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ARTICLE INFO ABSTRACT

Keywords: Mechanical properties, along with biochemical and molecular properties, play crucial roles in
Aging governing cellular function and homeostasis. Cellular mechanics are influenced by various fac-
Cell

tors, including physiological and pathological states, making them potential biomarkers for dis-
eases and aging. While several methods such as AFM, particle-tracking microrheology, optical
tweezers/stretching, magnetic tweezers/twisting cytometry, microfluidics, and micropipette
aspiration have been widely utilized to measure the mechanical properties of single cells, our
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Cytoskeleton
F-actin understanding of how aging affects these properties remains limited. To fill this knowledge gap,
Stress fiber we provide a brief overview of the commonly used methods to measure single-cell mechanical

properties. We then delve into the effects of aging on the mechanical properties of different cell
types. Finally, we discuss the importance of studying cellular viscous and viscoelastic properties
as well as aging induced by different stressors to gain a deeper understanding of the aging process
and aging-related diseases.

1. Introduction

The mechanical properties of cells are pivotal for various cellular functions, including gene expression, migration, and maintaining
homeostasis [1,2]. Furthermore, these mechanical properties can be influenced by changes in metabolic processes in response to
external forces and aging, through cytoskeleton rearrangement or distortion of the cell and its intracellular components [3,4]. In
general, the mechanical properties encompass both elastic properties such as stiffness, elastic modulus (Young’s modulus), strength,
and elasticity, as well as viscous properties such as viscosity and relaxation time, collectively also referred to as viscoelastic properties.
It should be noted that some studies distinguish between mechanical properties and viscoelastic properties. Mechanical properties
primarily describe the elastic response of a solid material to applied forces, whereas viscoelastic properties describe how a material
responds to forces over time, exhibiting both elastic and viscous behavior. However, in this review, we use these terms
interchangeably.

Various methods have been developed to accurately quantify the mechanical properties of single cells. These methods include
atomic force microscopy (AFM) [5], particle-tracking microrheology [6], optical tweezers/stretching [7], magnetic tweezers/twisting
cytometry [8], microfluidics [9] and micropipette aspiration [10] (Fig. 1). AFM has long been a widely used indentation method for
quantifying high-resolution mechanical properties at the subcellular or cellular level [11,12]. The system consists of a cantilever with a
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Fig. 1. Schematics of mechanics-based systems to measure cellular mechanical properties. a. Optical tweezers: (i) The cell is situated beneath the
trapped bead and (ii) the stage is elevated, causing the cell to interact with the bead, while the bead indents the cell. (iii) An optical microscope
image displaying the bead positioned above the cell, as indicated by the red arrow. Scale bar: 10 um. Figure adapted with permission from Ref. [7],
copyright Optics and Lasers in Engineering. b. Atomic force microscopy (AFM): (i) The AFM probe first descends against the cell surface at a
constant loading speed, denoted as v. (ii) The indentation force is measured throughout the deformation process. (iii) The probe subsequently
retracts away from the cell surface at the same speed (v). Figure adapted with permission from Ref. [5], copyright Physical Review Research. c.
Magnetic tweezers: (i) A representative scanning electron microscopy (SEM) image depicting a fibroblast with a fibronectin-coated bead. (ii) The
magnetic force is generated by a magnetic field gradient using a magnetic tweezer needle, causing the superparamagnetic bead to move.
Figure adapted with permission from Ref. [8], copyright Scientific Reports. d. Micropipette aspiration method: (i) A macrophage (J774) is aspirated
using a micropipette. (ii) The micropipette is connected via tubing to a pressure control and measurement system. Figure adapted with permission
from Ref. [10], copyright Biophysical Journal. e. Microfluidics: Cells are introduced into a microfluidic channel and subsequently exposed to
particles coated with anti-integrin antibodies, specifically designed to bind to integrin molecules on the cell surface. Hydrodynamic forces are
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induced through the utilization of a syringe pump and tubing system. The inset, demarcated by a red box and scaled at 50 pm, displays cells bound
by the particles. A comprehensive view of the entire field captured in an image for high throughput analysis is depicted within the blue box. Within
this image, black dots signify particles adhered to cells, as indicated by white arrows. Figure adapted with permission from Ref. [9], copyright
gcientiﬁc Reports. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

known stiffness that acts like a spring and can detect any deflection. The tip of the cantilever is pushed onto an adherent cell at a
predetermined force, and the resulting resistance force from cell deformation is measured through its deflection. This deflection is
recorded via laser deflection focused on the cantilever, captured using a photodetector, providing mechanical properties such as cell
stiffness by fitting the curve of force versus indentation. Particle-tracking microrheology is another technique frequently used for
analyzing the distribution and movement of fluorescently labeled micron-sized beads embedded in the cytoplasm of live cells [6,13].
The trajectories of the beads and mean square displacement data can be utilized to understand the viscous and elastic properties of the
cytoplasm. Furthermore, optical tweezers/stretching involves the stretching of a single cell trapped between optically active beads.
This method allows for the cell to undergo varying degrees of stretching by displacing one bead while keeping the other stationary. The
stretching is performed at a constant strain rate and various velocities to obtain stretching cycles, which result in a force-extension
curve that determines the cell stiffness.

Magnetic tweezers/twisting cytometry is a unique technique that involves attaching micron-sized magnetic beads to cells and
subjecting them to force or stress [14-16]. These beads are typically coated with fibronectin or collagen to help them attach to
adhesion receptors such as integrins. The beads adhere to the integrins on the cell surface and anchor tightly to the cytoskeleton via
focal contacts. After attachment, these beads are subjected to an oscillatory or stationary magnetic field, causing them to rotate and
impart mechanical torque on the cell. The mechanical properties of the cell, including stiffness and adhesion/bond strength, can be
obtained from this movement and displacement of the beads. Moreover, microfluidics is used to study cell deformation and mechanical
or viscoelastic properties upon the application of physical or chemical stimuli with ultra-high throughput [9,17]. There are three main
microfluidics-based methods to study cellular mechanical properties, namely i) micro-constriction, ii) extensional flow, and iii) shear
flow. These techniques are a powerful method for studying the mechanical properties of a large number of cells with high spatial and
temporal resolution in a short time. Additionally, micropipette aspiration uses suction pressure to measure the mechanical or visco-
elastic properties of a single cell [18,19]. This technique involves connecting a glass capillary (micropipette) to a pressure-based
controller at negative pressure and bringing it closer to a cell under a microscope. The cell is initially sucked onto the micropipette
tip and then drawn inside the tube. During this process, the cell membrane is aspirated and progressively deformed. This movement
can be monitored using a microscope, and the deformation value is further used to quantify mechanical properties such as Young’s
modulus.

Techniques such as magnetic twisting cytometry and particle-tracking microrheology have been more frequently used to inves-
tigate changes at the cytoplasmic level of cells [20]. Meanwhile, AFM, optical tweezers, magnetic tweezers, and micropipette aspi-
ration study cell stiffness by examining changes in both cytoplasmic and membrane components [11,21]. Each method offers distinct
spatiotemporal resolutions, facilitating complementary mechanical assessments of cells or tissues [22].

The measured mechanical properties of cells depend on a cell’s pathological or physiological state, measurement method, and
applied theoretical model, thereby showing a wide range of values of the estimated mechanical properties [23]. As such, cellular
mechanical properties are closely linked to the onset and progression of various diseases, making them effective biosensors or in-
dicators for assessing disease states [24]. Research has shown that most cancer cells exhibit greater deformability and lower stiffness
compared to normal healthy cells. This characteristic is due to the necessity of their ability to penetrate minute areas, such as blood
vessel walls, during migration and metastasis. The aged chondrocytes in osteoarthritis, an age-related degenerative disease, exhibited
reduced stiffness compared to normal young cells [25]. Malaria-infected red blood cells tended to lose their deformability and become
more rigid [26,27].

Cellular mechanical properties undergo substantial changes with age, albeit varying depending on the cell type. Previous studies
have assessed key mechanical properties, including stiffness, elastic modulus, viscosity, and relaxation time, to elucidate the impact of
aging on cellular mechanical properties. However, the measurement of mechanical properties in aging cells has predominantly focused
on a limited number of cell lines or types, such as vascular smooth muscle cells, fibroblasts, or others. Therefore, expanding the range of
cell types analyzed could provide deeper insights into diverse physiological phenomena in different tissues or organs, or age-related
diseases. In this review, we will first provide a concise overview of aging-related changes in mechanical properties exhibited by various
cell types, along with a brief description of biochemical and morphological changes. Next, we will explore current limitations and
propose avenues for future research in this field.

2. Mechanical properties and behaviors of aging/aged cells

For years, scientists have been measuring the mechanical properties of aging/aged cells using various different methods, yet the
range of cell types or lines used for these measurements remains limited, considering the approximately 200 types of cells found in the
mammalian body. Commonly studied cell types include vascular smooth muscle cells (VSMCs), erythrocytes, leukocytes, fibroblasts,
endothelial cells (ECs), cardiomyocytes, and more (Table 1).

Erythrocytes (red blood cells) play a pivotal role in oxygen delivery [28]. To date, numerous studies have examined the impact of
aging on cellular mechanical properties. There is a consensus that cellular mechanical properties, such as stiffness or elastic modulus,
tend to increase with age, suggesting a decrease in membrane deformability [29]. Furthermore, viscous properties such as viscosity
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Table 1

Impact of aging on cellular mechanical properties.
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Cell Type

Measurement method

Key Feature

References

Rat Vascular Smooth
Muscle Cells

Rat VSMCs

Monkey VSMCs

Monkey VSMCs

Primary Human Pulmonary

Artery SMCs

Human Foreskin Epithelial
Cell

Rat Cardiac Myocyte

Human Dermal Fibroblast

Primary Human Dermal

Fibroblasts

Human Dermal Fibroblasts

Primary Human Foreskin

Fibroblast

Primary Human Articular
Chondrocytes

Bovine knee Chondrocytes

Human Articular
Chondrocytes

Human Single Fiber

Human Erythrocytes

Human Erythrocytes

Magnetic twisting cytometry
(MTC)

Atomic force microscopy
(AFM)
AFM

AFM

AFM

AFM

Optical stretcher

AFM

AFM

AFM

Micropipette aspiration

AFM

AFM
Quick release experiment and

the slack-test procedure

Micropipette aspiration

AFM

- VSM cells isolated from the thoracic aorta of young (8 months) and aged (30
months) rats

- ~0.6 Pa/nm for aged and ~0.18 Pa/nm for young on the matrix rigidity of 1
kPa

- VSM cells isolated from young (4 months) and old (24 months) male rats

- ~ 10 kPa in stiffness for young and ~18 kPa for old VSM cells

- VSM cells isolated from the thoracic aorta of young (5-8 years) and old (24-25
years) monkeys

—3.5 kPa for young and 21.6 kPa for aged cells (612 % increase in elastic
modulus)

- VSM cells isolated from the thoracic aorta of young (6.4 + 0.1 years) and old
(25 + 0.4 years) male monkeys

- ~10 kPa in modulus of elasticity for young and ~42 kPa for aged cells

- Cells collected from lung tissues of old (50-60 years) and young (11-25 years)
donors

- No age-related changes in the cellular stiffness ranging from 10 kPa to 15 kPa
- Invitro aged cells (>50 population doublings) and young cells (<25 population
doublings)

- Nuclear region: 14 kPa (young) and 33 kPa (aged)

- Cytoplasmic area: 37 kPa (young) and 110 kPa (aged)

- Edge of the cell: 0.57 kPa (young) and 2.2 kPa (aged)

- Cells isolated from young (4 mo) and old (30 mo) male Fischer 344 x Brown
Norway F1 hybrid rats

- AFM: 35.1 + 0.7 (young) and 42.5 + 1.0 kPa (old)

- Cells isolated from 14 human donors aged 27 to 80 years old

- Fibroblasts from older donors showed an approximately 60 % increase in
rigidity compared to cells from the youngest donors.

- Plateau Young’s modulus: ~150 Pa (young) and ~250 Pa (old)

- Cells isolated from 30-, 40-, and 60-years old volunteers

- The magnitude of elastic moduli varies depending on the indentation depth
(200 nm vs 600 nm).

- Age 30: 8 kPa-13 kPa

- Age 40: 9 kPa-14 kPa

- Age 60: 9 kPa-17 kPa

- Cells isolated from disposal tissue of circumcision (male, 13 and 14 years old)
- The passage number ranging from 5 to 20 was utilized to induce different aging.
—0.356 N/m in average stiffness at passages 5 and 1.186 N/m at passages 15

- Cells from older donors (>30 years) and young donors (<25 years).

- Fibroblasts from the young donor group exhibit, on average, greater stiffness
compared to fibroblasts from the aged donor group.

- Cells isolated from donors with ages 18-35 and 55+

- Viscoelastic properties were measured

- Instantaneous modulus: ~0.4 kPa for ages 18-35 and ~1 kPa for 55+

- Apparent viscosity: ~1.9 kPa s for ages 18-35 and ~2.4 kPa s for 55+

- Relaxation time: no difference between ages 18 -35 and 55+ with ~22s

- Cells isolated from neonatal (1 day), adult (5 year) and geriatric (12 year)
bovine knees

- At indentations exceeding 500 nm, adult chondrocytes (~0.75 kPa) exhibited a
significantly lower elastic modulus compared to neonatal cells (~1 kPa).

- The intrinsic viscosity of geriatric chondrocytes (~0.27 kPa s) was found to be
lower compared to neonatal cells (~0.43 kPa s).

- Cells prepared from surgical specimens of patients with OA, aged 21 to 81 years
- Stiffness: ~0.0348 N/m for old cells (patient age: older than 65 years) and
~0.0960 N/m for normal cells (21-45 years)

- Biopsy specimens percutaneously isolated from the vastus lateralis muscle
under local anesthesia in two groups: young men (N = 6, aged 25-36 years) and
old men (N = 6, aged 60-74 years).

- The instantaneous stiffness per force unit was significantly greater in type I and
IIa fibers in old men than young men.

- Cells collected from human males aged 21-35 years, and newborn infants aged
from 38 to 40 weeks.

- Both elastic modulus and viscosity were higher for adult cells than infant cells
- Extensional elastic modulus (10~2 dyn/cm): ~5 for neonatal RBC and ~6.1 for
adult RBC

- Plastic viscosity coefficient (102 dyn/cm): ~0.96 for neonatal and ~2 for adult
- Cells isolated from blood samples obtained by venipuncture of healthy donors

- Oxidative stress-induced cellular aging using peroxynitrite

[47]

[49]

[62]

[48]

[50]

[53]

[37]

[41]

[63]

[42]

[55]

[56]

[25]

[60]

[31]

[64]

(continued on next page)
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Table 1 (continued)

Cell Type Measurement method Key Feature References

-Elastic modulus: ~19 MPa for control and ~22 MPa for peroxynitrite-treated
cell
Human Endothelial Cells AFM - HUVEC line was treated with oxidized low-density lipoproteins (ox-LDL, 10 pg/ [44]
mL) to emulate the cellular aging
- Young’s modulus: 0.36 + 0.02 kPa for control cells and 0.76 + 0.14 kPa for ox-

LDL cells
Human Tendon Stem/ AFM - TSPCs isolated from elderly patients (63 + 14 years) and young patients (28 + 5 [61]
Progenitor Cells years).
(TSPC) - Elastic modulus: 13.8 kPa (young) and 19.5 kPa (elderly)
Mouse CD4" and CD8" T Micropipette aspiration - Cells collected from peritoneal leukocytes of ‘adult’ (40 + 4 weeks), ‘mature’ [39]
Cells (56 + 4 weeks), ‘old’ (72 + 4 weeks) and ‘very old’ (90 + 4 weeks)

- Both CD4" (0.5 kPa-2 kPa) and CD8™" cells (1 kPa—4 kPa) tend to increase their
stiffness with age.

also exhibited an increase or remained unchanged as individuals age, mirroring the trend observed in elastic modulus [30]. One of the
early findings showed that neonatal erythrocytes’ elastic modulus was 18 % smaller compared to adult cells, while membrane surface
viscosity exhibited similar characteristics in both cell types [31].

The changes in elastic and viscous properties are highly linked to structural, biochemical or molecular changes during aging
Erythrocytes, composed of cytoskeletal elements, actin, and spectrin, undergo significant structural alterations with age. Research
indicates a marked increase in the complexity of these cytoskeletal components during aging (Fig. 2a). Furthermore, there is a
documented upregulation in the expression of lipids or proteins such as hemoglobin. The morphological characteristics of erythro-
cytes, including surface area and volume, undergo modifications throughout the aging process [32]. The previous study revealed that
aging-related ATP depletion results in an increase in the average size of the 2D lattice mesh, consequently affecting cell elasticity [33].
Moreover, as the concentration of calcium ions increases during aging, it can trigger rearrangements in the membrane skeleton
structure, ultimately leading to the augmentation of erythrocyte stiffness [34]. The interaction of reactive oxygen and nitrogen species
with erythrocytes induces alterations in the membrane, resulting in changes in cell elastic moduli [35]. More specifically, the exposure
of erythrocytes to these reagents in high concentrations resulted in elevated erythrocyte elastic modulus.
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Fig. 2. Aging-related structural changes of the cells. a. The effect of aging on the membrane structure of erythrocytes. (i) Membrane skeleton
structure of erythrocytes without and with peroxynitrite (an oxidizing agent). (ii) The effect of peroxynitrite (ONOO-) concentration on the
complexity of the membrane structure. The increasing peroxynitrite concentration correlates with higher membrane complexity. Figure adapted
with permission from Refs. [29,36], copyright Ageing Research Reviews and Bioelectrochemistry. b. The impact of aging on F-actin and actin
polymerization. (i) Fluorescence images depict the G-actin monomer (green) and F-actin cortex (red) in suspended fibroblasts isolated from young
and old donors. (ii) Enhanced F-actin signals observed in cells from older donors. Figure adapted with permission from Ref. [37], copyright Bio-
physical Journal. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Leukocytes (white blood cells) are integral components of the immune system, actively engaged in both the innate and humoral
immune responses [38]. Circulating within the bloodstream, they initiate inflammatory and cellular responses in reaction to injury or
pathogens. Leukocytes are mostly short-lived, typically having a lifespan of only a few months or less. Compared to erythrocytes,
leukocytes are known to be larger but less deformable. Studies have demonstrated that aging T lymphocytes’ stiffness is greater than
young T lymphocytes. More specifically, both CD4" cells (0.5 kPa—2 kPa) and CD8" cells (1 kPa—4 kPa) tend to increase their stiffness
with age [39]. The increase in stiffness or elastic modulus during aging might be attributable to the increased basal F-actin as well as
cytoskeletal rearrangements. Furthermore, the mechanical response of aged leukocytes was found to be delayed [29].

Fibroblasts are specialized biological cells responsible for synthesizing the extracellular matrix and collagen, thereby creating the
structural framework (stroma) essential for animal tissues [40]. Different types of fibroblasts, including those derived from the human
foreskin or the dermis, have been employed to explore the impact of aging on alterations in mechanical characteristics. Experimental
findings have been inconsistent across studies. In most cases, studies have concluded that cellular stiffness increases with age [37,411,
likely due to the increased F-actin content and actin polymerization (Fig. 2b). In contrast, a conflicting study has shown that fibroblasts
from young donors exhibit greater stiffness compared to those from older donor cohorts [42].

ECs form a monolayer lining every blood vessel, regulating exchanges between the bloodstream and the adjacent tissues [43]. The
prior study displayed that when human umbilical vein ECs (HUVECs) were treated with the aging-causing factor, oxidized low-density
lipoproteins, their stiffness significantly increased compared to those without treatment [44]. Furthermore, shear stress driven by fluid
flow is found to serve as a prominent stressor that triggers cellular aging or senescence. Studies have demonstrated that shear stress can
elevate the elastic modulus of bovine aortic endothelial cells exposed to shear stress for a day compared to cells without such stress
[45]. This increase in elastic modulus may be attributed to the formation of stress fibers at both the cell’s ventral surface and middle
plane.

VSMCs are the primary components of the blood vessel wall and play a crucial role in regulating blood pressure [46]. The

a Time Drug uv Disturbed flow Mutagenic
Chemicals

H#1 ’ ?:"Q

2

Fig. 3. Aging-induced changes in molecular, structural, and mechanical changes and their connection. a. Aging can be induced by various stressors,
including drugs, UV light, chemicals, disturbed flow, and other factors. b. Aging triggers changes in cytoskeletal density or organization, leading to
alterations in cellular mechanical or viscoelastic properties. Consequently, these changes drive modifications in cellular kinetics (stress) and ki-
nematics (strain).
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mechanical properties of VSMCs have been extensively studied across various species, including humans, monkeys, and rats. While
many studies have indicated an increase in stiffness or elastic modulus with advanced age [47-49], one study found no difference in
mechanical properties associated with aging, displaying cellular stiffness ranging from 10 kPa to 15 kPa [50].

Cardiomyocytes (cardiac muscle cells) are contractile and excitable cells in the heart that are striated, branched, rich in mito-
chondria, and under involuntary control [51]. Studies have shown that the stiffness of cardiomyocytes tends to increase with
increasing age. The experimental investigation performed by Lieber et al. using AFM revealed that the apparent elastic modulus of
myocytes from old rats (30 months) was approximately 20 % higher than that of myocytes from young rats (4 months), possibly due to
alterations in cytoskeletal proteins [52,53].

Chondrocytes and osteocytes play a key role in the formation of cartilage and bone, which protect the body’s internal organs,
provide structural support, and serve as attachment surfaces for muscles [54]. Prior investigations have demonstrated that osteocytes
and chondrocytes possess an elastic modulus of 1-2 kPa and 0.5 kPa, respectively [29]. The early study using AFM exhibited that aged
chondrocytes are less stiff than normal young cells [25]. However, a contradictory study utilizing the micropipette aspiration tech-
nique demonstrated a significant increase in the elastic modulus with osteoarthritis due to cytoskeletal reorganization [54]. Of note,
certain studies have assessed both viscous properties, such as viscosity and relaxation time, along with elastic properties. Steklov et al.
showed that apparent viscosity values are ~1.9 kPa s for age 18-35 and ~2.4 kPa s for 55+, while no difference in relaxation time
(~225) is found [55]. However, in another study investigated by Chahine et al. [56], the intrinsic viscosity of geriatric chondrocytes
(~0.27 kPa s) was found to be lower compared to neonatal cells (~0.43 kPa s).

Epithelial cells are highly prevalent in covering the skin, body cavities, and blood vessels [57]. The AFM study conducted by
Berdyyeva et al. unveiled that human foreskin epithelial cells exhibit increased stiffness with age in three different regions of the cells:
nuclear, cytoplasmic, and edge regions of the cells [58]. This augmented stiffness in aging cells is likely attributable to the heightened
density of F-actin microfilaments. However, the application of the actin polymerization inhibitor, cytochalasin B, was found to reverse
the stiffness of aging cells [59].

In addition to the aforementioned cells, other cell types, such as skeletal muscle fibers [60] and tendon stem/progenitor cells [61],
have demonstrated an elevation in mechanical properties such as stiffness or elastic modulus with aging.

3. Discussion

The fundamental components of cells, such as the plasma membrane, cytoskeleton, and organelles, collectively influence the
mechanical behaviors of cells. In particular, cytoskeletal components, such as actin filaments, intermediate filaments, and microtu-
bules, and their associated proteins such as myosin are crucial to maintain the architecture and mechanical properties of cells. As such,
it is essential to understand how their structure, content, density, and organization vary with age.

Numerous studies have demonstrated a significant change in cellular mechanical properties with age across various cell types.
Collectively, several common explanations have been proposed for this phenomenon. First, the density or organization of cytoskeletal
components, such as F-actin (filamentous actin), is strongly correlated with changes in cellular mechanical or viscoelastic properties
due to their dynamic alterations with age. These changes result in the modification of cellular kinetics (stress) and kinematics (strain)
(Fig. 3b). The early study revealed a notable increase in the content of F-actin in dermal fibroblasts from older donors (aged 61-71)
compared to those from younger donors (aged 20-27) while maintaining the level of expression of G-actin (globular actin) [37].
Another study illustrated that the stiffness of human lymphocytes increases during aging, attributed to the elevated F-actin content
coupled with a lower reduction in stimulus-induced actin polymerization [65]. Furthermore, increased expression levels of cyto-
skeletal crosslinkers, such as fascin or a-actinin, along with heightened stress fibers and cytoskeleton density, are implicated in altering
cellular mechanical properties. Research has identified that aging epithelial cells exhibit heightened stiffness attributable to the
elevated density of cytoskeletal crosslinkers and increased stress fiber density [22]. Another potential explanation is that cholesterol
and lipid peroxidation levels increase in aging cells, leading to a consequent rise in cellular stiffness [66].

Biological cells exhibit a dual nature, displaying both solid and fluid characteristics [67]. This viscoelastic behavior, highly
influenced by components such as the cytoskeleton, cytosol, and cell membrane, remains crucial in understanding cellular function
and dynamics [68]. For instance, the expression of cytoskeleton proteins such as actin, vimentin, and tubulin affect the cellular elastic
properties [69]. To support this hypothesis, changes in the viscoelastic properties of chondrocytes and their role in osteoarthritis were
studied [69]. The fluidity and viscosity of the cell membrane and cytoplasm define the rheological or viscous properties of the cell,
playing an essential role in maintaining intracellular transport [70,71]. Furthermore, intracellular organelles are involved in
mechanosensing and are generally connected to the cell cytoskeleton; the external application of mechanical stress to the cell and its
organelles can lead to the activation of mechanosignaling pathways [72]. Studies have established that cell metabolism and mechanics
are interlinked [3]. Collectively, various organelles significantly contribute to the mechanical properties of the cell.

Currently, the majority of studies have focused on characterizing or quantifying elastic properties such as stiffness or elastic
modulus. In contrast, only a limited number of studies have examined viscous or viscoelastic properties despite cells being composed of
both solid and fluid components. The viscous properties of cells are closely linked to various cellular functions, molecular diffusion,
signal transduction and gene expression. Consequently, comprehending alterations in the viscous properties of cells can aid in
establishing another cellular aging marker and better understanding the aging process. Hence, further emphasis should be placed on
the measurement of cellular viscous or viscoelastic properties using established techniques such as AFM, microfluidics, or magnetic
tweezers in future research.

Cellular aging is driven not only by chronological factors such as time or cell replication but also by various stressors that contribute
to aging (Fig. 3a). These stressors include UV light, hydrostatic pressure, disturbed flow, drugs, smoking, and chemicals, among others
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[73]. Early findings have revealed significant differences in molecular or biochemical properties between natural aging and
stressor-induced aging [74]. For instance, cell cycle arrest and telomere shortening are prominent features in naturally aging cells,
whereas they may not be present in cells undergoing stress-induced aging. Furthermore, it has been observed that cells undergoing
aging induced by stressors such as disturbed flow or cancer therapy secrete a much higher level of senescence-associated secretory
phenotype (SASP) factors, including excessive reactive oxygen species (ROS), compared to naturally aging cells [74]. These findings
suggest that the pattern of changes in mechanical properties may vary depending on the type of factors contributing to aging.
Therefore, in future studies, it is essential to consider how the type of aging-causing factors influences changes in mechanical or
viscoelastic properties.

One of the limitations is that the majority of the measurements have been conducted at room temperature, which lacks physio-
logical relevance. Therefore, exploring changes in cellular mechanical properties within physiologically relevant environments can
narrow the gap between in vitro and in vivo mechanical properties, thereby offering deeper insights into aging physiology and bio-
logical mechanisms [21].

4. Conclusion

Aging induces significant alterations in the structural, mechanical, and biochemical properties of cells. Among these changes,
mechanical characteristics such as elastic and viscoelastic properties play a pivotal role, serving as indicators of both physiological and
pathological conditions as well as the aging process itself. Various techniques have been employed to investigate aging-related me-
chanical changes at the cellular level. Studies have demonstrated notable differences between aging cells, including erythrocytes,
leukocytes, ECs, cardiomyocytes, osteocytes, and epithelial cells, when compared to their younger counterparts. Thus, comprehending
the mechanical alterations associated with aging across different cell types holds promise in identifying markers for aging and un-
derstanding how different therapies, including vaccination, cell therapy, and gene therapy, will work for the aged population.
Furthermore, linking these changes in mechanical properties with alterations in biochemical and structural properties will further
advance our understanding of aging biology.
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