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Cells sense and respond to mechanical stimuli for activation, proliferation, migration, and differentiation. The associated mechanosensing and biomechanical properties of cells and tissues are significantly implicated in the context of cancer, fibrosis, dementia, and cardiovascular diseases. To gain more mechanobiology insights, dynamic force spectroscopies (DFSs), particularly optical tweezers (OT), have been further advanced to enable in situ force measurement and subcellular manipulation from the outer cell membrane to the organelles inside of a cell. In this review, we first explain the classic OT-DFS rationales and discuss their applications to protein biophysics, extracellular biomechanics, and receptor-mediated cell mechanosensing. As a non-invasive technique, optical tweezers’s unique advantages in probing cytoplasmic protein behaviors and manipulating organelles inside living cells have been increasingly explored in recent years. Hereby, we then introduce and highlight the emerging OT rationales for intracellular force measurement including refractive index matching, active–passive calibration, and change of light momentum. These new approaches enable intracellular OT-DFS and mechanical measurements with respect to intracellular motor stepping, cytosolic micro-rheology, and biomechanics of irregularly shaped nuclei and vesicles. Last but not least, we foresee future OT upgrades with respect to overcoming phototoxicity and system drifting for longer duration live-cell measurements; multimodal integration with advanced imaging and nanotechnology to obtain higher spatiotemporal resolution; and developing simultaneous, automated, and artificial intelligence–inspired multi-trap systems to achieve high throughput. These further developments will grant unprecedented accessibility of OT-DFS and force measurement nanotools to a wider biomedical research community, ultimately opening the floodgates for exciting live-cell mechanobiology and novel therapeutic discoveries.
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INTRODUCTION
In the early 1970s, Arthur Ashkin demonstrated the capability of manipulating dielectric beads using radiation pressure from lasers [1]. The subsequent invention of optical tweezers (OT; also known as optical traps) was lauded with the 2018 Nobel Prize in Physics [2]. Over the past decades, OT have been configured by numerous groups, and the technical details have been comprehensively reviewed [3–5]. With the generic configuration illustrated in Figure 1, an OT system usually consists of trapping, imaging, and position detection light paths and associated optics. To trap a target bead or cell, an input laser beam (e.g., Nd:YAG 1064 nm) travels through a beam expander (L1 and L2). Then, the expanded beam is redirected by a dichroic mirror (DM1, 850SP) to overfill the back aperture (e.g., diameter 5 mm) of a microscope objective (e.g., NA 1.2–1.4, oil or water immersion). Finally, the convergent beam traps a target bead or cell within the diffraction-limited focal spot at the sample stage. To detect the position, the air condenser (e.g., NA 0.25) projects the forward scattered light onto a second dichroic mirror (DM2, 850SP) [6], which then reflects the light to a position detector (PD) like the quadrant photodetector (QPD) after filtering through a neutral density (ND) filter and converging through a plano-concave focusing lens (L3) [3]. For the imaging path, the steering mirror deflects light from the objective toward a camera (e.g., CCD MTI IFG 300), where a tube lens (L4) is required for image acquisition. An infrared (IR) filter is usually used to remove the trapping beam to prevent the camera from being damaged from overexposure [6].
[image: Figure 1]FIGURE 1 | Generic configuration of an optical tweezer system. Left: Optical configurations of the trapping (dark orange), imaging (light orange), and position detection light paths and associated optics (blue). Right: Example specifications for the input laser, condenser, objective, DMs, lenses, PD, and imaging parts. Mentioned abbreviations: L1-4, lens; PD, position detector; ND, neutral density; DM1-2, dichroic mirrors; IR, infrared; NA, numerical aperture; SP, short pass; QPD, quadrant photodetector; CCD, charge-coupled device.
Thanks to their ultrafine and tunable trap stiffness (0.005–1 pN/nm), OT offer an impressive force range from 0.02 to 100 pN [7]. For the past 25 years, OT have been employed as a dynamic force spectroscopy (DFS) technique to investigate a broad range of extracellular mechanobiologies with delicate force control as well as high temporal (0.1 ms) and spatial (0.2 nm) resolutions in a single molecular scale [8]. These OT-DFS applications include but are not limited to receptor–ligand binding kinetics [9, 10], protein conformational changes [11–13], motor stepping in vitro [12, 13], and membrane tethering [14–18]. In classic OT-DFS experimental setups, most molecular constructs are either purified proteins [19] and nucleotides [20] or those reconstituted into liposomes [21] and expressed on the mammalian cell membrane [22]. Of note, in 1989, Ashkin and Dziedzic used OT to manipulate large intracellular organelles, such as chloroplasts and nuclei, and examined the viscoelastic properties of plastic flow, necking, and stress relaxation inside a living cell [23]. However, the classic trap stiffness calibration requires uniformly viscous media and spherical targets [6], while the cytosolic environment is viscoelastic [24] and organelles (e.g., nuclei) are irregularly shaped [25, 26]. The heterogeneity and complexity challenge accurate force measurements with cytoplasmic OT manipulation, thereafter preventing the application of OT-DFS from extracellular to intracellular space.
To this end, three new force measurement rationales emerged to enable OT force measurement assays on subcellular organelles and OT-DFS between molecules in the non-viscous cytoplasmic environment [27–29]. The first one matches the refractive index between the buffer media and the cytosol with a known refractive index [27]. Then, the trap stiffness is calibrated by suspending different sized lipid droplets in the index-matching buffer using the power spectrum method [30]. The second one relies on an internalized microbead (0.2–1 µm) inside the cell. It actively moves the trapped intracellular bead in an oscillatory manner to extract the viscoelasticity of the medium. The trap stiffness is then derived via observing the thermal fluctuation of the bead’s position [31]. The third one measures force via detection of the light momentum change without calibrating trap stiffness [32]. It usually requires a high NA (e.g., NA 1.4, oil immersion lens) condenser to collect a significant fraction of scattering light by the PD or a collecting lens [32, 33].
In this review, we first briefly introduce the classic versus emerging rationales of OT force measurements (Figure 2). We then summarize and discuss their exemplar applications in cell mechanobiology with respect to membrane tether pulling, motor stepping in vitro, receptor-mediated cell mechanosensing, intracellular motor stepping, cytosolic micro-rheology, and cell nucleus mechanics (Table 1). In the end, we share perspectives on future technical upgrades and integrations that would lead to breakthroughs in the cell mechanobiology field.
[image: Figure 2]FIGURE 2 | Schematics of the OT force measurement rationales. (A) Classic OT-DFS setup. Left: A representative motor stepping in vitro application is illustrated, where a myosin (blue) coupled handle bead (gray) is trapped and binds with tropomyosin on an actin filament (yellow); left inset: Myosin’s DFS displacement vs. time (blue line) and force vs. time (black line) characteristics are shown; right: Force measurement rationale. The trap stiffness κx is determined by the classic OT force calibration. The displacement of the handle bead Δx is detected by a QPD (gray) [59, 60]. (B) Refractive index matching rationale. Left: A representative intracellular motor stepping application is illustrated, where a lipid droplet (orange) is trapped and binds with the intracellular microtubule (green); left insets: The lipid droplet (orange) is coupled with kinesin (blue) and dynein (purple), where the kinesin is responsible for transportation from inside out and the dynein is responsible for transportation from outside in. Force vs. time (black line) DFS measurements of lipid droplets are shown; right: The force measurement rationale is also shown. Once the lipid droplets are suspended in a refractive index matching buffer, κx is determined by the corner frequency, fc, and the hydrodynamic drag coefficient of the buffer, γSOL [61, 62]. (C) Active–passive calibration. Left: A representative cytosolic micro-rheology application is illustrated, where the sinusoidal frequency is applied to the intracellular trapped microbead (0.2–1 μm, purple, termed “internalized microbead”); left inset: DFS measurements of the internalized microbead’s position vs. time (blue line) and force vs. time (black line) are shown; right: The force measurement rationale is illustrated. Effective stiffness is determined by active–passive calibration which considers both [image: image] and the viscoelasticity of the medium G(ω) [31, 63]. (D) Change of momentum rationale. Left: A representative intracellular cell nucleus indentation application is illustrated, where a cytosolic vesicle (black) is trapped and manipulated to indent the nucleus (yellow); left inset: DFS measurements of vesicle’s force vs. time (black line) are shown; right: Force measurement rationale. With one-off calibration, force is measured based on the change in intensity profile [(1) initial, (2) off-center] [32].
TABLE 1 | Optical tweezers force spectroscopies and applications from extracellular to intracellular space.
[image: Table 1]CLASSIC OT-DFS AND FORCE MEASUREMENT RATIONALES
An optical trap is formed by tightly focusing a laser beam using an oil or water immersion objective of high numeric aperture (e.g., NA 1.2–1.4; Figure 1). The target object (e.g., a bead) near the focus of the laser will experience a force due to the incident photons, which keeps the target object “trapped” at the stable equilibrium position [51–54]. When the bead is displaced from its equilibrium position, the increased force experienced by the target will be approximately proportional to its displacement. Thus, the system can be described as a Hookean spring:
[image: image]
where Fx is the trapping force on the bead, κx is the trap stiffness, and Δx is the bead’s displacement from the center of the optical trap measured by the PD (Figure 2A).
With classic force measurement rationales, two categories of κx calibration methods are widely used: “Passive calibration” calibrates κx by analyzing the trapped bead’s Brownian trajectory. “Active calibration” analyzes the bead’s response toward a known force-triggered perturbation. For passive calibrations, the representative methods include potential analysis, equipartition method, mean squared displacement analysis, autocorrelation function analysis, power spectrum analysis, drift method, force reconstruction via maximum-likelihood-estimator, and Bayesian inference analysis. A detailed explanation of each method can be found in the review written by Gieseler et al. [6]. In short, to measure Fx that the target bead experiences, all methods mentioned above require [image: image] to be derived from the stochastic motion of the bead in the surrounding medium/buffer at thermal equilibrium.
For active calibration, where a constant [55] or a sinusoidal external force [56] is applied to the trapped target bead, the power spectrum P(f) of the moving bead is expressed as [6]
[image: image]
where f is the Brownian motion frequency of the bead, A is the amplitude of the movement, fm is the frequency of the movement of the media, and δ is the Dirac-delta function. After the power spectrum analysis, the result will then be used to compute the diffusion coefficient D and the corner frequency fc. Thereby, [image: image] can be determined as
[image: image]
where kB is the Boltzmann constant, T is the absolute temperature, and γSOL is the hydrodynamic drag coefficient.
Of note, all classic rationales calibrate κx by assuming that the target is spherical and the medium is purely viscous [6]. Therefore, they are adapted to a simple homogenous experimental environment to perform force measurements exemplified by the following in vitro applications.
Membrane Tether Pulling
By pulling out a membrane tether, a lipid nanotube from the cell surface, the OT-DFS assay has been widely used to characterize the viscoelastic properties of the cell membrane and the underlying receptor–cytoskeleton linkages [57]. With applying a constant or increasing force on a molecular bond at the bead–cell interface, membrane tether formation would be signified by a non-linear transition in DFS [14] (Table 1, 1st row), from which the tether force and membrane viscosity can be determined [58]. As an example, by pulling a tether from the membrane blebs of melanoma cells and renal epithelia cells, Dai and Sheetz revealed that membrane tension is a continuum property over the entire cell surface, and the tether force is determined by the membrane–cytoskeleton linkage [15]. Additionally, Raucher et al. used the same OT system and discovered that PIP2 acts as a second messenger to regulate the binding energy for membrane–cytoskeleton linkage in NIN-3T3 fibroblasts [18]. In these early studies, pulled tethers were considered to be pure lipid bilayers. A few years later, Pontes et al. further combined the OT system with epifluorescence imaging and for the first time found that actin exists in pulled membrane tethers from NIN-3T3 fibroblasts [17]. Moreover, Datar et al. performed membrane tether pulling on neuronal axons and identified two different mechanobiological phenotypes: 1) an F-actin–dependent cell-like behavior with highly dynamic sawtooth-like peaks in force vs. extension characteristics and 2) a free membrane-like behavior with a movable tether–membrane junction [16].
Motor Stepping In Vitro
OT have made it possible to characterize the stepping behaviors of highly dynamic motors in purified protein systems (Table 1, 2nd row). For the past two decades, they have been used to answer fundamental questions regarding 1) how motor proteins, such as myosin, kinesin, and dynein, progress along the actin filaments and microtubules; 2) how they transport cargos (molecules, droplets, and organelles) along cytoskeletal tracks over a long distance; and 3) how they produce the mechanical work needed to transport cargos through ATP hydrolysis [64]. To this end, numerous excellent review papers have comprehensively summarized the pivotal roles and contributions of OT in the progression of this field [51, 65, 66]. Hereby, we would like to highlight several key milestones of implicated OT-DFS technical advances. Specifically, in 1999, Veigel et al. used OT to detect the mechanical transitions made by a single myosin head attached to the actin, where they discovered that myosin-I produces a working stroke in two steps that potentially link to different biochemical states of the actomyosin cycle [13]. This landmark discovery was largely attributed to the improved time resolution of ∼1 ms by applying a 1 kHz oscillation to the OT-DFS. With the help of a 10 kHz sampling rate QPD and 200 nm beads, Uemura et al. further achieved a temporal resolution of 0.1 ms, which allowed them to successfully characterize the two mechanical states of a fast myosin-V motor [12]. Recently, Capitanio et al. developed a dual-trap force-clamp configuration that can record the sub-nanometer conformational change in the myosin with a temporal resolution of ∼10 µs [34]. Such high spatiotemporal resolution reveals that increasing the clamp force (1–10 pN) to the interaction between the myosin and actin leads to a more frequent premature unbinding (<5 ms), resulting in a working stroke that decreased with the load. In addition, Reinemann et al. used OT-DFS to study kinesin-14 HSET at single molecular level and for the first time uncovered its processive nature with a step size of 8 nm, which can be stalled by a 1.1 pN load [36]. These features would allow HSET to build up force on the scale of ∼100 nm. Although force can stall the motility of motors, Ariga et al. found that kinesin motors were accelerated in response to the fluctuating external forces applied via OT [35]. These results indicated that the mechanical fluctuation which is actively generated by the cytoskeleton network [67] is not noise; it actually improves the efficiency of molecular activities in a viscous and crowdy environment.
Receptor-Mediated Cell Mechanosensing
OT have also become a popular nanotool to examine how extracellular mechanical stimuli such as pressure, motion, and stretching are converted into intracellular biochemical signals via a number of mechanoreceptors on the cell membrane (Table 1, 3rd row) [68]. When combined with fluorescence imaging, OT-DFS directly correlates the force that acts on a mechanoreceptor, with the binding kinetics, and the subsequently triggered cell signals in one experiment [69]. For example, Kim et al. used the OT-DFS assay to generate forces to pull an αβ T-cell receptor (TCR) with controlled orientation while observing the triggered calcium mobilization [39]. The results indicated that αβTCR is an anisotropic mechanosensor, where its costimulatory activation is specific to an external tangential but not normal force (∼50 pN). Notably, Feng et al. further demonstrated that, in the absence of force, the initial TCR calcium triggering requires much higher pMHC ligand density—690 folds higher than physiologically observed [38]. Moreover, Das et al. performed OT-DFS to pull membrane tethers from Caenorhabditis elegans DAV neurons with the positive and the negative tension gradient [37]. They observed that the subsequential calcium mobilization upon increased membrane tension was associated with the activation of the TRP-4 channel and nompC (no mechanoreceptor potential C), which consequentially confines the neuronal activity for movement.
NEW FORCE MEASUREMENT RATIONALES ENABLE OT-DFS AND MECHANICAL MEASUREMENTS FOR INTRACELLULAR APPLICATIONS
Although Ashkin and Dziedzic have demonstrated the intracellular OT manipulation in their early works [70] as mentioned above, the precision of intracellular force measurement is limited by the randomly distributed cell organelles and inherent viscoelasticity [29, 71]. To address this challenge, three new force measurement rationales have emerged:
1) The OT system calibrated by the refractive index matching rationale performs DFS measurements on in situ lipid droplets in a small cytosolic area with a known refractive index (Figure 2B) [27]. First, by adding beads into the buffer, the correlation between the apparent size and the actual size is calibrated to determine the real size of the lipid droplets in the buffer. Then, purified lipid droplets are dispersed into the buffer, so that the Brownian motion of the suspending lipid droplet can be analyzed. The trap stiffness [image: image] is calibrated by the power spectrum method given in Eq. 3 [27]. After calibration in the buffer, displacement of lipid droplets inside the cell will be analyzed, and the force experienced by the droplets can be calculated using Eq. 1.
2) The active–passive calibration method (Figure 2C) combines a) passive calibration by Berg-Sørensen and Flyvbjerg [30], which derives the power spectrum of the trapped bead P(ω), and b) active calibration by Mas et al. [31], Hendricks et al. [29], and Blehm et al. [42], which defines the relaxation spectrum R ̃(ω). The optical trap stiffness [image: image] can then be measured by the following equation:
[image: image]
where ω is the driving frequency of the moving piezo stage, m is the mass of the trapped bead, Re(R ̃(ω)) is the real part of the relaxation spectrum, and r is the radius of the bead [31]. Then, [image: image] can be used to derive the viscoelastic modulus G(ω) of the medium, as follows:
[image: image]
As the bead is manipulated inside the cell, both [image: image] and G(ω) contribute to the effective stiffness during manipulation [31]. Notably, this active–passive calibration method preserves the robustness in filtering periodic noise as the method is frequency-based.
Nevertheless, the refractive index matching still requires prior knowledge of the physical properties of the medium and beads to derive the [image: image] and the active–passive calibration method needs to derive the local power spectrum of the cytosolic environment every time to perform force measurements which inevitably makes the calibration tedious and not user-friendly.
3) The light momentum–based rationale is proposed to avoid the issues with the two rationales above. In this approach, the force is not derived by calibrating the trap stiffness but directly measured via detecting the momentum change of the scattered light (Figure 2D) [32]. Since the force acting on the target is induced by the exchange of momentum between the trapping laser light and the bead, if all the scattered light is captured via a PD and the momentum information is known in the form of angular intensity distribution I(θ, ϕ), the force on the target F can be derived by the following equation [32]:
[image: image]
where n is the refractive index of the suspension medium, c is the speed of light in vacuum, [image: image] is the unit vector from the focus, γ is the solid angle, and the integration is performed on the surface of a spherical space with a larger radius than the target.
In this context, the change of momentum rationale only requires calibrating the OT instruments (e.g., the detector size, the light efficiency, and the total focal lens) once for all regardless of the applied experimental conditions (e.g., target’s shape and size, medium’s refractive index) [72, 73]. After this “one-off” calibration, the force on the target can be directly derived from the linear relation between the [image: image] and the voltage signal [image: image] from a PD (i.e., conversion constant α proposed by Farré et al. [73]) as shown in the following equation:
[image: image]
Furthermore, the momentum-based force measurement overcomes the restriction of spherical targets in classic OT force measurement applications [6]. Theoretically, its applicability extends to any irregularly shaped organelles and nuclei inside the cells. In the following sections, we will provide exemplar applications where the three new in situ force measurement rationales are used in OT-DFS experiments and mechanical measurements.
Intracellular Motor Stepping
OT with the refractive index matching rationale have been used to trap the endogenous liquid droplets and quantify the in situ interaction between motors dynein [27, 40, 41] and kinesin [41] with microtubules in the native and physiological environment (Table 1, 4th row). By combining OT with high-speed tracking, Sims and Xie were the first to observe the stepping behavior of dynein- and kinesin-driven lipid droplets under controlled force inside a living cell [41]. Leidal et al. used the same OT-DFS to precisely measure the stall force of dynein- and kinesin-driven lipid droplets in Drosophila embryos [27]. They found that distinct from the previous findings in vitro [74], intracellularly transported cargos exhibited a short-term memory in directionality, consequently explaining the reason that only one polarity of motors is active at any instant and why cargos need a regulatory event to switch the activity to the opposite polarity motor. In addition, both Leidal et al. [27] and Reddy et al. [40] found that dynein but not kinesin exhibited a force-strengthen bond (i.e., catch bond) with microtubules in OT experiments. Together, these OT-dependent intracellular studies demonstrated how dynein-mediated force adaption inside the cell improves the ability of motor-driven cargos to overcome potential subcellular obstacles. Furthermore, by applying the active–passive calibrated OT system, Blehm et al. observed that the inward stall force in situ (2–7 pN) is smaller than the results measured by beads coupled with purified kinesin (5–7 pN) [42]. These findings indicated the existence of an interaction between opposite polarity motors during inward transportation. Alternatively, Mas et al. performed a total number of 165 light momentum–based OT-DFS measurements on stall forces of motor-driven lipid droplets, showing that light momentum–based OT can perform DFS measurements without any local calibration (i.e., refractive index matching and active–passive calibration) [33].
Cytosolic Micro-Rheology
With injected microbeads (usually 0.2–1 μm in diameter) in the cytoplasm, OT demonstrate their superiority in non-invasive intracellular manipulation compared to other force measurement nanotools such as atomic force microscopy. By actively moving these microbeads, OT were implemented to characterize the viscoelasticity of the cell pertaining to its shape and intercellular interaction [75], as well as the direct motion of intracellular organelles [43, 75]. Mas et al. pioneered the active–passive calibration–based mechanical measurements (Figure 2D), by using which they successfully measured the viscoelastic moduli in the cytoplasm of yeast cells (Table 1, 5th row) [31]. Applying a similar approach, Almonacid et al. became the first to discover that the position of the nucleus is determined by the active intracellular diffusion process of vesicles, which is driven by myosin motors [43]. Recently, Bergeron-Sandoval applied the same force measurement rationale to characterize the viscoelasticity of protein condensates which are formed at clathrin-mediated endocytosis sites [46]. The results revealed that the binding between cytosol and condensate provides the energy to drive membrane invagination, thereby shaping and organizing cellular matters.
In an alternative approach proposed by Mas et al. [33], the light momentum–based force measurements can measure intracellular forces in a more efficient way since they only require a one-off calibration independent from the cytosolic environment. In this context, local cell elasticity and viscosity can also be measured, respectively, by obtaining the loss shear modulus and energy dissipation term. Recently, Hurst et al. used the same OT system to probe internalized microbeads and revealed the strong softening and fluidification of the cytoplasm during mitosis [45]. More excitingly, instead of manipulating internalized microbeads via OT, Colin et al. probed endogenous vesicles in the cytoplasm with sinusoidal forces and successfully measured the intracellular shear modules [44]. Their observation revealed that the actin mesh exerts a pressure-gradient–like force, which moves the nucleus from the periphery to the center in both Prophase I and Meiosis I.
Cell Nucleus Mechanics
OT were also implemented to indent the nucleus and other subcellular organelles, thereby interrogating their mechanosensing behaviors [76]. In an early example, OT were used to trap a naturally presenting granule in the cytoplasm of a fission yeast cell and observe the effect of its displacement during nuclear division [49]. The data showed that microtubules influence the position of the nucleus during the yeast cell fission and highlighted that the intersection between the division plane and the spindle axis is critical during this process. Similarly, Schreiner et al. combined wide-field deconvolution imaging with OT and revealed that the untethering chromatin from the inner nuclear membrane induces the deformation of nuclei [48]. Moreover, by manipulating a 1-µm microbead injected inside the embryo cell during its one-cell stage, light momentum–based mechanical measurement enables the exploration of nuclei behaviors in situ under indentation (Table 1, 5th row). In this context, Venturini et al. performed mechanical analysis upon indenting nuclei inside the zebrafish embryonic stem cells to measure the relaxation time of the nuclei when the cells were suspended or confined [47]. Since the relaxation time remains unchanged, the results revealed that the nucleus acts as a cellular strain gauge that enables the measurements of the cell shape deformation. Together with the concurrent fluorescence imaging obtained by a spinning disk confocal unit, study provided the key mechanobiology insights into how the nucleus sequentially senses the mechanical stimuli, adaptively activates calcium-dependent mechanotransduction pathways, and then regulates the contractility and migration plasticity of actomyosin.
DISCUSSION
Optical tweezers have been demonstrated as a powerful DFS technique to study protein–protein interactions in vitro and subsequent cell mechanosensing. The emerging intracellular force measurement rationales revolutionized in in situ and intracellular biophysical studies by probing internalized beads or subcellular organelles such as lipid droplets [27], granules [31], and nuclei [47]. This breakthrough opens floodgates for live-cell mechanobiology studies with respect to subcellular organelle behaviors, cytosolic rheology, and nuclear biomechanics.
Nevertheless, challenges and limitations still exist in the applications of OT in live-cell studies. Firstly, the focused laser beam (Figure 1) produces photodamage to the cells, which restricts the duration of live-cell experiments to be less than 30 min [77]. Efforts have been made to improve the shaping of the beam and, therefore, minimize the phototoxicity of the lasers [78]. Secondly, the OT-DFS and mechanical measurement performance is more sensitive to the environmental drifting and Brownian motion of the trapped beads than to the refractive index of the medium. Environmental drifting can be reduced, but it normally requires expensive optical laboratory instrumentation, such as a heavy-duty anti-vibration table, ventilation control, and an additional detection laser. In contrast, the limitation raised by the Brownian motion cannot be easily overcome as it depends on the size of particles and the operating temperature in the system. Thirdly, when it comes to studies with multiple bead–cell pairs in use and cytosolic environments that are constantly changing [27, 28], the repetitive trap stiffness calibration process inevitably makes the OT experiments tedious and not user-friendly. In contrast, the one-off calibration process makes the momentum-based force measurement more suitable for live-cell mechanobiology studies which typically require a large sample size to draw a solid conclusion. The caveat of implementing such an OT system requires a specialized condenser with a high NA and an objective with a relatively smaller NA (e.g., NA 1.3) to collect all scattering light. This is technically challenging and high barriered to a wider biomedical community.
Technology-wise, we have observed a trend of improving OT’s temporal resolution to advance their applications [12, 13, 34]. Recently, an upgraded OT system was designed to promote ultrafast viscosity measurements with a temporal resolution of 20 µs, which is powerful enough to capture the fast dynamics of phase transitions to energy dissipation in the motor proteins’ power stroke [79]. Besides, multimodal integration becomes a second trend of OT advancement. For example, by combining holographic OT with a spinning disk confocal fluorescence microscope, Wolfson et al. enabled simultaneously manipulating on multiple objects while continuously characterizing their intracellular signaling events with high spatiotemporal resolution [80]. Meanwhile, Balaguer et al. used a similar system to be the first to visualize the direct interaction between ParB proteins and the parS loading site [81]. Additionally, the combination of OT with FRET-based molecular force microscopy also enables the concurrent quantification of force experienced by a cell and signal mechanotransduction within the cell [82].
Moreover, increasing efforts have been made to achieve high throughput in recent OT development [21, 80]. Horner et al. developed parallel optical traps to manipulate three targets simultaneously for robust data acquisition [21]. More recently, this multiple-trap OT system has been integrated with the change of light momentum measurements, where up to 10 individual particles’ forces are simultaneously measured [83]. Alternatively, the throughput can be improved by introducing automation and artificial intelligence to complete multiple tasks and minimize human input. Examples include bead detection, bead classification, and DFS measurement [84, 85]. Furthermore, neural networks could also be trained to address one of the remained obstacles, the quantification of the Brownian motion, by measuring the values of the trap stiffness and diffusion coefficient, thereby reducing OT system uncertainty [86]. The ultimate goals of these innovations are to relieve human labor, reduce time consumption, and automate the entire OT experimentation.
Last but not least, OT have also shown potential in assisting drug screening and therapeutic development. They can be applied in drug trapping, targeted delivery, and storage processes in the nanoscale [87, 88]. In this context, the behaviors of an actively moving object like a microswimmer in response to the force environment can reflect the effectiveness of drug delivery [89]. As the light momentum–based mechanical measurement can be performed on the target regardless of its shape, the stochastic forces generated by the microswimmer (Table 1, 6th row) were directly measured [50]. For the first time, the microswimmer’s complex force pattern and dynamic force were analyzed. Furthermore, live-cell OT systems can directly analyze intercellular interactions, cell–cell avidity, and cohesive force between cancer and immune cells as well as interrogating triggered mechanosensing signals and immunotherapeutic outcomes (Table 1, 7th row) [90]. Together, the OT-inspired live-cell mechanobiology promises excitingly new applications to drug delivery and screening strategies in the future [91].
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