub- to super-cellular (0.5

µm-20 µm radius). You et al.[142] explored the use of water resorption-desorption techniques

to measure the depth of terahertz radiation penetration in the skin, including the stratum

corneum (SC) and a portion of the viable epidermis layer. The results revealed that the skin’s

tendency to absorb terahertz radiation was frequency-dependent, and this finding has potential

clinical significance. Several other methods like ultrasound, tangential traction, twistometer,

wave propagation, single-axis extension method are important methods to characterize the skin

based on their mechanical properties [143]–[145]. Ultrasound and tangential traction techniques

aid in determining Young’s modulus, induced stresses, and the point of non-elasticity in the

skin. Meanwhile, the traction and twistometer method provides information on the stress-strain

relationship, enabling the determination of Young’s modulus and conducting in-vivo experiments
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to comprehend the role of elastin in the skin’s mechanical properties. However, wave propagation

and single-axis methods were used to evaluate the viscoelastic behavior of the skin in-vitro and

in-vivo, respectively. Skin thickness changes at distinct locations in the body due to aging and

pathological changes significantly affect the skin’s mechanical behavior.

In recent times, image-based techniques become popular because of their ability to provide high

resolution and rapid detection of the morphological changes in the skin caused by diseases by

assessing the mechanical properties [146]. Advancements in optical techniques have resulted in

increased utilization of Digital Image Correlation (DIC) and photogrammetry. These techniques

serve as non-intrusive methods for computing the skin’s mechanical properties and are now being

used for health monitoring [147]. Optical coherence tomography (OCT), and photoacoustic

imaging technique provide the results to quantify the skin properties and determine the full field

deformations in the study of biomechanics of skin ([148]–[150]. Digital image speckle correlation

(DISC) showed the potential in measuring the deformation, strain field, and mechanical properties

of skin, with and without the application of a glycerin-fruit-oil-based cream, and successfully

compared the results with uniaxial tensile testing [151]. Guan et.al. [152] successfully studied

the deformation to the failure point in newborn rat skin.

Skin health can be monitored using various invasive and non-invasive techniques, and one such

method involves quantifying changes in elasticity by analyzing their effects on the skin’s natural

frequencies and mode shapes. Researchers have conducted several numerical modeling and

simulation studies to understand skin behavior, as reported in [153]. However, modeling the

properties of the skin remains challenging due to its complex biological structure. A study

reported several multi-layer finite element models of the skin using commercial FEM software to

understand the modeled skin consists of stratum corneum, viable epidermis, and dermis layers

and simulated to predict the skin deformations that cause wrinkles and investigated the formation

of wrinkles around contracting healing scars with age [154]. Skin anisotropy studies are utilized to

investigate the mechano-biology of the skin in the fields of skin aging, cosmetics, plastic surgery,

and the detection of various skin diseases. To estimate the hyper-elastic parameters of the skin

and study the deformation characteristics of soft tissues, numerous Finite Element (FE) models

have been developed, including a multi-layered FE model [155], [156].

The mechanical properties of human skin using FE modeling put efforts to focus on static analysis

to measure the elasticity of skin [157]. However, the dynamic behavior of the human body also

has an impact on elasticity. Various organs of the human body vibrate at different natural

frequencies [158]. The variations in the stiffness of tissue and organs result in differences in the

natural frequencies of organs between healthy and diseased skin tissue. [159]. The significant

difference between the biomechanical parameters of healthy and diseased skin highlights the

importance of assessing mechanical parameters to observe treatment efficacy and differentiate

between healthy and diseased conditions.

Few studies have been conducted which are based on significant parameters such as Trans-

epidermal water loss (TEWL) to measure the moisture content in maintaining skin’s permeability
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function [160]. It also signifies the density gradient of water evaporation. In atopic dermatitis,

psoriasis, and other skin disorders, the skin’s barrier functions change (disrupted or enhanced

due to hyperproliferation)[161]. These variations in the skin properties affect the mechanical

properties of the skin, which can be utilized in the diagnosis of skin disorder [137]. A relationship

between TEWL and change in skin elasticity has been reported in a study involving healthy

volunteers and patients suffering from psoriasis [162].

In addition to its diagnostic value, maintaining the skin’s moisture content is crucial for the

effectiveness of topical pharmaceutical formulations in treating skin diseases [162]. Previous

studies stated that pharmaceutical formulations improve skin moisture content through two

different mechanisms − the formation of an occlusive layer on the skin surface, or the permeation

of hygroscopic components that can retain moisture content within the stratum corneum [163].

However, the transportation of these components deep into the skin layers is restricted due to

complex skin structure and selective permeation [163]. Thus, different formulations are explored

to overcome this limitation among which nanocarriers were found to be the most successful

delivery systems for topical application in maintaining skin hydration [164].

Cubosomes are new-generation lipid-based vesicular systems consisting of cubic bicontinuous

liquid crystalline systems having two non-intersecting hydrophilic areas separated through a

lipid bilayer [165]. In a study, drug-loaded cubosomal nanogel showed better permeability and

retention in skin layers as compared to cream due to strong bioadhesive property and occlusive

nature supporting decreased TEWL ([166]). In addition to this another study demonstrated the

improved permeation of dapsone loaded in cubosomal structure as compared to its corresponding

marketed formulation [167] as well as from solution of free drug [168]. As a result, Cubosomal

drug delivery systems have been shown to offer advantages over conventional formulations to

treat skin disorders. Thus, a technique needs to be developed to assess the impact of these drugs

by analyzing the mechanical properties of the skin post their topical application. This would

provide insights into their effectiveness.

Numerous research studies are ongoing in the area of invasive technology, which may provide

in-vivo analysis of skin diseases with a higher level of diagnostic accuracy with its limitations.

While, non-invasive techniques are ideal for in-vivo experiments for measuring skin mechanical

properties due to their accuracy, reliability, and ability to perform repeated measurements

without causing tissue damage or disrupting the natural state of the skin. Therefore, noninvasive

techniques for the measurements of the skin’s mechanical properties and correlate them with

various factors that affect the skin (cream and nanocarrier loaded gel) become a motivation for

intervention.

There has been no prior investigation into the potential use of optical sensing techniques combined

with vibration analysis techniques for monitoring skin mechanical properties. In this work, a

non-invasive technique based on an optical position-sensitive detector (PSD) unit was used to

evaluate the mechanical properties of the skin. Young’s modulus was evaluated using frequencies

obtained from the experiments. Nanocarrier gel and ketoconazole cream have been formulated and
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used for maintaining skin hydration through topical application. This approach aims to address

the challenge of transporting drug formulation deep into the skin. A time-based investigation

was conducted to assess the effect of cream and cubosomal-based nanogel on skin elasticity using

the aforementioned methodology.

The skin used in our experimentation was provided by our collaborating laboratory (Prof.

Gautam Singhvi Lab.). This section on skin dissection and formulation development preparation

was performed by Dr. Vamshi Krishnan and included in this thesis solely for the purpose of

completeness. As the author of the thesis, I did not carry out the skin dissection and formulation

development part of this work. All experimental protocols were approved by the institutional

animal ethics committee (IAEC) before the commencement of work.

3.3 Materials and Methods

3.3.1 Materials

Ketoconazole was received as a gift sample from Intas Pharmaceuticals Ltd., India. Polyvinyl

alcohol was procured from Sigma Aldrich, India. Poloxamer 407 (Pluronic F 127) and Carbopol

971P were obtained from BASF, India, and Lubrizol. Glyceryl monoolein was obtained as a gift

sample from Mohini Organics Pvt. Ltd. Ketomac® (2% W/W Ketoconazole cream) Torque

Pharmaceuticals, India, purchased from the local market from Pilani, India. Other chemicals,

solvents, and reagents used were of analytical grade.

3.3.2 Formulation development

The ketoconazole cubosome loaded gel was prepared, as mentioned in the reported method

[138]. In brief, the batch quantity of Glycerol Mono-oleate (2g) was melted at 80°C, poloxamer

407 (400g) as a surfactant was added and stirred until the formation of a clear molten solution.

Ketoconazole was added to the molten lipid and mixed until complete solubilization of the drug.

The polyvinyl alcohol (3.30% w/w of lipid) dissolved in milli-Q water was preheated to 80°C and

added to the lipid phase under continuous stirring. The formed pre-emulsion was cooled to room

temperature, and an additional batch quantity of water was added to the pre-emulsion. To the

above formed cubosomes mixture, 1.00 % of Carbopol 971P was added, and the gel was formed

after neutralization with triethanolamine. The prepared cubosomal dispersion was evaluated for

particle size and percentage entrapment efficiency and in-vitro release. The methods followed

were similar, as mentioned in the previous report [169], [170]. Further, the optimised formulation

was embedded in hydrogel system and characterized for viscosity and spreadibility.
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Table 3.1: Average thickness of the skin samples

Sample Thickness (mm)

Normal Skin 2.607 ± 0.22
Skin loaded with cream 2.605 ± 0.43
Skin loaded with gel 2.611 ± 0.32

3.3.3 Preparation of skin samples

The skin from dorsal portion of the male Wistar rat was freshly collected and the hair was

removed carefully using a hair trimmer to avoid damage to the skin. The subcutaneous fat was

removed, and the skin was washed thoroughly with phosphate buffer saline. The cubosome-loaded

gel formulation and ketoconazole-marketed cream (200 mg) were applied to the skin towards the

stratum corneum. The blank sample was used without the application of any formulation on the

skin [169]. Six samples were obtained from three groups of specimens; the first group’s specimens

were the normal skin extracted from the rat and left in a low-temperature environment for 24

hours. The second group of skin was gently massaged with a ketoconazole cream for 3 min and

left for 30 minutes, and the third group of samples was applied with ketoconazole nanocarrier gel.

The above experiments were performed in triplicate. Digital vernier calliper was used for the

calculation of skin thickness same as followed in the previous peer-reviewed work [171], [172].

The average thickness of the skin samples is shown in Table 3.1.

3.3.4 Numerical Analysis

An Eigen solution is performed on a FE model of normal skin. Numerical analysis of the skin has

been carried in the commercial FEA package, ANSYS workbench. Micro-scale geometry with

three layers of the skin developed in the Design Modular. The top three layers i.e., outermost

layer Stratum Corneum (SC), viable epidermis, and dermis, were considered for the analysis. A

circular-shaped geometry of the radius 20 mm with the layers of different thickness is considered,

as shown in Table 3.2 [153]. Modal analysis was carried out for the eigenvalues and eigenvectors.

Eigenvalues show the skin sample’s natural frequency, while eigenvectors show the normalized

shape of the skin sample’s deformation. The essential mechanical properties of the different skin

layers required for the analysis were assigned and shown in Table 3.2.

The outermost layer has a higher value of modulus of elasticity than the other skin layers and is

significant in evaluating frequency. Skin behavior is complex, uncertain, nonlinear, and consists

of anisotropic nature. In a certain range of vibration analysis, skin can be a nonlinear isotropic

[173]. For this work, finite element simulations were carried by considering material properties for

the isotropic skin model. The isotropic and homogeneous model with the tetrahedral elements
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Table 3.2: Mechanical properties of the skin samples

Skin layer Thickness
(µm)

Density
(kg/m3)

Poison’s
Ratio

Young’s
Modulus
(MPa)

Stratum Corneum 20 1500 0.49 6.00
Epidermis 80 1119 0.49 1.00
Dermis 1500 1116 0.49 0.66

were considered for the simulations. Numerical parameters remain the same as experiments

to replicate the skin’s actual phenomenon. All skin samples’ outer end surface was fixed and

considered as a clamped end boundary condition. The skin model was considered as a vibrational

model governed by the homogeneous differential Equation 3.1 [174].

MẌ(t) +KẊ(t) = 0 (3.1)

consider the solution for the above equation as shown in Equation 3.2

X(t) = ϕsin(ωt+ θ) (3.2)

where X is the displacement, ϕ is the vector of amplitudes, ω is the frequency of harmonic

response, and θ is the phase angle.M and K are the mass and stiffness matrix. Further on

Differentiation

Ẍ(t) = −ω2ϕsin(ωt+ θ) (3.3)

Substituting Equation 3.2 and Equation 3.3 into (3.1),we get

(K − ω2M)ϕ = 0 (3.4)

Now, the nontrivial solutions of Equation 3.4 are only possible if the determinant of the coefficient

matrix is equal to zero, that is,

| K − ω2M |= 0 (3.5)

For n homogenous algebraic equations,the above equation leads to a polynomial of order n

in ω2 that possesses, n distinct roots. These roots, represented by ω1
2,ω2

2,ω3
2.....ωn

2 or λ1
,λ2,λ3.....λn are known as eigenvalues. Their square roots represent the natural frequencies. For

each eigenvalue ωi, there is an n dimensional vector ϕi , whose elements are real numbers. The
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Figure 3.1: Schematic of experimental procedure to measure the dynamics response of skin.

vector can be obtained by using Equation 3.4 as follows:

(K − ω2
iM)ϕi = 0 (3.6)

The vector ϕi (i = 1,2, ... , n) is known as an eigen vector or modal vector and has the form

ϕi = [ϕ1i, ϕ2i, ϕ3i.....ϕni]
T (3.7)

The eigenvector represents the mode shape of vibration.

3.3.5 Non-contact measurements using PSD

The schematic experimental procedure is shown in Figure 3.1 to evaluate the skin sample’s elastic

modulus with respect to time.

A fresh skin sample was kept in between the fixture with a circular hole of a 20 mm radius.

Fixture was kept in vertical position. Skin with dorsal portion faces the laser. Laser from the

laser source (Laser Century) (23 mW power and 650 nm wavelength powered by AC voltage of

240 V) was incident on the skin surface and got refracted and falls on the PSD (Figure 3.2).

PSD is placed at the other end of the fixture to capture the laser’s position on the skin sample.

The Piezo actuator is attached to the support for the actuation of the sample at the micro-level.

Actuating vibration signal parameters are controlled through a Function Generator (Tektronix
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Figure 3.2: Experimental setup for noncontact measurements on skin.

AFG 1022). The chirp signal was applied to the Piezo disc. Generated vibration by Piezo disc

passed to the support, which vibrates the sample. The laser passing through the sample gets

refracted and falls on the PSD (Hamamatsu S5990-1). The continuous movement of the laser

in the form of displacement on the PSD was monitored. Displacement was observed using DC

operating PSD Circuit (Hamamatsu C4674- 01). The output of the circuit is read out using an

Oscilloscope (Tektronix 1102B). Displacement in the form of vibration amplitudes is taken out in

the frequency domain. The detailed experimental setup is shown in Figure 3.2.

3.3.6 Estimation of Modulus of Elasticity

This was achieved by assuming a circular plate theory, a case of axisymmetric vibration, with a

clamped end boundary condition.

E = 0.144(2π2)(1− µ2)ρ

(
f

h

)2

r4 (3.8)

where, E is a young’s modulus, f is natural frequency, r is the radius, h is the thickness of the

sample, µ is poison ratio, ρ is density.

To evaluate the Fundamental frequency, we considered the free vibration analysis of axisymmetric

laminated orthotropic composite circular plate using Chebyshev collocation considering Clamped

boundary conditions. The following boundary condition has been considered for the present work.

Clamped boundary condition.

At outer boundary r = a, u = α = w = 0. At the inner boundary r = b, u = α = dw/dr = 0

Where r is the cylindrical coordinate, u and w are in-plane displacement in r and z-direction

and α is rotation in r direction. Hence the Frequency parameter for the isotropic skin composite

[175], [176] is shown in Equation 3.9.

λ = ωa2
√
ρh/Dij (3.9)
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λ is the frequency parameter, ω is a fundamental frequency, a is the radius, ρ is the density, h is

the thickness of the skin sample and Dij is the bending stiffness.

3.3.7 Uniaxial tensile testing

Skin samples were extracted and taken out from the dorsal surface of male Wistar rats. The

skin samples consisted of different layers of skin, including the stratum corneum, epidermis, and

dermis. Using a standard template, all the specimens were prepared as per the ASME standards.

Six samples were obtained from the specimens. Specimens of normal skin were extracted from the

rat and left in a low-temperature environment for 24 hours. The average thickness of the samples

was 2.617 ± 0.19 mm. For comparison, all the samples were kept in the same environment for

the same time before testing. Tensile tests were performed on a universal tensile testing machine

(ITW Hydraulics). An electronic strain gauge was used to measure the applied force (F). The

normal stress σ along the longitudinal direction was estimated by Equation 3.10.

σ =
F

A
(3.10)

in which A is the uniform cross-sectional area. Displacement controlled tensile tests were

performed on the samples, and during the test, crosshead speed was kept constant at the rate of

0.508 mm/min.

3.3.8 Statistical analysis

All data are expressed as a mean ± standard deviation (SD). The two-tailed unpaired t-test or

one-way ANOVA were used for statistical analysis, followed by Tukey multiple comparison tests

using Origin (for three or more groups). A statistically significant difference was defined with p

< 0.05.

3.4 Results

3.4.1 Characterization of developed formulation

3.4.1.1 Particle size, % entrapment efficiency and in-vitro drug release study

The prepared ketoconazole-loaded cubosomal nano dispersion was optimized using quality by

design approach. The optimized formulation was then evaluated for particle size using Zetasizer

(Malvern instruments, Nano ZS 2000). As described in our previous report [169], [170] the diluted

samples were analyzed at 25 ◦C with 173◦ back scattering resulted into the size of 241 ± 4.80
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nm and 248 ± 25.19 nm. The entrapment efficiency and in-vitro drug release were determined

using ultracentrifugation and dialysis bag method followed by sample analysis at 232 nm by UV

spectrophotometer. The calculated % entrapment efficiency of drug was found in the range of

41 – 48 % respectively and cumulative percentage drug release was calculated after 24 hr which

resulted towards the release up to 67.63 and 67.59.

3.4.1.2 Rheological evaluation of cubosomal embedded hydrogel

The selected batch of ketoconazole-loaded cubosomal dispersion was incorporated into 1% w/w of

Carbopol 971P gel which was further subjected to viscosity and spreadability analysis along with

the marketed formulation. The marketed cream resulted with high viscosity values of 84,100 and

48,726 cP as compare to the hydrogel formulation with 32,833 and 25,586 cP at 0.5 and 1.0 rpm

communicating a significant difference between the two topically applied formulations. Further,

spreadability factor was calculated and found to be 11.74 and 13.06 for cream and cubosomal

hydrogel formulation. This concludes towards better spreadability of cubosomal gel formulation

than the marketed cream.

3.4.2 Numerical Analysis

Frequencies were evaluated from the modal analysis, and the boundary conditions are kept the

same as in the experiments. Frequency and mode shapes are shown in Figure 3.3 for different

frequencies. The first resonant frequency is observed at 243.53 Hz, and maximum deformation

is observed at the skin center as shown in the mode shape. The fundamental mode shape is

observed at a frequency 243.53 Hz. The model number is designated as (0,1) since there are no

nodal diameters but one circular node (the outer edge). This shows no wrinkles in the skin at

the fundamental frequency.

3.4.3 Experimental Analysis

3.4.3.1 Frequency Response

The frequency response was extricated from the experiments for the different skin samples at

different time intervals. The frequency response of the skin sample and support is shown in

Figure 3.4a. The transfer function shows the peak after removing the support response from the

sample response. The higher peak corresponds to the sample’s natural frequency (Figure 3.4b).

From Figure 3.5 we can observe the frequency behavior of the skin samples. Frequencies are

increasing for normal skin with time. Initially, normal skin is having a frequency of 263.3 Hz
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Figure 3.3: Mode shapes at different frequencies with the color bar showing deformation in
mm.

while for the cream 184.43 Hz and gel−coated skin is 147.5 Hz. There is a continuous increase in

the frequencies of normal skin compared to other samples. While for the gel and cream sample, it

decreases up to 6 to 8 hr. The gel samples have lower frequencies compared to the cream sample.

3.4.3.2 Youngs Modulus Response

Young’s modulus of the normal skin increases with the time from 7.52 MPa to 58.50 MPa at 36

hr. This leads because of the direct dependence of Young’s modulus and frequency as shown in

Equation 3.8. This can be predicted from Figure 3.6 which shows an increase in the stiffness
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Figure 3.4: a) Frequency response for skin sample and support. b) Transfer function.

Figure 3.5: Effect of time on the fundamental frequency of the skin. Each group represents the
mean and standard deviation of the change in the fundamental frequency of the skin samples
(n=3) [⋆⋆ represents the significance difference p < 0.05 (t-test) as compared to the other groups

up to 12 hrs].

proportional to Young’s modulus of the normal skin with time. While for the skin sample loaded

with cream and gel, Young’s modulus is decreased for a particular time duration and increased

after 8 hr. Initially, the addition of gel and cream increases the effective mass of the sample and

undergoes the chemical reaction to make the skin flexible and hence reduction in the frequency

leads to decrease in the Youngs modulus and further increase in Young’s modulus. This implies

because of as time prolongs, the applied formulation gets dried and loses its properties, which

leads to the increased young modulus. Gel’s effectiveness was more significant as compared to the

cream on the skin sample. Gel decreases the stiffness of the skin and increases the flexibility of

the skin compared to the cream. The moisture content and presence of nanoparticles (cubosomes)

in the gel preparation are expected to increase effectiveness compared to cream preparation.

Young’s Modulus from PSD results were compared by mechanical tensile testing on the different

samples. The stress-strain curve (Figure 3.7) obtained from the Micro universal testing machine
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Figure 3.6: Effect of time on Elastic modulus of the skin. Each group represents the mean
and standard deviation of the change in the fundamental frequency of the skin samples (n=3)
[⋆⋆ represents the significance difference p < 0.05 (t-test) as compared to the other groups up to

12 hrs.]

illustrate the response of a skin sample to the external load. The slope of this curve represents

Young’s modulus of the samples. The Young’s modulus for normal skin is 8.42 MPa, and the

skin with cream and gel has 3.685 MPa and 2.371 MPa, respectively, measured after half an hour

taken out from the refrigeration chamber.

Figure 3.7: Stress-strain curve for normal skin. a) Image during Dermis breakage. b) Image
during Epidermis breakage. The slope of the curve represents the elastic modulus of the skin.

3.4.3.3 Effect of stratum corneum thickness

The stratum corneum plays a vital role in deciding the mechanical properties of the skin. This

layer is dominant on other layers of the skin. Its thickness is generally varying from 10 µ m to 50

µ m as per the early studies [177], [178]. This layer is directly exposed to the environment, and

hence its thickness changes frequently with age as compared to other layers. In this study, we
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carried out a numerical analysis to see the effect of change in the thickness of stratum corneum

in the von−Mises stresses and deformation due to the self−weight of the normal skin.

It has been noticed that as the thickness of the skin increases, deformation and stress decrease

(Figure 3.8). This predicts that if the skin’s thickness is optimum, environmental changes will

have no effect on the innermost layer of the skin since the layer is adequate to protect the

surrounding layers.

Figure 3.8: a) Deformation with respect to SC thickness. b) Von Mises’s stress with respect to
SC thickness.

The numerical surface plot shows the distribution of stress and deformation in the skin model

under static loading (Figure 3.9). Maximum deformation occurs at the center of the skin,

corresponding to the first natural frequency. In contrast, stresses are maximum at the clamped

end surface and center of the skin.

Figure 3.9: a) Total deformation distribution in normal skin. b) Maximum von mise’s stress
distribution in normal skin.
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3.5 Discussion

This non-destructive technique has been used to evaluate the natural frequency and Young’s

modulus of the skin samples using a PSD-based setup. Frequency and Young’s Modulus are

correlated with time. Frequencies of the normal skin are is increased with time, as shown in

Figure 3.5. In contrast, frequencies for the cream and gel-applied skin follow the complex nature

of variation. Initially, the skin was loaded with cream and gel possessing lower frequencies than

normal skin and decreased for a specific duration and further increased. As time wears on, the

cream and gel get aspirated from the skin’s surface, increasing the skin’s stiffness. Cream and

gel are continuously reacting with the skin layer’s surface and penetrate the stratum corneum.

The cream and cubosome-loaded gel’s lipid content favored the occlusive effect and inhibited the

water loss (TEWL). The reduced TEWL value maintains the moisture content and increases the

softness of the skin. Similarly, the pharmaceutical results of this study depict that the hydrogel

formulation including cubosomes loaded with ketoconazole may have a lower viscosity than

the cream formulation, resulting in greater spreadability and application efficiency. A higher

spreadability indicates that the gel will adhere more closely to the skin, thereby increasing the

contact area for a small amount of the formulated gel and allowing the distribution of a larger

quantity of drug due to the larger surface area for drug transposition through the skin layers.

Previous literature exhibits systematic dependence of the viscosity and stiffness and predicted

that the system gets stiffer with the increases in its viscosity [179], [180]. Hence, as a result,

the gel will be more effective and penetrate deeper into the skin in a shorter amount of time,

resulting in softer skin.

Softness leads to a decrease in stiffness with a decrease in frequency. As Young’s Modulus is

a function of frequency shown in Equation 3.8, justifies the decrease in young modulus with

decreasing frequency. There is a decrease in Young’s Modulus with a decrease in the frequency.

When compared to gel preparation, it was anticipated that the cream would have the greatest

occlusive effect. However, the cubosomes’ nano-size and lipid content provided a high occlusive

effect due to a lower TEWL, which further encourages better drug absorption and retention

within the skin layers. The TEWL values are positively affected in the disease conditions due to

variations in the skin barrier properties. The hyperproliferation in psoriasis, abnormal growth of

skin in cancer, inflammation, itching, and dryness in atopic dermatitis are the significant reasons

for the skin barrier function variations. From Table 3.3, we found an acceptable range of error

between experimental and numerical results.

These errors are based on the assumption made during the analysis. The skin possesses an-

isotropic and heterogeneous behavior with a lot of inherent complexities. Factors like viscoelastic

behavior, subcutaneous layer, fat layer, blood flow, relative humidity, temperature, etc. affect the

mechanical response of the tissues [181], [182]. In this study, we evaluate the mechanical response
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Table 3.3: Comparison of natural frequency of the normal skin.

Parameter Experimental Numerical Analyical % Error

Frequency (Hz) 263.62 243.53 246.26 7.62

Table 3.4: Young’s Modulus Comparison of Normal Skin with other techniques

Parameter Experimental
PSD (present
work)

Mechanical
Testing
(present
work)

Crichton
et ala1

M.A.F.
Kendall et
al.b2

Haut et al
and Dombi
et al.c3

Youngs
Modulus
(MPa)

7.56± 2.60 8.42± 1.70 1− 30 2.9− 11.1 1.2− 24

a1Mice skin.
b2Murine ear skin.
c3Rat skin.

of skin using a non-contact optical technique. This technique demonstrates and establishes the

similarity between experimental and numerical results.

Table 3.4 shows the comparison of the evaluated Young’s modulus of the normal skin with the

other techniques used in the literature [141], [183]. The evaluated Young’s modulus is in the range

predicted by the earlier reported work using different techniques. Thus, the results suggested

that this experimental procedure can be explored to determine changes in the skin’s mechanical

properties. The alteration in the skin thickness and barrier functions are mostly observed in

chronic skin disorder conditions. As mentioned, the hyper-proliferation in psoriasis, cancer, and

the effect on the epidermis in atopic dermatitis, and fungal diseases alter the skin properties.

These changes can be used to determine the severity of the disease.

3.6 Conclusion

This study evaluates the natural frequencies and Young’s Modulus of the skin concerning the

change with time using a non-destructive optical technique, such as PSD and FE modeling. Based

on the results, the normal skin’s experimental frequencies were found to be 263.53 Hz while the

skin sample with cream and cubosome loaded gel had 184.53 Hz and 147.5 Hz, respectively. The

Numerical FE results exhibit an ordinary deformation mode shape at a frequency of 243.53 Hz

and a wrinkling mode shape at a higher frequency. Also, we found an exponential decrease in

the stresses and deformation in the skin with the increase in the stratum corneum thickness.
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Literature, however, shows that the natural frequencies of the skin differ because of the elasticity

of the skin, which is different at different locations and parts of the body. Young’s modulus

is a function of frequency. Age is also an essential aspect because the skin loses its elasticity

with age, thereby affecting the natural frequencies. There are several areas for further study,

including the possibility of developing different FE models that integrate nonlinearity, Hyper

elasticity, and anisotropy. Besides, restricting rigid body movements induces internal and external

environmental variables to minimize experimental error. Notably, the described methodology

describes the dynamic behavior of the skin. This experimental technique has enormous scope

in the diagnosis of diseased skin. Analysis of vibration allows observing the variations in the

dynamic behavior of healthy skin and diseased skin with time. Further, this method can be

implemented for the evaluation of the in-vivo mechanical response of the skin and a lab-on-a-chip

device can be developed for real-time monitoring of skin behavior.



Chapter 4

Mechanical microscopy of cancer cells:

TGF-β induced EMT corresponds to

low intracellular viscosity in cancer cells

4.1 Background

4.1.1 Importance of cell mechanics

Cell mechanics involves the study of the mechanical properties of cells and their behavior under

various types of loading conditions. Cells are the fundamental building blocks of all living

organisms, and their mechanical behavior plays a crucial role in many biological processes. The

mechanical properties of cells are determined by their composition and microstructure. Cells

are composed of various biomolecules, including proteins, carbohydrates, and lipids, which are

organized into complex structures such as the cytoskeleton, the cell membrane, and the nucleus.

The mechanical behavior of cells is highly complex and depends on several factors, including the

type and amount of loading they experience, their age and health, and the specific type of cell.

One of the key factors that affect the mechanical behavior of cells is the type of loading. Cells

are subjected to a wide range of loading conditions, including mechanical forces, chemical signals,

and thermal stresses. The way in which cells physically behave is essential to several biological

processes, such as cell division, migration, and differentiation.

The importance of studying cell mechanics lies in the fact that it can help us understand how cells

respond to different types of loading and how they can be damaged or diseased. This knowledge

can be used to develop better treatments for a variety of diseases, including cancer, cardiovascular

disease, and neurodegenerative disorders. In addition, a better understanding of cell mechanics

71
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can also help us design medical devices and therapies that better mimic the mechanical behavior

of healthy cells.

4.1.2 Understanding the mechanical behavior of cancer cells

Cancer is a group of diseases characterized by the uncontrolled growth and division of cells.

In normal cells, growth and division are carefully regulated by a complex network of signals

and feedback mechanisms. However, in cancer cells, these regulatory mechanisms are disrupted,

leading to uncontrolled proliferation. The mechanical behavior of cancer cells, such as their

stiffness and motility, plays a crucial role in the development and progression of the disease.

For example, cancer cells can become stiffer than normal cells, which allows them to resist the

mechanical forces exerted by the surrounding tissue and to invade other organs. This increased

stiffness is often the result of changes in the cells’ cytoskeleton, the network of protein filaments

that provides structural support and enables cell movement. Additionally, cancer cells can

exhibit increased motility, which allows them to migrate to other parts of the body and to form

metastases. This increased motility is often the result of changes in the cells’ adhesion to the

extracellular matrix, the network of proteins and other molecules that provides structural support

to the tissue. By loosening their adhesion to the extracellular matrix, cancer cells can more easily

detach from the tissue and move to other areas of the body.

Understanding the mechanical behavior of cancer cells is therefore crucial for developing effective

treatments for the disease. For instance, targeting the cytoskeleton or the adhesion mechanisms

of cancer cells could potentially disrupt their ability to invade other tissues and form metastases.

Additionally, understanding the mechanical properties of cancer cells could also help to identify

biomarkers for early detection of the disease, as well as to predict how the disease will progress

in individual patients.

Hence, the mechanical behavior of cancer cells is an important factor in the development and

progression of the disease. Further research on the subject could potentially lead to new and

improved treatments for cancer.

4.2 Introduction

The vast majority of cancer-related fatalities are due to metastasis i.e. the migration of tumour

cells from the initial location to distant organs. This process involves the invasion of cells from a

primary tumour into the surrounding tissue, their intravasation into the nearby microvasculature,

their migration through the blood and lymphatic vessels, their extravasation at a distant organ

site, and their proliferation to form a secondary macroscopic tumour.
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Figure 4.1: Cell marker changes in EMT. During EMT, epithelial cells lose their cell membrane
epithelial markers and acquire mesenchymal markers and metastatic traits.

It is hypothesized that the evolutionarily conserved epithelial-mesenchymal transition (EMT)

developmental pathway permits cancer cells to launch the invasion-metastasis cascade. Indeed,

EMT is considered a significant factor in the invasion and metastasis of several cancer types.

During an EMT, epithelial cells lose their intercellular connections, cell-extracellular matrix

contacts, and cell polarity. Hence it acquire more mesenchymal characteristics such as enhanced

expression of mesenchymal markers, motility, and invasiveness as shown in Figure 4.1. Additionally,

the development of an EMT is related to greater medication resistance and a bad prognosis.

Indeed, the transcription factors that cause an EMT are also involved in the induction of the

ABC family of drug transporters that are responsible for drug efflux, resulting in drug resistance

and tumor relapse.

In addition, the mesenchymal cancer cells inside a malignancy are known to be more drug-resistant

than the epithelial cancer cells. Even among cancer cells circulating in the blood, it is known

that mesenchymal cells are more capable of beginning metastasis than epithelial cancer cells.

Therefore, cancer growth may be predicted by identifying EMT-transformed cells inside a tumor

and those in circulation (termed circulating tumor cells). Currently, this is accomplished by

biochemical analyses including laborious biochemical marker analysis employing flow cytometry,

immunocytochemistry, western blotting, or RT-PCR. Although variations in the cytoskeletal

structure of actin fibers are crucial to the changes in cellular shape and polarity, it is unknown to

what degree changes during an EMT influence the biomechanical characteristics of cancer cells.

Cancer progression is often associated with the chemical, physical and mechanical behavior of

cancer cells. Intracellular viscosity is an essential property of cancer cells, which influences the
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overall cell characteristics at molecular as well as morphological levels. Variations in intracellular

viscosity have been associated with a plethora of diseases, however, the correlation of intracellular

viscosity with Epithelial to Mesenchymal Transition (EMT) is yet unexplored. Viscosity is an

essential parameter that regulates bio-molecular reaction rates of diffusion-driven cellular processes.

Hence, abnormal viscosity levels are often associated with various diseases and malfunctions like

cancer. For this reason, monitoring intracellular viscosity becomes vital. While several approaches

have been developed for in-vitro and in-vivo measurement of viscosity, analysis of intracellular

viscosity in live cells has not been well realized. Several indicators have been developed to identify

the morphology of cancer cells in order to predict metastasis. As epithelial markers, epithelial

cells express E-cad and Epcam, whereas mesenchymal cells express Vimentin. Several additional

procedures have been utilized to examine the cellular stiffness of cancer cells of different grades

and have shown changes in the rigidity of cells at various stages. Micropipette aspiration, atomic

force microscopy, microplate manipulation, sorting in microfabricated sieves, and optical tweezers

were used earlier. All of these strategies increase metastatic cancer’s flexibility, allowing it to

escape the main cancer cells and enter the bloodstream, from where it may spread to distant

organs and progresses.

A range of test methods has been used to study the mechanical properties of cells, with the

method chosen depending on the size of the structure being studied. Microscale structures require

microscale tools, while nanoscale structures require nanoscale tools. Generally, two types of tools

are used to examine cell mechanics: force application techniques and force sensing techniques.

The former applies force to a cell and records the cell’s mechanical and/or biochemical response,

while the latter uses cells on a deformable substrate to measure their traction forces. In both

cases, the devices used have limitations in terms of spatial and force resolution (Table 4.1), which

affects their usefulness.

Table 4.1: Reported force and spatial sensitivity of tools used to study cell mechanics [184]–[186]

Technique Force application Force sensing Spatial sensitivity High-throughput

Micropipette aspi-
ration

0.1-103 nN - 1-100 µm Potentially

Microneedle ma-
nipulation

1-103 pN - 1-1000 µm Potentially

AFM 10-107pN 10-105 pN 1-105 µm Potentially
Optical tweezers 0.01-103 pN 1-102 pN 10-105 µm Potentially
Optical strecthers 10-103 pN - 10-106 nm Potentially
Magnetic tweezers 0.1-104 pN 10-103 pN 0.1-102 µm No
Magnetic tweezers
cytometry

1-102 pN - 1-103 µm No

All of the above-mentioned methodologies to investigate the mechanics of cells, however, suffer

from the issue of poor throughput, which results in less meaningful data. In addition, the majority
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Figure 4.2: Inhibition of Tgf-β during EMT showing activation and deactivation of various
biological activities.

of these procedures are invasive to cells, since they often involve probing cells or applying localized

stresses to portions of the cell surface. Therefore, the response contains probing errors and is too

confined for generalization.

Our research introduces a novel, natural frequency-based, non-invasive method to determine

the intracellular viscosity in cells. This method can not only efficiently analyze the differences

in intracellular viscosity post modulation with molecules like PEG or glucose but is sensitive

enough to distinguish the difference in intra-cellular viscosity between normal and cancer cells as

well. Interestingly, TGF-β a cytokine reported to induce epithelial to mesenchymal transition

(EMT) a feature associated with cancer invasiveness resulted in reduced viscosity of cancer cells

and is responsible for various biological activities shown in Figure 4.2.

To corroborate our findings with existing methods of analysis, we analyzed intra-cellular viscosity

with a previously described viscosity-sensitive molecular rotor-based fluorophore-TPSI I. In parity

with our PSD-based approach, an increase in fluorescence intensity was observed with viscosity

modulators, while, TGF-β exposure resulted in its reduction in the cells studied. This is the first

study of its kind that attempts to characterize differences in intracellular viscosity using a novel,

non-invasive PSD-based method.

Viscosity is often referred to thickness of a fluid, which consequently leads to resistance to flow.

In biological systems, like a cell, cytoplasmic viscosity determines the diffusion of biomolecules,

which is essential for basal diffusion-driven intramolecular interactions to carry out effective

signalling pathways. Importantly, a change in intracellular viscosity may lead to altered diffusion

of molecules and consequently affect the basal bio-molecular reaction rates, disrupting homeostasis,

and healthy functioning of a cell. Therefore, it becomes imperative to monitor intracellular

viscosity in live cells. In 1939 and 1941, in their pioneering research, Guyer et al used ultra-

centrifugation technique to determine that intracellular viscosity varies between normal and
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tumor cells [187]. Since then, there has been enormous progress in the development of methods

to measure viscosity. In this regard, capillary viscometer, rotational viscometer, falling sphere

viscometer, Zahn cup method, vibrational viscometer, and VROC viscometer are a few classical

and popular methods available to quantify bulk viscosity (macroscopic viscosity) which require

voluminous samples [188]–[192]. On the other hand, in the current scenario, fluorescent probe-

based techniques are the most recent and popular means to measure microscopic intracellular

viscosity or the viscosity of specific intracellular compartments. Other relatively novel approaches

to studying intracellular viscosity are time-dependent collision and fusion of nucleoli in human

cells based on the fluctuating surface tension of nucleoli, and gravity-sensitive cellular responses

to measure the viscosity of cell membrane under hyper-gravity.

However, it has been challenging to measure intracellular viscosity or microscopic viscosity levels

and the mechanisms that caused the change in live cells. Therefore, in this study, we devised

a natural frequency-based viscosity detector method in live cells. As every system tends to

vibrate by its own natural frequency, this natural frequency corresponds to the rate at which the

oscillations occur and is a function of the stiffness and mass of any system. Although several

frequency-based methods are developed and used to target diseases. These existing methods

work on the principle of exciting the cells with their natural frequency, with which resonance will

be achieved (the excitation frequency and natural frequency of the cells coincide), and it leads to

damaging the cells [193].

Previous studies related to the natural frequency of biological cells were derived from an extension

theory of drop oscillations proposed by Rayleigh and Lamb’s [194]. Rayleigh derived an equation

for the frequency of natural oscillations of a drop in air, whereas Lamb carried the same for a

drop in a viscous fluid [195]. Further, Ackerman et al. explored the resonance in mechanical

vibrations of cells [196] and proposed the resonance frequencies and characteristics of red blood

cells by modelling the cells as spherical, isotropic elastic shells with viscous fluids [194], [197].

Ackerman [198] studied the influence of viscous damping on the resonance of the cells. However,

reduced cell model and mathematical flaws in the calculation of the quality of oscillations of

natural cells [199], [200] restrict the possible application of work [194].

Experimental techniques such as scanning acoustic microscopy (SAM) where time-resolved signals

were used to determine the mechanical properties of the single cell [201]–[203] while ultrasound

was used to evaluate the natural frequency and resonance. These techniques are mostly focused

on the modeling of sound interactions with the biological cells and the associated dynamics that

damage the cells and their internal constituents. Hence, this motivated us the development of an

experimental technique without harming the biological system and investigate the mechanical

properties. Furthermore, it is worth mentioning that the cell system consists of a network of

cytoskeleton framework [204] that organizes cellular content, regulates forces for shape and its

motion, and interacts with the external environment [205], [206]. This organizational network of
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cells responds to external stimuli and dampens the frequencies. Herein, damping is a phenomenon

that occurs inside or on an oscillatory system and reduces its oscillation [207], [208].

In parallel, numerous observations based on different approaches have convincingly demonstrated

the significance of filamentous network and adhesion complexes in regulating elastic and vis-

cous properties of the cells [209], [210] and persuasively demonstrated that any changes in its

cytoskeletal arrangement can be related to changes in mechanical property of the cells. Thus,

cellular mechano-elastic properties are highly correlated with the phenomenon of damping and

frequency [211], [212] . Considering the above parameters this study reports the development of

an experimental setup to evaluate the frequency-based viscosity in cells. Our regimen is sensitive

and can also measure minor alterations in intracellular viscosity.

In this work, we studied at the mechanical dynamic response of Huh-7 cell lines. As evidence of

concept, we show substantial changes in the frequencies of immortalized cells, epithelial cells, and

mesenchymal cells. Furthermore, we promote EMT in epithelial cells by TGF-β and found a clear

shift in vibrational frequencies toward the mesenchymal grade. Interestingly, when we suppress

EMT genetically, a shift in vibrational frequencies toward an epithelial signature. Our results

suggest that our approach might be utilized to identify transformed and metastatic cells in various

stages of cancer and could be used as a non-invasive tool for diagnosing cancer progression.

The cells used in our experimentation were provided by our collaborating laboratory (Prof.

Rajdeep Chowdhury and Prof. Sudeshna Mukherjee Lab.). This section on cell culture and the

biological assay of the cells was performed by Dr. Abhilasha Shrivastava and included in this

thesis solely for the purpose of completeness. As the author of the thesis, I did not carry out the

cell culture and biological assay part of this work.

4.3 Materials and Methods

4.3.1 Cell culture

Huh-7 cells (human hepatocellular carcinoma) were procured from National Centre for Cell

Science, Pune, India. Cells were cultured at 5% CO2 37 ◦C in Dulbecco’s Modified Minimal

Essential Medium (DMEM; Gibco, # 12800-017) which was supplemented with 10% fetal bovine

serum (FBS; Invitrogen, # 26140-079) and antibiotics (1% penicillin–streptomycin solution;

Invitrogen, # 10378-016). Huh-7 cells were grown up to 70% confluency in 10% FBS containing

DMEM and rinsed with phosphate-buffered saline (PBS). Thereafter, complete medium was

replaced with serum starved medium (DMEM containing 2% FBS) and incubated for 12 h prior

to TGF-β (# 100-35B-10, Peprotech) treatment [213].
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4.3.2 Confocal microscopy

Cells were seeded on coverslips at 2.5×105 cells/well and then treated with required concentrations

of cytokines. Treated cells were then washed with 1x PBS and fixed with 4% paraformaldehyde

followed by incubation at room temperature for 10−15 min. Thereafter, cells were treated by

0.2% tritonx for approximately 2 min. Post multiple PBS washes, cells were incubated with

phalloidin solution for 1 h, which was followed by washing twice with 1x PBS, followed by

mounting the coverslips on slides using antifade DAPI and imaged under a confocal microscope

(Zeiss). Images were analyzed using Zen 3.2 software [214].

4.3.3 Immunoblotting

Immunoblotting was performed following methods described elsewhere. Briefly, RIPA buffer

(Sigma−Aldrich) was used to extract protein and total protein was estimated using Bradford

reagent (Sigma) at 595 nm wavelength. The cellular protein lysates were run in denaturing

polyacrylamide gels and transferred to polyvinylidene fluoride membranes (PVDF, Bio-Rad) which

were followed by blocking with 5% skimmed milk (HiMedia). Afterward, blots were probed and

re-probed with specific primary antibodies. The secondary antibodies were horseradish peroxide-

conjugated and hence detected using the ECL detection system following the manufacturer’s

protocol using ChemiDoc (Bio-Rad). Wherever required, the blots were cut to probe with

different antibodies against proteins of different molecular weights. Quantitation of differential

protein expression was done using ImageJ software and analyzed through Graph-pad Prism

software 8.0.1 [215].

4.3.4 Analysis of uptake of TPSII

As mentioned earlier, cells were seeded in 6 well plates at a density of 2.5×105 cells/well. The

following day, the cells were treated with the desired PEG/TGF-β /Glucose for a required period

of time. Thereafter, the cells were harvested, washed with PBS, and re-suspended in 500 µl of

fresh PBS. To detect the percentage of TPSII positive cells, flow cytometric (Cytoflex, Beckmann

Coulter) analysis was performed, and the acquired data were analyzed using CytExpert software

[216].

4.3.5 Cell Cycle Analysis

Propidium Iodide binds to the DNA in live cells, therefore, based on total DNA content cells were

seeded in 6 cm dishes. Post overnight incubation, cells were treated with cytokine for 72 h, cells

were harvested and washed with PBS followed by 5000 rpm for 10 min at 4 ◦C, the pellet was
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re-suspended in a fixative (100 µL of PBS and 900 µL of ice cold 70% ethanol) fixed cells were

stored at 4 ◦C overnight. After which, cells were centrifuged, and the pellet was re-suspended in

495 µL PBS with five µL of propidium iodide solution (PI; 2 mg/ml). The samples were then

incubated in dark for 10 min followed by acquisition using flow cytometer (Cytoflex, Beckmann

Coulter) and analysis using CytExpert software [213].

4.3.6 Measuring frequency response

Figure 4.3a shows the detailed working principle of the experimental setup. A laser source was

used with a maximum of 23mW and 650nm wavelength powered by an external AC Voltage

source of 240V and 50 Hz. Cultured cells were placed over the cross slide and input was applied

on the slide for the actuation of the cells. A micro actuator was used and driven by the function

generator (Tektronix AFG 1022) for the actuation of the cells. To vibrate the cells, a harmonic

signal was applied to the actuator. The position of the cancer cells in the wells of the plate was

determined with an optical microscope. A Position Sensitive Device (PSD) was used to detect an

incident light spot precise position in two dimensions on a sensor surface. Laser from the source

is focused and impinged on the cell surface and gets refracted to the PSD. Which was used to

trace the cell movement due to actuation, and the digital output voltage corresponded to cell

displacement in the X and Y directions, as measured by the Oscilloscope (Tektronix 1102B).

The cell and support response was measured sequentially as shown in Figure 4.3b. We have

considered the transfer function of the cell with respect to the base to avoid all the base-related

modes (Figure 4.3c).

4.3.7 Determination of Viscosity

Experiments were performed on cancer cell samples. The frequency response and viscosity of the

cells were evaluated using the proposed non-invasive technique. The time domain and frequency

domain responses were recorded from the oscilloscope. A transfer function or frequency response

function between the input and output of the system was used to characterize the response of a

cell’s structure to forced vibrations applied at the support of cells.

H(Ω) = Output/Input (4.1)

The frequency corresponding to maximum amplitude was considered as a natural frequency of

the cell [217]. The quality factor, a measure of the sharpness of resonance was calculated using

the half power point method (Figure 4.3d).

Q = fmax/(f2 − f1) (4.2)
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Figure 4.3: Detailed procedure for the PSD-based non-invasive experimental technique a)
Experimental setup for the dynamic response of the cancerous cell. b) High contrast image of
TGF-β induced Huh-7 cells with cell frequency response in blue and base response in red. c)
Transfer function of the frequency response of cell and base. d) Estimation of Q factor from

frequency response.

Where Q is a Quality factor, fmax is maximum Frequency, f1 and f2 are the 3 dB frequencies.

The relation between Quality Factor and Damping Ratio (ζ) [195] was shown by using the

Equation 4.3.

Q = 1/(2ζ) (4.3)

Where ζ is the damping ratio. In this work, cells were assumed as sessile drops [218], [219]

and considered as translucent structures mediated in a low-viscosity fluid. For low−viscosity

liquids like water and ethanol and relatively micron size droplets that are in dynamically ideal

surroundings are given by the general modified expression obtained by Lamb [195]). Hence

the exponential decay time and the natural frequency were obtained from the equation of the

viscosity and damping ratio

τ = (ρr2)/(ν(n− 1)(2n+ 1)) (4.4)

Where τ exponential time is constant, ρ is the density of the cell medium, r is the radius of the

cells and n is a number of the mode of the resonant frequency, ν is the dynamic viscosity of the

cells. Also

τ = 1/(ωnζ) (4.5)
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Equation 4.5 shows the relation between the time constant and damping ratio. Where ωn is a

natural frequency in rad/sec.

4.3.8 Cell spreading analysis

Morphology assessment was carried out after 48 h of cell seeding (see materials and method) with

nonconfluent density on coverslips at 2 × 105 cells per well. Coverslips were mounted on slides

using antifade DAPI and imaged under a Confocal microscope (Zeiss). Subsequent images were

then imported in the Image J software in czi format. Images were analyzed and the area and

perimeter of cells in each image were quantified. A uniform background subtraction to the entire

image and subsequent adjustments to the brightness and contrast were applied as necessary.

4.3.9 Statistical analysis.

All experiments were repeated thrice for observing any deviations and accuracy. Every group of

specimens subjected to the experiments consists of 10 sets of observations. All data are expressed

as a mean ± standard error of the mean (SEM). The two−tailed unpaired t−test or one−way

ANOVA were used for statistical analysis, followed by Tukey multiple comparison tests using

Origin Software (Origin (Pro), Version 2021, OriginLab Corporation, Northampton, MA, USA.)

(for three or more groups). A statistically significant difference was defined with p < 0.05.

4.3.10 Numerical analysis

Confocal images were extracted from the confocal microscopy (Zeiss) in the czi format. 3D images

of the cancer cells were imported into ImageJ (an open-source image analysis tool developed by

the National Institutes of Health) and converted to STL format for further analysis as shown

in Figure 4.4a. STL files were imported in the geometric modeler of COMSOL (COMSOL

Multiphysics Inc. Stockholm, Sweden) as a cell model. Cells are composed of various constitutive

elements and behave as a soft matter [220]. In this work, we consider two cases for assigning

the material to the cell structure to validate the responses from the numerical modeling. In the

first case we considered the cell modeled as an incompressible, isotropic, and homogeneous [221]

with a density of 1 g/cm3 and a poison’s ratio of 0.49 and in the second case as a hyperelastic

constitutive model to simulate isotropic and nonlinear cell scaffold and cell plasma aggregates all

together, which have an elastic response to high stresses. For hyperelastic material, we adopted

the Mooney−Rivlin material [222], [223] to model the cell structure. Cell model extraction and

discretization of the cell model into a smaller segment was done using physics-controlled fine

meshing with the tetrahedral mesh elements as shown in Figure 4.4b I and II. Detailed boundary

conditions are shown in Figure 4.4c. Cells were modeled to be supported on an elastic foundation.

(http://rsb.info.nih.gov/ij/, NIH)
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Figure 4.4: a) Confocal images of the Huh-7 cells treated with 5ng/ml TGF-β and control. b)
Cell selection for cellular geometry for the numerical simulation in inset I) 3D model obtained
from Image-J as STL Format. II) Discretized model in small elements. III) Stress distribution in
the model after the application of load on the model. c) Mechanical model of the cell structure

along with the boundary conditions.

Previous studies state Vinculin as a protein in focal adhesions and adherence complexes that is

responsible for cell−to−ECM adhesion[224]. The focal adhesion stiffness was found to be in the

range of 0.001 to 0.1 N/m [225] and the top surface of the cell was exposed for the loading. A

compressive load on the cell surface in the transverse direction was applied to get the frequency

response of the cells. Modal and harmonic analyses were carried out using numerical modeling.

The modal analysis illustrates the deformation pattern on the structure at each of the natural

frequencies as the excitation coincides with one of the natural frequencies of the system [226].

Such as those induced by the lateral force created by the microactuators and identifies the

vibration characteristics viz. Natural frequencies and mode shapes of the cell structure. While

the steady-state dynamic response of a cell structure subjected to varying loads was predicted

from harmonic analysis. Detailed numerical steps are shown in Figure 4.5. Natural frequencies

and associated displacement during the actuation of cells and their frequency responses were

assessed to visualize the dynamic spectra of the cells.
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Figure 4.5: Detailed flow diagram depicting the procedure followed for numerical analysis

Table 4.2: Geometrical and Mechanical Properties for the cell.[227]

Parameter Value

Youngs Modulus 100 Pa
Density 1000 kg/m3

Poison ratio 0.49
Average length of the cell 35 µm

4.3.11 Modal Analysis

In this work, we analyzed the modal characteristics of the cell structure obtained from the

phalloidin-stained confocal microscopy images. The natural frequency of the cells and their

corresponding mode−shapes was depicted and analyzed. Homogenized mechanical properties for

the modal analysis are shown in Table 4.2.

4.3.12 Harmonic Analysis

After obtaining resonance frequencies of the various cells using modal analysis, we evaluated the

frequency responses of the cells. The effect of vibrating load on a cell structure was calculated
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Table 4.3: Hyperelastic Properties of the homogenized cell [227], [229]–[233]

Parameter Value

Young’s Modulus 100 Pa
Density 1000 kg/m3

Poison ratio 0.49
C10 0.21 kPa
C01 0.1 kPa
Bulk Modulus (k) 300 Pa

using a harmonic response analysis. Considered mechanical properties of cells are shown in

Table 4.3. In this analysis, we derive the frequency response by applying body load on the cell.

The other boundary conditions are kept the same as those in the modal analysis.

4.3.13 Hyperelastic model

For hyperelastic material, we adopted the modified Mooney-Rivlin material model [228] to model

the cell structure. The strain energy density function W for the hyperelastic material is given as

W = C1(I1 − 3(I3)
1/3) + C2(I2 − 3(I3)

2/3) + 1/2(λ(log I3)
2) (4.6)

where C1, C2, and λ are material constants and C = F TF is the right Cauchy–Green deformation

tensor; and the three invariants of the right Cauchy–Green tensor are defined as

I1 = tr(C) (4.7)

I2 = 1/2[((tr(C))2 − tr(C2)] (4.8)

I3 = det(C) (4.9)

The corresponding constitutive relations can be expressed in terms of the second Piola–Kirchhoff

stress tensor S, and the invariants of the right Cauchy–Green tensor,

S = 2[(C1 + C2I1)I − C2C − (C1I
1/3
3 + 2C2I

2/3
3 − λ log I3)C

−1] (4.10)

After the second Piola–Kirchhoff stress is obtained, the first Piola–Kirchhoff stress tensor can

be immediately computed as P = SF T , which can then be substituted into the later developed

meshfree Galerkin formulation to calculate the internal nodal force.
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4.4 Results

4.4.1 Aggravated extra-cellular viscosity enhances intra-cellular viscosity in
cancer cells

The external cellular environment is persistently occupied site with macromolecules and hence

has tissue-specific density and viscosity. This high viscosity is achieved due to the constant

accumulation and exchange of precursors and products of degradation in the extracellular

environment. However, the consequences of higher external viscosity on intracellular viscosity

remain largely unexplored. Therefore, to analyze intracellular viscosity, cancer cells were exposed

to extra-cellular viscosity enhancers like PEG and glucose, which were then subjected to measure

the frequency response from the optical position sensing method that comprises PSD, which

shows altered frequencies and transfers function with the difference in viscosity of treated

cells (Figure 4.6a). Based on the design of the experiment, our observations revealed that the

consecutive peaks of transfer function represent the natural frequency of cells treated with 5%

PEG was observed as 4120 ± 191.71Hz and that of glucose-treated cells showed 3024 ± 394.93 Hz

frequency, the natural frequency of untreated cells was observed as 2180 ± 267.92 Hz (Figure 4.6b).

The frequency of cells treated with viscosity modulators increases in comparison to the untreated

cells. Additionally, from PSD analysis of cells exposed to different concentrations of PEG and

Glucose, intracellular viscosity drastically surges 12 times with 5% PEG and 1.8 times with

glucose when compared with untreated cells as shown in (Figure 4.6c). Alongside this, to validate

our results, intracellular viscosity was measured using a viscosity-sensitive fluorescent probe

TPSII (30). In correlation with the above results, an increase in green fluorescence intensity was

reflected after cells were exposed to 5 % PEG and 200mM glucose as shown in the (Figure 4.7a

and b) suggesting that our setup is capable of differentiating the enhanced intracellular viscosity

levels and can be used in determining diseased conditions in patients.

4.4.2 Intracellular viscosity is associated with migratory/invasive potential
of a cell

Tumour progression is associated with the acquisition of migratory potential and differentiation

of epithelial cells into a mesenchymal type, a process known as Epithelial to Mesenchymal

Transition (EMT), which is the initial step towards metastasis of tumor cells [234]. TGF-β a

pro-inflammatory cytokine is widely accepted as an EMT inducer [235]. Based on our hypothesis,

cells undergoing EMT will shed their viscosity-based density to facilitate the swift migration of

tumor cells. Therefore, EMT-associated viscosity was analyzed by PSD in cells treated with TGF-

β, and dose kinetics and time kinetics was performed after TGF-β treatment. Our results show

the transfer function for TGF-β treated cells was reduced by 25.4% in comparison with untreated
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Figure 4.6: Analysis of intracellular viscosity with viscosity inducers like PEG and Glucose
through PSD a) Transfer function plot for different viscosity modulators. Consecutive Peaks
represent the natural frequency of the cells treated with different types of drug modulators. b)
Frequency comparison plot for PEG and 200 mM glucose compared to control (For n = 3 with
the Mean value ± SEM). Obtained frequency for PEG is higher (4350 Hz) compared to glucose
and control. c) Viscosity plot for PEG and 200 mM glucose compared to control obtained from
the frequency response of the cells shows the higher values for 5% PEG due to higher natural

frequency for the 5% PEG treated cells. (For n= 3 with the Mean value ± SEM)

cells (Figure 4.8a). Moreover, a decrease in natural frequency was also observed upon TGF-β

treatment when compared to untreated cells (Figure 4.8b). Similarly, to validate a correlation

between invasiveness and viscosity a PSD analysis was done on invasive and non-invasive cell

lines i.e., MDAMB-231 and MCF-7 respectively [236]. A Transfer function plot shows the higher

frequency for MCF-7 by 12.38 % compared to MDAMB-231 as shown in Figure 4.8c and d. We

found that the frequency of the TGF-β induced cancerous cells reduces substantially due to

EMT-induced change in the morphology of the cells. Cells lose their stiffness and as result, we

observed reduced viscosity at different time points and with different doses (Figure 4.9) as shown

in Figure 4.8e.

We can observe a similar trend in an invasive (MDA-MB-231) and non-invasive (MCF-7) cancer

cell type as shown in Figure 4.8f. Immunoblot analysis was also carried out and observed

an increase in the mesenchymal marker like N-cad and Vimentin post-TGF-β exposure in

hepatocellular carcinoma cells. Figure 4.10a shows the N-Cad and Vimentin expression after

TGF-β exposure with respect to untreated cells. To have an insight in the difference in internal

viscosity of cells with different invasion/metastatic potentials, we compared two cell lines MCF-7
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Figure 4.7: Analysis of intracellular viscosity with viscosity inducers like PEG and Glucose
through Viscosity sensitive fluorescent probe a) Fluorescence intensity after PEG and 200mM
glucose in cancer cells. b) Shift in peak after TPSII exposure for PEG and 200 mM glucose

compared to control.

and MDA-MB-231 from the fluorescence test. Figure 4.10b depicts decrease in green fluorescence

for MDA-MB-231 compared to MCF-7. Thus, it was revealed that the viscosity of MDA-MB-231

(invasive) had lower internal viscosity as compared to MCF-7 (non-invasive) cell line. Along with,

our results show the shift in green fluorescence of TPSI1(fluorescent viscosity probe) post TGF-β

exposure as compared with the untreated cells as shown in Figure 4.10c. These results indicate

the change in intracellular viscosity upon induction of EMT.

4.4.3 High viscosity suppresses cell migration

Frequency and viscosity for different cells treated with TGF-β and different PEG concentrations

have been shown in the Figure 4.11a. From the plot, we observed, a decrease in the frequency

for TGF-β concentrated cells compared to PEG and control. This signifies the decrease in the

viscosity for the TGF-β treated cells compared to other PEG-treated cells and control (see

Figure 4.11b). High intracellular viscosity in cancer cells leads to heftiness and consequently

inhibition of migration. Hence, post 5% PEG treatment where cancer cells have achieved the
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Figure 4.8: Repression in intracellular viscosity post TGF-β induced EMT a) Transfer function
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Figure 4.9: (a) Frequency for cells subjected to different viscosity modulators (b) Viscosity for
cells subjected to different viscosity modulators.

highest viscosity, Huh-7 cells fail to heal the scratch in the wound healing assay (Figure 4.11c).

Since cells fail to migrate, yet are viable, and undergo cell growth arrest in Huh-7 cells treated

with 5% PEG was highly suspected, from cell viability assay, percentage cell viability of 5% PEG
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exposure in TGF-β treated Huh-7 cells.

treated cells was low in comparison to untreated cells (Figure 4.11d). This led to understanding

cell cycle arrest induced after 5% PEG treatment. From our data, we observed a G1 arrest

after 5% PEG treatment in Huh-7 cells as shown in Figure 4.12a. Followed by a reduction in

PCNA, a proliferation marker (Figure 4.12b). which suggests higher intracellular viscosity fails

to potentiate migration and proliferation in cancer cells. TGF-β induces EMT in cancer cells and

viscosity modulators suppress the EMT markers. Figure 4.12c shows the vimentin down-regulates

after the PEG treatment. We observed the lower EMT marker expression compared to untreated

cells. Thus, an inverse correlation can be made between TGF-β induced EMT and intracellular

viscosity. This can be predicted from the alteration in the cell’s morphology post-TGF-β exposure

as shown in Figure 4.12d.

4.5 Numerical Results

4.5.1 Modal Analysis

Modal analysis determines the intrinsic dynamic characteristics of the cells such as natural

frequencies, and mode shapes. The natural frequencies for the control and TGF-β treated cells

are found to be 2330.3 Hz and 1703.00 Hz respectively. Figure 4.13a shows the corresponding

mode shape along with the frequency for control and TGF-β considering the support stiffness of
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Figure 4.11: High intracellular viscosity inhibits migration and proliferation in cancer cells
a) Frequency comparison for TGF-β , 0.5% PEG and 5% PEG with control. b) Viscosity
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Table 4.4: Comparison of experimental and numerical frequencies.

Parameter Experimental (Hz) Numerical (Hz) % Error

Control 2108 2330.40 9.52
5 ng/ml treated TGF-β 1596.84 1703.007 6.23
5% PEG 4120 4634.40 11.09

0.01 N/m. Further, frequencies for the cells treated with TGF-β and 5% PEG were evaluated

and presented in Table 4.4 with the percent of the error compared to the experimental results.

4.5.2 Harmonic Analysis

A harmonic response analysis computes the influence of external perturbation on a cell structure.

External perturbations were applied to the cells in terms of harmonic motion. In this analysis,

we derive the frequency response of the cell. Frequency response for the control and TGF-β were

obtained and shown in the Figure 4.13b. The peaks in the frequency response show the natural

frequency of the cells. Natural frequency is at 1703.40 Hz and 2330.40 Hz for the TGF-β and

control respectively. A comparison between the experimental and numerical frequency response

for cells treated with 5% PEG and control is shown in Figure 4.13c. Differences in the frequencies
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Figure 4.12: High intracellular viscosity inhibits migration and proliferation in cancer cells
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TGF-β, and 5% PEG.

are attributed to the various biomechanical constituents and changes within the cells and human

error during the experiments.

4.6 Discussion

Cellular elasticity and viscosity are emerging indicators of disease state and its progression

[237]–[239]. An alteration of intracellular viscosity has the potential to modulate cellular function

and hence is often associated with various pathological conditions including cancer. In fact, cancer

cells at each stage of progression are postulated to show differential viscosity [240]. Also, recent

findings suggest that intracellular viscosity varies significantly between invasive and non-invasive

cells like healthy breast cells exhibit higher viscosity than invasive carcinomas [241]. No wonder,

the elastic response of tumor cells has been explored earlier as a diagnostic for cancer cells or its

metastatic potential [217], [242]. Herein it is reported that viscosity can influence the intracellular
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transmission of substances, bio-macromolecular exchange processes, and chemical transportation

[243].

Previous studies predict that the changes in intracellular viscosity may influence not only the

rate of intracellular chemical reactions but also the rate at which the catalytic protein adjusts its

conformation to respond to its external environment [244]. Therefore, the control of malignant

and non-malignant growth can essentially include changes in the chemical reaction rate caused

by viscosity alterations [244], [245]. Other disorders and dysfunctions are linked to abnormal

variations in cell viscosity [246]. As a result, it is important to develop an experimental setup
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or tool that can measure the changes in the natural frequency of cells. Importantly, other

mechanical properties such as viscosity can be derived from the frequency by considering the cells

as micron-size droplets using the Lamb relation for a drop. Hence, in this study, we developed

the experimental setup to evaluate the frequency-based viscosity under invasive and non-invasive

conditions in cancer. This regimen is useful in estimating viscosity with minor alterations in

intracellular viscosity. Although an array of techniques are available to measure viscosity for a

fluid medium, like rotational viscometer, capillary viscometer, and falling ball viscometer yet

they are unlikely to determine intracellular viscosity.

Many molecular rotor fluorescences and aggregation-induced emission (AIE) based techniques

have also been designed to measure intrinsic and extrinsic viscosity, yet they might be rendered

to shortcomings in the efficacy of detection under minute changes in viscosity levels and their

lesser feasible complicated synthesis approaches. Therefore, it is essential to explore simplified

approaches to detect viscosity. Keeping in view these limitations, we have designed and synthesized

a remarkably high sensitivity fluorescence viscosity probe molecule TPSII to detect intracellular

viscosity [216]. Apart from the molecular rotor approaches, we have designed and implemented a

position-sensitive device (PSD) based technique to measure intracellular viscosity by dynamic

measurements. Herein, displacement in the cells was observed using PSD and OPS after applying

chirp signals of up to 3V and 1 MHz frequency range to a piezo disc attached to the cell

culture plate having adhered cultured cells [247]. The rationale behind the PSD-based dynamic

measurement was successfully employed to determine alterations in intracellular viscosity in

cancer cells exposed to TGF-β. Since TGF-β is a potent inducer of epithelial-to-mesenchymal

transition (EMT) and is one of the major cytokines, which promotes metastasis of tumor cells,

thus, it defers cancer cells to undergo spindle-like morphological alterations, which aids cellular

motility and invasion [248].

TGF-β induced EMT is often coupled with metabolic reprogramming to preserve energy resources

to acquire aggressive explosion of tumor cells by proliferation, invasion, extravasation, and re-

localization. In the course of conserving energy resources, TGF-β suppresses the transcription of

genes involved in multiple pathways. Overall, from our hypothesis, post TGF-β exposure onset

of EMT is associated with lesser viscosity in cancer cells, which might facilitate the movement of

cancer cells.

Previous studies used AFM to suggest that there is a decrease in intracellular viscosity in cancer

cells compared to normal tissue [249]. From our results, we observed that TGF-β exposed cells

exhibit the expression of specific mesenchymal markers like N-Cad and Vimentin indicating the

transition of epithelial cells to mesenchymal-like cells. Additionally, our results show a left shift in

green fluorescence of TPSII (fluorescent viscosity probe) post-TGF-β exposure as compared with

the untreated cells which again refers to lesser intracellular viscosity after TGF-β administration.

To validate our results, we observed TGF-β mediated alterations in intracellular viscosity in time
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(48 hrs, 72 hrs, and 96 hrs) and dose-dependent (2ng/ml, 5ng/ml and 10ng/ml) manner with

PSD as well as through TPSI1 associated fluorescence.

Importantly, the behavior of the cells was unpredictable at the beginning of the time point study.

The frequencies for various TGF-β concentrations are lower compared to control during the

48 hrs of the time study and continue to decrease for the subsequent 72 hrs and 96 hrs when

TGF-β reached its saturation point (Figure 4.14) with acceptable variations during experiments.

This variation is primarily from the fact that, during the experiments, intrinsic changes in the

biological structure and biochemical responses can all potentially interfere with the mechanical

properties that are being measured.

Figure 4.14: Viscosity of cells treated with different TGF-β concentration for different time
point i) after 48 hrs ii) after 72 hrs iii) after 96 hrs.

Furthermore, the microscopic cell and its mechanical behavior may vary at different times and

locations because of its reorganization dynamics that are triggered by adhesion, migration, and

polymerization–depolymerization processes [247], [250]–[252]. This alters the internal arrangement

of the cytoskeleton and results, in a non-homogeneous distribution of stiffness and deformation

[253], [254]. Hence, this leads to variation in the measured frequency. For the confirmation of the

PSD results, we performed the numerical analysis procedure discussed in the previous section.

We found that the natural frequency of the cells induced with 5ng/ml of TGF-β had the same

experimental frequency with 6.23% acceptable margins of error as shown in Table 4.4. This would

be suspected because of the changes in the intracellular morphology and geometric configuration

of the cell structure. Figure 4.4a and Figure 4.12d , depicts the changes that occur in cells

undergoing TGF-β treatment. To observe the morphological changes, we carried out a cell
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spreading analysis of the cells treated with different concentrations of the TGF-β and PEG. We

found that the cell spreading area and perimeter are higher for the case of TGF-β compared

to the control as shown in Figure 4.13d and e. This gave an indication of an increase in the

migratory behavior of the cellular structure. This can be correlated to the rheological parameter

termed viscosity. Although many aspects impact the stiffness of the cells such as the substrate

on which the cells are dispersed, the cell size, elastic strength, mechanical perturbation as well as

the position and time of cell excitation may also influence the rheological properties (viscosity)

of the cells [255]–[259]. Previous research reveals that the total cell viscosity and rheological

properties show strong dependency on frequency bands and measurement techniques [260], [261].

In this work, we follow the non-contact, non-invasive experimental approach. Further, frequency-

dependent viscosity was evaluated to observe the changes in the migration of cells. It was

observed that the viscosity of the cells with different drug concentrations was decreased with the

increase in the TGF-β concentration. Throughout each time point, with the increase of the drug

concentration viscosity was decreased. Hence, TGF-β exposure suppresses intracellular viscosity

in cancer cells when compared to untreated cancer cells. It can be attributed to the changes

that occur in the cellular structure and causes stress fibers and actin filaments reorganization.

This promotes the alterations in the cytoskeletal network [262], [263]. Further, impacts the focal

adherence complexes that contribute to the cellular changes and its migration [264]. Thus, this

predicts that the intracellular viscosity is associated with the migratory capability of a cell.

Our findings show the viscosity in the range of 1-100 cP as stated in the previous studies for

various cell lines. To have an insight into the difference in internal viscosity of cells with different

invasion/metastatic potentials, we compared two cell lines MCF-7 and MDA-MB-231. The

MDA-MB-231 cell lines are more invasive, metastatic, and deformable than MCF-7. Numerous

studies predict that the lower deformable MCF-7 possesses higher elastic strength and natural

frequency compared to MDA-MB-231 [265]. Hence, our results show a higher frequency for

MCF-7 when compared to MDA-MB-231 and thus, MDA-MB-231 has a lower internal viscosity

than MCF-7.

4.7 Conclusion

In this work, we presented the non-invasive technique to determine the frequency of cancer

cells. Natural frequency was estimated for the cells with various viscosity modulators. Both

experimental techniques and numerical analyses yielded the same frequency response for the cells

with an acceptable range of error. This frequency-based cell analysis helps in characterizing the

cell on its dynamic behavior. Our findings show that the EMT inducing in the cancer cells using

TGF-β corresponds to the lower frequency. Lower frequency leads to lower intracellular viscosity

within the cancer cells. This causes more mortality and the spreading of cancer and affects other
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organs. Earlier diagnosis of change in the frequency response of the cells suggests starting the

appropriate selection of therapeutic treatment of cancer. The proposed technique is a key model

of this work. Using this technique, healthy and diseased cells can be distinguished based on their

frequencies. The same can be followed for selecting the frequency-based treatment of cancer in

the earlier stage.



Chapter 5

Modulating the Mechanical Resonance

of Huh-7 Cells Based on Elasticity of

Adhesion Proteins

5.1 Background

Mechanical resonance of biological cells refers to their ability to vibrate in response to certain

mechanical stimuli. This phenomenon has been studied to understand the role of adhesion proteins

in the dynamic behavior of cells. Adhesion proteins are molecules that help cells interconnect with

each other and to the extracellular matrix (ECM)(the network of proteins and carbohydrates)

that surrounds and supports cells. These proteins are important for the study of cells from a

mechanical perspective, as they act as a scaffold that gives cells structural support and allows

them to maintain their shape and respond to mechanical forces.

Studying the mechanical resonance of Huh-7 cells can provide insight into how adhesion proteins

contribute to the mechanical properties of cells and how these properties may be altered in

cancer cells. This can be useful in understanding the behavior of cancer cells and developing new

treatments for cancer. However, it is important to note that this research is still in the early

stages and further studies are needed to fully understand the mechanical resonance of Huh-7 cells

and its implications in cancer.

5.1.1 Crosstalk between the cell and extracellular environment

Living cells utilize specialized receptor-mediated contact foci to establish stable attachments to

the extracellular matrix (ECM) in order to perform functions such as proliferation, differentiation,
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Figure 5.1: Schematic for focal adhesions. (a) Focal adhesions consist of multiple proteins
(integrins, vinculin, paxillin, talins, and so on.) and serve as signaling hubs producing biochemical
signals (b) Actomyosin contractile forces are essential for the stabilization of FAs. Adapted from

Humphries et.al. [266].

and locomotion. Focal adhesions (FAs) are among the best-known adhesion structures and are

composed of a diverse population of structural and signaling proteins, as depicted in Figure

Figure 5.1.

Additionally, FAs display directional growth that is parallel to an externally applied load.

Studies have also shown that cells form larger FAs on stiffer substrates, as well as exhibit higher

intracellular traction forces. There has been a significant effort, both experimental and theoretical,

to investigate the cell-ECM interactions. A typical FA is composed of several parts, including a

layer of transmembrane receptors known as integrin, which connect the ECM to the adhesion

plaque composed of vinculin and other plaque proteins. The FA is typically connected to the cell

nucleus or another FA by an actin stress fiber, which generates contractile force and is responsive

to the mechanical properties of the microenvironment. A schematic representation of the full

structure is illustrated in Figure 5.2.

5.2 Introduction

Biological cells are fundamental units for life. Cells store and replicate their DNA, showing

significant functions in various biological activities. Normal physiological activities of the cells

depends on biochemical/transport pathways and their mechanical behavior [268]. Biological

systems would not exist or operate without cells, such as Vertebrates transport oxygen to body

tissue through the circulation of red blood cells. Fibroblasts, as contractile machinery, migrate

to wounds and initiate the healing process [269]. Endothelial cells lines in the blood arteries and

function as filtration barriers [270]. The cytoskeleton is the linked network responsible for giving
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Figure 5.2: The illustration of the structure of focal adhesions, which are located at the outer
edges of cells and connected to the nucleus or other focal adhesions via actin stress fibers. The
enlarged image on the left displays the intricate multi-layer protein complexes that make up

focal adhesions [267].

cellular rigidity [271]. This cytoskeleton consists major of three polymerized filaments, each with

its unique structure and mechanical properties: actin, intermediate filaments, and microtubules

[272], [273]. This intricated framework enables cells to alter their mechanical characteristics to

their surroundings instantly and, over time [274], [275]. Similarly, Focal Adhesion (FA’s) has

crucial roles in several cellular functions, including proliferation, differentiation, and motility,

as well as pathological processes, such as cancer and wound repair [255], [276]–[279]. These are

massive macro molecular complexes via which cells respond to the mechanical force and regulate

mechanosensitive information [280]. Any alteration in the mechanical characteristics of the FA’s

may change the mechanical behavior of the cells, and their function [23]. Hence, it is important

to understand the cell and FA’s interactive mechanical model that explain the impact of changes

in its properties on the cells.

Although multiple techniques, such as micropipette aspiration [1], optical tweezers [281], and

acoustic force microscopy [282], demonstrated that single cells of distinct tumor types were almost

twice as soft as similar cells of normal tissue [283], [284]. These disparities in elasticity between

normal and tumor cells are caused by variations in the size of the actin cortex connected to the

cellular membrane [285], the cytoskeleton (mostly owing to varying numbers of intermediate

filament proteins), and the nuclear lamin network [1]. The intermediate filament network

may collapse around the nucleus, or cell spreading may accelerate (closely linked to the actin

cytoskeleton) through focal adhesions [286]. It is often seen that the cytoskeleton of cancer

cells behaves differently from that of healthy cells. Cancer cells are known to display large

differences in stiffness compared to normal cells. Several studies suggest that abnormal mechanical

characteristics of diseased cells promote the development of pathology. In recent years, it has

been shown that low-frequency ultrasound, magneto-mechanical force, and mechanical vibration
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induce biological changes in cancer cells [287]–[291] despite different sensitivity in normal cells.

Frequency-based techniques such as radiotherapy and chemotherapy can kill normal tissue cells

and are often accompanied by severe side effects.

In this context, the variations in subcellular structure between cancer cells and normal cells

may be exploited to induce a selective approach to cytotoxicity [1]. These structural variations

influence the elasticity of entire cells, or subcellular structures that can be represented by the

material properties of the cells [268]. Thus, there is a need for therapy approaches that target

tumor cells more precisely. Hence it is important to evaluate the frequency and material properties

of the cells. Previous atomic force microscopy (AFM) experiment predicts that both cells and

cytoskeletal networks are extremely viscoelastic [292], [293]. It was reported that the response

of a composite network composed of actin and intermediate filaments is the most important

load-bearing constituent of the intracellular cytoskeleton [294]. Microtubules are essential for

retaining the shape, and structural features of the intermediate filament network [295], and the

cortical actin underlying the lipid bilayer is anticipated to provide further stiffness to the cell’s

resistance to deformation [296].

Several numerical AFM-based studies have examined the effects of indentor geometry, cell

morphology, and their influence on a model cell with a wide range of shapes, including an

elliptical surface, an axisymmetric model, and a double symmetrical model [297], [298]. These

shows the parameter that was determined by fitting the experimental force-indentation curve of

the cell to predict the cell model properties [299], [300]. Studies revealed that the homogeneous

distribution of intracellular components that provide cellular stiffness might be unrealistic, and

anticipated that the cell shape influence the mechanical characteristics [271]. An elliptical cell

has a stiffer nucleus than a cytoplasm, whereas the reverse is valid for a more realistic structure.

This is consistent with experimental findings (and those of prior AFM research [301]) of a

stiffer peripheral area that could be partially attributable to the morphology of cells. Similar

results are observed for compression of endothelial cells ( geometrically round and sphere-shaped

models before the force initiation) between microplates were found in a study of the mechanical

properties of the cell nucleus ([233], [302]. However, observations on the fibroblast cells, where

the average thickness was greater, show the influence on the cell behavior and concluded that

a stiffer cytoplasm is primarily a result of cellular shape [303]. Further, the previous findings

show that both the material response and the cell’s shape contribute to the measured stiffness at

large indentations [304]. Consequently, it is important to use the actual shape and geometries to

obtain the actual dynamic response of the cells.

In this work, we carried out the dynamic measurement of the Huh-7 cells using a non-invasive

technique and its results were compared with numerical AFM. The modal and frequency response

of cells was evaluated by considering the different ranges of the focal adhesion stiffness. Focal

adhesions (FAs) are macromolecular complexes that transmit mechanical force and regulatory

information between extracellular matrix (ECM) and cells. Hence, it is essential to comprehend



Mechanical Resonance of Huh-7 Cells 101

the effect of its alterations on cell behavior. This study is significant in predicting the resonance

behavior of the cells for targeting the different diseased cells. This research shows some intriguing

potential in the realm of biomechanical modeling. In general, hyperelastic material models may

be used to simulate cells and other biological materials. This approach could be used to obtain the

hyper-elastic-viscoelastic behavior as well as resonance characteristics and compute the transient

development of stresses within the cell structure.

The cells used in our experimentation were provided by our collaborating laboratory (Prof.

Rajdeep Chowdhury and Prof. Sudeshna Mukherjee Lab.). This section on cell culture was

performed by Mr. Nizam Ahmed and included in this thesis solely for the purpose of completeness.

As the author of the thesis, I did not carry out the cell culture part of this work.

5.3 Materials and Method

5.3.1 Cell culture

Huh-7 cells (human hepatocellular carcinoma) were procured from National Centre for Cell

Science, Pune, India. Cells were cultured at 5% CO2 37 ◦C in Dulbecco’s Modified Minimal

Essential Medium (DMEM; Gibco, # 12800-017) which was supplemented with 10% fetal bovine

serum (FBS; Invitrogen, # 26140-079) and antibiotics (1% penicillin–streptomycin solution;

Invitrogen, # 10378-016). Huh-7 cells were grown up to 70% confluency in 10% FBS containing

DMEM and rinsed with phosphate-buffered saline (PBS). Thereafter, the complete medium was

replaced with serum-starved medium (DMEM containing 2% FBS) and incubated for 12 h prior

to TGF-β (# 100-35B-10, Peprotech) treatment [213].

5.3.2 Mechanical Behavior of Filaments and Cells

As previously discussed, the structural integrity of cells is dependent on the cytoskeleton, a major

component of the cytoplasm consisting of actin filaments (F-actin), microtubules (MT), and

intermediate filaments (IFs) [305]. The mechanical properties of cytoplasm regulate the ability of

cells to withstand deformation, transport biological activities, and alter shape during external

stimuli. Both the filaments and the polymeric network as a whole are extremely nonlinear

rather elastic systems [306]. It is a dynamic entity capable of remodeling itself owing to its

viscoelastic behavior. Previous research has suggested the behavior of the cytoskeleton under

various environmental conditions [307]. It was observed that the cytoskeleton’s network behaves

as a solid and liquid at different time scales. This is due to alterations in the dynamic and

thermal properties of semiflexible filaments. This fluctuation depends on the external stimuli

and temperature, which influence the mechanical behavior as well as the presence of several
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Figure 5.3: Detailed experimental setup for the measurement of cell dynamics.

adhering and interacting proteins. Modeling the mechanical model of an underlying polymer

network, in conjunction with other cellular components (e.g., the cell nucleus and membrane),

and their analysis is difficult to anticipate. Despite this challenge, it is possible to obtain results

by analyzing the cell at a microscopic size using numerical modeling. Although various research

considered the various constituents of the cell for the analysis. In this work, the cytoplasm and

nucleus were considered as the part of model geometry. This study observed the viscoelastic

behavior of the cell structure by incorporating viscoelastic components into the computational

analysis.

5.3.3 Experimental frequency response of a cell

Figure 5.3 shows the detailed working principle of the experimental setup. A laser source

RLM650TA-020R was used with a maximum of 23mW and 650nm wavelength powered by an

external AC Voltage source of 240V and 50 Hz. The cell was taken out from the CO2 incubator

and was placed over the cross slide, and input is applied on the slide for the actuation of the

cells. A microactuator (Piezoelectric transducer) was used and driven by the function generator

(Tektronix AFG 1022) to actuate the cells. A harmonic signal was applied to the actuator

through the function generator to vibrate the cells. The position of the cancer cell in the wells

was determined using an optical microscope. Laser from the source is focused and impinged on

the cell’s surface and gets refracted to the Position Sensitive Device (PSD) as shown in Figure 5.3.

PSD was used as an optical position sensor (OPS) that can sense the incident laser position

on a two-dimensional sensor surface. The cell movement with respect to applied actuation was

traced, and the output voltage corresponding to cell displacement in the X and Y directions

was measured by the Oscilloscope (Tektronix MSO 46). The cell and support responses were
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measured sequentially. The frequency response of the cells was obtained using the Fast Fourier

transform (FFT) of the time domain signal acquired from the oscilloscope. The transfer function

was used to take away the support-based frequency response to predict the cell’s natural frequency.

The obtained peaks in the transfer function corresponding to the natural frequency of the cells.

Each measurement on the cells and support was repeated for a particular sample, and the mean

frequencies for each sample were considered for the analysis.

5.3.4 Microscopic Imaging

Cells were imaged in a phase contrast microscope (Carl Zeiss inverted light microscope). The size

of the cells was quantified from the images obtained after the trypsinization and resuspended of

the cells in 1ml culture media using ImageJ. Furthermore, the area of each cell was determined

and the mean area was calculated [308].

5.3.5 Computational Model of a Cell

A model of a cell with typical dimensions is shown in Figure 5.4a. Numerical analysis was

performed on the traced geometry extracted from microscopy images of Huh-7 cells. The

geometry of the Huh-7 cells was obtained by tracing the trypsinized and resuspended cells for

numerical analysis. Spherical conformation was used for the 3D cell model obtained from the

traced image (cell membrane) for the numerical analysis. The nucleus was assumed as spherical in

shape. Several previous studies considered and predicted that the cells after suspension, possess

a spherical shape [261], [309]. Cell geometries are then imported into the COMSOL Multiphysics

for analysis. The cellular domain was created around the centreline. The semi-circular section

is considered as the cell nucleus, which influences the mechanical response. Cytoplasm (traced

geometry), nucleus, and an indenter were modeled in the geometry modular for analysis. The

cell selection for the modeling was based on the mean area of the cells.

Numerical AFM was used for the evaluation of the material parameters. Earlier, it was observed

that the softer model with the lower Young’s modulus of cell cytoplasm and nucleus lowered the

resonance frequencies of the cells. The material properties of the nucleus and cytoplasm clearly

influenced the natural frequencies of cells. Additionally, the size of the cell had a substantial effect

on the amount of the natural frequency. A linear elastic model is too simplistic since cells can

endure huge loads and show substantial strain hardening. In this study, a primary hyperelastic

material for the cytoplasmic response was considered for the analysis. The neo-Hookean model

was used, in which stresses and strains are computed from a strain energy density function ψ as

shown in Equation 5.1.
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Figure 5.4: a) Microscope image of the Huh-7. Cell model obtained from the image traced
from the averaged diameter cell. b) AFM modeling showing boundary conditions with different

constituents of the cell c) Meshed model d) Stress distribution in the cell structure.

Table 5.1: Mechanical properties of the different domain of the cell for the force indentation
analysis [233], [271], [310].

Domain Shear
Modulus

Bulk Modu-
lus

Energy
Factor 1

Relaxation
time 1

Energy
Factor 2

Relaxation
time 2

Nucleus 1.67 kPa 5000 kPa N/A N/A N/A N/A
Cytoplasm 0.15 kPa 1000 kPa 10 0.5 s 10 100 s

ψ = µ/2(I1 − 3) + k/2(Jel − 1)2 (5.1)

Here the material is assumed (nearly) to an incompressible, where the µ is the shear modulus,

Jel is the elastic volume ratio, k is the bulk modulus, and isochoric first invariant I1 is included

in the function. To incorporate the viscoelastic behavior, two generalized Maxwell branches are

also included. The nucleus is modeled without viscoelastic branches assuming that it is primarily

elastic. The selected material parameters are listed in Table 5.1

Figure 5.4b shows the substantial applied boundary conditions on the cell models. The vertical

constraint was applied to the cell’s base. The cell adheres to the substrate via focal adhesions

and is provided in the modeling by considering it as an elastic foundation. This should be an

important impact aspect that does substantially affect the force response of the cells. In this

study, a comparison between the adhesion behavior of cells with and without focal adhesions was



Mechanical Resonance of Huh-7 Cells 105

made to illustrate the changes in their dynamics. A penalty formulation using the indenter as

the source boundary enforces contact between the indenter and the cell. The indenter domain

was specified to move at a rate of 0.6 µm/s until the total vertical displacement reached 4.6 µm.

After that, it is then kept constant up to 100 s [311]. The model is meshed with 2D elements

and refined under the indenter as shown in Figure 5.4c. A parametric study was opted to study

the impact of stiffness of the focal adhesion. Further, post-processing was followed to observe the

cellular response.

5.3.5.1 Modal analysis

A modal analysis was conducted using the reference values for Young’s modulus of cytoplasm

and nucleus acquired from the numerical AFM. The modal analysis was used to determine the

natural frequencies and eigenforms of Huh-7 cells modeled as a real geometry obtained from the

microscope images. Modeled cells illustrate the morphology of deformed cells. As discussed in

the previous section, the cell size, Young’s modulus of the cytoplasm and nucleus, and embedding

circumstances have an impact on the natural frequencies. Modal analysis was used to analyze

the oscillation behavior of the structure in the absence of external stimulation. The determined

mode shapes and natural frequencies provide information regarding the frequency in which the

structure oscillates freely based on its mass and stiffness as well as under specified boundary

conditions.

5.3.5.2 Harmonic analysis

Harmonic vibration analysis was carried out on single-cell models subjected to external harmonic

forces. The measurement of resonance frequencies and related amplitudes was used to predict the

cell dynamics. The cellular system was considered as the mass spring damper system as reported

in the previous studies [261], [312]. The such cellular system as excited by external force can be

represented by the general governing equation of motion as shown in Equation 5.2 where [M ]

represents the mass matrix, [C] is a damping matrix, [K] is the stiffness matrix and F is the

force vector.

[M ][ü] + [C][u̇] + [K][u] = F (5.2)

The displacement u(x, y, z) can be represented as a function of n eigenvectors ϕi(x, y) and the

time-dependent modal coordinate qi(t) [313].

u(x, y, t) =
n∑

i=1

ϕi(x, y)qi(t) (5.3)
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Using equilibrium equations and orthogonal properties of eigenvectors, the natural frequency of

an ith mode can be written as

ω2
i =

Mi

Ki
(5.4)

where Mi and Ki are the mass and stiffness of the structure in ith mode corresponding to

eigenvector ϕi and resonant frequency ωi.

The described modal analysis was performed in COMSOL Multiphysics using an eigenfrequency

study to determine the natural frequency. This study provides a set of eigenvalues and eigenvectors

that represent the natural frequency of a vibration mode and the corresponding mode shapes,

respectively.

In this work, we propose a non-invasive and non-contact experimental technique for the frequency

response of the cells and later compare it with the numerical simulations. A finite element model

was modeled in the COMSOL Multiphysics and considered as a continuum model, while the

heterogeneous intracellular structure was not considered for the computation. This approximates

to quantify the macroscopic cell response to external stimuli. This study describes a relaxation

test as the computational model and used to validate the material properties. A rigid indenter

was used for compression into the soft, viscoelastic cell, and the subsequent relaxation of the

indentation force was evaluated and compared with previous experimental data. This comparison

helps in validating the assumed material properties for the modeling. The numerical model was

further used to evaluate the modal behavior and frequency response of the Huh-7 cells at different

stiffness of the focal adhesion complexes.

5.4 Results

5.4.1 Frequency response using non-invasive experimental technique

The maximal dynamic behavior of the cells was measured using a non-invasive position-sensing

technique. The oscillating cells are subjected to a transitory movement in the transverse direction

with respect to the excitation direction. Fast Fourier Transform was used to convert acquired time

domain data to frequency domain (FFT) from the spectrum analyzer. The frequency response of

the oscillating cells and the base is shown in Figure 5.5a. Figure 5.5b depicts the derived transfer

function of the cell in relation to the base to exclude any base-related modes. The plots depict

the significant peaks of the transfer function of cell response. These peaks reflect the natural

frequency by removing the effect of support and other noise impacting the supports. The natural

frequency of the cells was predicted by the maximum amplitude peak in the frequency spectrum.

The plot indicates that the natural frequency of the cells is 26.4 kHz. The subsequent higher

peak corresponds to higher modal frequencies of the cells.



Mechanical Resonance of Huh-7 Cells 107

Figure 5.5: a) Experimental frequency response for cell and base for the measurement of cell
dynamics. b) Transfer function

5.4.2 Numerical Force indentation on Huh-7 cell

5.4.2.1 Validation test

Validation of the cell material properties considered for the numerical modeling was performed

using a finite element method (FEM) study reproducing the AFM measurements described in

the literature (Li et al, 2008, Lekka et al. 1999). The vertical reaction force on the indenter was

extracted from COMSOL Multiphysics. In this context, the reaction force-deformation response

for the cell was obtained and compared with the reference plots determined experimentally during

the AFM test for different cancerous cell lines [314], [315]. The elasticity and other viscoelastic

parameters for cytoplasm and nucleus were validated based on the possibility of a good fit between

the numerical simulations and the previous experimental AFM data curve for different cancer

lines, as depicted in Figure 5.6. Mechanical properties of the cell are shown in Table 5.1 for

Huh-7 cells.

The indentation test was carried out on the Huh-7 cell to validate the material parameter. The

indentation simulations were performed on Huh-7 with an identifiable nucleus and peripheral

region. An example of such a control cell is shown in Figure 5.3, with points of indentation

indicated. We also observed the relaxation behavior of the cells during the simulations. The

force-relaxation curve shows (Figure 5.7) the subsequently measured relaxation force after the

cell indentation was reached by setting a delay time of 100 s between the point of the strain and
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Figure 5.6: Force-Depth of indentation response of the cellular structure for the validation of
the material properties.[315]

Figure 5.7: Force relaxation response of the cellular structure during indentation test.

the retraction of the tip to illustrate the mechanical behavior. The force produced by the cell on

the indentor probe diminished quickly, then slowly over longer durations. It should be noted that

this finding is consistent with previous studies on the relaxation behavior of HT-29 cancer cells

[311] and exhibits similar trends as those observed for various types of cells, including cancer

cells, fibroblast cells, and chondrocytes cells, when subjected to AFM under different boundary

conditions. [309], [316]. The obtained relaxation behavior of the cells indicates that the cell’s

outer portion is stiffer than the region above the nucleus. The dense polymerized network at the

cell’s periphery and stress fibers connected to focal adhesions may influence relaxation response

[275], [301], [317], [318]. Sato et al. reported comparable findings with a harder periphery of the

cell while doing AFM indentation on endothelial cells [301].

The local displacement in the cell after indentation is shown in Figure 5.8a. It has been observed

that the deformation in the cellular structure increases as the indentor progress in depth. The

equivalent von Mises stresses at times 0 sec, 15 sec and 30 sec are shown in Figure 5.8b. Naturally,
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stress decreases due to stress relaxation because of the inclusion of viscoelastic branches for the

cytoplasmic material model. These deformation and stresses contour are shown similar responses

compared to the previous work. Hence, the numerical findings are in good agreement with the

previous experimental results. Thus, this indicates the appropriate assumption of the material

model for further numerical analysis to obtain the mode shape and frequency response of the

Huh-7 cells at different stiffness of the focal adhesion complexes.

Figure 5.8: a) Displacement in the cellular structure and indentor during the AFM at different
time b) Stress distribution in the cellular structure during indentation at different time.

5.4.3 Modal analysis

Modal analysis was used to study the cell structure’s oscillation without external stimulus. The

computed mode shapes and natural frequencies reveal the cell structural shape and frequency at

which the structure oscillates freely with respect to its mass, stiffness, and boundary conditions.

Figure 5.9 depicts the mode shape and associated frequency of the cell structure considering

the material parameters stated in the preceding section and assuming various elastic spring

foundations that describe the focal adhesion behavior between the cell surface and the substrate.

It has been observed that the increase in the stiffness of the focal adhesion increases the natural

frequency of the cellular structure. We obtained the natural frequency at 3.67 kHz with the focal

adhesion stiffness of 5 pN/nm and it increases 6.5 % times with stiffness at 500 pN/nm. This is

attributed to the strengthening of the stress fibres, which eventually leads to the stiffening of the

cell structure. Correspondingly, it has been shown that the higher modal frequency increases
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when focal adhesion stiffness increases. The obtained natural frequency of the cell was 24.450

kHz with an elastic stiffness of 450 pN/nm.

Figure 5.9: Consecutive three mode shapes with frequencies of Huh-7 cell at different elastic
stiffness. The color bar represents displacement in the cell structure. All modal frequencies are

in kHz.

5.4.4 Harmonic analysis

A harmonic analysis was carried out to determine an amplitude-frequency response that provides

resonance frequencies and the related amplitudes of the Huh-7 cells. The range of excitation

frequency was applied from the natural frequency to 1 MHz for examining the dynamics of cell

models extracted from the mean diameters of cells representing the Huh-7 cell. Dimension of

cells had a significant impact on the amplitude-frequency response. For Huh-7 cells, a typical

amplitude frequency response is shown in Figure 5.10(a). Significant amplitude peaks were

observed in the frequency response at different frequencies after the actuation. Huh-7 cells show

natural frequencies in the range of 3.67 kHz to 36.6 kHz on varying the stiffness of the focal

adhesion complex from 5 pN/nm to 500 pN/nm. Previous studies predicted the Huh-7 cell line

frequency in the above-stated range [261], [265]. Furthermore, we observe the frequency shift

for higher modes. The Inset figure depicts the natural frequency for different stiffness of the

focal adhesions. Figure 5.10(b) shows the shift in the associated frequencies at different elastic

stiffness for three consecutive modes. It has been observed that there has been an increase in

the frequency with the increase in the elastic stiffness. This is attributed to the combined role

of the viscoelastic and adhesive cues that regulate the cell mechanobiology [319]. Specifically,
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Table 5.2: Comparison of evaluated frequency for different mode shapes.

Technique f1 (kHz) f2 (kHz) f3 (kHz) n

Experimental 26.40±0.23 105.97±0.18 134.29±0.20 50
Numerical 24.62 101.723 134.29 -

Figure 5.10: (a) Numerical frequency response of the cell structure at different elastic stiffness.
Inset showing the fundamental mode frequency for different elastic stiffness at adhesion. (b)

Variation in modal frequencies with respect to different elastic stiffness.

the maximum resonance amplitude of Huh-7 cells indicates the maximal stress on the integrity

of the cells. Considering the stiffness of Huh-7 cell lines to be 450 pN/nm, experimental and

numerically determined frequencies are in consonance as shown in Table 5.2; however, there was

a small percentage of error in the resonance frequencies.

5.5 Discussion

The force depth of the indentation curve and observed relaxation behavior during the simulations

validate the material properties. Intriguingly, the force response of the identified Huh-7 cells

has a minor variance, likely owing to a heterogeneous structure with a denser meshwork of

branching actin networks. Furthermore, the variation in the numerical and experimental response

attributed to the assertion of the peripheral region that being rather thin [233]. However, in

previous observations on fibroblast cells, the thickness dimension is generally much greater, 3–4

µm, as moves away from the nucleus. We performed our measurements in the region thickness of
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approximately 3.8 µm, far from the edge of the cell, to avoid influence of the external environment

and influence of boundary conditions. This widens the cytoplasm area and results in a stiffer

structure. Therefore, we conclude that a stiffer cytoplasm is primarily a result of cell shape that

depends on region thickness. Furthermore, we hypothesize that both the material response and

the shape of the cell contribute to the force response of the cells.

The results of a numerical analysis suggested the cellular deformation and stress of Huh-7 cells

during indentation at different times. It is observed that the stress decreases over time due to the

incorporation of viscoelastic branches in the cytoplasmic material model. The previous studies

validate the results of the analysis. The validated material model is used for further analysis to

determine the mode shape and frequency response of Huh-7 cells at varying stiffness of the focal

adhesion complexes.

The modal analysis was performed to study the oscillation of the cell structure in the absence

of an external stimulus. The mode shapes and natural frequencies reveal the structural shape

and frequency at which the structure oscillates freely with respect to its mass, stiffness, and

boundary conditions. Findings revealed that as the stiffness of the focal adhesion increases, the

natural frequency of the cellular structure also increases. It is also observed that the higher

modal frequency increases as the focal adhesion stiffness increases. This is attributed to the

strengthening of the stress fibers, which ultimately leads to the stiffening of the cell structure.

Previous findings have explained that as the focal adhesions become stiffer, they can transmit

more force to the cytoskeleton, which in turn can lead to a higher natural frequency of the

cellular structure [320]. The significance of this is that it provides insight into how the mechanical

properties of the cell structure change in response to changes in the stiffness of the focal adhesion,

which is important for understanding cellular behavior.

Further, the harmonic analysis aimed to determine the amplitude-frequency response of the cells,

which provides information about the resonance frequencies and associated amplitudes of the

cells under external excitation. The analysis revealed significant amplitude peaks in the frequency

response at various frequencies after actuation. For varying stiffness of the focal adhesion complex,

the Huh-7 cells exhibited natural frequencies in the range of 3.67 kHz to 36.6 kHz, which agrees

with previous studies. Additionally, a frequency shift for higher modes was observed, with an

increase in frequency with an increase in elastic stiffness. This shift in frequency is attributed to

the combined role of viscoelastic and adhesive cues that regulate cell mechanobiology. Specifically,

the maximum resonance amplitude of the cells indicates the maximal stress on the integrity of

the cells. With the stiffness of the cell lines at 450 pN/nm, the experimental and numerically

determined frequencies were in concordance, although there was a small percentage error in the

resonance frequencies.

These errors are based on the assumption made during the analysis. The cells possess an-isotropic

and heterogeneous behavior with a lot of inherent complexities. In this study, we evaluate the
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mechanical response of cells using a non-contact optical technique. This technique demonstrates

and establishes the similarity between experimental and numerical results. Selected material

properties were validated from the numerical modeling, and the influence of FA’s was evaluated

and shown to have a crucial role in determining the cell dynamics.

5.6 Conclusion

In this work, we proposed a non-contact PSD-based technique to evaluate the natural frequencies

of the cells. This illustrates the relevance of the cells’ resonance. These experimental frequencies

were compared from the numerical analysis for validation. Further, numerical analysis shows

a new approach to numerical modeling that is based on the real geometry acquired from the

microscopic images. Material properties are selectively predicted from the simulations. Modal

and harmonic analysis was carried out based on the different stiffness of FA’s to estimate the

natural frequencies and frequency response of the cells. Validated material models (hyper-elastic

material models) can be used to simulate cells and other biological materials. Viscoelastic

filament properties may also be accommodated depending on material and time scale for more

accurate behavior. Estimated frequencies predict resonance, which improves the selection of the

therapeutic frequency for targeting diseased cells. This study shows potential in the fields of

medical devices and biomechanical modeling.



Chapter 6

Effect of low-frequency excitation on the

apoptosis of Huh-7 cells

6.1 Background

Tumor cells exhibit various morphological, structural, biophysical, biochemical, and antigenic char-

acteristics that can be targeted by various chemotherapeutic, immunotherapeutic, and biochemical

cancer treatments. Despite advancements in cancer diagnosis and treatment through recent

research in cellular and molecular oncology, structural and functional genomics, metabolomics,

pharmacogenomics, and toxicogenomics, current antineoplastic therapy remains ineffective. De-

veloping improved methods for preventing carcinogenesis is a crucial goal of ongoing research.

Chemotherapy is the primary method currently used in the fight against cancer, but it is ineffec-

tive due to its negative impact on healthy cells. To improve oncochemotherapy, research on a

novel, selectively targeted oncolytic drugs or treatment methods needs to be expanded.

In light of the above assertions, further study is essential to enhance our knowledge of cy-

tophysiology and cell aggregation generation. Translational research is an effective tool for

achieving this goal, and nanoparticles, acoustic irradiation, mechanotransduction, and vibration

analysis have been demonstrated to facilitate a greater understanding of action mechanisms

at the cell aggregate, cellular, subcellular, and molecular levels. Cancer research focuses on

identifying methods that trigger cancer cell death without damaging the surrounding normal

cells. Mechanical vibration is a possible biocompatible treatment approach and is a subject of

mechanomedicine in the field of cancer. Low-frequency mechanical excitation has been shown

to have a significant effect on the apoptosis of cancer cells. Studies have demonstrated that

exposure to low-frequency mechanical vibrations (LFMVs) can induce apoptosis in Huh-7 cells

through the activation of caspase-3, a key enzyme in the apoptotic pathway. Additionally, LFMVs

have been found to disrupt the mitochondria, the cell’s primary energy source, leading to the

114
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release of pro-apoptotic factors such as cytochrome c. Furthermore, LFMVs have been shown to

upregulate the expression of pro-apoptotic proteins, including Bax and Bak, while downregulating

the expression of anti-apoptotic proteins such as Bcl-2 and Bcl-xL. Overall, the combination of

these mechanisms results in an increase in the rate of apoptosis in Huh-7 cells following exposure

to LFMVs.

The significance of low-frequency excitation on the apoptosis of Huh-7 cells is crucial as it can

provide insight into the mechanisms by which these vibrations induce cell death. The cells are

exposed to LFMVs of different frequencies and amplitudes, and the rate of apoptosis is measured

using techniques such as flow cytometry or western blot analysis. Despite the fact that the

particular intracellular processes by which low-frequency mechanical vibration induces cell death

through apoptosis and necrosis are not well understood. In order to study the effects of LFMVs

on Huh-7 cells, researchers use in-vitro techniques such as cell culture and mechanical vibration

exposure. Furthermore, in-vivo studies can be performed to validate the in-vitro findings and to

understand the importance of LFMVs in the apoptosis of cancer cells in a more physiological

context. The mechanisms by which LFMVs induce apoptosis in Huh-7 cells could lead to the

development of new cancer therapies that target the apoptotic pathway, potentially providing

a non-invasive and less toxic treatment option for cancer. Hence, It is important to develop a

model and understand the effect of low-frequency vibration on the dynamic behavior of cells.

Nevertheless, findings imply a potential role of mechanical vibration that might represent a

unique application of mechanomedicine to cancer treatment.

6.2 Introduction

Cells can repair, regenerate, and protect themselves. Its characteristics are influenced by the

microenvironment, and depends on external mechanical stimuli [321], [322]. Mechanotransduction

is the process in which cells convert external stimuli response into biochemical and biophysical

responses via mechanosensory proteins and the cytoskeletal network [323], [324]. Naruse et.

al. highlighted many medicinal treatments based on mechanotransduction [325], including ion

channels responsive to mechanical stimuli [326], manipulating tissue constructions etc and also

mention the numerous applications in regenerative medicine for different disorder’s. Previous

studies reveal the “mechanomedicine" as a new emerging medical discipline that use mechan-

otransduction to promote health [327]. Mechanomedicine shows it effects to improve health in

various area on embryonic stem cells, adult stem cells, cancer stem cells [328], [329], increasing

bone formation in osteoporotic mice [330] and diabetes-induced wound healing in mice [331],

[332]. In recent years, mechanomedicine fundamentals have been used to find new ways to study

and treat cancer.
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Cancer cells proliferate uncontrolled and rapidly, producing malignant tumours and affecting

surrounding organs. Cancer cells can travel to distant organs via the lymphatic system and

bloodstream. Chemotherapy is a medical treatment that uses potent chemicals to kill rapidly

dividing cells in the body. It is most commonly used to treat various form of cancers. During

chemotherapy, cancer cells develop multidrug resistance (MDR), which is a key challenge in

cancer treatment [333]. Cancer chemotherapies have several side effects [289], [334], and hence,

necessitating new biocompatible treatments.

Several research has explored mechanical vibration as a possible therapeutic. Vibration is a

mechanical phenomenon in which oscillations take place about a point of equilibrium. All physical

systems have their unique mass, stiffness, damping coefficient, and natural frequency. Resonance

is a phenomenon that could occur in any structure and is characterized by a sensitivity to a

definite vibration frequency. Resonance occurs when a natural frequency is equal to or near an

external excitation frequency. At the resonant frequency, the system oscillates with the maximum

amplitude, which results in the failure of the system [335]. As a result of the peculiarities of the

physical system parameters, every organ and cell in the human body has a natural resonance

frequency. In addition, the complex body will vibrate in multiple ways, and each mode of

vibration will have its own oscillation frequency.

Resonance-dependent therapeutic methods are used to kill cancer cells based on their resonance

behavior. These methods rely on the notion of resonance, which states that displacements in

the cells will be amplified till their inherent resonant frequencies. This would annihilate the

cellular system. Therefore, the natural frequency of the cell is an important parameter. These

methods work on low to high range of frequencies for the treatments. However, high-frequency

mechanical vibration may destroy cancer cells while injuring adjacent healthy cells [336]. More

recently, some novel approaches were developed to destroy cancer cells based on low-frequency

mechanical effects on the cancer cell membrane. Further whole-body vibration has been studied

as an adjunct to standard chemotherapy, reducing adverse effects such weight loss and nausea

[337]. However, there is no direct evidence that whole-body vibration affects cancer cells.

During carcinogenesis, autophagy and apoptosis are restricted, and necrosis dominates [338].

However, promoting necrotic cell death as a cancer treatment is undesirable because it causes

cell damage, which may stimulate inflammatory responses that favor tumor formation [339]. On

other hand, balancing apoptosis and necrosis together can be a better way to combat cancer

tissue growth and spreading. To limit the risk of inflammation and immune cell activation,

apoptosis should be used to kill cancer cells [289], [340], [341]. Anisotropic magnetic nanoparticles

connected to cell membranes cause apoptosis at sub kilohertz frequencies [289], [342]. The Leulmi

et al. [289] investigation showed that mechanical vibrations at 20 Hz may regulate cell fate,

which is essential since a temperature rise at that frequency is rare. Heat diffusion also reduces

the danger of damaging or necrosis in surrounding healthy cells [343]. This investigation uses
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magnetic particles and a magnetic field, and the role of mechanical vibration in the increase in

apoptosis was unclear.

Previous studies show the response of cancerous cell systems exposed to low-magnitude mechanical

vibrations. Low magnitude vibration promotes the mesenchymal precursor cell growth, and

differentiation [344]. At the molecular level, low magnitude vibration triggers a signaling cascade

that results in enhanced phosphorylation of focal adhesion kinase (FAK) and Akt, which leads to

RhoA activation and the production of filamentous actin structures [345]. The effects of low-

magnitude vibration are cumulative, increasing FAK phosphorylation and F-actin contractility

after further dosing of vibrations [346]. The synergistic effects of the cells provide a more robust

response to excess mechanical stimuli. Xin Yi et. al.investigated the mechanisms by which cancer

cells detect and respond to mechanical vibrations of low amplitude [347]. Their findings predict

that the mechanical vibration lowers the metastatic potential of human breast cancer cells, where

the nucleus functions as a mechanosensory gear to modify cellular morphology and intercellular

communication.

In this work, we studied the influence of mechanical vibration on cancer cell metabolism and

mortality using the Huh7 cancer cell line as a model. We compared the frequency responses of

cells exposed to low-frequency excitation (20 Hz to 60 Hz) of mechanical vibration to those of

control cells cultured without mechanical stimulation. Further, measurements of cell viability

and cell death after the external excitation were carried out using an MTT assay. In addition to

cell viability, apoptosis, and necrosis were also observed using flow cytometry analysis. These

findings are helpful in assessing the state of disease based on their vibrational behaviour and

targeting the cancer cells depending on their mechanical dynamics.

The cells used in our experimentation were provided by our collaborating laboratory (Prof.

Rajdeep Chowdhury and Prof. Sudeshna Mukherjee Lab.). This section on cell culture and the

biological assay of the cells was performed by Mr. Nizam Ahmed and included in this thesis

solely for the purpose of completeness. As the author of the thesis, I did not carry out the cell

culture and biological assay part of this work.

6.3 Materials and Methods

6.3.1 Maintenance of HCC cell lines

The Hepatocellular Carcinoma cell line Huh-7 (procured from National Centre of Cell Sciences

(NCCS), Pune) was cultured in DMEM (Dulbecco’s Modified Eagle Medium, Hi-Media) with 10

% FBS (Fetal Bovine Serum, Hi-Media) (v/v) and 1 % Penstrep (Gibco) (v/v) and maintained

at 37 °C in 5 % CO2 in a carbon-dioxide incubator. The required amount of cryovials was made

for all the cell lines and stored for further use in -80 °C.
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6.3.2 Cell vibration

Huh-7 cancer cells were seeded into 96-well plate at a density of 1.5× 10 5/250 µL/well in 10%

FBS DMEM and cultured for 48 hr. The plate was divided into four compartments and each

occupying 12 wells. Each compartment having cells was subjected to vibration using micro shake

while control was kept such that it does not experience any vibrations. The entire experimental

system was placed in a sterile condition for 1 hr at 37 °C. After the 1-hr vibration at 20, 40,

and 60 Hz, test plates were placed into the incubator without vibration for 24 and 48 hr, and

another plate was processed immediately after the vibration. The sample which was not subjected

to vibration was treated as a control, and for other cases, it was named after their excitation

frequency, viz. 20 Hz, 40 Hz, 60 Hz. For the flow cytometry experiment, a 35 mm petri dish

was taken in which cells were cultured for 48 hr. Afterward, that cell was given the vibration

for 1 hour for each case and placed in an incubator for 24 and 48 hours. Accordingly, one set of

experiments was processed immediately for the flow cytometry.

6.3.3 Cell Viability Assay

To determine the cell viability after frequency treatment, cells were seeded in 96 well plates at a

density of 5,000 cells /well as these cells attained 60- 70 % confluency than they were exposed to

different frequencies of vibration for 1 hour. Afterward, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

2H-tetrazolium bromide (MTT) assay [348] was done at 0, 24 and 48 hours. MTT was dissolved

in 1X PBS and DMEM media (1:5 ratio) with 1mg/ml concentration, and 100 µl of MTT was

added to each well after removing the prior media from the wells. The plate was incubated at 37

°C for 4 hr following the 150 µl of DMSO addition in each well. The absorbance was taken at 570

nm and 630 nm wavelength in spectroscopy.

6.3.4 Annexin V/Propidium Iodide (PI) staining

For determination of apoptosis, cells were seeded in 6 well plates at a density of 3× 105 cells/well.

After the cells had attained 60- 70 % confluency, the cells were exposed to different frequencies

for 1 hour each. After this, the flow cytometry was done at 0, 24, and 48 hours. After that, the

cells were harvested, washed with PBS, and resuspended in 500 µl of 1X binding buffer (BD

BioSciences). To detect both early and late apoptotic cells, 3 µl of AnnexinV and 3 µl of PI were

added to the cells in a binding buffer, followed by incubation for 10 min. The samples were then

acquired using a flow cytometer (Cytoflex, Beckmann Coulter), and analysis of acquired data was

performed using CytExpert software [349]. The apoptotic cells are represented in percentage.
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6.3.5 Cell size quantification

After the treatment with vibration, cells were imaged in a phase contrast microscope at 0, 24,

and 48 hours. The size of the cells was quantified before and after the exposure to mechanical

vibration using ImageJ. The circularity index of the cells was determined using the measured

area and perimeter of the cells [308], and the results were afterward analyzed.

6.3.6 Measuring frequency response

Figure 6.1: Detailed experimental setup used for the measurement of cellular dynamics.

Figure 6.1 shows the detailed working principle of the experimental setup. A laser source

RLM650TA-020R was used with a maximum of 23 mW and 650 nm wavelength powered by an

external AC Voltage source of 240V and 50 Hz. The cell, after the external stimulation, was

taken out from the CO2 incubator and was placed over the cross slide, and input was applied on

the slide for the actuation of the cells. A microactuator was used and driven by the function

generator (Tektronix AFG 1022) for the actuation of the cells. A chirp signal was applied to the

actuator through the function generator to vibrate the cells. The position of the cancer cell in

the wells was determined with an optical microscope. Laser from the source is focused on the

cell’s surface and gets refracted to the Position Sensitive Device (PSD) as shown in Figure 6.1.

PSD was used as an optical position sensor (OPS) that can sense the incident laser position

on a two-dimensional sensor surface. The cell movement with respect to applied actuation was

traced, and the output voltage corresponded to cell displacement in the X and Y directions was

measured by the Oscilloscope (Tektronix MSO 46). The cell and base responses were measured
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sequentially during the experiments. The frequency response of the cells was obtained using the

Fast Fourier transform (FFT) of the time domain signal acquired from the oscilloscope. The

transfer function was used to take away the support-based frequency response to predict the

cell’s natural frequency. Each measurement on the cells and base was repeated for a particular

sample, and the mean of frequencies for each sample was considered for the analysis.

6.4 Analytical frequency response

Figure 6.2: Cell as a standard voigt model.(a) Cell under mechanical actuation. The actuation
causes morphological alterations in the cell structure. (b) Standard Voigt model for the
mathematical representation of the cell. Dashpot and spring components represent the viscoelastic

components of the cell.

Consider a single cell subjected to oscillating displacement exerted by an external force inside a

viscoelastic medium (Figure 6.2a ). Assuming the cell as a spherical object with a radius of R

and considering it as a homogeneous and isotropic viscoelastic material (Figure 6.2b). The elastic

and viscoelastic components of the cell were represented by a spring and dashpot as reported in

the previous literature [312]. The equation of motion for the cell system can be written as [261].

fm = mcac =
4

3
πρcR

3d
2uc
dt2

= fd − fr (6.1)

where t is the time, fm represents the inertial force, mc is the mass of cell whose density is ρc,

and uc is the associated displacement. Furthermore, fd is the basic driving force in the system,

that are induced by the external source. While response force Fr is the combination of the two

components together as follows:

Fr = Fµ + FG (6.2)

where FG denotes the elastic contribution and Fµ denotes the viscous force response.
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Detailed mathematical modeling is described in the Appendix A. The analytical solution in

terms of amplitude for the relative displacement ∆Uc and frequency (ω) between the cell and its

surroundings after Laplace transform is shown as follows in Equation 6.3 [261].

∥∆Uc∥s=ιω =

∥∥∥∥∥ 4
3πγζρcR

3sVm

c0G + (c1µ + c1G)s+ ((c2µ + c2G) +
4
3πρcR

3)s2

∥∥∥∥∥
s=ιω

(6.3)

Where,

c0G = 6πGR, c1G = 6πR2
√
Gρm, c2G = 6πR2

√
Gρm (6.4)

and

c1µ = 6πRµ

(
1 +

√
ωR2

2ν

)
, c2µ =

2

3p
πR3ρm

(
1 +

9p

2

√
2ν

ωR2

)
(6.5)

Here,Vm is the velocity of the cell in the medium, µ and ν the dynamic and the kinematic

viscosity’s of the medium respectively, ω is the natural frequency of the system, and G denotes

the medium’s elastic shear modulus, cell density is ρc, and ρm is the medium density. Additionally,

the following dimensionless constant is defined:

ζ =
ρc
ρm

=
1

1 + γ
(6.6)

Here, γ = ρmρ
−1
c − 1

6.5 Results

6.5.1 Cellular morphology of Huh-7 after external excitation

An important factor, such as cell vitality can be estimated from the cell morphology and

its geometrical parameters. Phase contrast microscopy images (Figure 6.3) and a circularity

histogram of single cells (Figure 6.4) indicate that the cells subjected to external excitation lose

the circularity and become polygonal shape than the cells without excitation. This leads to a

larger and rougher periphery of the cells. Moreover, it was also confirmed that the cells with the

proposed method decreased in size and become more irregular than the cells exposed to a higher

frequency. Additionally, the cells with low-frequency excitation were observed to be less damaged

than those exposed to higher external-frequency excitation. These findings indicate that the cells

exposed to the lower frequency are more active than cells excited by, the higher frequency.
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Figure 6.3: Cellular morphology with and without external actuation

Figure 6.4: Circularity Index for the different cell under different actuation (a) control (b) 20
Hz (c) 40 Hz (d) 60 Hz.
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Figure 6.5: Variation in cell diameter after different external excitation frequency.

(a) (b)

Figure 6.6: (a) Analytical frequency response of the cell using standard voigt model under
different actuation immediate after excitation.(b) Variation in the fundamental frequency of cell

after external excitation using Standard voigt model.

6.5.2 Analytical Frequency response of Huh-7 after excitation

Cells were subjected to a different frequency of excitation. Images obtained for each case were

taken using a microscope. Further, these images were used for calculating the cell area and

perimeter using ImageJ. After excitation, cells were trypsinized and resuspended in 1ml culture

media. The image was taken with Carl Zeiss’s inverted light microscope. Cells are almost circular

in shape. Analytical frequency responses were calculated by considering the average diameter of

the cells. Variation in the cellular diameter is shown in Figure 6.5. The diameter of the cells was

found to decrease with the increase in the excitation frequency. This lead to the degradation of

the cell structure. Analytical cellular frequency response considering the cellular system as a

standard Voigt model is shown in Figure 6.6a. It is observed from the plot that the fundamental

frequency of the cells increases with the increase in the excitation frequency. Similarly, at a

different time point, there has been an increase in the fundamental frequency observed, as shown

in Figure 6.6b. Theoretically, it can also be predicted from the decrease in the cellular diameter.

This can be attributed to alterations in the cytoskeletal structure and focal adhesion of the cells.
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6.5.3 Experimental Frequency assess of Huh-7 after excitation

Figure 6.7: a) Frequency response of cancer cells. b) Transfer function of cell with respect to
the base.

Figure 6.7 shows the frequency response for the control Huh-7 cell without actuation. Figure 6.7a

shows the cell and base response. We take the transfer function of the cell wrt base to take

away base-related modes. Figure 6.7b shows the transfer function. Peaks in the transfer function

plot (Figure 6.7b) at 4147 Hz show the fundamental frequency of the cell without actuation.

Similarly, fundamental frequencies were evaluated for other actuation cases. Table 6.1 shows the

variation in the experimental obtained natural frequencies of the cells with and without external

excitation. It has been observed that the fundamental frequency of the cells increases with the

increase in the external excitation frequency. Timepoint behavior suggests that the frequency of

the cell increases with the duration after the excitation. External excitation leads to changes in

the cellular geometry as well as distorts the cellular structure. This distortion decreases the mass

and the size of the cell. Thus affecting the fundamental frequency. There has been a substantial

increase in the frequency of the cell excited by 60 Hz compared to the control with no excitation.

These experimental frequency responses correspond close to the analytical frequency responses.

6.5.4 Low-frequency excitation reduces the viability of Huh-7 cells

MTT assay was performed to check the cellular viability of Huh-7 after low-frequency treatment

for 1 hour at three different frequencies 20 Hz, 40 Hz, and 60 Hz. The result displayed that
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Table 6.1: Experimental evaluated the fundamental frequency of the Huh-7 cell.

Time (hr.) Control 20 Hz 40 Hz 60 Hz

0 4147.84± 82.24 Hz 4305.83± 94.06 Hz 4603.75± 98.24 Hz 4873.06± 102.08 Hz
24 4299.81± 74.22 Hz 4502.44± 74.86 Hz 4843.00± 92.12 Hz 5029.04± 104.24 Hz
48 4577.94± 78.02 Hz 4723.88± 88.36 Hz 4920.00± 99.64 Hz 5231.86± 108.88 Hz

cell viability decreases as frequency increases from 20 to 60 Hz (Figure 6.8). After frequency

treatment, plates were kept in an incubator for 24 and 48 hours, and later MTT was performed.

The result showed that Huh-7 viability decreased in frequency-treated cells even after giving

them time to rescue themselves. Immediately after the frequency treatment, about 85 % of cells

remain viable at 20 Hz, 70 % of cells were viable at 40 Hz while only 52 % of cells remained

viable at 60 Hz treatment. After 24 and 48 hours of frequency treatment, 85 and 80 % viable

cells at 20 Hz, 69 % and 67 % viable cells at 40 Hz, and 58 % and 52 % cells remained viable at

60 Hz respectively. The result suggests as frequency increases; there is an increase in cell death.

Findings demonstrate that even a low sound frequency up to 60 Hz can kill the cancer cell.

Figure 6.8: Effect of vibration on cancer cell viability. MTT assay was used to determine cell
viability. A sample without external excitation cells was used as a control. a) Immidiately after
the excitation b) 24hrs after the excitation c) 48 hrs after the excitation. Results are presented

as means ± SD. ∗ p <0.005, ∗∗ p <0.05,∗ ∗ ∗ p <0.01.
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6.5.5 Low frequency causes apoptotic as well as necrotic cell death in Huh-7
cells

As a result showed that the viability of cancer cells decreased upon vibration treatment and to

further analyze the death type, annexin PI staining was performed. Annexin PI staining-based

flow cytometry can differentiate between apoptotic and necrotic cells [350]. It is observed that as

the frequency of excitation increases from 20 Hz to 60 Hz, cellular apoptosis increases. There

is very low apoptotic cell death at zero hours after the treatment (Figure 6.9) which suddenly

increased after 24 (Figure 6.10) and 48 hours (Figure 6.11) of incubation after the frequency

treatment.

Figure 6.9: Apoptotic cell death analysis after 0 hr post vibration treatment (a-d) shows flow
cytometric scatter plot depicting various events in the cells. The bottom right quadrant indicates
early apoptotic cells, while the top left quadrant depicts necrotic cells. (e) Total percentage of
apoptotic cells after 0 hr of incubation (f) Total percentage of the cell death under low-range
mechanical vibration. Results are presented as means ± SD. ∗ p <0.005, ∗∗ p <0.05,∗ ∗ ∗ p

<0.01.

6.6 Discussions

The cell morphological study suggests that cellular shrinkage occurred over time, with a decrease

in cell size under external actuation. The specific cause of cellular shrinkage and the mechanism

by which it occurs are not explored, but it is a response to changes in the cellular environment.

The probable mechanism of shrinkage can be attributed to the changes in cytoskeletal structure
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Figure 6.10: Apoptotic cell death analysis after 24 hrs post vibration treatment (a-d) shows a
flow cytometric scatter plot depicting various events in the cells. The bottom right quadrant
indicates early apoptotic cells, while the top left quadrant depicts necrotic cells. (e) The total
percentage of apoptotic cells after 24 hrs of incubation (f) Total percentage of the cell death
under low-range mechanical vibration. Results are presented as means ± SD. ∗ p <0.005, ∗∗ p

<0.05.

or changes in the cell’s metabolism [351], [352]. Additionally, when cells were exposed to

low-frequency excitation, they exhibited less damage than those exposed to higher-frequency

excitation [353], [354]. Furthermore, previous research has indicated that external excitation

may provide a protective effect on cell surface proteins, preserving cell surface receptors [355].

The cells were able to receive outer signaling molecules, such as hormones, and absorb nutrients,

such as vitamins and glucose effectively [321]. This lead to the proper functioning of the cells.

The protective effects of the external excitation on cell surface proteins apparently preserved

cell surface receptors. Notably, minimal cell death was observed within the range of external

excitation frequencies applied in this study. These findings indicate that the cells exposed to the

lower frequency are more active than cells excited by, the higher frequency.

The cellular system was modeled as a standard Voigt model for analytical frequency response, as

shown in Figure 6.6. The results of this analysis indicate that the fundamental frequency of the

cells increases as the excitation frequency increases. This trend can also be observed at different

time points, as shown in Figure 6.7. Theoretically, this increase in fundamental frequency can

also be predicted based on the decrease in cellular diameter. This can be attributed to alterations

in the cytoskeletal structure and focal adhesion of the cells. These changes in the structural

properties of the cells can have a significant impact on the overall mechanical behavior of the
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Figure 6.11: Apoptotic cell death analysis after 48 hrs post vibration treatment (a-d) shows a
flow cytometric scatter plot depicting various events in the cells. The bottom right quadrant
indicates early apoptotic cells, while the top left quadrant depicts necrotic cells. (e) Total
percentage of apoptotic cells after 48 hrs of incubation (f) Total percentage of the cell death
under low-range mechanical vibration. Results are presented as means ± SD. ∗ ∗ ∗ p <0.01.

cellular system. It is important to note that this relationship between the frequency response of

cells and their structural properties is not fully understood. Further research is needed to fully

understand the underlying mechanisms.

The noninvasive experimental results indicate that the fundamental frequency of cells increases

with an increase in the external excitation frequency. Additionally, the time-point behavior

suggests that the frequency of the cell also increases as the duration after the excitation increases.

These findings can be attributed to the changes in cellular geometry and distortion of the cellular

structure caused by external excitation. The distortion leads to a decrease in both the mass

and size of the cell, thereby affecting the fundamental frequency. The data shows a substantial

increase in the frequency of the cell excited at 60 Hz compared to the control with no excitation.

It is worth noting that the experimental frequency responses correspond closely to the analytical

frequency responses. The measured experimental frequency has been within an acceptable range

of difference compared to the analytical frequency response with 3.6 %, 2.31 % and, 4.07 %

for control at 0 hr, 24 hr, and 48 hr respectively. The results of the study suggest that as the

frequency of the external excitation increases, cell death increases. This trend has also been

observed in previous studies on A431 carcinoma cells, where cell death was reported using trypan

blue dye [321].
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The effect of mechanical vibration on cell behavior has been widely studied on primary cells

[356], however, the effect of vibration on cancer cell death has been less studied. Our results

demonstrate that even a low sound frequency of up to 60 Hz can kill cancer cells. The results

showed that the viability of cancer cells decreased upon vibration treatment. To further analyze

the death type, annexin PI staining was performed. Annexin PI staining-based flow cytometry is

a technique that can differentiate between apoptotic and necrotic cells. As suggested by Angatasti

et al. (2020), A431 cells follow the apoptotic cell death path after vibration treatment, while

our result on Huh7 cell lines shows that cell death occurs due to apoptosis as well as necrosis in

almost equal proportion. Necrotic cell death of HepG2 due to the vibration of magnetic beads

was first reported by Birang et. al. (2013), which showed that mechanical vibration can lead to

necrotic cell death [357]. Cell death due to necrosis suggests not only an apoptotic pathway but

vibration can cause some irreversible damage which leads to necrotic cell death. It is important

to note that the balance between apoptotic and necrotic cell death can be a key factor to combat

cancer growth. Our results show that low frequency can induce both apoptotic and necrotic

cell death [358]–[360]. Findings indicate that as the frequency increases from 20 Hz to 60 Hz,

cellular apoptosis increases. There is low apoptotic cell death at zero hours after the treatment

(Figure 6.9) which suddenly increased after 24 hours (Figure 6.10) and 48 hours (Figure 6.11) of

incubation after the frequency treatment.

These findings are new and suggest that vibration treatment at different frequencies can be

useful in inhibiting cancer progression. Further studies are needed to investigate the underlying

mechanisms and to optimize the vibration parameters for the most effective cancer cell death.

6.7 Conclusion

Mechanical features of the cells, such as size, stiffness, and elasticity, provide the best indicators

of cell status. The differences in the frequency of normal and malignant cells will affect the

mechanical behavior of the cells. Hence, frequency is an important parameter to target and reveal

the characteristics of the cell. In this work, the non-invasive method is proposed to evaluate the

fundamental frequency of the cells under dynamic conditions. Fundamental frequencies of the

oscillating cells increase with the increase in external actuation. It was observed that there has

been a 10% increase in the fundamental frequency of the cells with an increase in the excitation

frequency from 20 Hz to 60 Hz. Similarly, findings revealed that the cell viability decreased with

the increase in mechanical vibration. The mechanical vibration was found to increase apoptosis,

as compared to control circumstances. Thus, low-range mechanical vibration may represent a

possible method to trigger apoptosis in cancer cells while reducing necrosis. In conclusion, it is

possible that mechanical properties and vibration characteristics are influenced by changes in

fundamental frequencies and vice-versa which are caused by changes in environmental conditions
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and external stimuli. Hence, these findings are helpful in developing the device based on resonance

in the field of determining the state of a malignant condition.



Chapter 7

Development of smart microchannel

device for cell diagnostics: Insight of

resonance behaviour of Huh-7 and their

cellular morphology

7.1 Background

Cancer cells are characterized by their ability to rapidly divide and grow, which can lead to

the formation of tumors. This uncontrolled cell growth is the result of genetic and epigenetic

changes that occur in cancer cells, which disrupt the normal mechanisms that regulate cell

growth and division. The dynamic behavior of cancer cells refers to the way in which cancer cells

move, grow, and interact with their environment. Understanding the dynamic behavior of cancer

cells is important for a variety of reasons, including the development of effective diagnostic and

therapeutic approaches for cancer. One of the key features of the dynamic behavior of cancer

cells is their ability to move and migrate. Cancer cells are able to move through the body using a

process called metastasis, which allows them to spread from the primary tumor to other parts of

the body. This ability to migrate is an important characteristic of cancer cells and is a key factor

in the development and progression of cancer. In addition to their ability to move and migrate,

cancer cells also exhibit a range of other dynamic behaviors. For example, cancer cells are often

able to evade the immune system and avoid being detected and destroyed. They are also able to

adapt to changes in their environment, such as changes in nutrient availability or exposure to

chemotherapy drugs, and can develop resistance to these challenges. The dynamic behavior of

cancer cells is also influenced by their interactions with other cells and their environment. For

example, cancer cells can secrete a range of molecules, such as growth factors and extracellular
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matrix proteins, that can promote their own growth and survival, as well as the growth and

survival of other cancer cells. These interactions can help cancer cells form complex networks

that enable them to survive and thrive in the body.

Hence, the dynamic behavior of cancer cells is a complex and multifaceted process that is essential

for the development and progression of cancer. Understanding the dynamic behavior of cancer

cells is crucial for the development of effective diagnostic and therapeutic approaches for cancer.

In this study, the concept of active microchannels was carried out for the precise control of

cells in biomedicine. A novel external vibration-assisted approach is described for the efficient

development of a microchannel of a nanocomposite piezo polymer thin film. In this approach,

external actuation of varying amplitude and frequency is used for exciting the microstructure. The

synthesis of ZnO nanopowder was carried to fabricate the piezoelectric effect-based microchannel.

In PDMS, the ZnO was combined with the hardener to fabricate the microchannel. One electrode

was attached to its top surface and another ground electrode was formed on its bottom surface to

generate the actuation in the microchannel. Structural and chemical composition was analyzed

using scanning electron microscopy and XRD. Mechanical and electrical properties were evaluated

to study the piezoelectric effect in the ZnO /PDMS microchannel. The behavior of Huh-7 cells in

a ZnO /PDMS microchannel was studied by stimulating the channel structure and then analyzing

the morphological changes in the cellular structure using high-speed camera imaging. The

position sensing device (PSD) based non-invasive experimental technique was used to determine

the resonance behavior of the flowing cells through the actuating channel using their frequency

response. Further, studies reveal that the developed shear stresses affect the cells while flowing

through the channel. This leads to higher geometrical changes with an increase in the frequency

of mechanical vibration and which alters the resonance behavior of the cellular structure. The

mechanical properties and vibration characteristics are impacted by variations in fundamental

frequencies and vice versa, under external stimuli. Therefore, these findings are applicable to the

development of a resonance-based device for identifying the presence of a malignant condition.

7.2 Introduction

Microfluidic systems are used to control and regulate the microlitre-scale laminar fluid flow, discrete

fluids, micro-particles, and cells [361], [362]. Nowadays microfluidic systems are appropriate for

use in biology, life sciences (e.g., cytometry), diagnostic lab-on-chip devices, microscale cell culture,

etc. [363]–[365]. Their operational, analytic, and sampling characteristics are important aspects to

understand the durability of microfluidic systems. Initially, microchannels were produced in silicon

and glass substrates [366]–[368]; however, with the advent of innovative and biocompatible resin

materials and their low-cost, microchannels are now fabricated in polymer resins. Poly (methyl

methacrylate) (PMMA), polystyrene (PS), polycarbonate (PC), and cyclic olefin copolymer
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(COC) have been used in fabrication technologies because of their biocompatibility and more

efficient production [369]–[371]. Polydimethylsiloxane (PDMS) is a transparent, elastic, and

biocompatible polymer that has been widely used as a substrate material in microfluidic devices.

Currently, there are various techniques used for increasing the vitality of the microchannel which

reduces its working duration and cost. Active and passive techniques are used in the development

of the microfluidic-chip-based system. Active microchannels rely mostly on external fields to

impart force for microfluidic channels (e.g., electrophoretic [372], acoustic [373], [374], magnetic

[375], and optical [376]. The passive microchannel system is composed mostly of gravitational

inertia analysis [377], micro-scale technique [378], deterministic lateral displacement [379], and

hydrodynamic fractionation [380]. The dominant multiphase microfluidic technologies, such as

droplet microfluidics and segmented flow microfluidics, rely on passive approaches to create and

control multiphase flow [381]. Passive multiphase microfluidics has a simple design and a high

throughput. This simplicity, however, has poor control and limited adaptability [382], [383]. In the

past few years, there has been a significant increase in interest in the integration of piezoelectric

actuators into multiphase microfluidics for increased controllability [384]. Numerous studies based

on the concept of an active microchannel were carried out in microfluidics. The primary benefit is

that piezoelectric actuators enable active control of multiphase interfaces. Active microchannels

fabricated in piezo polymer material is having the functional ability to transport fluids, droplets,

or biological cells with the wave-type deformation of their walls. Several techniques, such as

acoustophoresis, control droplets or particles using acoustic radiation force. Nowadays, surface

acoustic waves (SAW) based microchannels have wide applications in the field of biology [385],

[386]. Biological particles can be patterned and streamed in the required direction and location

as a result of generated standing surface acoustic waves (SSAW) and the action of traveling

surface acoustic waves in a microchannel [387]. These techniques require the IDT electrode to be

printed on the piezo-activated surface to produce the waves on the surface of the microchannel

[388]. These electrodes require higher precision and cost to be printed on the microchannel

surface. Zinc oxide (ZnO) is a highly piezoelectric material that has been widely used in various

applications such as sensors, actuators, and energy generation devices [389]. In recent years,

ZnO has been utilized as an active material in polydimethylsiloxane (PDMS) microchannels for

cell diagnosis [390], [391]. The combination of PDMS and ZnO allows for the creation of active

microchannels that can generate an electrical signal in response to mechanical strain or vice-versa.

The use of ZnO-based PDMS active microchannels has several advantages for cell diagnosis.

First, the piezoelectric properties of ZnO allow for the detection of very small mechanical strains,

making it possible to accurately measure the mechanical properties of individual cells. Second,

the transparent and biocompatible nature of PDMS allows for non-invasive imaging of the cells

as they flow through the microchannel. Finally, the ability to fabricate these microchannels

using standard photolithography techniques makes them easy to integrate with other microfluidic

devices [392]. Overall, ZnO-based PDMS active microchannels offer a promising platform for cell
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diagnosis, and further research is needed to explore their potential for use in a wide range of

applications in the field of treatment of cancer.

Cancer cells proliferate uncontrolled and rapidly, producing malignant tumors and affecting

surrounding organs [393]. Chemotherapy is an important treatment technique that involves

potent chemicals to kill uncontrolled dividing cells mostly targeting cancer cells [394]. It induces

multidrug resistance (MDR) in cancer cells, a significant obstacle to cancer treatment [395],

[396]. These side effects need unique biocompatible treatment. Several researchers have explored

mechanical vibration as a possible therapeutic work on the principle of resonance [289], [397].

Any structure may experience resonance, which is characterized by sensitivity to a certain

vibration frequency [398]. At the resonant frequency, the system oscillates with the maximum

amplitude which results in the failure of the system. As a result of the peculiarities of the

physical system parameters, every organ and cell in the human body has a natural resonance

frequency. Resonance-dependent therapeutic methods are used to kill the cancer cells based on

their resonance behavior [321], [399]. These methods rely on the notion of resonance, which states

that displacements in the cells will be amplified till their inherent resonant frequencies. This

would annihilate the cellular system. Therefore, the natural frequency of the cell is an important

parameter. These methods work on low to high range of frequencies for the treatments. However,

high-frequency mechanical vibration may destroy cancer cells while injuring adjacent healthy cells.

Hence it is necessary to evaluate the natural frequency of the flowing cells and easy to target

by controlling the frequency of the external excitation. In microfluidics, the primary benefit is

that piezoelectric actuators enable active control of interfaces between microchannel boundaries,

particles, and fluids. Two types of interfacial actuation are possible, depending on the actuation

signal [371], [383]: (1) high amplitude and low frequency (usually 100 µm and 1 MHz) and (2)

high frequency and low amplitude (typically, 100 MHz and 1 µm). The piezoelectric actuation in

the microchannel regulates and control the transport of biological particle. Furthermore, these

actuations can be used for diagnosis and selectively targeted treatment of severe diseases. In

this work, we synthesized the ZnO nanoparticle (NPs) and fabricated the piezoelectric-based

microchannel. Structural and chemical characteristics of the nanoparticle were examined using

a scanning electron microscope (SEM), and their mechanical and electrical properties were

estimated using experimental techniques and numerical modeling. Flow studies were carried out

on the hepatocellular carcinoma cell line (Huh-7) under the actuation of the microchannel at

a different range of amplitude and frequency. The impact of the actuation on the flowing cells

was estimated using high-speed camera imaging. This work focused on piezoelectric actuation to

regulate the transport of biological particles as well as morphological changes in the cell while

flow, which has direct application to lab-on-a-chip approaches in cell separation and diagnosis.

The cells used in our experimentation were provided by our collaborating laboratory (Prof.

Rajdeep Chowdhury and Dr. Sudeshna Mukherjee Lab.). This section on cell culture and the

biological assay of the cells was performed by Mr. Nizam Ahmed and included in this thesis
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solely for the purpose of completeness. As the author of the thesis, I did not carry out the cell

culture and biological assay part of this work.

7.3 Material and Methods

7.3.1 Materials

Zinc sulfate heptahydrate powder (ZnSO4.7H2O), sodium hydroxide (NaOH) pellets, poly-

dimethylsiloxane (PDMS), and sulfuric acid (H2SO4) of AR grade were purchased from Merck

Specialties Pvt. Ltd. and used as received. DI water was used as the solvent.

7.3.1.1 Fabrication of piezo ZnO nanoparticles.

The sulphate bath consisted of 50 g of ZnSO4.7H2O and 15 ml of aqueous H2SO4 diluted in

500 ml DI water. The burette was filled with 0.3 M NaOH(aq.) and placed on top of the

sulphate bath. Then, a probe sonicator (ultrasonic frequency of 20 kHz and ultrasonic power of

500 W) was placed in the sulphate bath and continuous agitation was provided to the solution

using a magnetic stirrer at 90 ◦C of temperature, as shown in Figure 7.1. The running drops of

NaOH(aq.) in the heated sulphate bath at a flow rate of 3 ml/min to fabricate ZnO nanoparticles.

Here, a strong acidic solution of sulphate bath reacts with strong base drops of NaOH(aq.) to

form nanosized particulates of ZnO. Then, obtained ZnO nanoparticles were separated from

the sulphate bath using a centrifuge and washed several times with DI water. Thereafter, ZnO

nanoparticles were dried in a rotary evaporator at 70 ◦C for 60 min and stored in an inert amber

glass vial.

7.3.1.2 Characterisation of ZnO nanoparticles.

Microstructure of as-prepared ZnO nanoparticles was assessed by X-ray diffraction (Rigaku

MiniFlex-I XRD with CuKα radiations, wavelength λ = 1.54050, The surface morphologies were

obtained using field emission scanning electron microscopy (FESEM, FEI-Apreo-S).

7.3.1.3 Fabrication of piezo ZnO/PDMS microchannel

A detailed schematic of the microchannel fabrication is shown in Figure 7.1. In this work, the

microchannel was designed with the help of commercial software (SOLIDWORKS®, Dassault

systems). Microfluidic channels were used to study the cell physiology inflow and the effect of

stresses on cancer cells due to external actuation on the channel boundary. Modeled geometry
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Figure 7.1: The schematic shows the fabrication of piezo ZnO /PDMS nanocomposite.

converted in STL format for the laser-guided engraving 3D printer (2.0 Modular 3-in-1, Snap-

maker). The mold was prepared from the printer for the fabrication of the microchannel. PDMS

is a well-known polymeric organic compound and due to its ability to be biomimetic, non-reactive,

non-toxic, non-flammable, and transparent makes it suitable for the purpose of biological applica-

tion and imaging. PDMS and hardener were mixed in a 10:1 ratio and synthesized ZnO NPs were

added to the mixture and properly mixed for 10 minutes. After mixing, the mixture was poured

into the mold and degassed with the help of a desiccator and vacuum pump for 2 hours. After
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degassing, the mold was kept in the furnace at 70 ◦C for 4 hours. As the PDMS gets solidified,

the prepared microchannel peels off from the mold. Thereafter, the desired open microchannel

was obtained on the PDMS layer. Detailed steps are illustrated in Figure 7.1 (a-h). Bonding

of obtained PDMS microchannel with the glass slide was carried out using plasma treatment.

Oxygen plasma bonding is the technique in which oxygen plasma removes the organic compounds

and chemically reacts with high reactive oxygen radicals and leaving the silanol (SiOH) on the

surface making the surface hydrophilic and increasing surface wettability used for bonding. The

plasma bonding sticks and seal the fabricated microchannels with the glass slide. Figure 7.1 (i)

shows the fabricated glass bonded ZnO/PDMS microchannel.

7.3.2 Mechanical and electrical characterization of the microchannel.

A detailed experimental setup for electrical and mechanical characterization is depicted in

Figure 7.2. The sample was kept fixed at the ends. Terminal wires were inserted at the center of

the sample along the depth near the fixed ends. A function generator was used for input signals

to the actuation while an oscilloscope was used to measure the output electric potential. The

structure was actuated through the sinusoidal potential to an external terminal of the piezo-

based microchannel under different voltages using a function generator (AFG 1102B, Tektronix).

Furthermore, mechanical characterizing was done using the point load method. In the point load

method, the load is applied at the center of a microchannel with the fixed-fixed end configuration.

Subsequently, a different point load was applied at the center and the developed electric potential

was measured through the oscilloscope.

Figure 7.2: Detailed experimental setup for evaluating mechanical and electrical characteriza-
tion of the ZnO /PDMS microchannel.

7.3.3 Cell culture and viability analysis

7.3.3.1 Maintenance of HCC cell lines

The Hepatocellular Carcinoma cell line Huh-7 (procured from National Centre of Cell Sciences

(NCCS), Pune) was cultured in DMEM (Dulbecco’s Modified Eagle Medium, Hi− Media) with 10
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% FBS (Fetal Bovine Serum, Hi-Media) (v/v) and 1 % Penstrep (Gibco) (v/v) and maintained

at 37 ◦C in 5 % CO2 in a carbon-dioxide incubator. The required amount of cryovials was made

for all the cell lines and stored for further use in -80 ◦C.

7.3.3.2 Cell flow through actuating microchannel

Huh-7 cancer cells were cultured in 10 cm cell culture dishes for 24 hrs. After cells reached

up to 80-90 % confluency, we trypsinized the cells and centrifuged them at 2000 rpm. After

centrifugation, the cells were resuspended in fresh 2ml DMEM media supplemented with 10 %

FBS. Cells were subjected to flow with the flow rate of 200 µl/min through the microchannel

using a peristaltic pump and analyzed at different actuation in the microchannel while the control

cells flowed through the channel with no actuation. The entire experimental system was placed

in a sterile condition for 1 hr at 37 ◦C.

7.3.3.3 Cell death assay

After every condition with amplitude and frequency, we took out 50 µl of cell suspension. The

cell suspension was mixed with 50 µl of 0.4% trypan blue and incubated at room temperature

for 2 minutes. After 2 minutes 10 µl of the mixture was loaded in hemocytometer slides and cells

were counted under a compound microscope with 20X objective. Dead cells were stained with

trypan blue while the dye could not stain the live cells due to cell membrane integrity [400].

7.3.4 Cell morphology analysis

Figure 7.3 (a) shows the experimental setup for the measurement of the morphological changes

observed in the cells during the flow under different actuation cases. An illustration of the working

of the experimental setup is shown in Figure 7.3 (b). Glass bonded ZnO/PDMS microchannel was

placed under the optical microscope. Cells continuously flowed in the microchannel through the

inlet and outlet tubing. A function generator was used to control the actuation within the piezo

microchannel. A high-speed camera was attached to the microscope to continuously monitor

and record the changes in the cell morphology. Cells with distinct boundaries were traced and

analyzed with ImageJ [401]. The circularity index (C) as the ratio of the major axis dimension

(D) to the minor axis dimension (d) was measured to comprehend the geometrical alteration in

the cells under different actuation.
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Figure 7.3: Detailed setup for measuring morphological changes in the cellular structure
during the flow of cells in the microchannel. (a) An experimental setup showing a microchannel
(without actuation) with the inlets and outlets placed under the microscope connected to the
micro syringe pump (at the right) and a High-speed camera attached to the microscope at the

left. (b) detailed view of the flow of the cells through the actuating microchannel.

7.3.5 Experimental frequency response

Figure 7.4 shows the detailed working of the experimental setup for the frequency response of

flowing cells through the prepared ZnO/PDMS microchannel. In this work, cells flow through the

microchannel at the flow rate of 100 µl/min. A laser source (RLM650TA-020R, Laser century)

was used with a maximum of 23 mW and 650 nm wavelength powered by an external AC Voltage

source of 240 V and 50 Hz. The flowing cells through the microchannel were pre-trypsinized to

avoid surface adherence during experiments.

The position of the cancer cell in the microchannel was traced using an inverted microscope with

50X objective. A position-sensitive device (PSD) was used as an optical position sensor (OPS),

which can detect the incident laser in two-dimensional space and trace the cell movement during

the flow. The laser is focused and impinged on the flowing cell surface and gets refracted to the

PSD-based sensor. The output voltage from the PSD-based sensor circuit corresponds to cell

displacement in the X and Y directions and was measured by the oscilloscope (MSO46 model,

Tektronix). Inlet and outlet connections through the reservoir using polypropylene tubing are

shown in Figure 7.4. We measured the background frequency response from the microchannel

(without flowing the cells) and recorded it as a support response. Subsequently, the frequency

responses of a microchannel with flowing cells were measured. Note that each displacement of

the cells and support and their corresponding frequency response was continuously recorded for

a different actuation condition to obtain the experimental mean values. The different cases of

actuation conditions for continuous frequency response measurements are shown in Table 7.1.

The range of frequency and amplitude for the actuation was selected from the previous literature

[383]. Fundamental frequencies of flowing cells were obtained from the experimental mean value
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Figure 7.4: Detailed experimental setup for the measurement of the frequency response of the
flowing cells through the microchannel.

Table 7.1: Different cases of the vibration conditions to the microchannel

Cases Actuation Type Amplitude (µm) Frequency (MHz)

1 Control - -
2 Low-Low 1 1
3 Low-High 1 100
4 High-Low 100 1
5 High-High 100 100

of frequency responses for different cases of actuation [216].

7.4 Result

7.4.1 Characterization of ZnO nanoparticles

7.4.1.1 Microstructure and morphology

The XRD graph of prepared ZnO nanoparticles is shown in Figure 7.5a. The diffraction peaks

of XRD at different can be indexed to the hexagonal wurtzite structure of ZnO. Wherein the

characteristic peaks of ZnO were obtained at 31.9◦, 34.5◦, 36.3◦, 47.6◦,56.6◦, 62.9◦, 66.5◦, 68.0◦,
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and 69.3◦ correspond to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes

(JCPDS No. 36-1451), respectively[402]. Due to the strong diffractions of ZnO, the characteristic

peaks of GO at around 26.500 corresponding to the (002) plane was masked [374].

Figure 7.5: Material characterization of the ZnO nanoparticles.

The crystallite size of composites from the full-width half maximum (FWHM) of the (101) plane

was calculated using the Scherrer equation as shown in Equation 7.1[403].

D =
κλ

β cos θ
(7.1)

here β is FWHM in radians, κ is Scherrer constant, λ is the wavelength of Cu−Kα radiation, D

is the crystallite size in nm and θ is the angle of diffraction. The crystallite sizes of 33 nm were

calculated for prepared ZnO nanoparticles. The SEM image of ZnO nanoparticles is displayed in

Figure 7.5b. The SEM result confirms the successful fabrication of the granular shape of ZnO

nanoparticles.

7.4.2 Mechanical and Electrical characterization of the piezo material based
microchannel

Figure 7.6a shows the developed electrical potential under different applied sinusoidal voltage. It

can be observed that the piezoelectric potential is developed and increases with the increase in the

applied electrical voltage. 200 mV of electrical potential developed with the 8V peak-peak applied

potential. Mechanical characterization based on the point load subjected to the microchannel

lead to the generation of the electric potential due to the piezoelectric effect. After polarization,

all the ZnO (piezoelectric particles) grain particles get polarized and align themselves. Proper

alignment of the grain particles improves the voltage characteristic of the piezoelectric material
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Figure 7.6: (a) Electrical characterisation of the ZnO/PDMS based microchannel. (b) Me-
chanical characterization of the ZnO /PDMS based microchannel.

in the microchannel. Thus increasing the piezoelectric effect of the microchannel. Microchannel

subjected to different loading develops substantial electric voltage. It has been observed from

the Figure 7.6b that there is a linear increase in the potential generation with an increase in the

point load of 2.5 N. Further, with an increase in the point load remains the constant output

voltage of 1.32 V. Thus, output potential within the range shows the significant piezoelectric

effect generated by piezo material-based microchannel.

7.4.3 Morphological changes

High contrast images obtained from the high-speed imaging camera during the flow of Huh-7 cells

in the microfluidic channel under different actuation cases, as shown in Figure 7.7. It has been

noted that cells experience changes in shape as they flow through the actuating microchannel, as

seen through changes in the circularity index (ratio of major diameter to minor diameter) as

previously mentioned. Figure 7.7 (a-e) shows the morphological changes observed in the cellular

structure. Control cells without actuation in the channel attained circular shapes during the flow.

Circular shapes tend to possess more polygonal shapes and are observed to be changed in an

elliptical while flowing through the microchannel. The cellular structure was elongated in the

direction of flow, resulting in an increase in the circularity index, as depicted in Figure 7.7 (f-j). It

has been observed from the histogram plots that the circularity index increases with the increase

in the amplitude and frequency of the actuation. High-High case shows the maximum value of

the circularity index as 1.26 ± 0.15. In this case, more elongation in the cellular structure was

observed as compared to the other cases.
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Figure 7.7: (a-e) High-speed camera images demonstrate the cells’ sequential geometrical
changes while flowing through the microchannels at different external actuation cases. (f-j)

Changes in major to minor ratio for the different cases.

7.4.4 Experimental Frequency Response

Measurements were taken near the bifurcation part of the channel to capture the cells’ maximum

possible dynamic stress behavior. The transient response of the cells is acquired during the

flow of the cells in the channel. Acquired time domain data were converted in the frequency

domain using Fast Fourier Transform (FFT). The peak in the frequency spectrum represents

the natural frequency of the cells. Figure 7.8 (b-c) shows the frequency response for the flowing

cells and the channel base. The obtained transfer function of the cell with respect to the base to

remove all base-related modes is shown in Figure 7.8d. The figure shows the transfer function

of cell response with prominent peaks. These peaks represent the significant natural frequency

by eliminating the influence of support and other influencing noise operating on the supports.

The transfer function shows the natural frequency at 332 kHz for cells at the initial flow time.

The obtained transfer functions of the flowing Huh-7 cells for different cases of actuations are

represented in Figure 7.9. A significant shift in the natural frequency of the flowing cells was

observed from the experimental data. It was noted that the natural frequency of flowing cells

decreased by increasing the vibration actuation across the flow.

Furthermore, it has been observed that control cells possess a natural frequency of 331.42 kHz.

A significant decrease in the natural frequency was observed for the different cases of external

actuation. A maximum increase in the amplitude and frequency of the actuation (High-High)
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Figure 7.8: (a) High-speed camera image shows the flowing cells in the microchannel. (b) Fre-
quency response of the cellular structure. (c) Frequency response of the base. (b) corresponding

transfer function

reduces the natural frequency by 22.72 % compared to the control. External actuation leads

to morphological changes in the cell. Thus, all cases observed a decrease in the cell’s natural

frequency.

7.4.5 Cell death analysis

Huh-7 cell suspension flowing through the microchannel was subjected to different cases of

actuation whereas control was the case of without vibration. The result showed cancer cells

became fragile to High–High and progressed to cell death. Trypan blue staining to dead cells

confirms the increased cell death for the case of high actuation and with cell additive effect.

Compared to control, there was increased cell death for cases with vibrations; here, Low–Low

showed 19% cell death while High–High showed 61% cell death (Figure 7.10).
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Figure 7.9: Frequency response graphs demonstrate the alterations in the fundamental
frequency of the cells while flowing through the microchannels under different cases of actuation.
peaks in the transfer show the frequency for (a) Control (b) Low- Low (c) Low-High (d) High-Low

(e) High-High.

7.5 Discussion

The microstructure of the ZnO NPs that was prepared was determined using XRD and SEM

analysis. The diffraction peaks of XRD can be indexed to the hexagonal wurtzite structure of

ZnO. Due to the strong diffractions of ZnO, the characteristic peaks of GO at around 26.500

corresponding to the (002) plane was masked [374]. The broadening of peaks was mainly due to

the decreasing crystallite size of decorated ZnO NPs of a composite at higher temperatures. The

SEM result confirms the successful fabrication of the granular shape of ZnO NPs. The particles

are agglomerated in different groups. However, the agglomerated particle can be disintegrated by

ultrasonication and mixing with PDMS solution.

In mechanical characterization, the point load was subjected to the microchannel cross-section

led to the output signal generation as an electric potential due to the piezoelectric effect [404].

Microchannel subjected to different loading conditions ranging from 0.5 N to 5 N, which developed

substantial electric voltage, as shown in Figure 7.6b. It has been observed that there is a linear

increase in the potential generation with an increase in load up to 2.5 N. Further, with an
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Figure 7.10: Trypan blue staining. Optical microscopic images of the Huh-7 cells treated
with various actuation conditions on the ZNO/PDMS microchannel with a time interval of 2
hrs. The cells were stained using trypan blue dye after the vibration treatments to examine cell
death. The cells indicated by red arrows are some examples of dead cells that turned blue after
staining for different actuation conditions (a) control (b) Low–Low (c) Low–High (d) High-Low
(e) High-High (f) % variation in the cell death after the actuation. Results are presented as

means ± SD. ∗ ∗ ∗ p <0.01.

increase in load, a constant output voltage of 1.32 V was recorded. Thus, output electrical signals

showed the significant piezoelectric effect generated by the prepared ZnO/PDMS composite

used to develop an active microchannel. Next, the morphological changes in the cells were

observed while flowing the piezo microchannel. It has been observed that the cells undergo

deformation while flowing through the actuating microchannel. Cellular deformation results in

morphological changes in the cells. These changes were quantified in terms of the circularity

index parameter as discussed in the previous section. Figure 7.7(a-e) compares the morphological

changes observed in the cellular structure. Control cells without actuation in the microchannel

maintained their circular shapes during the flow. These circular morphologies tend to be polygonic

and changed towards elliptical with increases in vibration actuation (amplitude and frequency).

This elongated structural morphology of cells was measured through image processing software.

The observation shows that an increase in the circularity index was recorded for high actuation

cases, as represented in Figure 7.7(f-j). High-High actuation condition shows the maximum

circularity index of 1.26 ± 0.15, which was 19.04 % higher than that of 1.02 ± 0.15 for the case of

Low−Low actuation condition. These results reveal that the higher actuation causes vibrational

stresses and changes the cellular stiffness [261] and thus, evident morphological changes were

observed. The structural deformation with high stresses leads to cell damage at resonance and

may lead to cancer cell death [265]. Further, experimental frequency response was obtained

through the non-contact PSD measurements.
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The transfer function of cell response with the prominent peaks in the natural frequencies of

cells [405]. The natural frequency of control cells was observed at 332 kHz. Similarly, the

natural frequencies of the flowing cells were obtained for all actuation cases. The obtained

transfer functions of the flowing Huh-7 cells for different cases of actuations are represented in

Figure 7.9. A significant shift in the natural frequency of the flowing cells was observed from

the experimental data. It was noted that the natural frequency of flowing cells decreased by

increasing the vibration actuation across the flow. The cell natural frequencies of 248.24± 42.13

kHz are observed for High–High actuation, which is 31.37 % lower than that of 316.13 ± 53.58

for Low–Low actuation. Meanwhile, moderate cell natural frequencies of 308.15 ± 24.28 and

314.64 ± 34.68 kHz are observed in Low–High and High–Low actuation conditions, respectively.

The cell’s natural frequencies are a direct function of cellular stiffness. As observed from the

circularity index analysis (Figure 7.7), high actuation causes cell deformities and morphological

change that may possibly reason for changes in cellular stiffness, thereby, changes in cell natural

frequencies. Therefore, the highest cell natural frequencies of 326.46 ± 28.84 kHz were obtained

for stiffer morphology of control cells in the case without vibrations. Notably, the resonance

condition in the cellular system may lead to cell damage and even death.

Moreover, for validation of the resonance effect on the Huh-7 cells, further biological cell viability

assay has been performed. The results showed that the cancer cells became fragile under High-

High actuations and progressed to cell death. However, it’s possible that the high actuation may

have caused mechanical stress on the cells, leading to damage to their structural integrity and

eventually death. Additionally, the High-High actuations might have induced an increase in the

production of reactive oxygen species (ROS) which can damage the cells and induce cell death

as reported in the previous studies [77], [406]. Confirmation of increased cell death was made

through Trypan blue staining of dead cells. Compared to the control, there was a significant

increase in cell death for cases with vibrations. Specifically, Low-Low actuations resulted in a

19% increase in cell death, while High-High actuations resulted in a 61% increase in cell death.

It’s worth noting that more information about the actuation process and the cellular response

would be needed to understand the exact mechanism by which the cancer cells died.

7.6 Conclusion

In this work, ZnO/PDMS-based piezo microchannel was fabricated. Huh7 cells were analyzed

while flowing through the channel. The morphological changes were observed in the cell during

their flow through the microchannel under different actuation conditions. High-High actuation

condition leads to a maximum circularity index within the cells. A higher circularity index tends

to maximum geometrical changes that were observed for maximum amplitude and frequency

actuation cases. Further, a non-invasive technique was used to determine the frequency response
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of the flowing cells in the microchannel. Fundamental frequency was observed around 326.46

± 28.84 kHz for the case of the cells flowing through the microchannel (without actuation)

similarly for the High-High case it decreases to 248.24± 42.13 kHz. It was observed that there

has been 21.51% decrease in the fundamental frequency of the cells with an increase in the

actuation frequency from Low−Low to High−High case. Similarly, findings revealed that the cell

possesses higher shear stresses and deformation which results in higher geometrical changes with

the increase in the mechanical vibration. In conclusion, it is possible that mechanical properties

and vibration characteristics are influenced by fluctuations in fundamental frequencies and vice

versa, which are a result of ambient conditions and external stimuli. Consequently, these results

are useful for the development of a device based on resonance in diagnosing the state of malignant

disease.



Chapter 8

Atomistic analysis of effect of cholesterol

on cancerous membrane protein system:

Unfolding and associated resistance

stresses under strain

8.1 Background

Cancer is a complex and devastating disease that affects millions of people worldwide. One of

the critical factors that contribute to the development and progression of cancer is the abnormal

behavior of cells within the body. Various factors, including genetic mutations, environmental

factors, and interactions between different molecules and pathways within the cell, can cause this

abnormal behavior.

One area of interest in cancer research is the role of membrane proteins and cholesterol in the

development and progression of the disease. Membrane proteins are responsible for a variety

of functions within the cell, including communication, transport, and signaling. These proteins

are integral to the function and stability of the cell membrane, which is a critical barrier that

surrounds and protects the cell. Cholesterol is another important molecule that plays a vital

role in the structure and function of the cell membrane. It is a type of lipid (fat) that helps to

maintain the fluidity and stability of the membrane, and it also plays a role in the transport of

other molecules into and out of the cell. The experimental techniques have limitations of control,

temporal resolution, cost, and time associated with it. However, Molecular simulations, on the

other hand, can provide much higher spatial resolution, allowing researchers to study processes

149
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at the atomic level at any desired time scale. It can precisely control the studied conditions,

making it easier to isolate and study specific processes.

Hence in this chapter, molecular dynamics simulations are used to study the impact of cancerous

membrane proteins and cholesterol on the membrane system under a strained environment. The

transmembrane protein system behavior during lipid-bilayer separation at different cholesterol

concentrations was investigated with their structural parameters. Stretching and unfolding of

embedded protein and the associated resistance stresses on decreasing cholesterol during bilayer

separation were studied. It’s important to investigate the impact of the level of cholesterol in the

membrane and look at the diffusion and protein resistance during straining at high concentrations.

Studying the biophysical behavior of the membrane protein system leads to understanding the

mechanosensitivity of transmembrane proteins under mechanical perturbation. The findings can

help researchers to identify potential targets for new cancer therapies, which could lead to more

effective treatments for this devastating disease.

8.2 Introduction

Complex protein dynamics is regulated by the local environment of permeable and impermeable

cell membranes that compartmentalize intracellular space [407]. The transmembrane insulin

receptor (IR) proteins provide the terminal ends for signaling and regulatory functions from

cells to external stimuli [408]. The exposed domain of the protein receptors frequently contains

ligand binding sites to connect with intracellular and extracellular proteins to perform regulatory

functions [409]. Whereas the cell membranes are comprised of a viscoelastic structure that is

directly engaged in critical mechanical phenomena such as; exocytosis and endocytosis, tethering,

adhesion kinetics of molecules, fluidity, and migration processes [410], [411]. Due to the complexity

associated with the biological cell membranes, it is a common method to replace them with

model membranes, especially, lipid bilayers with transmembrane IR proteins [412]. These models

can mimic the essential biophysical properties of the plasma membrane-associated with the

cytoskeleton. Any changes in the lipid bilayer membrane including the composition of inner and

outer leaflets, such as cholesterol concentration, water content and ions can critically affect the

functioning of the transmembrane proteins [413]–[415].

The cholesterol found in cell membranes has a critical role in maintaining a healthy body, such

as regulating neurotransmission, cell signaling, and protein sorting. Imbalanced cholesterol levels

have been linked to several diseases, including Alzheimer’s disease [416], cancer[417], and more.

However, there is still a lack of understanding of how cholesterol contributes to essential processes

in membrane protein systems.
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Computational studies, specifically molecular dynamics simulations, have improved knowledge

for further experimentation. Several studies provide a glimpse into the use of molecular dynamics

simulations to investigate the behavior of membrane-embedded proteins [418], ions channel,

aquaporins, peptides, etc in the lipid bilayer membrane system [419]–[421].

The computational modeling of a molecular system requires an initial structure of the 3D

structure of cholesterol and membrane proteins that have characterized structures to understand

the cholesterol-membrane protein interactions. If the membrane protein’s structure is unknown,

homology modeling is used to find a substitute. It is crucial to understand and know the relative

position of the protein’s structure, lipid membrane constituents, and cholesterols for analyzing the

impact of cholesterol in any membrane protein system. However, few structures of a membrane

protein co-crystallized with cholesterol exist, and identifying binding sites, if any, is necessary for

studying cholesterol’s effect on the protein. This can be validated through experimental methods

such as NMR [422] and chemical cross-linking [423].

MD simulations provide a detailed look at the time-dependent behavior of biological macro-

molecules. It requires a description of the potential energy, which is usually obtained through

empirical molecular force fields (FFs). The simulations can be adapted for alterations in the

molecular system, such as constituents levels, type of constituents, Size of the molecular system,

point mutations, etc., by controlling system variables. However, there are three main challenges

in MD simulations: time-scale issues, uncertainties in empirical FFs, and approximations in the

chemical system. Despite these challenges, recent advancements have allowed for atomic-level

simulations at biologically relevant timescales, and biased MD methods are constantly being

developed to improve sampling and the exploration of energy. For the investigation of membrane

proteins, an advanced MD simulation can be used to capture both lipid bilayer self-assembly and

protein-lipid interactions. To perform these simulations, FFs that have been parameterized to

describe the potential energy of proteins, lipids, and their interactions must be used. Examples

of these FFs include CHARMM, AMBER, and MARTINI, which are well compatible with

cholesterol and other lipid molecules [424], [425]. Molecular dynamics (MD) has been widely

utilized in studies on protein-lipid interactions, however, the field is moving towards more realistic

membrane models as parameters for multiple lipid components become available.

A few studies based on MD simulations for membrane proteins described and shows the impact

of how cholesterol affects the membrane protein system. Prakash et. al. identifies the impact

of cholesterol on the transmembrane part of the ErbB2 receptor using computer-molecular

simulations on both the monomers and dimer units in DPPC bilayers with varying levels of

cholesterol [426]. The findings predicted that the increasing cholesterol levels in the membrane

led to a reduction in the tilt angle of the helix relative to the membrane normal. This is due to an

increased level of cholesterol that led to a thickening of the membrane. The transmembrane helix

in ErbB2 has two GxxxG sequences which play a crucial role in its dimerization as their lack
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of side chains allows the helices to fit more closely together. The study found that cholesterol

generally fits more snugly around the helix compared to DPPC, with cholesterol positions along

the membrane normal overlapping with the two GxxxG sequences. However, cholesterol was not

found to pack around Phe671 in the helix’s C-terminal, resulting in an uneven distribution of

cholesterol around the helix.

Previous molecular simulation studies have aimed to correlate structure, thermodynamics, and

activity in TM proteins. Fleishman et al. used molecular simulations to model the activation

switch of ErbB2 activity by fixing the helix angle at -35 deg i.e.right-handed, like in GpA [427].

Results showed an interface at the C-terminus GxxxG motif (inactive state) and N-terminus

(active state due to mutations). This conformational switch supports experimental data of

inactive ErbB dimers in cell membranes. Beevers and Kukol et al. confirmed the presence of a

right-handed ErbB2 dimer through experiments and molecular dynamics simulations in a lipid

bilayer [428].

Furthermore, it has been found that the mechanical perturbation or strain to lipid bilayer

can change their characteristics such as membrane thickness [429], [430], structural integrity

[431], [432], and rate of diffusion [433]. These mechanically induced changes may be more

crucial in the cancer environment when the cholesterol concentration continuously decreases

[407], [434] and may affect the insulin receptor signaling and structure of ecto-, kinase-, and

transmembrane domains of IR proteins [435]–[438]. Recently, the changes in structures of several

types of IR proteins due to co-crystallized cholesterol with its concentration level have been

reported [439]. Researchers have demonstrated the existence of highly organized cholesterol-rich

lipids with embedded IR proteins in an unstrained lipid environment [440], which is critical for

numerous biological processes [441], such as neurotransmission [442] and amyloid disorders [443].

Murphy et al. [444] have reported the studies of uniaxial and biaxial strain on the lipid bilayer

membrane with variation in the cholesterol level and its impact on the individual membrane

constituent and transmembrane protein function, which was in the context of nanoscale damage

to the membrane and cell death. Hence it is necessary to understand the membrane–protein

interaction behavior under strain. It is also important to note that, the transmembrane proteins

can execute biologically important signaling and regulatory functions of cells, only when they

are interconnecting across the lipid bilayer in mechanical perturbation of strain environment,

[445]–[448]. Therefore, a comprehensive understanding of the properties of transmembrane

protein receptors of cancer cell plasma membranes is essential for biological science and can

contribute to the technological advancement in related fields such as biomedicine anti-cancer

therapies and design of drug delivery nanodevices [449], [450]. However, it is quite difficult to

conduct experiments on a such a nanoscale domain with limited information about the dynamics

of cholesterol-protein interactions in a cell plasma membrane [438], [451]. In this work, we used

the typical compositions of shahane et al. [407] to simulate cancer bilayer membrane models,

which reflect the properties of transformed cancer cells at different cholesterol concentrations.
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However, these models included representative lipids from a small number of common species

without reflecting the complete range of lipids found in actual cells. Molecular dynamics (MD)

simulations have been considered ideal for examining cholesterol’s regulatory effects on IR proteins

[438], [452]. Thereby, this work aimed to give insight into the effect of cholesterol bonding and

interactions with membrane protein systems such as area per lipid, tilt angle, order parameter,

and diffusion. Furthermore, we simulated cancerous lipid bilayer separations under a strained

environment to study the cholesterol-protein interaction followed by the study of the unfolding of

protein and associated resistive stresses.

8.3 Methods

Chemistry at Harvard Macromolecular Mechanics-GUI (CHARMM-GUI) Membrane Builder [453],

[454] was used to model the cancerous lipid bilayer systems and Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) software [455], [456] was used for separation simulations

in the strained environment.

LAMMPS and CHARMM-GUI are both software packages used for molecular simulation and

modeling. Both have their own strengths and weaknesses, and the choice between the two depends

on the specific needs of the user. While LAMMPS has its own modeling tools, CHARMM GUI is

often preferred for its user-friendly interface and efficient energy minimization and equilibration

algorithms, making it easier to model the biological system.

We started the simulation in CHARMM-GUI for its efficient energy minimization and equilibration

algorithms capability, then switch to LAMMPS for its high parallel performance and ability to

handle large-scale simulations, especially for the biological models with huge numbers of atoms.

Deviation of 3% was allowed between the asymmetric counterpart regions to avoid any exag-

gerated effects to avoid mismatch in the leaflet lipid content [407]. The homogeneous lipid

subsystems were comprised of POPC, POPE, PSM, and POPS with Phosphatidylcholine (PC),

Phosphatidylethanolamine (PE), Sphingomyelin (SM), and Phosphatidylserine (PS) contained

1-phosphatidyl-2-oleoyl (PO) tails. Table 8.1 provides detailed compositions of the lipid bi-

layer systems. Here Nwater, Nions and Natoms are no· of water molecules, no· of ions and

no· of atoms respectively. These molecular structures of lipid bilayer were representing can-

cer membranes and accordance to the derived compositions, reported by Klahn et al. [434].

Table 8.2 shows the lipid distribution in outer and inner leaflets of cancer membranes. The

lipid bilayer system was modeled with decreasing cholesterol (32,16,8, and 4) molecules along

with 2MFR transmembrane protein at the center. We considered the 57 residues for IR
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Table 8.1: Composition of the lipid bilayer systems simulated

System Lipid Type Nwater Nions Natoms

CHL32-Pro PC (79), PE (101), PS (86), Chol (32), PSM (66) 20801 55 36453
CHL16-Pro PC (79), PE (101), PS (86), Chol (16), PSM (66) 17108 49 30386
CHL8-Pro PC (79), PE (101), PS (86), Chol (8), PSM (66) 16100 47 28784
CHL4-Pro PC (79), PE (101), PS (86), Chol (4), PSM (66) 15019 45 27107

(MTYFYVTDYLDVPSNIAKIIIGPLIFVFLFSVVIGSIYLFLRKRQPDGPLEHHHHHH that in-

cluded the predicted TMD sequence (underlined) for the receptor (the sequence is based upon

protein data bank www.rcsb.org/ PDB code: 2MFR).

Table 8.2: Lipid distribution in outer and inner leaflets of cancer membranes

Lipids Leaflet (outer) Leaflet (inner)

POPC 54 25
POPE 17 84
POPS 36 50
PSM 59 7

Each system was explicitly solvated along with water molecules and hence counterions are added

for maintaining the overall charge neutrality of the system. For this study, the counter-ions

used to neutralize the system are typical K+ and Cl−. The size of the simulation box varies

with the number of cholesterol and associated composition of the membrane protein system

and is the same as the size of the standard lipid-membrane-protein model obtained from the

CHARMM-GUI. The molecular interactions of water molecules with the system were modeled

using the CHARMM36 force field and the associated TIP3P implementation [457]. The modeled

lipid-membrane systems were subjected to energy minimization followed by pre-equilibration of

1.625 ns with NPT ensemble at 310 K temperature for 2 ns before LAMMPS simulation. The

systems were connected to the velocity-rescaling thermostat with a coupling time constant of 0.1

ps. All of the systems were simulated at 310 K in consistence with previous simulations of the

CHARMM36 model for different phospholipids [407], [457], reproduces the correct liquid phase

experimental behavior while preventing the formation of a gel phase. The lipid bilayers were

aligned along the xy-plane, with the z-axis perpendicular to the membrane. Figure 8.1 shows the

modeling of the membrane protein system with the inclusion of cholesterol for CHL8-PRO case.

It illustrates the atomistic appearance of cholesterol and lipid membrane with transmembrane

protein as a cartoon which enhance the understanding. The strain was applied along the

z-direction of the system with the higher rate of 1×109 per sec [444].

We have performed consecutive simulations on a pre-equilibrated membrane protein system

obtained from CHARMM-GUI. Equilibrations were performed in quadruplicate to illustrate

the convergence of the outcomes. The simulation run started with the equilibration of 3 ns

(including 1 ns for structural parameters and MSD calculation under stabilized energy conditions).
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Figure 8.1: Modelling of membrane protein system with the inclusion of cholesterol for CHL8-
PRO case. Lipid molecules are shown in yellow color, 2MFR transmembrane protein is shown
in magenta color, and Cholesterols are shown in blue color. The tensile strain to the system is

applied along the z-direction.

Figure 8.2 shows the equilibration performed in the initial stage of MD simulation. The system

is equilibrated in a constant volume, pressure, and temperature ensemble (NPT) by applying

the velocity-Verlet algorithm with time integration for all trajectories atoms at time steps of

0.001 ps. Pressure coupling was performed by utilizing the Berendsen barostat for equilibration

and the Parrinello–Rahman barostat for short-range van der Waals and electrostatic cutoff, the

default optimum distance of 1.2 nm was considered [458], [459]. The particle mesh Ewald (PME)

method was used to compute long-range electrostatic interactions [460].

Figure 8.2 shows temperature and energy equilibration plots, that help to assess the stability and

reliability of the simulation. The temperature and energy plots indicate, the system has reached

equilibrium after ≈ 1.8 ns, which is essential for obtaining accurate results during structural

parameter calculation. These plots provide valuable information about the performance and

quality of the simulation, and they are essential for evaluating and interpreting the simulation

results. For initial timesteps, all systems showed an abrupt change in temperature (Figure 8.2a)

and potential energy (Figure 8.2b), which stabilized during the period of 3 ns. Convergence for

CHL32 with protein case is shown in the supplementary Figure S3.

Started with the equilibration of 2 ns. Further, the system simulated for 1 ns to calculate the

structural parameters such as area per lipid, order parameters, Scd, and MSD. Thereafter the

obtained system runs for a strained condition for 5 ns. A trial simulation of 5 ns was also

performed without strain for all cases after equilibration.
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Figure 8.2: Equilibration of the membrane protein systems at temperature 310 K and time
step 0.001 ps: (a) Temperature equilibration and (b) Potential energy equilibration.

8.4 Results

8.4.1 Structural parameters

8.4.1.1 Area per lipid

The area per lipid Alipid is defined as the cross-sectional area at xy-plane system Axy divided by

half the total number of lipids Nlipid present in the bilayer, i.e., Alipid = Axy/(Nlipid/2). The area

per lipid for different membranes with protein was estimated using the open-source accessible

software visual molecular dynamics (VMD) [461]. We considered all lipids (including cholesterol)

for evaluating the total area per lipid, While for calculating the area per lipid for cholesterol and

POPC, only cholesterol and POPC lipid are considered for analysis as individuals. The total

area per lipid provides an overall estimate of the average area occupied by each lipid molecule in

the bilayer. On the other hand, the area per POPC lipid refers specifically to the surface area

occupied by a single POPC lipid molecule in the bilayer. This value is calculated by dividing

the total surface area of the bilayer by the number of POPC lipids present. This measurement

is useful for comparing the area occupied by different types of lipids or for characterizing the

behavior of specific lipid species in a mixed bilayer system.

Figure 8.3 shows that the area per lipid of the lipid bilayers at zero membrane strain increased

on decreasing the cholesterol in the lipid membrane, suggesting an additional binding of the

lipid bilayer molecules. The total area per lipid increases from 69.814 ± 1.540 Å2/lipid for

CHL32-PRO to 74.59 ± 1.701 Å2/lipid for CHL4-PRO while for POPC area per lipid increases
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from 77.96 ± 1.220 Å2/lipid for CHL32-PRO to 80.614 ± 1.611 Å2/lipid for CHL4-PRO; these

values of area per lipid in which POPC lipids are dominating corresponds closely to the reported

experimental value of 78 Å2/lipid to 82.2 Å2/lipid for the POPC bilayer [462]. Furthermore, the

computed cholesterol area per lipid for low cholesterol case (68.82 ± 1.182 Å2/lipid) have an

excellent agreement with the experimentally determined values by M Pasenkiewicz-Gierula et

al. (66.41 Å2/lipid) [463] as well as the value reported by earlier simulations conducted under

similar circumstances by Kucerka et al. (69.02 Å2/lipid) [464].

Figure 8.3: Area per lipid for POPC and Cholesterol at different cholesterol concentrations.

8.4.1.2 Order parameter of deuterium Nuclear Magnetic Resonance (NMR)

On the other hand, the order parameter of deuterium Nuclear Magnetic Resonance (NMR) types

is the most widely studied parameter to assess the order in lipid bilayers. The order parameter

Scd may be defined as follows for each CH2 group in the chains,

SCD =
1

2
(3⟨cos2(θCD)⟩ − 1)) (8.1)

Where SCD denotes the angle formed by a CH-bond with respect to the membrane normal and

the geometry of the CH-bond with three successive CH2-groups was tetrahedral. The brackets ⟨⟩
denote an average value of the bond angles effects in each CH2-group in the lipids. The obtained

graphical plot for order parameter vs. carbon position individually for the carbon chains at

different cholesterol concentrations is shown in Figure 8.4. For all cases of cholesterol level, SCD

increased by 60 – 61% (with the highest value of 0.254 ± 0.004 for CHL32-PRO) up to 6th carbon

atom in the chain, which was near to the head region and then decreased to the lowest values
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at the tail-end regions. Therefore, an increase in area per lipid was observed (Figure 8.3) with

decreasing cholesterol, which allowed the spreading of hydrocarbon chains [465].

Figure 8.4: Order parameter of lipid membrane at different cholesterol concentrations.

8.4.1.3 Tilt angle

The lipid composition varies with cholesterol content that probes into the studies of the single-

chain molecules of lipids. It is evident that cholesterol can affect the orientation and organization

of the hydrocarbon chains of surrounding phospholipid molecules through its rigid ring structure

[466]. As a result, it is simple to determine the angle of the flat cholesterol ring system relative to

the normal membrane. Here, the tilt angle is a measure between the head group of phospholipids

and its typical orientation relative to the rest of the membrane [467]. The tilt angle describes

the cholesterol and lipid bilayer’s interaction and cholesterol orientation in the membrane. For

decreasing cholesterol content in the system, the obtained tilt of the lipids molecule increased

significantly by 62.6% from 20.53 ± 1.57 ◦ for CHL32-PRO to 54.93 ± 1.68 ◦ for CHL4-PRO, as

shown in Figure 8.5.

8.4.2 MSD and Diffusion coefficient

The trajectories of molecules in the lipid-protein system are hard to monitor in real-time due to

the unexpected paths of individual molecules, irregularity, boundary conditions, and molecular

collisions within the membrane at each timestep [468], [469]. However, the simulated molecular

trajectories can be used to calculate the mean square displacement (MSD, in Å2) measurement

[374], that is given as:
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Figure 8.5: Average tilt angle for phospholipids molecules in the membrane-protein systems.

MSD(t) = ∆(ri(t)
2) = (ri(t)− ri(0))

2. (8.2)

where, MSD(t) is the value of the system at the time ‘t’, ri(0) and ri(t) are the vector displacement

of a molecule i over time t = 0 and t = t, respectively. More precisely the average MSD for the

lipid molecules with protein trajectories in the membrane system can be formulated as,

MSD(t) =

N∑
j=1

(ri(t)− ri(0))
2

N
. (8.3)

Where N is the number of atomic sites. The obtained (MSD) values are plotted with respect to

time for the considered cases shown in Figure 8.6a. The (MSD) values increased with respect to

time due to the continuous atomic interactions inside the systems. The result shows the MSD

plots are increasing at a higher rate for decreasing cholesterol levels in the membrane-protein

system. The derivative of the (MSD) values show the diffusivity and Brownian motion of the

molecules in the membranes to estimate the dynamic properties of a membrane-protein system

at different cholesterol concentrations [470]. The diffusion coefficient (D, in Å2/ps) values were

calculated using the Equation 8.4 [471],

D =
Slope of average RMSD

4
. (8.4)
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Figure 8.6: (a) RMSD plots and (b) average diffusion coefficients of membrane-protein systems
at different cholesterol concentrations.

Figure 8.6b illustrates the calculated diffusion coefficients for different cases of cholesterol content.

The diffusion coefficient value calculated from (MSD) slopes was increased from 0.005 ±0.0003

Å2/ps for CHL-32 PRO to 0.020 ± 0.0013 Å2/ps for CHL4-PRO. The increase in the diffusion

coefficient with a decrease in cholesterol concentration showed effects of the ordering of lipid

molecules and the decreased area per lipid due to decreased hydrogen bonding and van der Waal

interaction, respectively. This observation was consistent with the reported experimental results

showing linearly dependency of the lipid diffusion coefficient on cholesterol concentrations [415].

8.4.3 Behavior of transmembrane protein under membrane-protein sepration

The separation of lipids bilayer with transmembrane protein was performed under a strained

environment for different cases of cholesterol concentration. The strain was applied in the

z-direction of the simulation box at a constant strain rate of 109 s−1 [444], [472]. Figure 8.7

shows the simulation result for atomic arrangement and positions of upper and lower leaflets and

transmembrane protein for all cases. It can be observed that the protein molecules have undergone

through unfolding during the initial separation. However, the terminals of the protein were

observed to be well attached across the membrane up to 1 to 1.5 ns, which indicates the proper

connection and functioning of transmembrane protein for signaling between the intercellular and

extracellular environments. After the unfolding of a few nanoseconds time, the protein terminals

started detachment from the membrane. The detachment of protein starts after 3 ns for the

CHL32-PRO case and nearly after 2 ns for CHL4-PRO case. During the detachment, the protein

terminal was stretched out from the upper leaflet along with cholesterol. This was clear evidence

of bonding between the protein and cholesterol.
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Figure 8.7: Simulation snapshots of membrane protein systems at different timesteps. The
observed unfolding of protein during simulation is encircled in black color for CHL32-PRO case.

Figure 8.8: Electron density profile of membrane protein systems and respective cholesterols
along z-direction at before and after separation.
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8.4.4 Electron density profile

The electron density profile for all systems of different cholesterol concentrations was computed

from the molecular trajectories of atoms. Figure 8.8 shows electron density profiles for the initial

and final stage of separation along the z-direction for all atoms and cholesterol atoms. The higher

electron densities occurred at positions of the phosphate group of lipids, which were nearly the

same for all cases. However, the peak electron density of cholesterol decreased by 80.1% due to

decreased cholesterol concentration from 0.121 ± 0.010 (for CHL32-PRO case) to 0.024 ± 0.003

(for CHL4-PRO case).

8.4.5 Average resistance stress

Figure 8.9: Average resistance stress vs. time plot for the lipid bilayer separation in the
membrane protein system at different cholesterol concentrations.

Figure 8.9 shows that the average resistance stress on the lipid-protein system was different for

different cases of cholesterol concentration. The comparison has been made for the different cases

with and without strain on the membrane protein system. It was observed that the under no

strain conditions the stresses fluctuate near the 0 value. There is no resistance offered by an

individual constituent of the membrane-protein system, and are allowed to displace freely in

the membrane-protein system. The low cholesterol concentration in the lipid membrane results

in reduced initial resistance stress in the system and leads to early detachment failure of the

transmembrane. During unfolding, the lowest average resistance stress of 19.40 ± 1.57 MPa

was observed for the CHL4-PRO case, which was 68.01% lower than that of the 60.66 ± 4.12
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MPa for the CHL32-PRO case. Meanwhile, moderate average resistance stress of 45.86 ± 2.04

MPa and 42.24 ± 3.18 MPa were observed for unfolding in CHL16-PRO and CHL8-PRO cases,

respectively.

8.5 Discussion

The area per lipid of a lipid bilayer refers to the surface area that a single lipid molecule occupies

within the bilayer. This value can vary depending on the type of lipid and the conditions under

which the bilayer is formed. In general, the area per lipid is greatest for saturated lipids and

decreases as the number of double bonds in the lipid tail increases. The area per lipid can also

be affected by the degree of hydration of the bilayer, with higher hydration levels leading to a

greater area per lipid. In this study, the total area per lipid increased by 6.40% on decreasing

the cholesterol level, i.e. CHL32-PRO to CHL4-PRO. In contrast, POPC area per lipid increases

from 77.96 ± 1.220 Å2/lipid for CHL32-PRO to 80.614 ± 1.611 Å2/lipid for CHL4-PRO; these

values of area per lipid in which POPC lipids are dominating corresponds closely to the previously

reported experimental value for the POPC bilayer [462]. In addition, the calculated area of

cholesterol per lipid in instances of low cholesterol levels is consistent with the values established

through previous experiments [463] and also aligns with the results from previous simulations

[464]. The decrease in the number of cholesterol molecules of smaller sizes than the lipid molecules

can be easily compacted across lipid molecules and thus decreased the area per lipid values.

Further, another structural parameter, i.e., SCD order parameter, was estimated using Equa-

tion 8.1. The order parameter is widely used to assess the degree of order in lipid bilayers. The

order parameter measures the degree of alignment of the deuterium atoms within a lipid molecule,

which can be used to infer the degree of mobility or rigidity of the molecule. A value of 1 for

the order parameter indicates that the deuterium atoms are fully aligned and the lipid molecule

is in a rigid state. In contrast, a value of 0 indicates that the deuterium atoms are randomly

oriented, and the lipid molecule is in a highly mobile state. Findings predicted that for all cases

of cholesterol level, SCD increased up to 6th carbon atom in the chain, which was near the head

region and then decreased to the lowest values at the tail-end regions. This was mainly due to

the ability of cholesterol to induce biophysical changes related to its molecular structure. The

cholesterol molecule may form hydrogen bonds with polar lipid groups, including the phosphate

group and the carbonyls. The van der Waals interactions between hydrocarbon chains and the

rigid ring structure of cholesterol could be responsible for the higher chain order for CHL32-PRO

[473]. Cholesterol acts as a space filler that maintains the stability and integrity of the membrane

by preventing the hydrocarbon tails of the phospholipid molecules from getting too close to one

another. When cholesterol levels decrease, it allows the hydrocarbon tails to spread out more,

resulting in increasing the area per lipid. Additionally, cholesterol is known to interact with the
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lipids in the membrane and modulate their packing and organization, which ultimately affects

the area per lipid. Hence, an increase in area per lipid was observed (Figure 8.3) with decreasing

cholesterol, which allowed the spreading of hydrocarbon chains [465].

The tilt angle is a measure of the angle of the flat cholesterol ring system relative to the normal

of the lipid bilayer. The tilt angle is determined by measuring the orientation of the cholesterol

molecule within the bilayer. A tilt angle of 0 degrees indicates that the flat ring system of the

cholesterol molecule is parallel to the normal of the bilayer. In comparison, a tilt angle greater

than 0 degrees indicates that the ring system is tilted away from the normal of the bilayer. The

tilt angle can also be negative, indicating that the ring system is tilted towards the normal of the

bilayer.

This is an important parameter in understanding the cholesterol’s role in the fluidity and stability

of the bilayer. It has been observed that cholesterol molecules with a high tilt angle tend to

have a more rigidifying effect on the bilayer. In contrast, cholesterol molecules with a low tilt

angle tend to have a more fluidizing effect. Results predicted that in the membrane protein

system with decreasing cholesterol content, the tilt of the lipids molecule increased significantly

by 62.6% for CHL32-PRO compared to CHL4-PRO, as shown in Figure 8.5. At higher cholesterol

concentrations, the cholesterol density distributions shrink and compact, which reduces the tilt.

Whereas, at low cholesterol concentrations, tilt angle increases due to its entropic tendency to

allow all accessible states [474]. It is important to note that the tilt angle is a dynamic parameter,

meaning that it can change depending on the conditions of the bilayer, such as temperature,

pressure, and the presence of other lipids or proteins.

Mean Square Deviation measures the structural comparison between successive molecular coordi-

nates positions. Obtained (MSD) values increased with respect to time due to the continuous

atomic interactions inside the systems. The result shows the MSD plots are increasing at a higher

rate for decreasing cholesterol levels in the membrane-protein system. Figure 8.6b illustrates the

calculated diffusion coefficients for different cases of cholesterol content. It was observed that

as the cholesterol level decreased (from CHL-32 PRO to CHL4-PRO), the diffusion coefficient

value (as calculated from RMSD slopes) significantly increased. The increase in the diffusion

coefficient with a decrease in cholesterol concentration showed effects of the ordering of lipid

molecules and the decreased area per lipid due to decreased hydrogen bonding and van der Waal

interaction, respectively. This observation was consistent with the reported experimental results

showing linearly dependency of the lipid diffusion coefficient on cholesterol concentrations [415].

Hence, the decrease in cholesterol concentration has effectively intensified the diffusion across

transmembrane protein and generated microscopic fluidity in the system.

The simulation results in Figure 8.7 demonstrate the atomic arrangement, position of upper

and lower leaflets, and transmembrane protein under strain. It was observed that the protein

molecules initially underwent significant unfolding. Still, the terminals of the protein remained



Molecular dynamics of cancerous membrane protein system 165

attached to the membrane for 1 to 1.5 ns, indicating proper connection and function for signaling

between the intercellular and extracellular environments. However, after a few nanoseconds, the

protein terminals began to detach from the membrane, with detachment starting at 3 ns for

the CHL32-PRO case and nearly 2 ns for the CHL4-PRO case. During detachment, the protein

terminals were stretched out from the upper leaflet along with cholesterol, indicating a bond

between the protein and cholesterol. The decreasing cholesterol concentration may have impeded

the resistance to the detachment of protein during the separation of bilayers due to high fluidity

and less bonding with lipid headgroups. Hence early detachment of protein was observed in

CHL4-PRO case.

Figure 8.8 illustrates the electron density profiles for the initial and final separation along the

z-direction for all atoms and cholesterol atoms. It can be observed that the highest electron

densities occurred at the positions of the phosphate group of lipids, which were similar for all

cases. However, the peak electron density of cholesterol decreased by 80.1% due to a decrease in

cholesterol concentration from 0.121 (in the CHL32-PRO case) to 0.024 (in the CHL4-PRO case).

During the separation, these cholesterol electron densities were dispersed along with the elongated

and unfolded transmembrane protein in the z-direction. This observation further supports the

evidence of a bond between cholesterol and the transmembrane protein.

The average resistance stress on the lipid-protein system was different for different cases of

cholesterol concentration as shown in Figure 8.9. The low cholesterol concentration in the lipid

membrane leads to a decrease in initial resistance stress in the system and results in early

detachment failure of the transmembrane protein. During unfolding, the resistance stresses

decreased by 68.01% on decreasing the cholesterol molecule (CHL32-PRO to CHL4-PRO).

Further, the resistance stresses for different cholesterol levels revealed that the results were

dependent and consistent with the obtained order of lipids, area per lipid, and diffusion in the

membrane (as in Figure 8.3 and Figure 8.6). Here, in a low cholesterol case, the decreased bonding

across lipid membrane and increased fluidity were the predominant reasons for the decreases in

resistance stress. The outcome of this atomistic study revealed that the decreasing cholesterol

concentration in lipid membranes in cancerous conditions might lead to easy detachment failure

of transmembrane protein that spans the entirety of the cell membrane. Hence, low cholesterol

impacts the function of the protein to deliver the signaling across the cell membrane and provide

gateways to permit the transport of essential metabolic elements across the membrane to keep

cells alive.

8.6 Conclusion

Herein, the cancerous membrane protein systems were studied for lipid bilayer separation at

different cholesterol concentrations under an external strain environment. The physical parameters
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of the membrane protein system helped to understand the interaction between cholesterol and

other constituents of the systems. It was observed that decreasing the cholesterol concentration

from non-cancerous to cancerous level resulted in an increase in area per lipid and average tilt

angle with the overall decrease in the order parameter. This indicates less bonding and interaction

across membrane protein systems at low cholesterol concentration and, thus increase in diffusion

coefficient observed on decreasing cholesterol concentration. The detachment of protein with

cholesterol from lipids was observed during the simulation of lipid bilayer separation under tensile

straining. This observation confirmed that transmembrane protein was bonded with cholesterol

molecules in the membrane, which revealed the reason for the 68.01% decrease in resistance

stress on decreasing the cholesterol concentration. The findings of this work revealed the changes

in the bonding and interaction of cholesterol with other constituents of the membrane protein

system, which may help in understanding the biophysical behavior of transmembrane protein at

different cholesterol concentrations. This investigation may have implications in the study of the

membrane protein system subjected to a strained environment developed during the treatment

of cancer through acoustic therapies and the transportation of drugs through nanodevices.



Chapter 9

Conclusions and future scope

This thesis aimed at the experimental studies of the dynamic response of microscale biological

structures to understand the changes in their internal structure and interaction with the environ-

ment that can be inferred from their mechanical characteristics. The natural frequencies of a

structure carry information about its material properties, geometry, and boundary conditions.

The method of measuring vibration characteristics of micro-scale structures is different from that

of macroscale counterparts because using sensors and actuators on larger structures is not feasible

at microscale structures. The non-contact position sensing device technique has emerged as a

potent tool for measuring the vibration characteristics of micro-scale structures. We have used

this tool carefully to not only read and record vibration data from several biological structures

but also to push the boundaries of experimental vibration studies for obtaining higher modes of

vibration and verifying our experimental results with appropriate theoretical/simulation results.

Experimental data from various micro-scale structures revealed several modal frequencies of

vibration, including high-quality factors (Q.F) from frequency response measurements. Each

mode is independently excited, the corresponding modal frequencies are recorded and verified

with analytical and FEM simulations. The study of biological structures captured several modes

of vibration and revealed the shift in the corresponding frequencies due to changes in their

intracellular mechanical characteristics and adhesion proteins. Additionally, the conclusions of

each chapter in this thesis are presented as follows:

In chapter 2, we reported our study on bone behavior. The proposed non-invasive method of

testing bones helps to determine mechanical properties such as modulus of elasticity. Analysis of

the bone’s response reveals its damping characteristics, and numerical analysis is used to evaluate

the frequency response of femur bones. Since bones are anisotropic, homogenization using CMAS

is used to optimize material properties for a numerical mechanical response. Modal and Random

vibration analysis reveals the natural frequencies, which can aid in the prosthetic bone design

and study real-life bone activity. The proposed method’s findings of modulus of elasticity are
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similar to those from finite element modeling and compared to previous research findings. This

technique can be used to evaluate the mechanical properties of other biological samples, such as

skin and cells.

Furthermore, chapter 3 demonstrates the time-dependent study of a normal and nanocarrier gel

and cream-loaded rat skin using a non-destructive optical technique and FE modeling to evaluate

the natural frequencies and Young’s Modulus of the skin. The results show that the normal skin’s

experimental frequencies are 263.53 Hz, while skin samples with cream and cubosome loaded

gel have frequencies of 184.53 Hz and 147.5 Hz, respectively. The FE results show a normal

deformation mode shape at a frequency of 243.53 Hz and a wrinkling mode shape at a higher

frequency. Additionally, the study found that as the stratum corneum thickness increases, there

is an exponential decrease in the stresses and deformation in the skin. experimental results were

compared with the numerical methods with an acceptable margin of error. Further study is

needed to develop FE models that incorporate nonlinearity, Hyper elasticity, and anisotropy, as

well as to minimize the experimental error by restricting rigid body movements and environmental

variables. However, literature research indicates that natural frequencies of the skin can vary due

to differences in elasticity at different parts of the body and with age.

This experimental technique has the potential for use in the diagnosis of diseased skin by analyzing

vibrations and observing changes in the dynamic behavior of healthy and diseased skin over time.

It can also be used for evaluating the in-vivo mechanical response of the skin. A lab-on-a-chip

device could be developed for real-time monitoring of skin behavior during clinical treatment.

In chapter 4, previously discussed non-invasive techniques were used to measure the frequency of

cancer cells. The natural frequency of cells was estimated using different viscosity modulators

such as PEG, methylcellulose, and glucose. Further same has been successfully implemented on

invasive and non-invasive cell lines like MCF-7 and MDA-MB-231. Rayleingh-lamb equation was

used to estimate the frequency-dependent intracellular viscosity of the different cancerous cells.

Findings of the biological assay such as western blot, RTPCR, PI Staining, and fluorescence

imaging help in understanding the viscosity behavior of the cells. The results obtained from the

biological assay and noninvasive technique were found to be consistent with each other. Further,

a new approach was evolved to do the numerical modeling of the cells using COMSOL. Real 3D

images were extracted from the high-contrast confocal microscopes and were used as the exact

geometry model of the different cells. The viscoelastic material model was used to define the

material parameters of the cells. Modal and harmonic analysis was performed to understand the

dynamics of the cells under adhesion. The outcome of the experimental and numerical methods

yielded similar results with minimal error. These errors are based on the assumption and the

hypothesis made during the numerical analysis that contributed to the material assignment and

the boundary conditions. Our findings indicate that the EMT process in cancer cells, induced by

TGF-β, corresponds to a lower frequency. A lower frequency leads to lower intracellular viscosity,
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leading to greater spread and mortality of cancer. Early detection of changes in frequency

response suggests the prompt selection of therapeutic treatment. The proposed technique is a key

component of this work, enabling distinguishing healthy and diseased cells based on frequency

and early selection of frequency-based cancer treatment.

In chapter 5, we extend the previous work by introducing more realistic material modeling

and adherent boundary conditions in the numerical modeling of the Huh-7 cells. A finite

element model was modeled in the COMSOL Multiphysics and considered as a continuum model.

Numerical analysis shows a new approach to numerical modeling that is based on the real

geometry acquired from microscopic images, as discussed in the previous chapter. In this study,

a primary hyperelastic material for the cytoplasmic response was considered for the analysis.

The neo-Hookean model was used, in which stresses and strains are computed from a strain

energy density function. To incorporate the viscoelastic behavior, generalized Maxwell branches

are included in the cytoplasm portion. The nucleus is modeled without viscoelastic branches

assuming that it is primarily elastic.

This study describes a relaxation test as the computational model used to validate the material

properties. A rigid indenter was used for compression into the soft, viscoelastic cell, and

the subsequent relaxation of the indentation force was evaluated and compared with previous

experimental data. This comparison helps in validating the assumed material properties for the

modeling. The numerical model was further used to evaluate the modal behavior and frequency

response of the Huh-7 cells at different stiffness of the focal adhesion complexes.

A non-invasive and non-contact experimental technique was used for the frequency response

of the cells and later compared with the numerical simulations. Further, Viscoelastic filament

properties may also be accommodated depending on material and time scale for more accurate

behavior. Estimated frequencies predict resonance, which improves the selection of the therapeutic

frequency for targeting diseased cells. This study shows potential in the fields of medical devices

and biomechanical modeling.

chapter 6 shows the study in relevance to the field of mechanomedicine. Nowadays, mechanical

vibration is a possible biocompatible treatment approach for cancer. The study investigated the

impact of mechanical vibration in the low-frequency range of 20 Hz to 60 Hz on the viability

of Huh-7 cells. Results showed the morphological changes in cellular structure, becoming more

polygonal and degraded. Additionally, the mathematical framework was used as the analytical

model to evaluate the frequency response of the homogenized cells. Biological assays such

as MTT and Annexin V/PI Staining flow cytometry were used to understand the impact of

low-frequency vibrations on cell biology. It was observed that there has been a 10 % increase

in the fundamental frequency of the cells with an increase in the excitation frequency from 20

Hz to 60 Hz. Similarly, findings revealed that the cell viability decreased with the increase in

mechanical vibration. Observations revealed that apoptosis and necrosis increased significantly in
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cells exposed to vibration compared to those in static culture. Although the specific mechanisms

by which low-frequency mechanical vibration leads to cell death through apoptosis and necrosis

are not fully understood. The findings suggest a potential use of mechanical vibration in cancer

treatment as a form of mechanomedicine.

The dynamic behavior of cancer cells refers to the way in which cancer cells move, grow, and

interact with their environment. Understanding and studying the dynamic behavior of cancer

cells in an actuating micro-environment would reflect the importance of the next study in the

field of Bio-NEMS application.

chapter 7 showcases the study of piezo-based microchannels that are used to enable active control

of interfaces between microchannel boundaries, particles, and fluids. In this study, ZnO/PDMS-

based piezo microchannel was fabricated and used for analyzing the morphological changes of

Huh7 cells during the flow through the channel under different (amplitude-frequency) actuation

conditions. The results depicted the highest circularity index under the High-High actuation

condition, and the cells experienced higher geometrical changes at the High-High amplitude and

frequency actuation condition. A non-invasive technique was used to measure the frequency

response of the flowing cells. Fundamental frequency was observed around 331.2 kHz for the case

of the cells flowing through the microchannel (without actuation); similarly, for the High-High

case, it decreased to 249.56 kHz. It was found that the fundamental frequency decreased by 10

% as the actuation frequency increased from Low-Low to High-High. These observations reveal

that cells exposed to higher shear stresses and deformation exhibited higher geometrical changes.

Mechanical properties and vibration characteristics are affected by variations in fundamental

frequencies, and these fluctuations may be related to ambient conditions and external stimuli.

These findings have potential applications in developing a device for diagnosing the state of

malignant diseases based on resonance.

The research presented in this thesis suggests that vibration measurements from a small number

of cells can be used to develop diagnostic tools. The idea is that changes in the cell caused by

chemical or biological factors will result in changes to the cell’s structure that can be detected

through changes in vibration signatures. However, more research is needed to establish normal

cell frequencies and variations before these tools can be fully trusted. Overall, the studies show

the potential for using vibration measurements at the micro-scale to detect changes in various

structures, including non-solid structures such as biological cells.

Furthermore, chapter 8 shows the molecular dynamics study of the complex constituent of

cells, viz., cell transmembrane protein system, to understand the biological phenomenon of

the transmembrane protein in the system under strain environment at different cholesterol

concentrations. The study found that a decrease in cholesterol concentration in membrane protein

systems leads to an increase of 6.4 % in the area per lipid and 62.6 % in the average tilt angle,

accompanied by a reduction in the order parameter. This indicates that lower cholesterol levels in
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cancerous environments weaken the bonding and compactness of the membrane protein system.

Protein stretching and unfolding were also observed during bilayer separation, and resistance

stresses decreased by 68.01 % with decreasing cholesterol. Cholesterol molecules were found to be

bonded with proteins, and it was discovered that cholesterol plays an important role in impeding

diffusion and preventing protein detachment at high concentrations. Thus, transmembrane

proteins can maintain their positions across the membrane and resist functional failure. This

study demonstrates that decreased cholesterol concentration leads to significant changes in the

biophysical behavior of membrane protein systems, which can affect the mechanosensitivity of

transmembrane proteins under mechanical stress.

In overall conclusion, the studies presented in this thesis highlight the potential of experimental

vibration studies for investigating micro-scale biological structures. This includes utilizing the

fundamental natural frequency and shifts in this frequency to detect small changes in the structure,

as well as utilizing higher vibration modes and corresponding frequencies for even more precise

detection. Studies that examine various material modeling and boundary conditions, as well as

their validation, demonstrate the capability of the technique for use in Lab-on-chip and medical

diagnostic devices. These techniques are not limited to adhered micro-scale biological structures

but can also be applied to cell separation and segregation in microchannels. A study based

on atomistic analysis of the cell membrane with a transmembrane protein system shows the

various biological phenomenon in the external strained environment. The investigation that was

conducted could have significant implications for the study of membrane proteins when exposed

to challenging environments, such as those created by cancer treatment using acoustic therapies

and drug transportation through nanodevices. Additionally, this research has the potential to

provide a new understanding of the mechanisms involved in the development and progression of

cancer, as well as identify novel drug target treatments.

The thesis has a fascinating subject with enormous potential for future research. The following

point highlights some future scopes of the present study:

• Development of Lab-on-chip device as the new medical diagnostic tool: The mechanical

study of biological structures can lead to the development of new medical technologies

for diagnosing and treating diseases. It may be possible to develop new resonance-based

therapeutic techniques that are more accurate and highly sensitive by understanding the

mechanical resonance behavior of tissues and cells.

• Improved prosthetics and implants: The study of the mechanical properties of biological

tissues can improve the design and function of prosthetics and implants. Researchers can

develop prosthetics and implants that mimic the natural movements and functions of the

human body by comprehending the responses of tissues and cells to diverse mechanical

stimuli.
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• Understanding the damaged tissue engineering: The study investigates the biological

structures and enhances the understanding of the mechanical properties of different tissues

and cells which can be used to develop a new approach for growing and repairing damaged

tissues.

• Better understanding of the state of disease: The mechanical study of biological structures

can also help researchers to better understand the underlying causes of certain diseases. A

better correlation between the state of diseases and their mechanical behavior can lead to

the development of new treatments for diseases that target the mechanical aspects of the

disease.

• Integration with other imaging techniques: The thesis could explore how to integrate non-

invasive experimental techniques with other imaging techniques, such as confocal microscopy,

electron microscopy, or X-ray microscopy, to gain a more comprehensive understanding of

the dynamic behavior of biological structures.

• Multi-scale modeling: Cancer is a complex disease that involves multiple levels of the

organization, from the molecular to the tissue level. Multi-scale modeling techniques

can provide a more comprehensive understanding of the behavior of cancerous membrane

protein systems under strain environments, and future research can focus on developing

more advanced multi-scale models.

Overall, the future scope of the thesis is very vast and exciting. The research in this field

has the potential to revolutionize medical technologies, prosthetics, tissue engineering, and our

understanding of the disease.



Appendix A

Cells as a standard Voigt model

Consider a single cell’s as an oscillating mass inside a viscoelastic medium and excited by an

external force (Figure A.1). A spherical object with a radius of R represents the cell structure

and behaves as a homogeneous and isotropic viscoelastic material. Spring and dashpot are the

elements used to represent the elastic and viscoelastic components of the cell. The system can be

represented using Equation A.1.

Figure A.1: Cell as a standard Voigt model.(a) Cell under mechanical actuation. The
actuation causes morphological alterations in the cell structure. (b) Standard Voigt model
for the mathematical representation of the cell. Dashpot and spring component represent the

viscoelastic components of the cell.

The equation of motion for the cell system can be written as

fm = mcac =
4

3
πρcR

3d
2uc
dt2

= fd − fr (A.1)

where t is the time, fm represents the inertial force, mc is the cell mass whose density is ρc,

and uc is the associated displacement. Furthermore, fd is the basic driving force in the system,
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that are induced by the external source. While response force fr is the combination of the two

components together i.e. the elastic contribution and the viscous force response. In this case, the

object is very small hence the force can be assumed to have the simple form as shown in the

Equation A.2.

fd =
4

3
πρmR

3dvm
dt

(A.2)

where vm is the velocity of the cell in the medium. Initially the object is at rest, hence the

boundary condition can be represented by,

Uc∥t=0 = 0,
Duc
dt

∥∥∥∥
t=0

= 0 (A.3)

Then, taking the Laplace transform of Equation A.1, we obtain

Fm =
4

3
πρcR

3s2Uc = Fd − Fr (A.4)

where all the transformed components are indicated with capital letters and s is the Laplace

variable. As a consequence, in Equation A.4 Fd is the Laplace transform of the drive force fd.

Hence Equation A.2, can be written as

Fd =
4

3
πρmR

3s2Um (A.5)

In the Voigt model, the system connects with elastic and viscous components in a parallel

configuration ( Figure A.1b). The response force Fr is then calculated by adding the contributions

of the two components together as follows:

Fr = Fµ + FG (A.6)

where FG denotes the elastic contribution and Fµ denotes the viscous force response. For the

vibration of a object in viscous fluids, the viscous force can be written as the equation shown by

Basset [475], Landau and Lifshitz [476], and Or and Kimmel [312]. The expression is

Fµ = 6πµR

(
1 +

√
ωR2

2ν

)
(vc − vm) +

2

3p
πR3ρm

(
1 +

9p

2

√
2ν

ωR2

)
(v̇c − v̇m). (A.7)

Where µ and ν the dynamic and the kinematic viscosities of the medium, respectively, ω is

natural frequency of the system and the velocities v = u̇. It’s important to note that the viscous

response force structure assumed in this case is different from the classical Stokes force. This is

because the equation includes frequency-dependent terms and, in addition, there seems to be an

erroneous inertial contribution known as added mass, as proposed by Brennen et al. [477] that is,
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3πpR3ρm

√
2ν
ωR2 , p (p=2 this case) is the number of elements in parallel, here used to solve the

ambiguous situation raised by Or & Kimmel. While the elastic force, FG, as proposed by Ilinskii

et al. [478], can be written as:

FG = 6πGR(uc − um) + 6πR2
√
Gρm(u̇c − u̇m) +

2

3p
πR3ρm(üc − üm) (A.8)

Here, the elastic response differs from the classical Hooke law. It comprises a pure elastic

contribution and the effects of rapid fluctuations caused by the system’s dynamic interaction with

the environment. which drive the response towards the actual physical behavior. G denotes the

medium’s elastic shear modulus, which is considered to be about one-third that of the equivalent

Young’s modulus according to the incompressibility hypothesis, and um denotes the vibrational

displacement in the medium. After that, the following parameters are introduced:

c0G = 6πGR, c1G = 6πR2
√
Gρm, c2G = 6πR2

√
Gρm (A.9)

and

c1µ = 6πRµ

(
1 +

√
ωR2

2ν

)
, c2µ =

2

3p
πR3ρm

(
1 +

9p

2

√
2ν

ωR2

)
(A.10)

Additionally, the following dimensionless constant is defined:

ζ =
ρc
ρm

=
1

1 + γ
(A.11)

Here, γ = ρmρ
−1
c − 1 Finally, the quasi-standard Voigt viscoelastic constitutive law is written as

fr = c0G(uc − um) + (c1µ + c1G)(u̇c − u̇m) + (c2µ + c2G)(üc − üm) (A.12)

Taking Laplace transform of the response force Equation A.12, results

Fr = (Uc − Um)(c0G + (c1µ + c1G)s+ (c2µ + c2G)s
2) (A.13)

and, substituting Equation A.13 and (A.5) in (A.4) and after deduction we obtaine[
c0G + (c1µ + c1G)s+

(
c2µ + c2G +

4

3
πρcR

3

)
s2
]
∆U =

4

3
πγρcR

3sVm (A.14)

where ∆U = Uc − Um by solving Equation A.14, the analytical solution in terms of amplitude

for the relative displacement ∆U between the cell and its surroundings has the following form.

∥∆U∥s=ιω =

∥∥∥∥∥ 4
3πγζρcR

3sVm

c0G + (c1µ + c1G)s+ (c2µ + c2G + 4
3πρcR

3)s2

∥∥∥∥∥
s=ιω

(A.15)
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