
Optical Sensors in Mechanobiology | Encyclopedia.pub

https://encyclopedia.pub/entry/51115 1/12

Optical Sensors in Mechanobiology
Subjects: Biophysics | Optics

Contributor: Muhammad Sulaiman Yousafzai , John A. Hammer

Optical sensors play a central role in the study of mechanobiology by enabling the accurate detection and

measurement of mechanical forces and their effects on biological systems. Mechanobiology explores how

mechanical forces influence cellular processes, tissue development, and overall physiological functions.

biosensors  organoids  spheroids  extracellular matrix (ECM)  mechanobiology

1. Introduction

The culture of cells in 2D has powered tremendous advances in the biological sciences and in the biotech industry

. Two-dimensional cultures are easy to make and manipulate, relatively inexpensive, and for immortal cells last

indefinitely. That said, major differences exist between cells grown in 2D and in 3D at both the single cell and

collective cell levels. For example, invasive cells use different modes of migration in 3D culture than in 2D culture

. Similarly, epithelial cells undergo geometrical and structural transformations in 3D culture that do not occur in

2D cell monolayers . As a case in point, the modeling of brain development is possible using 3D organoids but is

not possible using 2D cultures . One major disadvantage of 2D cultures is that they lack many of the cell–cell and

cell–matrix interactions seen in tissues. Such interactions likely influence responses to pharmacological

perturbations. The fact that cells in 2D are usually homogenous, i.e., not in contact with other cells types as in

tissues and many types of organoids, may also influence responses to pharmacological perturbations . On the

other hand, 3D cultures provide in vivo-like cell–cell and cell–matrix interactions, and the associated signaling

pathways responsible for affecting cell phenotypes. However, 3D cultures are more costly to establish and maintain

than 2D cultures. They also rely largely on imaging and manipulation modalities designed for 2D, and so, there are

some methodological challenges to overcome . These prominent differences can lead to many differences in

biological functionalities, and hence, the fundamental understanding of in vivo processes (Figure 1).

Different terminologies are used by the research community for 3D cellular structures. These include organoids,

enteroids, spheroids, cell-aggregates, and organotypic cultures. Importantly, some of these structures differ as

regards their structure and function, as well as their phenotypic and genotypic complexity . That said, we can

broadly categorize 3D structures as organoids and spheroids, as both are 3D cell culture systems that mimic to

varying degrees the structure and function of an in vivo tissue. An organoid is a 3D cell culture system derived from

stem cells or tissue progenitor cells. They have the ability to self-organize, regenerate, and recapitulate to varying

degrees a tissue-specific phenotype . Organoids are broadly used to study organogenesis of homeostatic and

diseased organ tissues . A spheroid is a 3D culture derived from a cell line that under the right conditions will

aggregate to form a 3D spherical structure . While spheroids can be grown with or without a matrix, they are

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]



Optical Sensors in Mechanobiology | Encyclopedia.pub

https://encyclopedia.pub/entry/51115 2/12

most commonly created using nonadherent conditions to achieve high yield and rapid, synchronous formation.

Spheroids are commonly used as simple tumor models  (Figure 2).

Cells in vivo are constantly probing their mechanical environment through integrin-based adhesions to the

extracellular matrix (ECM), cadherin-based adhesions to surrounding cells, and mechanosensitive ion channels.

They then integrate all of these signals to trigger an appropriate response . As a result, tissues exhibit

characteristic mechanical features that ensure proper tissue functionality. For example, brain tissues are soft with

elastic moduli of ~100 Pa, while bones are very stiff with a modulus of over 100 kPa . While the mechanical

features of tissues are mostly invariant under homeostatic conditions, that can change in pathological conditions.

For example, tumors are typically stiffer than the surrounding healthy tissues . A good example of this is breast

cancer, where normal breast tissue is in the range ~500 Pa and increases to more than 1000 Pa in breast tumors.

Importantly, 3D spheroids and organoid models can be exploited to understand the connection between the

mechanical signature of a tissue and its functionality in vivo. Generally, Matrigel and Collagen type-I are the most

common matrices used for generating 3D cultures . Matrigel is mostly used for growing organoids while collagen

I is mostly used in tumor invasion studies as it better mimics the tumor microenvironment . Of note, there are

batch-to-batch variabilities in the composition of these matrices and, hence, variabilities in their mechanical

properties. Moreover, because they are not amenable to chemical and mechanical alterations, it is hard to fine-tune

matrix mechanics to promote a specific cell behavior. Given this, there is a clear need to design mechanically

controllable matrices with precise chemical compositions and mechanical properties .

To understand cell behavior in 3D environments, and to develop mechanically tunable matrices for such

environments, one must possess tools capable of accurately measuring forces in 3D.

Organoid growth involves complex shape transformations driven by mechanical forces generated in large part by

actomyosin-dependent contractions. These forces are constantly adjusted by cell–cell and cell–matrix crosstalk to

establish the correct morphological structure for the given environmental condition. In organoid cultures, the

structure emerges stochastically as there is no control over stem cell differentiation patterns or mechanical forces.

To remedy this, organ-on-a-chip (OoC) platforms can be used to precisely control structure by defining the position

of stem cells and by allowing the application forces with increased spatiotemporal resolution.

Due to their potential for both basic and translational research, many research groups have begun using 3D culture

platforms. A survey of PubMed (www.ncbi.nlm.nih.gov, accessed on 27 June 2023) (Figure 1A) over the last two

decades shows a corresponding surge in research publications. Systems complexities increase as get closer to

physiological conditions in vitro and throughput decreases (Figure 1B).
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Figure 1. Numbers of publications on organoids, spheroids, and organs-on-a-chip: (A) Number of publications per

year found identified by a PubMed search using the terms organoids, spheroids (spheroids and cell aggregates),

and organ-on-a-chip between 2001 and 2022. (B) As get closer to in vivo conditions, the complexities of the

systems increases and throughput decreases.

Figure 2. Morphological differences between organoids and spheroids: Organoids: a representative bright field

image of intestinal organoids grown in Matrigel from an intestinal crypt. Nascent organoids have a spherical

morphology, are composed of a monolayer of a columnar stem cells and transient amplifying cells, and contain a

lumen filled with fluid and extruded cells. As they mature, organoids grow in size and develop a crypt and villus
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morphology just like intestinal tissue in vivo. The stem cells are localized within the crypts, while the nutrient-

absorbing enterocytes form the villus. Intestinal organoids can be used to study mechanisms of barrier function,

lumenogenesis, cell division, and cell extrusion. Spheroids: a representative DIC image of spheroids formed by

Sarcoma S-180 cells formed via a spinning method within a non-adherent platform. Adopted with permission from

. Nascent spheroids are initially roughly spherical, and then merge together to form big spheroids. They are

dense structures where cells are connected initially through cell–cell-adhesion. As they mature, they produce

necrotic centers. Spheroids are very useful for measuring tumor growth dynamics, mechanical and immuno-

resistant barriers, drug responses, and solid stresses. Scale bar is 50 µm.

2. Optical Sensors in Mechanobiology

Optical sensors play a central role in the study of mechanobiology by enabling the accurate detection and

measurement of mechanical forces and their effects on biological systems. The history of biosensors dates back

several decades to when the term “biosensor” was first introduced by Clark and Lyons in 1962 to describe a device

that used an enzyme electrode to measure glucose levels . An enormous advance in the field of biosensors was

the discovery of Green Fluorescent Protein (GFP) . By allowing one to observe the dynamic activities of proteins

within living cells in real time, GFP profoundly reshaped the landscapes of imaging, cell biology, and optical

biosensing. Mechanobiology explores how mechanical forces influence cellular processes, tissue development,

and overall physiological functions . Unlike chemical sensors, which can be studied from the analyte

concentrations, force cannot be directly measured; it can only be inferred from material deformations . Harris,

Wild, and Stopak published a seminal paper in 1980 in which they measured cell-generated forces by observing

wrinkles in a silicone substratum, thereby laying the groundwork for traction force microscopy (TFM) . In 1995,

Guilford and colleagues employed micro rheology to measure internal cellular forces by utilizing magnetic beads

that were internalized by macrophages . The integration of Förster Resonance Energy Transfer (FRET) in cells

, the development of force spectroscopy techniques (optical tweezers, magnetic tweezers, atomic force

microscopy), and super-resolution microscopy (SIM, STED, STORM, PALM) have all changed the course of

mechanobiology.

While the field of mechanobiology has experienced enormous growth over the last few decades, there is still

ongoing debate regarding the time and length scales over which cell mechanics actively contribute to biological

processes . Cells have the ability to sense (outside-in), generate (inside-out), and integrate mechanical forces

over a range of time and length scales . The cell’s plasma membrane is the primary site of force transmission.

Moreover, it is decorated with mechanosensitive channels (i.e., Piezo1, Piezo2) and transmembrane receptors

(e.g., integrins) that link the cell’s interior to the outside word. When subjected to mechanical stimuli,

mechanosensitive channels respond within milliseconds. Conversely, integrin-mediated adhesion interactions take

tens of seconds, and the cytoskeletal alterations that occur downstream of force transmission through integrins

occurs over the span of many minutes. Likewise, cells also receive mechanical forces from neighboring cells in the

tissue . Cell integrates these mechanical forces to organize and control global responses like cell migration,

proliferation, cell extrusion, and structural/morphological changes . How cells integrate these forces to create
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global responses is only partially understood. Efforts to quantify mechanotransduction at different time and length

scales, and to correlate these measurements with physiological responses, will provide major insights.

Prominent mechanobiological techniques that utilize optical sensors include TFM, optical tweezers, and FRET-

based tension sensors. While it is not possible to fully understand mechanotransduction using just one technique,

results obtained using multiple techniques can be combined to obtain deeper understanding of any particular

event.

TFM has played a major role in the growth of the field of mechanobiology. This technique is used to quantify the

forces that cells exert on their surrounding environment . It is most commonly used to study cell–substrate

interactions, where cells adhered to a deformable substrate like a hydrogel can generate mechanical forces. These

forces are quantified by imaging fluorescent microbeads embedded within the substrate. As the cell applies force to

the substrate, the beads in the substrate are displaced. By tracking bead displacements using particle image

velocimetry (PIV), the distribution and magnitude of the forces exerted by the cells on the substrate can be

calculated. While TFM is typically used to measure forces produced by single cells , and even forces generated

by individual focal adhesions , it can also be used to measure forces produced by collections of cells (e.g., 2D

organoids) . Studies employing TFM have provided major insights into the mechanobiology of cell migration ,

cell division , wound healing , and jamming- unjamming transitions . That said, the implementation of TFM

in 3D systems will be challenging as the technique relies on displacements fields of ECMs with known mechanical

properties, which is not the case for 3D models like organoids and spheroids. TFM in 3D is further discussed in

Section 6.

Optical tweezers use focused laser beams to trap and manipulate microscopic objects such as cells and beads

. By harnessing radiation pressure and momentum, optical tweezers create a localized region of higher intensity

where particles experience a trapping force. This force can be precisely controlled to manipulate and measure the

displacements of individual cells, particles, or even single molecules in the range of 1 nm to 1 mm . In the

context of mechanobiology, optical tweezers are used to apply and measure forces at the pico-newton (pN) level.

This powerful technique has provided major insights into the biomechanical properties of single cells and the role of

mechanical forces in various biological processes. The high sensitivity of advanced optical tweezers has also

provided a powerful tool for investigating the biophysical properties of single molecules like motor proteins .

The application of optical tweezers to 3D cell culture models is so far limited, although it has been used

successfully to measure the viscoelasticity of cells within organoids .

FRET has evolved from a theoretical concept  to a widely used experimental technique with diverse applications

in cellular and molecular research . Indeed, FRET sensors have revolutionized the ability to interrogate

mechanical forces and dynamics within living cells  by providing insights into how cells respond to mechanical

cues, how forces are transmitted across cellular structures, and how mechanical processes contribute to cellular

behaviors. Moreover, the constant improvements being made to FRET-based technologies should ensure even

deeper insights into the mechanics of tissues, cells and molecules. FRET is a fundamental molecular phenomenon

that involves the transfer of energy from an excited donor fluorophore to an acceptor fluorophore when they are in
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close proximity . Because energy transfer is extremely sensitive to the distance between the donor and acceptor

molecules, FRET provides a very powerful tool to study interactions between different molecules, as well as

conformational changes within individual molecules . These genetically encoded tension sensors can be used to

measure mechanical forces within living cells by revealing mechanically responsive domains within individual

proteins tagged appropriately with both the donor and acceptor probes as changes in fluorescence intensity,

spectral shift, or other measurable signals . These sensors have been used extensively to visualize interactions

and quantify mechanical forces exerted on specific cellular components such as cadherin-based cell–cell

adhesions, integrin-based cell–substrate adhesions , membrane–membrane interactions , and cytoskeletal

structure interactions . Although FRET has proven very valuable for investigating molecular interactions, its

utilization in the context of 3D mechanobiology presents challenges as regards spatial resolution, penetration depth

for optical imaging, quantification accuracy, background noise, microenvironment variations, cellular diversity, and

other technical complexities.

While the advanced methods discussed above have provided many insights into molecular aspects of

mechanotransduction, interpreting these results in the context of tissues (e.g., tissue function, differentiation, and

remodeling) poses significant challenges. Indeed, the development of techniques that allow biosensors to be used

in 3D cellular structures like organoids and spheroids will be particularly important. For example, measuring

cellular-scale forces within organoids, spheroids, and tissues remains very challenging because 3D ECMs are

quite complex. The optical biosensors currently employed to study the mechanobiology of organoids and spheroids

are summarized in Figure 3.

YAP/TAZ: YAP-TAZ (Yes-associated protein (YAP) and WW domain-containing transcription regulator protein 1

WWTR1, also known as TAZ) are transcriptional coactivators that play a pivotal role in several fundamental cellular

processes, including cell proliferation and tissue development. When cells are subjected to mechanical stimuli or

experience changes in their mechanical environment, YAP translocate into the cell’s nucleus where it acts together

with various transcription factors to regulate gene expression. Because YAP/TAZ responds to mechanical cues,

fluorescent versions can be used as a mechanosensors to define the cell’s mechanical state . YAP has been

shown to regulate intestinal stem cells  (YAP activation is higher in the stem-cell rich crypt than in the villus ),

and transient YAP activation is necessary for symmetry breaking in organoids .

Nuclear deformation: Forces impinging on the nucleus can alter nuclear shape, chromatin structure, and,

ultimately, the cell’s transcriptional profile. The dynamic visualization of cell nuclei using GFP or RFP tagged with a

nuclear localization sequence (NLS), GFP-tagged Histone H2B, or even the DNA dye DAPI have the potential to

serve as mechanical sensors in 3D cell models. Because nuclear volume scales with cell volume , the

orientation, size, and shape of the nucleus can be employed as an indicator of the cell’s mechanical surroundings

.

Pressure sensors: Cells present within 3D structures are exposed to a wide variety of forces that include

hydrostatic pressure, compression, tension, and shear stress. These forces are created by cell compaction, by fluid

filled lumens, and by changes in the microenvironment. The understanding of how these stresses and pressures
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alter cellular behavior and influence 3D morphology is held back by a lack of proper tools to accurately measure

such forces within tissues. Of note, cell-sized mechanical sensors have used been to detect internal stresses within

spheroids . These sensors are made of fluorescent polyacrylamide  or oil droplets , both with known

mechanical properties.

In addition to the optical sensors discussed above, Brillouin microscopy and Elastic Resonator Interference Stress

Microscopy (ERISM) are increasingly being used to measure the mechanical properties of tissues.

Brillouin microscopy is an advanced imaging technique that utilizes the phenomenon of Brillouin scattering to

characterize the mechanical properties of cells and tissues . By measuring the frequency shift of scattered light

due to acoustic waves propagating through the sample, this method can be used to map variations in material

stiffness and elasticity at the microscopic level . Brillouin microscopy offers a non-invasive and non-destructive

means to evaluate intracellular stiffness at submicron resolution .

ERISM is an innovative microscopy technique that employs a micro-resonator (typically made of an elastic

material) as a probe to measure the mechanical properties of cells . The interaction between the resonator and

the cell creates interference patterns that reveal variations in stress and mechanical properties.

Importantly, comprehensive knowledge regarding the composition and mechanical properties of the matrices that

support 3D structures is essential for the proper analysis and interpretation of biosensor data. In this regard, the

development of 3D matrices with tunable mechanical properties would greatly accelerate efforts to characterize the

mechanobiology of organoids and spheroids. Such an effort will require accurate measurements of the mechanical

properties of 3D cell cultures and determining how these properties can be harnessed to advance biosensor

development.

Figure 3. Optical sensors in mechanobiology: Optical sensors can be used across a wide range of length scales.

At the molecular level, they provide insights into the pN forces involved in mechanotransduction inside cells. On
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larger scales, these intracellular forces combine with forces between cells and between cells and the ECM to

shape the overall 3D structure of tissues and organs.
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