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Abstract

:

For several decades optical tweezers have proven to be an invaluable tool in the study and analysis of myriad biological responses and applications. However, as with every tool, they can have undesirable or damaging effects upon the very sample they are helping to study. In this review the main negative effects of optical tweezers upon biostructures and living systems will be presented. There are three main areas on which the review will focus: linear optical excitation within the tweezers, non-linear photonic effects, and thermal load upon the sampled volume. Additional information is provided on negative mechanical effects of optical traps on biological structures. Strategies to avoid or, at least, minimize these negative effects will be introduced. Finally, all these effects, undesirable for the most, can have positive applications under the right conditions. Some hints in this direction will also be discussed.
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1. Introduction


The possibility to trap, move and arrange objects in space without establishing direct physical contact is something that has captured the imagination of many people, not just scientists, for a long time. Not very long ago this fell within the realm of the fantastic, the mystical or, later, into science-fiction. However, during the 20th century real physical advancements (in areas such as optics, photonics, plasmonics or acoustics, to name a few) have paved the way for this achievement to come true at last. One of the most successful approaches is optical tweezers. With optical tweezers light really becomes “tangible” and able to grasp, restrain, rotate or move physical objects within certain limits of size, optical properties, etc.



Optical tweezers moved from the realm of the potential to the real world under the insight and guidance of Arthur Ashkin, who has recently been awarded the Nobel Prize in Physics (along with Donna Strickland and Gérard Mourou) in 2018, precisely for this invention, a revolutionizing approach to microscopic manipulation. The seminal paper on optical tweezers (a “radiation pressure accelerator”) was published in 1970 [1]. In it Ashkin provided proof of the manipulation of microscopic particles with focused laser light. The critical point here was that particles with a higher refraction index than the surrounding medium were attracted to the region of largest light intensity (see Figure 1), an unexpected phenomenon for Ashkin in the first place. It was soon reasoned that radiation pressure forces, rising due to light changing its propagation direction because of different refractive indexes at interfaces, acted in such a way as to displace the illuminated object to the region with the largest photon flux [1]. This conclusion meant that it is possible to select a particular spatial location, through intense light focusing, wherein there is a minimum in the potential energy that tends to restore any displacement undergone by an object located in or close to such a location [2,3,4]. The difference in refractive index between the object to be trapped (with higher index) and the surrounding medium is critical for correct optical tweezing, as it involves changes in the propagation of light. This explanation works well for objects in the so-called Mie regime: when the trapped object is larger than the light wavelength employed in the tweezers. For smaller objects the Rayleigh regime, in which the object is equal to or smaller than the light wavelength, dominates. In the Rayleigh regime light-induced dielectrophoretic forces are invoked to explain the optical trap [2,3]. Nevertheless, the physical basis of optical traps falls outside the topic of this review, and excellent works can be consulted for a deeper treatment of these topics (see above cited reviews and references therein).



Somewhat surprisingly, taking into account that the size of biological cells and optically trapped inert particles certainly match over a wide range, it took more than 15 years for optical tweezers to be employed for trapping cells [5,6]. Again, it was Ashkin who led the research that demonstrated the feasibility of trapping living biological material (tobacco mosaic virus, unidentified “rod-like motile bacteria” and Escherichia coli bacteria) with optical tweezers. From this point on, the number of publications and biological applications of optical tweezers grew steadily [7,8,9,10,11]. Some very interesting and broad-reaching applications include: micro-surgery at the single cell level [12,13], single cell-trapping and analysis [14,15], 2D and 3D cellular arrangement and structuring [16,17,18], cell-trapping inside living organisms [19,20], and the study of different (e.g., mechanical) properties of trapped biomolecules like motor proteins or DNA [21,22,23]. Recently, several new approaches to optical tweezers have been, or are currently, under development to increase the performance in biological experiments: Raman tweezers-analyzers [24,25], nanoscale trapping [26,27,28], or holographic/photonic crystal tweezers which try to improve multiple object manipulation [29,30,31]. However, a critical phenomenon conspicuously arises in regards to optical trapping of biological structures: damage to the trapped structure, because the large photon densities involved lead to negative photochemical and/or photothermal phenomena.



In this review the mechanisms of photodamage (Section 2) and thermal damage (Section 3) to biological structures and biomolecules which can occur in optical tweezers will be presented. Knowledge about these mechanisms can help plan experiments and understand why some results are obtained. Additionally, some results and theories in regards to mechanical damage on trapped biological structures will be presented (Section 4), as this has probably been a neglected aspect in the past. Strategies and measures to avoid or, in the least, minimize damage will also be presented (Section 5). Finally, in Section 6 some perspectives and perhaps unexpected useful uses for this optical damage will be outlined at the end of the review.




2. Photodamage in Optical Tweezers


The development of optical tweezers is intrinsically linked to the use of laser sources. Lasers are necessary to fulfill the requirements of coherence, intensity and directivity in order to implement the optical trap. But the high photon fluxes associated with the optical tweezers can lead to many undesirable side effects. Since the first reports of lasers being used to interact with microscopic biological samples, it has been clear that the biological damage threshold is reached quite easily. Already in 1965 Amy and Storb reported on the spectacular damaging effect upon mitochondria stained with Janus green B by means of a pulsed ruby laser [32]. In the 1970s the group led by Michael W. Berns published several papers on the dramatic effect of multiline (488/514.5 nm) argon or dye lasers in damaging condensed chromosomes in cultured cells [33,34,35]. The relevant aspect here is that no artificial colorant was introduced in the cell system to sensitize to laser light, as opposed to the experiments by Amy and Storb [32]. Thus, the damage was directly ascribed to the laser light. At first Berns et al. considered a one-photon driven photochemical mechanism or a photothermal one to explain the damage [33,34]. Soon, it was shown that the observed damage could be adequately explained as a result of two-photon photochemistry of histone proteins in the chromatin structure [35]. These preliminary observations set the stage for the three types of damage most commonly observed in cell laser microirradiation: linear (one-photon) photochemistry, non-linear (two- or multiple-photon) photochemistry, and photothermal processes. As, technically, optical tweezing can be considered a particular subtype of laser microirradiation, these will be the main damage mechanisms explored in this review and their role in optical tweezers.



In a first approximation the optical trap was implemented with an argon-ion laser emitting at 514.5 nm and power 1–300 mW [5]. However, clear signs of optical damage were observed for the highest light intensities, which prompted Ashkin and collaborators to shift to infrared lasers to continue the biological trapping experiments [6]. It was reasoned (correctly) that visible wavelengths provide more energy per photon than infrared photons, thereby increasing the probability of linear and non-linear optical damage to the sample. In the following both linear (Section 2.1 and Section 2.2) and non-linear (Section 2.3) mechanisms and experimental examples in regards to laser microirradiation and optical tweezers will be presented for the reader to appreciate the assets and drawbacks of different spectral regions, in order to implement an optical tweezers setup. Additionally, a particular type of linear excitation, the direct optical excitation of singlet molecular oxygen (1O2), will be described in detail (Section 2.2). This deserves particular attention, as oxygen is present in practically every situation in which biological samples are optically trapped, and, coincidentally, the most popular and frequently employed laser wavelengths for optical traps happen to fall within the absorption bands of ground state molecular oxygen (3O2). This particular oxygen-driven damage has been, for the most, neglected in the literature. Only recently has it started to be considered as an important source of biological damage.



2.1. Linear Excitation Photodamage


Linear, or one-photon, photodamage should be, a priori, the most common type of damage, to be expected for biological samples in an optical trap. Linear photodamage is the result of a molecule (a chromophore) absorbing a single photon, thereby producing an electronic excitation in the molecule (see Figure 2a) [36,37]. In contrast, under non-linear excitation, two or more photons reach the molecule within a very short time, adding up their energies to reach some excited state (see Figure 2b). This second kind of excitation will be introduced in Section 2.3. Once excited, a molecule can dissipate this excess of energy through several deactivation pathways: fluorescence, phosphorescence, molecular rearrangement, molecular reaction, molecular fragmentation, electronic energy transfer, or heat production (see Figure 2b). Usually one deactivation pathway dominates the others, depending on the particular microscopic environment. Commonly photochemical reactions alter or destroy the absorbing molecule, or sensitize other secondary molecules to photodamage. In consequence, it is desirable to keep photochemistry at the lowest level when employing optical tweezers.



As it has been long known that biologically relevant molecules tend to absorb light efficiently in the visible (VIS, 700–400 nm) and ultraviolet A (UVA, 400–320 nm) regions, thus this spectral band has been wisely avoided to trap biological samples almost since the beginning of research in the field. Ashkin, as already mentioned, quickly changed his excitation laser from the visible (514.5 nm) [5] to the near-infrared (NIR) at 1.06 µm [6] precisely for this reason. He observed a fast and efficient disruption of trapped organisms under visible light trapping, a phenomenon he later named “opticution”.



In fact, the possibility to precisely damage certain cell structures or regions by means of VIS/UVA laser microirradiation has been largely exploited in the past few decades to study cell responses to damage and repair mechanisms. Berns et al. already made broad use of this in the 1970s to study chromosome-related events in the cell [33,34]. Ultraviolet (UV) (254 nm) microirradiation has been employed to induce contractions in cardiomyocytes [38]. UVA has allowed selective cellular organelle ablation [39] or as a surrogate treatment to study microeffects of ionizing radiation [40]. However, by far, UVA and VIS microirradiation has been employed to assess genetic damage and its repair mechanisms [41,42,43,44,45,46,47,48,49]. Clearly, this wavelength region is biologically deleterious due to one photon absorption. Particularly concerning is the established genetic linear photodamage induction at these wavelengths, more so if the trapped cell is meant to be studied/manipulated and then allowed to proliferate for different reasons (e.g., in vitro fertilization). Even light doses milder than those employed for genetic damage induction have been found to invoke other negative cell reactions, like autophagy [50].



In summary, it is desirable to move to longer wavelengths (NIR) in order to avoid one-photon absorption processes. As a general trend, direct photochemical reactions are more likely the closer to the UVA and high-energy VIS (350–500 nm). Above 500 nm photochemistry does take place, of course, but the indirect sensitization and production of reactive oxygen species (ROS) becomes the dominant damaging mechanism, in particular superoxide (·O2−) acting as a precursor to H2O2, and singlet oxygen (1O2, see Section 2.2 below). The use of NIR light for optical tweezers is now universally acknowledged by the research community employing this tool. Nevertheless, it is convenient to remark that even in the NIR there are some biomolecules capable of one-photon absorption and photochemistry [51]. For example, hemoglobin and its variants display an absorption tail that extends up to ~800–1000 nm (see Figure 3). Sometimes red blood cells are employed as micrometric “handles”, due to their small size and fitness to be optically trapped (see Figure 4a) [45]. As these cells are loaded with hemoglobin, there can be undesired effects due to NIR light absorption (see Figure 4b) [52]. It seems that the effect was not a thermal one. But whatever the red cell disruption was due to direct hemoglobin photochemistry or ROS production was unclear.



For the most part, in any case, the vast majority of the reported biological damage observed under NIR optical tweezing has to do with the direct optical production of 1O2, non-linear (two-photon) driven photochemistry, or photothermal effects, to be introduced in the following sections. As a summary, Table 1 presents some important examples of one-photon damage in optical tweezers and microirradiation studies, along relevant experimental parameters.




2.2. Direct 1O2 Light Excitation


Over the past three decades there have been systematic reports of damage to cells or biomolecules trapped with NIR optical tweezers where it was difficult to ascribe a photochemical or photothermal mechanisms to explain the observed results. More particularly, the damage observed occurred after exposure to certain NIR regions for which no known chromophore(s) could properly explain the damaging action. However, the mystery resolves to a great extent if the NIR absorption by dissolved molecular oxygen (O2) is taken into account. In the following, the main reports and results on the deleterious action of NIR excitation of O2 will be presented.



It is true that the absorption coefficients of 3O2 (ground state O2(X3Σg−)) in the NIR and VIS are very small. Indeed, these direct optical transitions to the first two electronic excited states O2(a1∆g) and O2(b1Σg+) (indicated as 1O2(a) and 1O2(b) in the following) from 3O2 are considered two of the most forbidden optical transitions in Nature [53,54]. However, small is not negligible. It turns out that under the typical experimental conditions found in microirradiation protocols and, in particular, optical tweezing and manipulation the photon intensities, exposure times and oxygen concentrations “conspire” for more than adequate excitation of 1O2(a) and 1O2(b) at the sample. The optical absorption spectrum of high-pressure 3O2 is shown in Figure 5a [55]. Several absorption bands can be appreciated in the UVA-VIS-NIR range (350–1300 nm). Although the presented data corresponds to high-pressure pure oxygen, the same bands can be observed in atmospheric pressure oxygen or dissolved oxygen [56,57]. The physical-chemical environment in which optical excitation takes place modulates the absorption wavelength and coefficient [58,59,60,61]. However, for the purpose of this review, it can be assumed that these changes are minor and not critical if the optical trap is working within one of the absorption wavelength regions shown in Figure 5a. These bands correspond to vibronic transitions of 3O2 to 1O2(a) and 1O2(b), as schematically shown in Figure 5b [62]. There are two kinds of optical transitions shown: monomol and dimol. Monomol refer to photon absorption by a single 3O2 molecule, pumping it either to 1O2(a) or 1O2(b) (wavelengths shown in Figure 5b). Dimol transitions take place when a single photon is absorbed by a momentary [3O2:3O2] interacting pair. The available photon energy is shared by the two molecules, which can end in several vibronic levels (Figure 5b). Our discussion in regard to optical tweezers will deal with monomol transitions. Looking at the wavelengths involved in dimol transitions it becomes clear that they are in the VIS, where linear absorption by several biomolecules (e.g, porphyrins or cytochromes) greatly surpass any oxygen absorption (see Section 2.1 above). Monomol transitions of relevance for optical tweezers, on the other hand, are located in the NIR biological window (1270–690 nm; compare Figure 3 and Figure 5). It is important to remark at this point that, although 1O2(a) and 1O2(b) present different physical and chemical properties, 1O2(b) is considered chemically-inactive due to its very fast internal conversion to 1O2(a) in condensed media [61]. Therefore, any optical excitation of 3O2 in the NIR can be considered to produce only 1O2(a) for practical purposes. In consequence, in the following, when singlet oxygen is referred in the text, it is 1O2(a) the particular excited state alluded to. Relevant examples of reported biological action and damage in those regions will be presented below.



Singlet oxygen is considered a ROS regarding its biological action [63]. It can react with most cellular components and biomolecules, either directly or indirectly, by giving rise to a host of secondary ROS, radicals and reactive chemical intermediates [64,65]. As such, it is considered a damaging chemical compound. Its direct optical generation (not to be confused with its indirect photosensitized production, see Section 2.1 above) is practically unavoidable under typical optical tweezing conditions, if the optical trap is working within one of the 3O2 absorption bands (see Figure 5). Some measures can be taken in order to avoid such damage and will be discussed further in Section 5. One of the most obvious is to shift the excitation wavelength out of the band, as, 3O2 absorption bands are quite narrow and weak. Nevertheless, it can be useful to trap and produce singlet oxygen at the same time. Undoubtedly, the assessment of the biological action of singlet oxygen is very important. Oxidative stress conditions derived from the optical trapping can be an area of study on itself, under the paradigm of redox biology. Moreover, under this paradigm physiological cellular responses and processes are under a tightly regulated redox control. Therefore, the possibility to study physiological redox responses under optical trapping must be considered in the near future [62,66]. This topic will be briefly elaborated upon in Section 6.



The possibility that singlet oxygen could be involved in the observed photodamaging action of NIR traps was already advanced almost three decades ago. Svoboda et al. (1994) noted that “longer-term exposure to light at 1064 nm from a Nd:YAG laser produced photodynamic damage to cells, probably by optically pumping singlet molecular oxygen, a toxic free radical” [9]. They also highlighted that wavelengths around 760 nm seemed quite damaging. Somewhat later, Mohanty et al. studied a large range of wavelengths (308–1064 nm) in order to determine the degree of damage to microirradiated/trapped cells [42]. They also noted a remarkable damage increase around 760 nm. In general, a robust connection between 3O2 NIR absorption and photodamage in optical traps has not yet been made, despite several reports pointing in this direction. A compilation of the more relevant papers reporting on the involvement of 1O2 in optical trap photodamage is next presented. To aid the prospective reader to find a particular wavelength region, the papers are grouped according to the 3O2 NIR absorption bands (1270–690 nm) shown in Figure 5a.



1270 nm. As will be shown in Section 3, wavelengths longer than 1250 nm start to be efficiently absorbed by water, leading to vibrational excitation and heat evolution (see Figure 3). Hence, practical optical trapping at 1270 nm has never been considered for this reason. Nevertheless, it has been shown that irradiation at this wavelength also produces singlet oxygen (O2(X3Σg−) → O2(a1∆g) transition, see Figure 5b). Production of singlet oxygen in this way is enough to kill tumor cells in culture [67,68]. Given the dual source of biological damage, thermal and oxidative, the use of the spectral region between 1200 and 1300 nm is strongly discouraged to trap biological samples.



1060–1064 nm. This spectral region is very important in the field of optical trapping. The reason: the enormous availability of Nd-based lasers (Nd:YAG, Nd:YVO4, Nd-fiber, etc.) which emit around 1060-1064 nm. Precisely because the use of visible light lasers was patently photodamaging, as evidenced from the first approaches to optical traps [5,6], early researchers in the field moved to the NIR, where Nd-based lasers have been in widespread use since long. Thermal issues at this wavelength will be dealt with in Section 3. The optical transition probability for (O2(X3Σg−) → O2(a1∆g) is lower than at 1270 nm, partly because different initial and final vibrational levels are involved. Nevertheless, the transition is still strong enough to produce singlet oxygen with moderate efficiency.



As mentioned before, Svoboda et al. conjectured on singlet oxygen involvement in the observed photodamage at 1064 nm already in 1994 [9]. However, before that (1991) Liang et al. reported on biological damage when manipulating eukaryotic cell chromosomes with 1.06 μm optical tweezers [69]. The damage was explained in terms of thermal load on the sample. However, for the employed CW laser power (60–200 mW) the temperature rise should have been very small (1–2 °C, see Section 3). It is possible that singlet oxygen was produced during the manipulation, which was the real source of the biological damage observed. A few years later, Liu et al. manipulated human spermatozoa or Chinese hamster ovary (CHO) cells in culture with a Nd:YAG laser (1064 nm, CW or Q-switched) [70]. Damage and loss of cell integrity was again observed, particularly when cells were trapped for longer than 2 min. In pulsed mode the damage was more patent. The authors stated that “... mechanisms other than heating may be responsible for cell damage”, as the measured temperature increase was very small (<1 °C per 100 mW).



From this point on, and given the availability of other laser systems also emitting in the NIR, there was a systematic effort to determine the less damaging spectral regions for biological optical trapping between 700 and 1100 nm [42,71,72,73], along with detailed analysis of the biological outcomes of 1060–1064 nm exposure [74,75,76,77,78,79,80,81,82,83,84,85].



The wavelength dependence of different biological outcomes, like cell clonal growth or bacterial movement, were studied to determine the most, and least, deleterious regions in the NIR spectrum (see Figure 6). There are three spectral regions in Figure 6a which clearly reduce clonal growth: ~750 nm, ~900 nm, and ~1060 nm [71]. Roughly the same trend is observed for a reduction/abolishment of bacterial movement (Figure 6b) [72]. There is a clear source of damage at ~1060 nm.



The negative effect of light at 1060–1064 nm has been verified in different biological models. Most experiments have been done with eukaryotic cells. CHO cells have been a productive model for the Berns´ group. Apart from the results already mentioned above [70], further studies were done at several wavelengths (700–1064 nm) and published in the same year [71]. A wavelength of 1064 nm was found one of the most effective as to inhibit cell clonal expansion after laser exposure (see also 760–765 nm and 800–1000 nm below). At that time the authors were reluctant to ascribe the results either to thermal or non-linear phenomena. However, no other explanation seemed adequate to properly explain the biological effect. A few years later, Schneckenburger et al. reported the inhibition of CHO cell colonies in culture after 1064 nm exposure [74]. One-photon absorption by water (implicitly pointing to a thermal mechanism) was proposed as the cause of cell inhibition. An interesting result was presented by Mohanty et al. when NC37 human lymphoblasts were microirradiated and then damage to the chromatin evaluated through the comet assay [42]. Exposure to CW 1064 nm clearly introduced severe chromatin damage as compared to controls. Light at 760 nm (CW) was even more damaging in this sense (see 760–765 nm and Figure 13 below). Recently, the initial phase of cell damage, particularly changes of the local cell morphology at the irradiation spot, has been studied in a digital holographic microscope station after 1064 nm irradiation [81]. No significant changes were observed for exposure times shorter than 20 min at 24 °C. However, certain fast changes (seconds) took place in some of the PaTu 8988T (pancreatic tumor) cells when irradiated under the same conditions but at 37 °C. Thus, warmer conditions can prime the plasmatic membrane for damage, either photothermal or photochemical (singlet oxygen). Recently, experiments trapping human spermatozoa with 1064 nm light and then measuring the swimming performance under additional 633 nm exposure have been published [84]. No direct negative results are reported, but the exposure time to the NIR light was limited to 20 s, on concerns that photodamage could occur to the cells.



Complementary experiments have been done with red blood cells trapped with 1064 nm light. Results were obtained by optically trapping erythrocytes with CW 1064 nm light for up to 5 min and, at the same time, collecting biochemical changes through Raman spectroscopy [82]. It was reported that laser powers below 20 mW led to reversible hemoglobin changes, ascribed to deoxygenation. From 20 to 50 mW changes were irreversible and due to hemoglobin aggregation. Authors disregarded mechanical action by the trap on the blood cell, as free hemoglobin displayed the same behavior. The same was considered for thermal damage, given the low powers involved. They proposed non-linear excitation as the source of damage above 20 mW. However, changes in the Raman spectra as a function of light power display quite linear trends. It can be very plausible that hemoglobin aggregation is the result of 1O2(a) excitation, more so if oxy-hemoglobin is continuously providing 3O2(X) within the irradiation spot as a consequence of oxygen photo-detachment from the protein. It is quite known that singlet oxygen induces protein cross-linking and aggregation [65] (and references therein). Recently, de Oliveira et al. have studied the action of 1064 nm or 785 nm optical traps on red blood cells elasticity [83]. Very low powers (10 mW) and short times (1–2 min) were employed. For this, thermal mechanisms can be discarded. Loss of cell elasticity was observed at both wavelengths, more marked at 785 nm. It can be that biological response at 1064 nm is due to low dose singlet oxygen production (similar to the previous paper discussed). At 785 nm, one-photon absorption at the very red edge of hemoglobin absorption spectrum can explain the differences observed, with very low level photochemistry taking place. More research in this interesting area of red blood cell trapping is needed, more so because these cells are sometimes employed as “optical handles” to manipulate other elements (see Section 2.1) [45].



Damage evaluation during optical trapping has also been done in unicellular eukaryotic organisms. In this sense, the baker´s yeast (S. cerevisiae) has been the most studied. Aabo et al. have published two papers in which cell growth rate and division were measured as a function of laser exposure at 1070 nm [78,80]. The CW powers employed were very low (0.7–2.6 mW) but the exposure times quite long (up to 4 h), in order to assess the possibility of cell survival after long-term trapping and manipulation. As shown in Figure 7, the growth rate of individual control or trapped yeast cells display a different trend. A power of 2.6 mW delays cell growth at all measured times. Even 0.7 mW result in significant growth inhibition from 90 min exposure or longer. This is an important result, as it shows that there is no photodamage threshold, but continued accumulated damage and that care must be taken even for very low optical powers if long trapping times are involved. Thermal damage is not considered the source of damage, but no alternative mechanism is proposed. However, the “no-threshold” condition reported fits nicely with a model of singlet oxygen-mediated cellular damage acting at a low rate for a long time [62].



Morphological damage during optical trapping of S. cerevisiae has recently been reported [85]. The experimental conditions are somehow the opposite of Aabo et al.: high power 1064 nm (19–95 mW) but shorter trapping times (15 min). To microscopically compare control vs. laser-trapped cells, microfluidic chambers were employed, which allowed the follow up of cell responses and direct visual comparison. Figure 8a shows an example. The cell in the central chamber was optically-trapped for 15 min (power undisclosed). Nevertheless, the light dose was enough to completely halt cell budding for the next 250 min. In Figure 8b responses of particular cells trapped while budding show the deleterious effect of laser light on that process. The significant increase on generation time and population mortality depending on the light power for a fixed exposure time of 15 min is shown in Figure 9a,b, respectively. Individual cell growth is also inhibited by laser exposure (data not shown). Several causes for these were advanced: heating, ROS production, photochemistry. Heating was considered an important factor. Indeed, the authors proposed to substitute light water (H2O) for heavy water (D2O) in order to reduce the thermal load, as D2O absorbs less at 1064 nm. Ironically, such an experiment may, in fact, enhance the phototoxicity, as singlet oxygen has a longer lifetime and chemical activity in D2O (see Section 5 and Section 6 below for more on D2O) [60,61,62].



Another example of photodamage in a trapped microorganism, the microalgae Trachydiscus minutus, has also been reported recently [73]. Several wavelengths were assessed for biological damage, from 735 to 1064 nm, all at 25 mW and for 30 s. The shorter the wavelength, the more damage as measured on the photochemical activity of the photosynthetic centers (see 760–765 nm and 800–1000 nm below). In the case of 1064 nm radiation, practically no damage was reported, even increasing the power to 218 mW. Perhaps, being photosynthetic organisms, these algae have already efficient biochemical defense mechanisms to counteract the toxic action of singlet oxygen. This is a common ROS produced during photosynthesis, and so photosynthetic organisms have evolved efficient ways of disposing of it.



Bacterial cells, being in general smaller than eukaryotic cells, should be more prone to manipulation by optical tweezers. Some papers have published the biological responses of bacterial cells to optical trapping, E. coli being the most common experimental model. As already mentioned above (see Figure 6b), bacterial movement was quickly abolished after exposure to a 1064 nm optical trap [72]. The response displayed a trend compatible with a one-photon process, with powers in the 100 mW range which should not rise the temperature more than 1 °C. Notoriously, the photodamage practically disappeared under anaerobic conditions, directly pointing to oxygen (and singlet oxygen) involvement in the deleterious action. An alternative approach to look for subtle damage was investigated by Rasmussen et al., in which the internal pH of four kinds of bacteria, E. coli, Listeria monocytogenes, Listeria innocua and Bacillus subtilis, was assessed by a pH-sensitive fluorescent probe or a fluorescent protein [77]. Trapping by CW 1064 nm with 6 mW and 60 min was, in general, quite innocuous, although some populations already displayed pH changes. Increasing the power to 18 mW led to immediate pH alterations (see end of Section 3 for more on thermal action and pH changes).



A relevant study on bacterial photodamage was published by Ayano et al. [75]. In it, growth and cell division rates were studied in E. coli after laser exposure to determined amounts of time and at different light powers (excitation at 1064 nm). In this way, different “damage regions” and thresholds could be plotted against total light dose or energy (power × time). The results are reproduced in Figure 10 for cell growth (Figure 10a) and division (Figure 10b). It can be concluded that negative cell responses depend on the total dose. A larger light flux can be compensated by a shorter exposure time, and vice versa. Authors noted that cell division was more sensitive to optical trapping than cell growth. As to the damage source, nothing certain is concluded. It is advanced that optical trapping at the subcellular-macromolecular level somehow interferes with the metabolism, perhaps slowing it down, which reflects in the observed responses. It would be very revealing to reproduce these experiments under oxygen-controlling/scavenging conditions (see Section 5 below), to determine oxygen’s role in this.



Finally, a paper was published in 2009 which evaluated the photodamage mechanisms on DNA tethered between optically-trapped microspheres (dual trap) [79]. It was shown unambiguously that laser trapping with 1064 nm induced DNA unfolding with a linear dependence on the dose, and that this damage was due to production of singlet oxygen. Reducing pO2 or introducing 1O2 quenchers (e.g., sodium azide or ascorbate) reduced very significantly the unfolding under the same trapping conditions. Although the authors ascribed the production of singlet oxygen to the polystyrene microspheres employed, a clear photosensitizing reaction is far from feasible under those conditions. Much more probable seems the direct 1064 nm photoexcitation of 3O2(X) to 1O2(a) inside the optical trap.



760–765 nm. This region of the spectrum presents some interpretation problems in regards to photodamage, as it is located close to the red-tail of the absorption spectra of porphyrins and cytochromes. A hint to understand the source of photodamage is provided by the action spectrum itself. In this spectral region 3O2(X) absorbs within a very narrow “band” of just a few nanometers, roughly from 760 to 765 nm (see Figure 5). Therefore, optical tweezers making use of these particular wavelengths should be avoided. Some examples from the literature are shown in Figure 11 [86,87,88] (see also Figure 6a).



Vorobjev et al. studied the possibility to manipulate mammalian chromosomes (rat kangaroo cells) with optical tweezers inside living cells [86]. It was patent that light at ~760 nm was much more efficient in producing chromosomal aberrations than any other wavelength studied (Figure 11a). Subsequent research on CHO cells also revealed almost complete inhibition of cell cloning at 740–760 nm, even stronger than 1064 nm light, as already mentioned (see Figure 6a) [71]. In those experiments a Ti:sapphire laser was employed to excite cells between 700 and 1000 nm. Note that light powers (88–176 mW) were the same for 700–1000 nm and for 1064 nm. Additional experiments at these wavelengths were carried out at the end of the 1990s. A fast (60 s), complete reduction of CHO cell cloning efficiency was observed after trapping with a CW Ti:sapphire laser at 760 nm [89]. Trapping with the same laser at 800 nm reduced cloning efficiency to 15% but after 1200 s. This numbers account for the extreme cytotoxic action at 760 nm. Additional experiments were done by these authors on the swimming inhibition and killing of human spermatozoa trapped with the laser. At that moment the authors were unable to propose a formal photodamage source that could explain the enormous difference between 760 and 800 nm, although a more efficient two-photon process at 760 nm was mentioned.



The same authors published another paper shortly after, in which it was disclosed that the CW Ti:sapphire laser they were using had, in fact, a mode beating. This could be promoting a partial mode-locking in the laser cavity and, in consequence, there could be some picosecond pulses leaking to the samples. These pulses would lead to non-linear processes which could explain the observed phototoxicity (see Section 2.3) [90]. Again, assessment of cell integrity of trapped spermatozoa showed a marked damaging action at 760 nm, moderate at 750 and 770 nm, and almost negligible at 780 and 800 nm. When the mode beating was inhibited, cell damage was less but still quite pronounced at 760 nm. Additional photodamage proof came from studies on CHO cells trapped with CW 740 or 760 nm [91]. The induction of a “giant cell” phenotype after laser trapping (88–176 mW; 20–300 s) was studied as the endpoint of cell proliferative capacity: the cell is alive but unable to proliferate (i.e., it is dead from a population dynamics point of view). Radiation at 760 nm was at least one order of magnitude more efficient in inducing giant cells than light at 740 nm. Following these reports, it became clear to the research community working with optical tweezers that light in the 760–765 nm should not be employed, as no further papers were published.



To reinforce those findings, some photodamage action spectra have been recently published in relation to redox biology and ROS action on cells [88]. Figure 11c,d present the action spectra for HeLa cell death induction (necrotic morphology and propidium iodide uptake) at several wavelengths from 730 to 800 nm. Both intracellular and extracellular irradiations were done. Both show showed a distinct peak at 760–765 nm to induce cell necrosis. Two examples are displayed in Figure 12. Cells were not trapped; rather they were attached to the substrate. However, the microirradiation procedure was very similar to the one routinely employed in optical trapping. Results in this line were obtained by Mohanty et al. when measuring chromatin damage by the comet assay after cell microirradiation [42]. As it can be seen in Figure 13 exposure to 760 nm light was particularly damaging with longer comet tails as compared with 800 nm.



A publication deserves special mention here, as it is probably the only example of the impact of optical tweezers on a multicellular organism (Caenorhabditis elegans) [87]. The researchers employed a transgenic model of C. elegans in which the promoter of heat shock protein 16 was coupled to the lacZ gene. Under conditions of cellular stress lacZ is then expressed, leading to synthesis of β-galactosidase, the amount of which can be assessed colorimetrically. The worms were optically trapped with wavelengths between 700 and 850 nm emitted by a Ti:sapphire CW laser. The stress-derived gene expression results after optical trapping are shown in Figure 11b. In parallel, the calculated temperature increase for each wavelength under the experimental conditions is also plotted in the graph (see Section 3). The strongest photo-induced stress occurs at 760 nm, followed by 700 nm (probably one-photon excitation of endogenous chromophores) and, much more weakly, at 850 nm. At 810 nm biological stress was negligible. The authors conclude that the spectral region 700–760 nm should be avoided for biological manipulations.



As mentioned in the comments regarding optical trapping at 1064 nm, the microalgae T. minutus has been employed as a model to study the photodamage. The experiments included other wavelengths apart from 1064 nm, namely from 735 to 935 nm [73]. Of all wavelengths, 735 nm was by far the most damaging. However, it is unclear if this is because of generation of 1O2(b) (unlikely, given the narrow effective absorption band at 755–770 nm), or due to photochemistry derived from cellular chromophores (much more likely). In conclusion, there are not that many publications reporting photodamage in the 700–800 nm region, but all agree in that 755–770 nm should be avoided as there is a very robust photodamage mechanism at work at these wavelengths.



800–1000 nm. To finish this section some references are discussed on the adequacy of the 800–1000 nm region for optical trapping of living cells/organisms or biomolecules, from the point of view of 1O2 generation. Even inside this region, there are some reports of photodamage, the source of which also could be the direct optical excitation of 1O2. Most of these publications have already been introduced. References [42,71,72,73,86,87,88,89,90] present, in one way or another, results concerning the photodamage action spectrum. Some have been reproduced in Figure 6 and Figure 11. Within the 800–1000 nm range, wavelengths between 800 and 850 nm, and 900 to 950 nm seem to be quite harmless. Mirsaidov et al. studied optical traps at these wavelengths for manipulating E. coli with minimal biological impact [92]. In particular they explored light at 840, 870, 900 and 930 nm from a CW Ti:sapphire laser. The results are shown in Figure 14. An important result is that an optical trap in which the biological sample is periodically trapped (“time-sharing”) by a scanning beam(s) preserves better the studied sample than a continuously trapping tweezer (see Section 5 below).



Light at 900 nm was the least damaging, while 870 and 930 nm was the most. There is an oxygen band at ~920 nm which can in part explain the observed damage at 930 nm (see Figure 5), although it is very weak. A damaging action has also been reported by others at ~900 nm (see Figure 6) [71,72]. A dual response was observed also by Neuman et al., at ~930 nm and ~870 nm [72]. In fact, proof was found that the photodamage was dependent on oxygen being available in the medium. However, there is no oxygen absorption band ~870 nm, the wavelength seems too shifted into the NIR to promote excitation of endogenous biomolecules, and water still absorbs very little, discouraging any thermal argument as an explanation. A hypothesis to explain these results was advanced a decade ago by Zakharov and Thanh that, perhaps, can help to solve the mystery [93,94]. They proposed a “combined absorption” of a single photon of ~890 nm by a transitory molecular complex formed by [H2O + 3O2(X)]. The result is the generation of 1O2(a) and water in a vibrationally excited state. On first thoughts, they idea may seem extravagant, but dimol absorption bands do exist for transient [3O2(X) + 3O2(X)] complexes (see Figure 5) [54,57,62]. Hence, it could be of interest to verify this issue. For example, excitation at 870–890 nm in the presence of singlet oxygen quenchers (e.g., sodium azide) or lifetime enhancers (e.g., D2O) can provide proof of the generation and involvement of this ROS in this part of the NIR spectrum.



As a final remark, it would be highly advisable to employ light in the 810–860 nm and 940–960 nm bands for any optical tweezers setup, in order to keep photochemistry and singlet oxygen generation at the lowest, and, at the same time, avoiding vibrational excitation of water and heat evolution. A selection of relevant examples of direct one-photon generation of 1O2 and photodamage is presented in Table 2.




2.3. Non-Linear Excitation Photodamage


To take advantage of the optical forces available in optical traps, it is necessary to provide very high light fluxes, usually of the order of >1025 photons cm−2s−1 equivalent to >1 MW cm−2 for optical frequencies [1,4,9]. Arguably, these optical intensities are huge in terms of everyday experience. For example, the maximum irradiance of sunlight at midday in the hottest regions of Earth is around 0.1 Wcm−2: at least 10 million times less intense than in an optical trap! However, two-photon optical transitions usually require optical intensities of even higher magnitude [36,37]. Therefore, there exists an intensity regime in the NIR between 106 and 107 W cm−2 which allows for optical trapping without much interference from non-linear phenomena [12,15]. Frequently, optical tweezers with these features are assembled using a CW NIR-emitting laser, with powers in the range 10–100 mW and focused in the sample with high numerical aperture (>1.0), high magnification microscopic objectives (40× or higher).



When the threshold irradiance is reached, two photons are absorbed in a very short time, behaving as if one photon of double energy (half wavelength) had interacted with the sample (see Figure 2b for a scheme). As it has been discussed in Section 2.1 above, UVA and VIS light is often quite damaging to biological structures and cells. Hence, non-linear optical absorption of NIR photons, 800 nm for example, would behave as if 400 nm photons were being used to make the optical trap, particularly at the focal plane. Following the previous arguments against employing short-wavelength light for such a goal, the researcher should avoid such non-linear processes to take place in order to preserve the studied sample under the best conditions.



There are many examples in the literature in which, deliberately or not, non-linear optical processes occurred in optical traps. Some will serve to present the effects of non-linear absorption in cells and biological substrates. Examples with CW or pulsed nanosecond traps will be introduced first. Then, some examples of pulsed femtosecond traps will be discussed. Finally, some comparisons among the different systems will be presented too.



Several papers already introduced in previous sections present cellular alterations during optical trapping as a result of non-linear optical phenomena. The group of Berns et al. reported several results with CW optical tweezers in the late 1990s, in which non-linear damage was observed or, at least, proposed as a possible source of damage [70,71,90,95,96]. Excitation wavelengths employed were 1064 nm and 750–900 nm, and CW powers in the 20–300 mW range, with variability depending on the laser and paper. The non-linear behavior was proved because the researchers took advantage of the two-photon excitation of several cellular fluorescent probes (propidium iodide, acridine orange, etc.) to check cell status. Figure 15a shows an example taken from one of those experiments [70]. The probes emission intensity displays a square exponential dependence with the excitation power. Under 1064 nm excitation human spermatozoa and CHO cells showed a preserved cellular integrity. However, upon changing to nanosecond pulsed excitation under very similar conditions cell viability was quickly compromised (see Figure 15b,c). As discussed in Section 2.2 it seems that most biological damage observed in those experiments was the result of one-photon excitation of singlet oxygen. However, the existence of one damaging mechanism (singlet oxygen) does not necessarily preclude the action of another (non-linear excitation). In Figure 15d it can be seen that loss of cloning efficiency in CHO cells after 760 nm exposure was greater when laser pulses excited the sample in comparison when measures were taken to cancel those pulses [90]. To similar conclusions arrived other authors [72,74,87]. From the published data it is advisable to work with CW traps instead of pulsed ones working in the nanosecond regime, as they induce biological damage probably as a result of several different mechanisms (non-linear photochemistry, plasma generation, transient photothermal, thermoacoustic) [70,76]. Particular mention deserves the paper by Zhang et al. in which a CW diode laser emitting at 809 nm was employed to trap murine T cells and CHO cells with irradiances of ~106 Wcm−2 [96]. This allowed the two-photon excitation of fluorescent viability probes (fluorescence showed a slope of ~2 in relation to excitation power) for cell follow up during trapping. Even at the highest power employed (190 mW) no cell death was reported by the authors for exposure times of 1000 s. Note that the excitation wavelength, 809 nm, is precisely within the safest spectral region as discussed in Section 2.2.



An alternative approach to CW optical traps is to use lasers with pulses in the femtosecond (fs) range. Commonly, these lasers are tunable Ti:sapphire lasers, with pulse lengths of 100–200 fs, average powers in the 10–100 mW and a frequency of pulses of ~80 MHz (reciprocal time ~12.5 ns between pulses). At this very high repetition rate, they behave in “CW-like” mode for many applications, as the irradiated system has a response time much longer than nanoseconds. At the same time, each pulse “packs” very high power and irradiance, frequently in the 1010–1012 Wcm−2. Thus, some non-linear phenomena are readily observed with these lasers (e.g., two-photon luminescence). For these reasons some researchers have employed and compared fs pulsed lasers to CW lasers as sources for optical traps. Biological damage and cell death are, nevertheless, observed with fs lasers. However, there seems to be a very sharp power threshold for damage to set in (which points to non-linear phenomena becoming non-negligible above a certain power). For example, König et al. described safe optical trapping of CHO cells with a fs laser at powers ≤ 1 mW, 50% loss of colony cloning at 2–3 mW, no cell division at ≥6 mW, and total cell destruction above 10 mW [97]. Hopt and Neher documented similar results in bovine adrenal chromaffin cells trapped with a pulsed Ti:sapphire laser (840 nm 190 fs 82 MHz) [98]. Ca2+ levels and a degranulation reaction were studied under irradiation. A power of 2.5 mW was considered safe to study those processes as a result of non-linear cell excitation. But powers of 10 mW were considered quite deleterious. It is interesting to compare these results with those of Zhang et al. [96], as similar wavelengths were employed. König et al. described cell death at 10 mW with a fs laser at 800 nm and 8–10 mW; Hopt and Neher found similar results with a fs 840 nm at 10 mW; finally, Zhang et al. reported cell preservation with a CW laser at 809 nm, power of 190 mW and 1000 s exposure time. Thus, fs lasers in the 800–840 nm range seem safe for optical trapping but at average power levels below 5–6 mW.



The damaging mechanisms of these fs pulsed traps can be diverse. First of all, one-photon absorption can lead to undesirable photochemistry. As mentioned repeatedly in this review, the vast majority of optical tweezers make use of NIR wavelengths to avoid this linear photochemistry. However, fs pulsed systems provide enormous light fluxes (e.g., 1032 photons cm−2 s−1 [97]). At these intensities even almost negligible one-photon absorption can have biological consequences. Additionally, these very same high light intensities undoubtedly favor non-linear optical processes, like two-photon absorption followed by photochemistry. To be fair, it is true that this non-linear behavior can have positive applications, like two-photon stimulated fluorescence, which can be an asset under the right conditions [97,98,99].



Given the very short time of each pulse, thermal effects in the so-called stress confinement regime can take place. This condition is fulfilled when the (photo)thermal pulse is shorter than the time it takes for sound (mechanical waves) to traverse the irradiated volume. This is very much the case for fs pulses. Under the stress confinement condition, even relatively small temperature changes can generate large pressures (>MPa) [100]. This can be a source of cell damage (see Section 3 and Section 4 below). In parallel, at the low energies typical of fs optical traps, low-density plasma generation can take place, too. Again, this occurs in the stress confinement regime, which leads to intense pressure pulses and high-energy free electron-driven chemistry [101]. The pressure pulse can lead to occurrence of nano-cavitation, with bubble dimensions of 100–200 nm at threshold fluences [101,102]. These bubbles, smaller than the diffraction limit at optical wavelengths, can induce damage to several cellular structures (membranes, cytoskeleton, organelles, etc.). Due to their very small dimensions and very transient existence the operating researcher can be oblivious of their existence.



Some reports of trap performance and biological damage when comparing pulsed fs and CW laser systems have been published. It seems that CW traps are slightly better than fs traps at creating a potential well where efficient trapping takes place [99,103]. However, non-linear effects, as mentioned, can be advantageous in certain circumstances. Hence, pulsed fs lasers can offer additional interesting features with a very minor decrease in trap efficiency. In any case, particular attention should be paid to average laser power, as magnitudes above 5–6 mW seem deleterious [103]. Subtler chemical changes, detected by Raman spectroscopy, at lower average powers have also been reported by the same group in red blood cells [104]. The conclusion is that cell morphology reveals gross damage, and alterations at the molecular level can take place well before any observable change in cell structure sets in. As it turns out, however, pulsed fs systems can provide an adequate “scalpel” at the subcellular level, given their nanometric precision. An example is presented in Figure 16a, in which yeast cells (S. cerevisiae) were first trapped with the 780 nm Ti:sapphire laser operating in continuous mode to minimize damage. Once trapped, a cell was cut by positioning the laser at the cell membrane and switching to fs pulsed mode [105]. Intracellular material was subsequently released to the medium. This approach can have interesting analytical and manipulative applications, as the authors themselves showed. By trapping in CW mode and then switching to fs pulsed mode they were able to trap a yeast cell (CW), cut its membrane locally (fs pulsed), and finally extract an organelle with the optical tweezers (CW). The sequence of events is displayed in Figure 16b.



A couple of other papers in which comparison among different laser systems was discussed deserve mentioning. They do not deal directly with biological alterations in optical traps but the results can be extrapolated to them. Kong et al. compared different types of lasers in order to induce a DNA damage response in HeLa cells [44]. Different wavelengths (337, 405, 532, 800 nm) and laser pulse profiles (CW, ns, ps and fs) were employed. All lasers induced the DNA damage response although with different features (see Section 2.1 above). Mechanisms considered included linear and non-linear optical absorption, generation of low-density plasma, and photothermal effect (see next section). Gassman et al. describe similar results and techniques in their recent review on cellular micro-irradiation [47]. The type and extent of lesions varied depending on such properties as laser pulse timing, wavelength, presence of a photosensitizing compound, etc. The type of genetic lesion was different for different experimental parameters. Finally, Wang et al. published experiments on autophagy induction after laser micro-irradiation [50]. All experimental conditions increased autophagy but the triggering mechanism seemed different. For the CW lasers (473, 543 and 650 nm) ROS are proposed as the causative agent. For the 750 nm fs laser plasma generation inside the cell is more likely the cause. An interesting detail is that Ca2+ seems critical for the induction of autophagy with the fs laser but not for the CW ones.



To aid the reader some important examples of non-linear biological damage have been summarized in Table 3 below.





3. Thermal Damage and Stress in Optical Tweezers


A significant rise in the local temperature within and around optical traps has been a concern in optical tweezers since the first reports in this research field [6,69,70,106,107] and still is a matter of discussion [12]. Intense absorption in the VIS precluded use of this wavelength range to trap biological samples without damaging them (see Section 1 and Section 2.1) [5,6]. Moving to NIR wavelengths solved this problem to a great extent, but excessive sample heating due to infrared photon absorption (in particular by water molecules) could be a problem. Then, for over three decades, many researchers have devoted their study of optical tweezers to measure the increase in temperature (∆T), its effect on biological molecules and organisms, and to provide measures to counteract the undesirable thermal side effects of microirradiation.



Ashkin et al. advanced in 1987 that, although trapping at 1064 nm had undeniable advantages, using 80 mW would lead to a ∆T “estimated to be several degrees Centigrade.” [6]. As we will see this, although correct in the general direction, was an overestimation of ∆T by an order of magnitude. Articles published a few years later reported experimental values of ∆T as a function of the light power in different cell models: <1.0 °C ± 0.30 per 100 mW (human spermatozoa and CHO cells, 1064 nm [70]); 1.45 °C ± 0.15 per 100 mW (liposomes, 1064 nm [106]); 1.15 °C ± 0.25 per 100 mW (CHO cells, 1064 nm [106]); and 4 °C per 55 mW (water, 985 nm [107]). Check for the corresponding water absorption spectrum in Figure 3. An example of the increase in temperature as a function of laser power is shown in Figure 17a.



Additional measurements of ∆T as a function of average power of the optical trap were published some years later [108]. Authors measured the changes in Brownian movement of trapped (1064 nm) polystyrene and silica microparticles in water and glycerol. From this, the ∆T was calculated. Values are displayed in Figure 17b (from an original table). Differences in solvent viscosity and thermal conductivity lead to ∆T~3–6 K/100 mW (glycerol) and 0.4–1.3 K/100 mW (water). Thus, changes in irradiation parameters and media can modify the thermal properties of the optical trap setup. In this line, it was recently reported by Català et al. that the historically assumed “∆T~1 K/100 mW” rule of thumb for aqueous trapping at 1064 nm can be quite misleading, deserving a warning note. They measured ∆T~2–4 K/100 mW for polystyrene, melamine and silica microparticles trapped with a CW 1064 nm laser [109]. The ∆T seems to depend critically on focusing features like magnification employed, numerical aperture, solvent, etc.



An example of the critical role of the wavelength is shown in Figure 18. Employing the same trapping parameters but using 820 nm or 980 nm (last one close to a water IR resonance band, see Figure 3) leads to diametrically opposite outcomes for cell survival [110]. Jurkat cells show no morphological signs of damage even after 50 min of continuous trapping at 820 nm. In contrast, they display aberrant shapes and damage signs after 10 min at 980 nm. Note that both wavelengths employed do not coincide with oxygen absorption bands (see Section 2.2 and in particular Figure 11b [87]).



In general, it can be concluded that thermal damage, for typical trapping powers, is not the result of reaching hyperthermic intracellular conditions (i.e., T > 42–43 °C). Most papers report ∆T of 1–10 K. For ambient laboratory temperatures of 20–25 °C under optical trapping conditions this means reaching equilibrium temperatures of ~30–35 °C in the trap. The relevant parameter, then, seems to be the rate of change of temperature as a function of time (i.e., ∆T/t), and not the absolute final temperature. Clearly it is not the same to reach a final temperature of 35 °C, starting from 20 °C, in 1 s or in 1 ms. Wetzel et al. nicely proved this in their experiments of cell damage (assessed through fibroblast spreading) induced with a CW 1064 nm laser [111]. Although very high temperatures (47–68 °C) were attained, cells showed quite a good viability if the exposure time to the high temperature was short enough. For example, for Tf = 48° ± 2 °C an 80–90% cell survival was observed if the laser exposure was 2 s or shorter. Cellular membranes are one of the most vulnerable structures to changes in temperature because of their phase transitions between gel and liquid states [81,112]. Rapid changes in T can induce membrane alterations, compromising cell viability.



Large heating rates affect cellular membranes in two ways: they induce large spatial thermal gradients (intracellular vs. external medium), and they are a source of thermoelastic pulses. Both mechanisms are interrelated and trace their origin to the finite time it takes for heat to flow from the irradiated spot to the surrounding medium. Spatial thermal gradients inside and around optically trapped cells have been shown to lead to damage. For example, it has been reported recently that trapping red blood cells with relatively high powers (P > 280 mW) at 1064 nm produces very fast damage and cell collapse [113]. An example is shown in Figure 19. Almost instantaneous collapse of the cell is observed when trapped with 360 mW. The authors estimate spatial thermal gradients of 109–1010 Km−1, which due to the Soret effect and thermopolarization (see below) translate into transient voltages across the cell membrane of ~1 V. This is enough to induce electroporation and osmotic shock. Remarkably, for trapping powers of 500 mW or higher, the cell collapse is so fast and violent that intense hydrodynamic waves spread out and mechanically damage nearby non-trapped cells.



These fast thermal gradients can lead to thermoelastic mechanical waves [24,44,100]. In [114] the response of a red blood cell to sudden exposure to 100 mW of a CW 1064 nm laser was computationally modelled. Maximal T on the simulations was 32.5 °C but a large part of the temperature rise takes place in a short time, less than 0.01 s (∆T/t > 1000 Ks−1). Thermal expansion of the cellular volume engenders mechanical waves that can affect and damage the cell itself and nearby structures (see Section 4). Perhaps this thermoelastic phenomena are behind the observed differences behind the pulsed (time-shared) and CW viability displayed by bacteria in Figure 14 [92]. Furthermore, long-term alterations can be taking place in previously trapped cells. If thermal and thermomechanical phenomena occur, but are below the level of immediate cell destruction, conditions for cell membrane poration can be the right ones for cells to uptake compounds from the medium, leak internal components and/or suffer osmotic stress. If such cells are preserved for further research or other uses, some caution must be exercised. In this respect, it has been published that low average power fs pulses are more than capable of porating cells, which totally preserved their viability but, nevertheless, made them to incorporate molecules from their surroundings (e.g., propidium iodide) [115]. The authors hypothesize that thermoelastic pulses are the source of this mild poration. This fits models of pressure stress and micro/nanocavitation in aqueous liquids by low-energy fs pulses [101,102], as well as recent models in which large pulsed thermal gradients (~109 Km−1) across biological membranes lead to efficient poration due to fast (ns) increase in membrane fluidity [116].



Direct molecular thermal damage and pressure transients, driven by thermal processes, seem the most obvious sources of cellular alterations as a consequence of photothermal events. However, it is worthy to briefly discuss other heat-driven phenomena that are often overlooked, and which can also modify/interfere with cellular functions or structures during NIR optical trapping, perhaps in subtler ways. The first is the phenomenon known as thermophoresis. Thermophoresis is the movement of atoms, molecules and other microscopic entities (including biomolecules and micron-sized objects) when they are subjected to a temperature gradient [117]. Under this gradient, non-equilibrium thermodynamic conditions occur, to which molecules react by displacing. The direction and rate of such movement depends on the local electric fields that arise as a consequence of the thermal gradient. These electric fields appear because the solvation shells and diffusion rates of different chemical compounds change in different quantities under the same temperature difference [118]. All of this leads to differential diffusion and molecular flows. Within and in the surroundings of an optical trap important temperature gradients can take place, even if the absolute temperature change is small. For example, a temperature increase of 1 ºC would be considered mild. However, if confined to a 1 μm spot, it can set a temperature gradient of 106 K m−1 with its immediate surroundings [119]. Thermophoretic flows have been successfully created within a living HeLa cell under localized subcellular gradients of 3–5 K [120]. Therefore, these seemingly innocuous temperature increases of a few degrees can interfere with the internal movement of cell constituents and, in consequence, lead to negative effects on cellular metabolism. A possible, although unlikely, example of this is provided by Ayano et al., who tried to explain the observed negative effects of optical trapping on E. coli appealing to an optical restrain at the molecular level, which would slow down or stop cellular metabolism [75]. As they employed a 1064 nm laser, it is possible that some kind of thermophoretic flow was imposed on the bacterial cells, interfering with biochemical reactions. However, the results reported can be perfectly explained by the direct optical excitation of 1O2, as discussed in Section 2.2 above.



Additionally, these local thermal gradients, for reasons very similar to the just mentioned thermophoresis phenomenon, can induce electric charge accumulation on microscopic particles. For a 30 K increase in a ~1–2 μm spot, fields of the order of 104 Vm−1 have been calculated just besides the spot; and still 1–10 Vm−1 at 100 μm [121]. Even the simple heating of an aqueous NaCl solution, without colloids, has been calculated to induce a field of 200 Vm−1 locally for a ~1–2 μm spot and ∆T = 10 K [122]. The bottom line is that electric fields of a non-negligible magnitude can be induced at the micron scale for ∆T>1 K. These fields can have an impact on cellular processes, particularly if the biological sample is kept for a long time in the trap, on the doubtful assumption that a small temperature increase is not harmful.



Recently, a linked phenomenon was reported in the literature. Under a sustained steady thermal gradient imposed on a solution, solutes tend to concentrate according to their characteristics (mass, charge, solvation energies, etc.). If one or some of these molecules have acid-base activity, then a pH gradient is also established as a consequence of the heat flow in the system. In a phosphate buffered solution a difference of 2 pH units has been generated experimentally for thermal gradients of 8–30 K mm−1 for 1–4 h [123]. These are much weaker than the gradients in optical traps. Given the pH buffered nature of biologically-compatible fluids employed in research, it can be interesting to study if some kind of pH gradient is established during optical trapping, and its impact in biological samples. Indeed, this could offer an explanation for the results reported by Rasmussen et al. on pH changes in trapped bacteria [77].



Another thermal phenomenon, perhaps rarely found in optical traps except for fs pulses-driven ones, is water thermopolarization. This occurs when water is subjected to a sudden, fast (μs or less), quite localized (~microns) increase in temperature. A far from equilibrium situation is produced and the water molecules react to the thermal gradient by reorienting themselves in the direction of the heat flow. As water molecules are dipoles, this orientation induces a local polarization and it engenders an electric field [124]. For temperature gradients of 105–108 Km−1 transient electric fields of magnitudes 103–106 Vm−1 have been calculated [124,125]. Under pulsed laser optical trapping, as mentioned, most probable with fs pulses, the conditions can be the right ones for this kind of water thermopolarization to arise. Tentative calculated fields for typical optical trap parameters show magnitudes of 10–100 Vm−1 [126]. Although it is doubtful that thermopolarization has any real impact in optical traps, there are reports on transient electric signals after pulsed IR laser excitation of water samples [127,128,129]. Voltages in the order of 0.1–1 V were measured for centimeter-size water samples, matching values with fields of 10–100 Vm−1. Recently, modulation of several cellular features (Ca2+ dynamics, morphology, cytoskeleton) has been accomplished by means of a micro-heater based on 1064 nm laser heating of a micron-sized metal device [130]. The temperature gradients measured were of the order of 1–10 K μm−1 (106–107 Km−1) to be compared with the values just discussed above in relation to these thermal phenomena. To summarize, some important photothermal references are presented in Table 4.



In conclusion, it seems important to evaluate better the biological responses, particularly long-term ones, to heating in and around optical traps. It is undeniable, in light of the many reports, that immediate, lethal damage is not inflicted under most situations. However, more subtle interferences can be occurring, which can lead to misleading conclusions.




4. Mechanical Damage in Optical Tweezers


The most obvious sources of biological stress and damage in optical tweezers are photochemistry (Section 2) and photothermal processes (Section 3). A frequently overlooked phenomenon, however, is the excitation of mechanical activity in the sample by the optical trap. It arises because of the coupling between heat produced by photon absorption and the temperature-dependent changes of several material properties (e.g., thermal expansion, convection, induced flows, etc.) [100]. This mechanical activity can be understood at several levels. First, at the whole cell level, where shaking and translation can take place. Second, at the subcellular/organelle level, where internal vibrational modes can be excited. Third, at the supramolecular level, for example, with mechanical entrainment of the cellular membrane. Finally, at the molecular level, where conformational alterations can occur with biological implications. Examples of these mechanical effects will be provided in what follows, to warn the reader but also to spur deeper research into this relatively unexplored area.



A decade ago, Zhang and Liu already advised about the necessity to better assess opto-mechanical coupling in optical traps [11]. Here, these mechanical effects are not those related to gross thermal phase changes like boiling or cavitation. Those effects have much more to do with the results reported in Section 3, although their explosive nature immediately warns the researcher about their occurrence. The average powers involved to induce cavitation, for example, frequently are quite above the usual ones employed for optical trapping. The mechanical effects described below are more subtle in their nature and, therefore, can occur without immediate noticing by the manipulator/observer. They are the result of coupling between an initial thermal event (photothermal effect) and the mechanical properties (i.e., thermal expansion) of the trapped sample. The ensuing thermoelastic waves can interact and alter cells and biological compounds in different ways.



At the whole cell level the thermal action of the optical trap can modify the temperature and viscosity of the surrounding solvent. This can alter the equilibrium of forces and produce undesired movements and displacements of the sample. As already mentioned, changing the numerical aperture or the focal distance close to a solid surface can change the temperature increase in the trap, everything else kept equal [109]. One consequence is that undesired flows can be established around the sample. Recently, it has been published that low-energy NIR fs pulses at 50 MHz can induce noticeable changes in the trap microviscosity [131]. These changes translated to kHz oscillations in the trap´s stiffness, therefore acting like a microscopic “spring”. Should a cell be located at this trap, it would be subjected to kHz vibrations.



The cell, as a unit, and subcellular structures (nucleus, Golgi, etc.) can undergo mechanical oscillations as a result of being exposed to thermomechanical waves resulting from thermal expansion/contraction cycles. For example, Ng et al. published a very interesting paper in which leukemia cells were irradiated with a CW 1064 nm laser but in a scanning mode [132]. In this way, cycles of thermal expansion and contraction were induced in the cells. The remarkable point is that almost complete cell death was obtained for certain scanning frequencies (see Figure 20). Non-scanning laser exposure with the same total dose induced no damage. There is no simple trend in the frequency-cell death plot. Instead, it seems that certain frequencies induce a resonating action that severely affects cells. Further research by this group reinforces the phenomenon, with a working model that relates the mechanical resonances to the disruption of the cortical cytoskeleton-nuclear envelope and consequent lethal damage [133]. In this respect, other recent publications point to the particularly relevant role of the nucleus as a vulnerable spot for pulsed thermal treatments [134,135]. With a temperature rate of change of 1–20 Ks−1 the nucleus undergoes reversible expansion/contraction (depending on the ionic properties of the medium). This can set intracellular vibrations that can have long-term effects on the cell [135]. In fact, nuclear-cellular mechanotransduction is a current hot research topic, as it seems the nucleus is directly sensitive to pure mechanical cues transmitted by the cytoskeleton and transduced by conformational molecular changes (e.g., chromatin compaction) and pressure-sensitive proteins (ionic channels) [136,137].



Vibrations of 10–1000 Hz but lower amplitude have been shown to increase the uptake of molecules into the cell, with gene delivery proven feasible [138]. Again, only certain frequencies, very similar to those already mentioned before and displayed in Figure 20a, are efficient at increasing cell permeability. Experiments carried out with an optically-trapped polystyrene bead show that this bead can be employed as a sort of subcellular-sized “jackhammer”, promoting membrane indentations and intracellular Ca2+ transients, all with forces in the pN range [139]. This experiment points in the direction that mechanical waves can, indeed, drastically modify the intracellular medium. The trapped bead “drilling” frequency is indicated as 1 Hz. In [138] mechanical shaking at 10-800 Hz was effective at increasing molecular and nanoparticle uptake, with a frequency of 100 Hz being particularly effective towards this goal. This is to be connected with the ~kHz oscillations in trap´s stiffness reported by Mondal et al. with their fs pulsed trap [131].



Moving further down in scale, mechanical waves can directly interact with biological membranes. For example, in order to explain the puzzling effects of ultrasounds and microwaves in neurons, different working models and experimental results have been proposed and reported in the last decade. Shneider et al. advance a model in which ultrasound/microwaves induce standing or travelling mechanical waves in the membrane [140]. These waves can alter the density distribution of membrane-bound ionic channels, leading to enhancement or blocking of the electric signal. Another group provides two mechanisms, not mutually exclusive, in which thermal transients engendered by the ultrasound/microwave lead to thinning of the membrane with a concomitant change in capacitance, driving inductance currents [141]; or favor intramembrane nanometric cavitation which also provokes currents [142]. The connecting point of these papers and models with optical tweezers is that the thermal transients that lead to these changes are very weak, functioning with a negligible increase in temperature (<<1 °C). Therefore, very low intensity (photo)thermal processes taking place in the optical trap, classically considered as insignificant, can, nevertheless, have a substantial impact in the cellular physiology if this kind of thermomechanical events are happening.



Finally, thermal modulation of molecular conformations can occur in optical traps. For example, trapping of T4 virus DNA with a CW 1064 nm laser in aqueous solutions led to cyclical transitions from the expanded coil state to the condensed compact state of the macromolecule [143,144]. No cycling was observed in D2O, which does not absorb NIR light at 1064 nm, thus favoring a thermal mechanism of action. The authors conclude that other polymers can undergo similar thermally-driven transitions under the adequate circumstances. These processes can take place within living cells and, more importantly, in solutions where assessment of other features (e.g., mechanical properties) is evaluated while the molecule of interest is optically trapped. In consequence, it is advisable to take in account the possibility that the biological sample can suffer conformational changes because of the perturbing action of the optical tweezers.




5. Strategies to Avoid Damage in Optical Tweezers


Once different kinds of damage and sample perturbation in optical tweezers have been introduced and discussed, it seems quite relevant to provide some measures and action lines to avoid or, at least, minimize any damage that a biological sample may suffer as it is exposed to an optical tweezers. It is fair to say, nevertheless, that a perfect strategy does not exist, and that the researcher must find a practical compromise depending on the different parameters of the particular experiment.



By now, it should be clear that NIR wavelengths are, by far, the most successful in dealing with biological samples for optical trapping. UVA wavelengths imply a direct photochemical damage even at the lowest doses. Visible wavelengths also lead to fast one-photon photodamage, particularly below 600 nm [42,44,47,49,50]. In the IR region wavelengths longer than 1100 nm induce important vibrational excitation of water and heat evolution. Thus, the range 750–1064 nm has been the most employed to implement optical traps. Within this spectral range, though, care must be taken as there are some molecular oxygen absorption bands that can promote excitation of singlet oxygen, with deleterious biological and biochemical effects (see Section 2.2) [62,71,73,87,92]. From several experiments of viability preservation (measured in different biological models and with different viability markers), it can be concluded that wavelengths in the ranges 810–860 nm and 940–960 nm are the least damaging.



The spatial patterning of the light in the trap can also help to reduce any damage by reducing the light dose to which the sample is exposed to. Holographic traps in which light intensity is reduced and several or many objects can be simultaneously trapped, is an option to consider [145]. Very recently, Liu et al. have described a modification of the microscope objective of the trap to obtain a “light funnel”, a dark cone with “walls” made of light [146]. This funnel can confine and trap objects of micrometric size without exposing them to the high light fluences typical of optical traps. Another strategy to reduce the photon load has been advanced by Koss et al. and consists in trapping inert microscopic beads (e.g., silica) in groups and then employing them as “grips” or “handles” to manipulate the biological target [147]. However, it adds complexity in the manipulation as direct control over the sample is lost and it can move away from the “handle”. Mixed photonic-material approaches, that reduce the light dose, have been proposed during the last decade too. Traps based on photonic crystals [18,29] or plasmonic tweezers [145] employ lower light intensities and provide flexibility to rearrange the trapping pattern. However, they are 2-D tools, dependent on a surface that becomes the trapping agent when it interacts with the light. Moving to a 3-D patterning is a challenge currently being faced by these traps. The same can be said at the moment of another approach, the optoelectronic tweezers based on light-excited ferroelectric materials, which works efficiently in 2-D but still has a long road to attain 3-D control [148].



Another front where damaging action can be controlled is the temporal features of the optical trap. Basically, the researcher faces two main options: CW or pulsed laser light. A CW laser excitation offers a simpler system and trapping efficiency seems a little higher than with fs pulses [99,103]. However, NIR fs pulsed traps offer trapping and non-linear excitation at the same time, which can be an asset to consider. With the optical energies and powers typically employed in fs optical tweezers, second-order non-linear processes seem greatly favored over third-order ones [149]. Therefore, the possibility to excite molecules at half the trapping wavelength must be considered, in particular if the experiment involves exogenous fluorophores. Traps based on ns pulsed lasers are discouraged, as they promote a large variety on undesirable photochemical, plasma and thermal issues [44,70,76]. An alternative to real pulsed laser systems is to arrange the optical trap with a CW laser in a scanning/pulsed mode. In this case there are no optical peaks in power leading to undesirable non-linear or thermal effects. The CW beam can be chopped or turned on/off at a certain frequency to set up the trap. Less photodamage was reported with this approach by Mirsaidov et al. as compared with full time excitation [92]. In fact, reducing the excitation frequency of a fs pulsed system from the usual 80 MHz to 200 kHz and, additionally, decreasing the focusing angle (wide-field illumination) greatly increases the performance of an optical trap as recently reported [150].



A critical parameter for optical tweezers manipulating biological samples and organic molecules is the presence and activation of molecular oxygen. Plenty of information has been provided on this particular issue in Section 2.2. In order to keep oxidative damage in check, several strategies can be undertaken. In the first place, the O2 absorption bands in the NIR should, obviously, be avoided (see Figure 5) [62]. In this sense, it must be remarked again that optical traps relying on 1064 nm excitation will be producing 1O2 in the trap medium. Quenchers added to the medium can help in preventing or delaying oxidative damage. For example, sodium azide (NaN3) is a very efficient 1O2 quencher and has been employed in different experiments [62,67,76]. However, it blocks the mitochondrial electron transport chain; therefore it is toxic for cells in the long-term and must be used with care. DABCO (1,4-diazabicyclo[2.2.2]octane) is another efficient 1O2 quencher, more tolerable by living cells. β-carotenes or α-tocopherol are organic compounds with a proven efficiency to decrease 1O2 oxidative action [66,88,151,152]. Sacrificial reducers (i.e., antioxidants), like ascorbate, can be employed but they engage in chemical reactions with 1O2, thus other ROS (e.g., superoxide or H2O2) and radicals will be produced close to the optical trap.



A particularly interesting approach to the oxygen problem is to eliminate it altogether, bypassing the need to deal with 1O2 or other ROS. This is achieved by employing biochemical scavenging systems, based on oxygenases/oxidases. For example, a mixture of glucose oxidase plus catalase (GOC) efficiently consumes O2 and reduces pO2 in the trap. This approach was employed by Landry et al. to minimize oxidative damage on DNA in their tensile measurement experiments [79]. Also, Min et al. found an important decrease in bacterial damage with a 1064 nm trap in the presence of GOC [153]. To be fair, Neuman et al. already considered the possibility to employ both oxygen scavengers and ROS quenchers in order to avoid photodamage in optical traps [72]. These systems are not without drawbacks, however. It is obvious that consuming O2 in the medium can have a very negative impact on living organisms, particularly aerobic ones. Additionally, the GOC system (and others) releases organic acids as a side product of the oxygen-consuming processes. This lowers the medium pH which, again, can have negative biochemical or biological effects in the long-term. Alternatives have been proposed, such as the pyranose oxidase-catalase, which releases an aromatic ketone that does not alter the pH [154]. This is an interesting possibility to avoid both oxidative and pH-related damage.



A special comment deserves the use of deuterium oxide (D2O or heavy water) in optical traps. Some researchers have employed D2O to minimize the thermal load in 1064 nm optical traps [85,143]. This is due to the very low absorption of 1064 nm photons by heavy water. From the point of view of avoiding an increase in temperature, this strategy is perfect. However, the lifetime of 1O2 in D2O is ~20 longer than in H2O. Therefore, any oxidative damage will be exacerbated in conditions of optical trapping in D2O or mixtures of D2O and H2O (particularly at 1064 nm). Also, for long incubation times (hours) D2O has been shown to be cytotoxic [155].



Finally, some comments in regards to methodologies that can reduce the thermal load in optical traps will be presented. Wavelengths between 700 nm and 1100 nm produce the lowest temperature increases (see Section 3). Removing wavelengths exciting water vibrations (see Figure 3) and oxygen (see Figure 5) leaves ample spectral regions in the 700–1000 nm where minimal thermal stress should be expected [110]. Reducing the photon flux would, necessarily, decrease heat production. Therefore, optical traps based on scanning, “hollow” light structures, and/or pulsed lasers should, in principle, heat less than a continuous light excitation [99,145,146]. Reducing the pulse frequency in a fs laser from 80 MHz to 200 kHz has been shown to be quite effective in reducing the temperature increase by one order of magnitude (from ΔT = +5 °C to + 0.25 °C) [150]. Recently, “pulsing” of CW NIR lasers (808 nm vs. 980 nm) was an efficient strategy to avoid trap heating, particularly at 980 nm which vibrationally excites water molecules [156]. In CW mode, the 980 nm laser produced a ΔT = +21 °C at 130 mW. Modulating the emission decreased ΔT to +15 °C (30 ms pulse width), +10 ºC (20 ms pulse width), or +1 °C (10 ms pulse width). This “pulsing” approach indeed reduces the thermal mode but thermomechanical processes are more readily induced (see Section 4). Then, caution is advised to check for possible thermoacoustic effects on the sample, especially at 100–1000 Hz frequencies [138].



Micro-flows have also been considered to reduce the temperature increase in optical traps. Facilitating micro-flow evolution or thermal conduction to nearby structures by adjusting the spatial location of the trap in the working chamber helps in improving these thermal aspects [109]. Others have coupled a heating/cooling cap to the microscope objective to induce convective currents that should help in dissipating heat [157]. These authors also advanced another strategy based on a double beam trap, in which a non-heating laser (830 nm) pumps the optical trap and another laser (975 nm) induces a controlled temperature rise which, in turn, drives convective currents promoting overall cooling the trap. Creating optical traps within microfluidic circuits in which micro-flows carry away the heat is another successful strategy [158]. An interesting option is to adapt the medium composition to better deal with these issues. For example, Chowdhury et al. recently described the catastrophic effect of intense 1064 nm trapping on red blood cells (see Figure 19) [113]. However, changing the cell medium composition from ionic (phosphate-buffered saline, PBS) to non-ionic (sucrose), while maintaining isotonic conditions, resulted in an increase in the threshold for catastrophic thermal collapse from 350 mW to 600 mW. The authors relate this to changes in the thermal conductivity linked to the ionic/non-ionic nature of the solutes.



In conclusion, several parameters can be modified to decrease either heat evolution in the trap or heat dissipation from the trap. Depending on the particular necessities of each particular experiment, some or all can be implemented. Nowadays, cheap and reliable diode lasers emitting in the 800–900 nm range are available, which should translate in research teams moving from classic 1064 nm traps to this near-visible region. Some discussed strategies to reduce damage in optical traps are compiled in Table 5.




6. Outlook and Perspectives


To finish this review, some ideas and new angles of view for the topics previously discussed will be provided. It is more than clear that optical tweezers have revolutionized many fields, nonetheless biotechnology and biophysics. Still, there are areas in which there is plenty of room for improvement, one of them the reduction or elimination of damage that comes from the optical trap itself. Better optics to improve trapping and reduce light intensity on the sample are under development, as introduced in the recent and relevant review by Bunea and Glückstad [145]. Bessel, Airy or Laguerre–Gaussian beams are being studied for optical trapping, for the advantages they offer over conventional optics.



In many instances it can be desirable to increase the optical interaction with the biological sample, in order to alter it in some desired way. Such is the principle of the optical tweezers-scissors or tweezers-scalpel. The optical trap can hold the sample and, at the same time, carry out some kind of manipulation (subcellular transport, membrane poration, organelle ablation, etc.) [12,13,105,145]. A particular example was presented above in Figure 16b, in which an organelle was extracted from a yeast cell by employing this tweezers-scalpel approach [105]. Pulsed fs lasers seem to provide better spatial and thermal control for subtle “light scalpel” procedures [159]. A dual beam setup, in which one wavelength creates the trap and another is employed to alter the sample, is an emerging trend although it increases the methodological complexity [157].



The possibility to influence the migration and growth direction/rate of cultured cells is another poorly explored area. Recently, a series of photothermal microirradiation experiments have concluded that it is quite feasible to modify the growth of cells or their migration in certain selected directions just by a laser-driven temperature increase [160,161,162,163]. In fact, it has been shown that yeast budding and colony growth can be directed along a linear optical trap [164]. The authors propose a mild thermal excitation to explain the observed cell response but other alternatives, such as low ROS production stimulating the yeasts, cannot be disregarded particularly because they employed a 1064 nm laser. For additional sources on the microscopic mechanisms and applications of photothermal manipulation the reader is directed to the recent review [165] and references therein.



A very promising research area is that of parallel optical trapping-membrane fusion. Cells [166] and other biological membrane-containing structures (e.g., vesicles, liposomes, etc.) [167] can be fused when brought under very close contact and then inducing a quick temperature change. A single-beam or dual-beam optical tweezers could hold structures of interest in very precise spatial positions or arrangements, and then proceed to induce a fast photothermal pulse in order to obtain merged structures. Alternatively, suitable nanoparticles (carbon-based, gold) can be employed to better localize the point of fusion (nanometric) and then act as photothermal agents (“rivets”) on the spot.



Optical traps offer an overlooked approach to study redox biology in trapped cells. Practically all efforts in the optical tweezers literature have been directed to avoid ROS generation in this sense. However, here exists a unique environment to precisely produce ROS in a controlled way in a selected cell or group of cells. For example, trapping for short times with a 765 nm beam can be employed towards such goal. Or a dual beam for trapping/producing ROS (e.g., 830 nm + 765 nm). Currently, it is accepted that ROS have a critical signaling role in many cellular processes and responses [63,65,168]. In recent years, cell microirradiation and direct optical excitation of 1O2 with a 765 nm laser has provided very interesting results in the field of redox biology [62,66,88,151,152]. For example, everything else equal (laser power, light dose, wavelength, etc.) microirradiation of the cell in the cytoplasm or the nucleus brought about radically opposite proliferative responses: irradiation in the cytoplasm enhanced proliferation while in the nucleus it was delayed [169]. Parallel experiments with detached cells are lacking and could provide a great deal of information to be compared with results in adherent cells. Optical traps will be an invaluable tool to achieve precisely this. Another approach could be to trap cells, previously incubated with a photosensitizer, at low power with a NIR laser. Then, for short times, increase the laser output to maintain the trap and induce a two-photon excitation of the compound, which would lead to physiologically meaningful pulses of ROS [170]. This could expand already published results on redox modulation of cell responses with photosensitizers [171,172].



Finally, optical tweezers offer a unique opportunity to have a precise control over the studied object at the micro-nanoscopic level and, at the same time, act as a probe to assess information at different levels (composition, structural, conformational, etc.). The study of the mechanical properties of different molecules has been possible to a great extent thanks to optical tweezers [10,22,31]. Temperature can be suddenly increased in the optical trap, allowing temperature-jump experiments for molecules [173]. This temperature-jump methodology should be exported to single cell studies to evaluate potentially relevant responses. Recently, detailed molecular analysis of cells and subcellular components has been obtained taking advantage of optical tweezers that provide Raman spectroscopy analysis at the same time [174,175]. Thus, this methodology offers the adequate setup to trap and interrogate the biological sample at the same time.



These are just some of the many new applications and methodologies, currently under development or foreseeable, that optical tweezers have to offer in the biological and biophysical arenas. Undesirable and negative effects of optical traps provide, nevertheless, new methodological opportunities and novel paradigms when considered from different angles. It has been the goal of this review to present the main damage mechanisms taking place in optical traps for trapped biological samples, while providing means and strategies to avoid/minimize their impact. Also, to provide some out-of-the-box suggestions to actually take advantage of those mechanisms in order to obtain more biological information and further advance in the fields of biology and biophysics.







Funding


Funding and support is acknowledged to the Marie Skłodowska-Curie Action COFUND 2015 (EU project 713366–InterTalentum).




Conflicts of Interest


The author declares no conflict of interest.




References


	



Ashkin, A. Acceleration and trapping of particles by radiation pressure. Phys. Rev. Lett. 1970, 24, 156–159. [Google Scholar] [CrossRef]

	



Dholakia, K.; Reece, P.; Gu, M. Optical micromanipulation. Chem. Soc. Rev. 2008, 37, 42–55. [Google Scholar] [CrossRef] [PubMed]

	



Bowman, R.W.; Padgett, M.J. Optical trapping and binding. Rep. Prog. Phys. 2013, 76, 026401. [Google Scholar] [CrossRef] [PubMed]

	



Dhakal, K.R.; Lakshminarayanan, V. Chapter one—Optical tweezers: Fundamentals and some biophysical applications. Prog. Opt. 2018, 63, 1–31. [Google Scholar]

	



Ashkin, A.; Dziedzic, J.M. Optical trapping and manipulation of viruses and bacteria. Science 1987, 235, 1517–1520. [Google Scholar] [CrossRef] [PubMed]

	



Ashkin, A.; Dziedzic, J.M.; Yamane, T. Optical trapping and manipulation of single cells using infrared laser beams. Nature 1987, 330, 769–771. [Google Scholar] [CrossRef] [PubMed]

	



Ashkin, A.; Dziedzic, J.M. Internal cell manipulation using infrared laser traps. Proc. Natl. Acad. Sci. USA 1989, 86, 7914–7918. [Google Scholar] [CrossRef]

	



Ashkin, A. The study of cells by optical trapping and manipulation of living cells using infrared laser beams. ASGSB Bull. 1991, 4, 133–146. [Google Scholar]

	



Svoboda, K.; Block, S.M. Biological applications of optical forces. Annu. Rev. Biophys. Biomol. Struct. 1994, 23, 247–285. [Google Scholar] [CrossRef]

	



Hormeño, S.; Arias-Gonzalez, J.R. Exploring mechanochemical processes in the cell with optical tweezers. Biol. Cell 2006, 98, 679–695. [Google Scholar] [CrossRef]

	



Zhang, H.; Liu, K.K. Optical tweezers for single cells. J. R. Soc. Interface 2008, 5, 671–690. [Google Scholar] [CrossRef] [PubMed]

	



Greulich, K.O. Manipulation of cells with laser microbeam scissors and optical tweezers: A review. Rep. Prog. Phys. 2017, 80, 026601. [Google Scholar] [CrossRef] [PubMed]

	



Xie, M.; Shakoor, A.; Shen, Y.; Mills, J.K.; Sun, D. Out-of-plane rotation control of biological cells with a robot-tweezers manipulation system for orientation-based cell surgery. IEEE Tran. Biomed. Eng. 2019, 66, 199–207. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Zhang, Y. Optical Fiber Probe-based Manipulation of Cells. In Fiber Optics; IntechOpen: London, UK, 2018; pp. 1–14. [Google Scholar] [CrossRef]

	



Keloth, A.; Anderson, O.; Risbridger, D.; Paterson, L. Single cell isolation using optical tweezers. Micromachines 2018, 9, 434. [Google Scholar] [CrossRef]

	



Mirsaidov, U.; Scrimgeour, J.; Timp, W.; Beck, K.; Mir, M.; Matsudaira, P.; Timp, G. Live cell lithography: Using optical tweezers to create synthetic tissue. Lab Chip 2008, 8, 2174–2181. [Google Scholar] [CrossRef] [PubMed]

	



Bezryadina, A.S.; Preece, D.C.; Chen, J.C.; Chen, Z. Optical disassembly of cellular clusters by tunable “tug-of-war” tweezers. Light Sci. Appl. 2016, 5, e16158. [Google Scholar] [CrossRef]

	



Jing, P.; Liu, Y.; Keeler, E.G.; Cruz, N.M.; Freedman, B.S.; Lin, L.Y. Optical tweezers system for live stem cell organization at the single-cell level. Biomed. Opt. Express 2018, 9, 771–779. [Google Scholar] [CrossRef]

	



Zhong, M.C.; Wei, X.B.; Zhou, J.H.; Wang, Z.Q.; Li, Y.M. Trapping red blood cells in living animals using optical tweezers. Nat. Commun. 2013, 4, 1768. [Google Scholar] [CrossRef]

	



Johansen, P.L.; Fenaroli, F.; Evensen, L.; Griffiths, G.; Koster, G. Optical micromanipulation of nanoparticles and cells inside living zebrafish. Nat. Commun. 2016, 7, 10974. [Google Scholar] [CrossRef]

	



Banerjee, A.G.; Chowdhury, S.; Losert, W.; Gupta, S.K. Survey on indirect optical manipulation of cells, nucleic acids, and motor proteins. J. Biomed. Opt. 2011, 16, 051302. [Google Scholar] [CrossRef]

	



Norregaard, K.; Jauffred, L.; Berg-Sørensen, K.; Oddershede, L.B. Optical manipulation of single molecules in the living cell. Phys. Chem. Chem. Phys. 2014, 16, 12614–12624. [Google Scholar] [CrossRef] [PubMed]

	



Heller, I.; Hoekstra, T.P.; King, G.A.; Peterman, E.J.G.; Wuite, G.J.L. Optical tweezers analysis of dna-protein complexes. Chem. Rev. 2014, 114, 3087–3119. [Google Scholar] [CrossRef] [PubMed]

	



Snook, R.D.; Harvey, T.J.; Correia Faria, E.; Gardner, P. Raman tweezers and their application to the study of singly trapped eukaryotic cells. Integr. Biol. 2009, 1, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Redding, B.; Schwab, M.J.; Pan, Y. Raman spectroscopy of optically trapped single biological micro-particles. Sensors 2015, 15, 19021–19046. [Google Scholar] [CrossRef] [PubMed]

	



Al Balushi, A.A.; Kotnala, A.; Wheaton, S.; Gelfand, R.M.; Rajashekara, T.; Gordon, R. Label-free free-solution nanoaperture optical tweezers for single molecule protein studies. Analyst 2015, 140, 4760–4778. [Google Scholar] [CrossRef] [PubMed]

	



Gao, D.; Ding, W.; Nieto-Vesperinas, M.; Ding, X.; Rahman, M.; Zhang, T.; Lim, C.; Qiu, C.W. Optical manipulation from the microscale to the nanoscale: Fundamentals, advances and prospects. Light Sci. Appl. 2017, 6, e17039. [Google Scholar] [CrossRef] [PubMed]

	



Bradac, C. Nanoscale optical trapping: A review. Adv. Opt. Mater. 2018, 6, 1800005. [Google Scholar] [CrossRef]

	



Jing, P.; Wu, J.; Liu, G.W.; Keeler, E.G.; Pun, S.H.; Lin, L.Y. Photonic crystal optical tweezers with high efficiency for live biological samples and viability characterization. Sci. Rep. 2016, 6, 19924. [Google Scholar] [CrossRef] [PubMed]

	



Bhebhe, N.; Williams, P.A.C.; Rosales-Guzmán, C.; Rodriguez-Fajardo, V.; Forbes, A. A vector holographic optical trap. Sci. Rep. 2018, 8, 17387. [Google Scholar] [CrossRef]

	



Choudhary, D.; Mossa, A.; Jadhav, M.; Cecconi, C. Bio-molecular applications of recent developments in optical tweezers. Biomolecules 2019, 9, 23. [Google Scholar] [CrossRef]

	



Amy, R.L.; Storb, R. Selective Mitochondrial damage by a ruby laser microbeam: An electron microscopic study. Science 1965, 150, 756–758. [Google Scholar] [CrossRef] [PubMed]

	



Berns, M.W.; Cheng, W.K.; Floyd, A.D.; Ohnuki, Y. Chromosome lesions produced with an argon laser microbeam without dye sensitization. Science 1971, 171, 903–905. [Google Scholar] [CrossRef] [PubMed]

	



Berns, M.W. Directed chromosome loss by laser microirradiation. Science 1974, 186, 700–705. [Google Scholar] [CrossRef] [PubMed]

	



Berns, M.W. A possible two-photon effect in vitro using a focused laser beam. Biophys. J. 1976, 16, 973–977. [Google Scholar] [CrossRef]

	



Turro, N.J.; Ramamurthy, V.; Scaiano, J.C. Modern Molecular Photochemistry of Organic Molecules, 1st ed.; University Science Books: Sausalito, CA, USA, 2010. [Google Scholar]

	



Stockert, J.C.; Blázquez-Castro, A. Fluorescence Microscopy in Life Sciences, 1st ed.; Bentham Science Publishers: Sharjah, UAE, 2017. [Google Scholar]

	



Salet, C.; Moreno, G.; Vinzens, F. A study of beating frequency of a single myocardial cell: II. Ultraviolet micro-irradiation of the nucleus and of the cytoplasm. Exp. Cell Res. 1976, 100, 365–373. [Google Scholar] [CrossRef]

	



Moreno, G. Partial nuclear and cytoplasmic (mitochondrial) irradiation of single living cells using ultraviolet and visible light. In Technical Advances in Biomedical Physics; NATO ASI Series (Series E: Applied Sciences); Dendy, P.P., Ernst, D.W., Şengün, A., Eds.; Springer: Dordrecht, The Netherlands, 1984; Volume 77, pp. 139–145. [Google Scholar]

	



Splinter, J.; Jakob, B.; Lamg, M.; Yano, K.; Engelhardt, J.; Hell, S.W.; Chen, D.J.; Durante, M.; Taucher-Scholz, G. Biological dose estimation of UVA laser microirradiation utilizing charged particle-induced protein foci. Mutagenesis 2010, 25, 289–297. [Google Scholar] [CrossRef] [PubMed]

	



De With, A.; Greulich, K.O. Wavelength dependence of laser-induced DNA damage in lymphocytes observed by single-cell gel electrophoresis. J. Photochem. Photobiol. B Biol. 1995, 30, 71–76. [Google Scholar] [CrossRef]

	



Mohanty, S.K.; Rapp, A.; Monajembashi, S.; Gupta, P.K.; Greulich, K.O. Comet assay measurements of dna damage in cells by laser microbeams and trapping with wavelengths spanning a range of 308 nm to 1064 nm. Rad. Res. 2002, 157, 378–385. [Google Scholar] [CrossRef]

	



Walter, J.; Cremer, T.; Miyagawa, K.; Tashiro, S. A new system for laser-UVA-microirradiation of living cells. J. Microsc. 2003, 209, 71–75. [Google Scholar] [CrossRef]

	



Kong, X.; Mohanty, S.K.; Stephens, J.; Heale, J.T.; Gomez-Godinez, V.; Shi, L.Z.; Kim, J.S.; Yokomori, K.; Berns, M.W. Comparative analysis of different laser systems to study cellular responses to DNA damage in mammalian cells. Nucleic Acids Res. 2009, 37, e68. [Google Scholar] [CrossRef]

	



Grigaravičius, P.; Greulich, K.O.; Monajembashi, S. Laser Microbeams and optical tweezers in ageing research. Chem. Phys. Chem. 2009, 10, 79–85. [Google Scholar] [CrossRef]

	



Drexler, G.A.; Ruiz-Gómez, M.J. Microirradiation techniques in radiobiological research. J. Biosci. 2015, 40, 629–643. [Google Scholar] [CrossRef]

	



Gassman, N.R.; Wilson, S.H. Micro-irradiation tools to visualize base excision repair and single-strand break repair. DNA Repair 2015, 31, 52–63. [Google Scholar] [CrossRef]

	



Gibhardt, C.S.; Roth, B.; Schroeder, I.; Fuck, S.; Becker, P.; Jakob, B.; Fournier, C.; Moroni, A.; Thiel, G. X-ray irradiation activates K+ channels via H2O2 signaling. Sci. Rep. 2015, 5, 13861. [Google Scholar] [CrossRef]

	



Muster, B.; Rapp, A.; Cardoso, M.C. Systematic analysis of DNA damage induction and DNA repair pathway activation by continuous wave visible light laser micro-irradiation. AIMS Gen. 2017, 4, 47–68. [Google Scholar] [CrossRef]

	



Wang, Y.; Lan, B.; He, H.; Hu, M.; Cao, Y.; Wang, C. Laser stimulation can activate autophagy in HeLa cells. Appl. Phys. Lett. 2014, 105, 173703. [Google Scholar] [CrossRef]

	



Kobayashi, H.; Ogawa, M.; Alford, R.; Choyke, P.L.; Urano, Y. New Strategies for fluorescent probe design in medical diagnostic imaging. Chem. Rev. 2010, 110, 2620–2640. [Google Scholar] [CrossRef]

	



Dasgupta, R.; Ahlawat, S.; Verma, R.S.; Uppal, A.; Gupta, P.K. Hemoglobin degradation in human erythrocytes with long-duration near-infrared laser exposure in Raman optical tweezers. J. Biomed. Opt. 2010, 15, 055009. [Google Scholar] [CrossRef]

	



Schweitzer, C.; Schmidt, R. Physical mechanisms of generation and deactivation of singlet oxygen. Chem. Rev. 2003, 103, 1685–1757. [Google Scholar] [CrossRef]

	



Cooper, P.D.; Johnson, R.E.; Quickenden, T.I. A review of possible optical absorption features of oxygen molecules in the icy surfaces of outer solar system bodies. Planet. Space Sci. 2003, 51, 183–192. [Google Scholar] [CrossRef]

	



Bagrov, I.V.; Belousova, I.M.; Kiselev, V.M.; Kislyakov, I.M.; Sosnov, E.N. Observation of the luminescence of singlet oxygen at λ = 1270 nm under LED irradiation of CCl4. Opt. Spectrosc. 2012, 113, 57–62. [Google Scholar] [CrossRef]

	



Jockusch, S.; Turro, N.J.; Thompson, E.K.; Gouterman, M.; Callis, J.B.; Khalil, G.E. Singlet molecular oxygen by direct excitation. Photochem. Photobiol. Sci. 2008, 7, 235–239. [Google Scholar] [CrossRef]

	



Thalman, R.; Volkamer, R. Temperature dependent absorption cross-sections of O2-O2 collision pairs between 340 and 630 nm and at atmospherically relevant pressure. Phys. Chem. Chem. Phys. 2013, 15, 15371–15381. [Google Scholar] [CrossRef]

	



Krasnovsky, A.A., Jr.; Kozlov, A.S.; Roumbal, Y.V. Photochemical investigation of the IR absorption bands of molecular oxygen in organic and aqueous environment. Photochem. Photobiol. Sci. 2012, 11, 988–997. [Google Scholar] [CrossRef]

	



Krasnovsky, A.A., Jr.; Kozlov, A.S. New approach to measurement of ir absorption spectra of dissolved oxygen molecules based on photochemical activity of oxygen upon direct laser excitation. Biophysics 2014, 59, 199–205. [Google Scholar] [CrossRef]

	



Krasnovsky, A.A., Jr.; Kozlov, A.S. Photonics of dissolved oxygen molecules. Comparison of the rates of direct and photosensitized excitation of oxygen and reevaluation of the oxygen absorption coefficients. J. Photochem. Photobiol. A Chem. 2016, 329, 167–174. [Google Scholar] [CrossRef]

	



Bregnhøj, M.; Krægpøth, M.V.; Sørensen, R.J.; Westberg, M.; Ogilby, P.R. Solvent and heavy-atom effects on the O2(X3Σg−) → O2(b1Σg+) absorption transition. J. Phys. Chem. A 2016, 120, 8285–8296. [Google Scholar] [CrossRef]

	



Blázquez-Castro, A. Direct 1O2 optical excitation: A tool for redox biology. Redox Biol. 2017, 13, 39–59. [Google Scholar] [CrossRef]

	



Pryor, W.A.; Houk, K.N.; Foote, C.S.; Fukuto, J.M.; Ignarro, L.J.; Squadrito, G.L.; Davies, K.J.A. Free radical biology and medicine: It’s a gas, man! Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R491–R511. [Google Scholar] [CrossRef]

	



Pibiri, I.; Buscemi, S.; Piccionello, A.P.; Pace, A. photochemically produced singlet oxygen: Applications and perspectives. Chem. Photochem. 2018, 2, 535–547. [Google Scholar] [CrossRef]

	



Di Mascio, P.; Martinez, G.R.; Miyamoto, S.; Ronsein, G.E.; Medeiros, M.H.G.; Cadet, J. Singlet molecular oxygen reactions with nucleic acids, lipids, and proteins. Chem. Rev. 2019, 119, 2043–2086. [Google Scholar] [CrossRef]

	



Blázquez-Castro, A.; Westberg, M.; Bregnhøj, M.; Breitenbach, T.; Mogensen, D.J.; Etzerodt, M.; Ogilby, P.R. Light-Initiated Oxidative Stress. In Oxidative Stress: Eustress and Distress. Role in Health and Disease Processes, 1st ed.; Sies, H., Ed.; Elsevier: Cambridge, MA, USA, 2019; Chapter 19. (in press) [Google Scholar]

	



Anquez, F.; Yazidi-Belkoura, I.E.; Randoux, S.; Suret, P.; Courtade, E. Cancerous cell death from sensitizer free photoactivation of singlet oxygen. Photochem. Photobiol. 2012, 88, 167–174. [Google Scholar] [CrossRef]

	



Sokolovski, S.G.; Zolotovskaya, S.A.; Goltsov, A.; Pourreyron, C.; South, A.P.; Rafailov, E.U. Infrared laser pulse triggers increased singlet oxygen production in tumour cells. Sci. Rep. 2013, 3, 3484. [Google Scholar] [CrossRef]

	



Liang, H.; Wright, W.H.; He, W.; Berns, M.W. Micromanipulation of mitotic chromosomes in PTK2 cells using laser-induced optical forces (“Optical Tweezers”). Exp. Cell Res. 1991, 197, 21–35. [Google Scholar] [CrossRef]

	



Liu, Y.; Sonek, G.J.; Berns, M.W.; Tromberg, B.J. Physiological monitoring of optically trapped cells: Assessing the effects of confinement by 1064-nm laser tweezers using microfluorimetry. Biophys. J. 1996, 71, 2158–2167. [Google Scholar] [CrossRef]

	



Liang, H.; Vu, K.T.; Krishnan, P.; Trang, T.C.; Shin, D.; Kimel, S.; Berns, M.W. Wavelength dependence of cell cloning efficiency after optical trapping. Biophys. J. 1996, 70, 1529–1533. [Google Scholar] [CrossRef]

	



Neuman, K.C.; Chadd, E.H.; Liou, G.F.; Bergman, K.; Block, S.M. Characterization of photodamage to Escherichia coli in optical traps. Biophys. J. 1999, 77, 2856–2863. [Google Scholar] [CrossRef]

	



Pilát, Z.; Ježek, J.; Šerý, M.; Trtílek, M.; Nedbal, L.; Zemánek, P. Optical trapping of microalgae at 735–1064 nm: photodamage assessment. J. Photochem. Photobiol. B Biol. 2013, 121, 27–31. [Google Scholar] [CrossRef]

	



Schneckenburger, H.; Hendinger, A.; Sailer, R.; Gschwend, M.H.; Strauss, W.S.L.; Bauer, M.; Schütze, K. Cell viability in optical tweezers: High power red laser diode versus Nd:YAG laser. J. Biomed. Opt. 2000, 5, 40–44. [Google Scholar] [CrossRef]

	



Ayano, S.; Wakamoto, Y.; Yamashita, S.; Yasuda, K. Quantitative measurement of damage by 1064-nm wavelength optical trapping of Escherichia coli cells using on-chip single cell cultivation system. Biochem. Biophys. Res. Commun. 2006, 350, 678–684. [Google Scholar] [CrossRef]

	



Mohanty, S.K.; Sharma, M.; Gupta, P.K. Generation of ROS in cells on exposure to CW and pulsed near-infrared laser tweezers. Photochem. Photobiol. Sci. 2006, 5, 134–139. [Google Scholar] [CrossRef]

	



Rasmussen, M.B.; Oddershede, L.B.; Siegumfeldt, H. optical tweezers cause physiological damage to escherichia coli and listeria bacteria. Appl. Environm. Microbiol. 2008, 74, 2441–2446. [Google Scholar] [CrossRef]

	



Aabo, T.; Perch-Nielsen, I.R.; Dam, J.S.; Palima, D.Z.; Siegumfeldt, H.; Glückstad, J.; Arneborg, N. Inhibition of yeast growth during long term exposure to laser light around 1064 nm. Proc. SPIE 2009, 7227, 722706. [Google Scholar] [CrossRef]

	



Landry, M.P.; McCall, P.M.; Qi, Z.; Chemla, Y.R. Characterization of photoactivated singlet oxygen damage in single-molecule optical trap experiments. Biophys. J. 2009, 97, 2128–2136. [Google Scholar] [CrossRef]

	



Aabo, T.; Perch-Nielsen, I.R.; Dam, J.S.; Palima, D.Z.; Siegumfeldt, H.; Glückstad, J.; Arneborg, N. Effect of long- and short-term exposure to laser light at 1070 nm on growth of Saccharomyces cerevisiae. J. Biomed. Opt. 2010, 15, 041505. [Google Scholar]

	



Barroso Peña, A.; Kemper, B.; Woerdemann, M.; Vollmer, A.; Ketelhut, S.; von Bally, G.; Denz, C. Optical tweezers induced photodamage in living cells quantified with digital holographic phase microscopy. Proc. SPIE 2012, 8427, 84270A. [Google Scholar] [CrossRef]

	



Ahlawat, S.; Kumar, N.; Dasgupta, R.; Verma, R.S.; Uppal, A.; Gupta, P.K. Raman spectroscopic investigations on optical trap induced deoxygenation of red blood cells. Appl. Phys. Lett. 2013, 103, 183704. [Google Scholar] [CrossRef]

	



De Oliveira, M.A.S.; Moura, D.S.; Fontes, A.; de Araujo, R.E. Damage induced in red blood cells by infrared optical trapping: An evaluation based on elasticity measurements. J. Biomed. Opt. 2016, 21, 075012. [Google Scholar] [CrossRef]

	



Chow, K.W.; Preece, D.; Berns, M.W. Effect of red light on optically trapped spermatozoa. Biomed. Opt. Express 2017, 8, 4200–4205. [Google Scholar] [CrossRef]

	



Pilát, Z.; Jonáš, A.; Ježek, J.; Zmánek, P. Effects of infrared optical trapping on saccharomyces cerevisiae in a microfluidic system. Sensors 2017, 17, 2640. [Google Scholar] [CrossRef]

	



Vorobjev, I.A.; Liang, H.; Wright, W.H.; Berns, M.W. Optical trapping for chromosome manipulation: A wavelength dependence of induced chromosome bridges. Biophys. J. 1993, 64, 533–538. [Google Scholar] [CrossRef]

	



Leitz, G.; Fällman, E.; Tuck, S.; Axner, O. Stress response in caenorhabditis elegans caused by optical tweezers: Wavelength, power, and time dependence. Biophys. J. 2002, 82, 2224–2231. [Google Scholar] [CrossRef]

	



Bregnhøj, M.; Blázquez-Castro, A.; Westberg, M.; Breitenbach, T.; Ogilby, P.R. Direct 765 nm optical excitation of molecular oxygen in solution and in single mammalian cells. J. Phys. Chem. B 2015, 119, 5422–5429. [Google Scholar] [CrossRef]

	



König, K.; Liang, H.; Berns, M.W.; Tromberg, B.J. Cell damage by near-IR microbeams. Nature 1995, 377, 20–21. [Google Scholar] [CrossRef]

	



König, K.; Liang, H.; Berns, M.W.; Tromberg, B.J. Cell damage in near-infrared multimode optical traps as a result of multiphoton absorption. Opt. Lett. 1996, 21, 1090–1092. [Google Scholar]

	



Liang, H.; Vu, K.T.; Trang, T.C.; Shin, D.; Lee, Y.E.; Nguyen, D.C.; Tromberg, B.; Berns, M.W. Giant cell formation in cells exposed to 740 nm and 760 nm optical traps. Lasers Surg. Med. 1997, 21, 159–165. [Google Scholar] [CrossRef]

	



Mirsaidov, U.; Timp, W.; Timp, K.; Mir, M.; Matsudaira, P.; Timp, G. Optimal optical trap for bacterial viability. Phys. Rev. E 2008, 78, 021910. [Google Scholar] [CrossRef]

	



Zakharov, S.D.; Thanh, N.C. Combined absorption of light in the process of photoactivation of biosystems. J. Russ. Laser Res. 2008, 29, 558–563. [Google Scholar] [CrossRef]

	



Zakharov, S.; Thanh, N.C. Photogenerated singlet oxygen damages cells in optical traps. arXiv 2009, arXiv:0911.4651. [Google Scholar]

	



Liu, Y.; Sonek, G.J.; Berns, M.W.; Konig, K.; Tromberg, B.J. Two-photon fluorescence excitation in continuous-wave infrared optical tweezers. Opt. Lett. 1995, 20, 2246–2248. [Google Scholar] [CrossRef]

	



Zhang, Z.X.; Sonek, G.J.; Wei, X.B.; Sun, C.; Berns, M.W.; Tromberg, B.J. Cell viability and DNA denaturation measurements by two-photon fluorescence excitation in CW Al: GaAs diode laser optical traps. J. Biomed. Opt. 1999, 4, 256–259. [Google Scholar] [CrossRef]

	



König, K.; So, P.T.C.; Mantulin, W.W.; Gratton, E. Cellular response to near-infrared femtosecond laser pulses in two-photon microscopes. Opt. Lett. 1997, 22, 135–136. [Google Scholar] [CrossRef]

	



Hopt, A.; Neher, E. Highly Nonlinear photodamage in two-photon fluorescence microscopy. Biophys. J. 2001, 80, 2029–2036. [Google Scholar] [CrossRef]

	



Agate, B.; Brown, C.T.A.; Sibbett, W.; Dholakia, K. Femtosecond optical tweezers for in-situ control of two-photon fluorescence. Opt. Express 2004, 12, 3011–3017. [Google Scholar] [CrossRef]

	



Vogel, A.; Venugopalan, V. Mechanisms of pulsed laser ablation of biological tissues. Chem. Rev. 2003, 103, 577–644. [Google Scholar] [CrossRef]

	



Vogel, A.; Noack, J.; Hüttman, G.; Paltauf, G. Mechanisms of femtosecond laser nanosurgery of cells and tissues. Appl. Phys. B 2005, 81, 1015–1047. [Google Scholar] [CrossRef]

	



Vogel, A.; Linz, N.; Freidank, S.; Paltauf, G. Femtosecond-laser-induced nanocavitation in water: Implications for optical breakdown threshold and cell surgery. Phys. Rev. Lett. 2008, 100, 038102. [Google Scholar] [CrossRef]

	



Im, K.B.; Ju, S.B.; Han, S.; Park, H.; Kim, B.M.; Jin, D.; Kim, S.K. Trapping Efficiency of a femtosecond laser and damage thresholds for biological cells. J. Korean Phys. Soc. 2006, 48, 968–973. [Google Scholar]

	



Ju, S.; Pyo, J.; Jang, J.; Lee, S.; Kim, B.M. Analysis of RBC damage using laser tweezers raman spectroscopy (LTRS) during femtosecond laser optical trapping. Proc. SPIE 2008, 6859, 68591R. [Google Scholar] [CrossRef]

	



Ando, J.; Bautista, G.; Smith, N.; Fujita, K.; Daria, V.R. Optical trapping and surgery of living yeast cells using a single laser. Rev. Sci. Instrum. 2008, 79, 103705. [Google Scholar] [CrossRef]

	



Liu, Y.; Cheng, D.K.; Sonek, G.J.; Berns, M.W.; Chapman, C.F.; Tromberg, B.J. Evidence for localized cell heating induced by infrared optical tweezers. Biophys. J. 1995, 68, 2137–2144. [Google Scholar] [CrossRef]

	



Celliers, P.M.; Conia, J. Measurement of localized heating in the focus of an optical trap. Appl. Opt. 2000, 39, 3396–3407. [Google Scholar] [CrossRef]

	



Peterman, E.J.G.; Gittes, F.; Schmidt, C.F. Laser-Induced Heating in Optical Traps. Biophys. J. 2003, 84, 1308–1316. [Google Scholar] [CrossRef]

	



Català, F.; Marsà, F.; Montes-Usategui, M.; Farré, A.; Martín-Badosa, E. Influence of experimental parameters on the laser heating of an optical trap. Sci. Rep. 2017, 7, 16052. [Google Scholar] [CrossRef]

	



Haro-González, P.; Ramsay, W.T.; Maestro, L.M.; del Rosal, B.; Santacruz-Gómez, K.; Iglesias-de la Cruz, M.C.; Sanz-Rodríguez, F.; Choo, J.Y.; Rodríguez-Sevilla, P.; Bettinelli, M.; et al. Quantum dot-based thermal spectroscopy and imaging of optically trapped microspheres and single cells. Small 2013, 9, 2162–2170. [Google Scholar]

	



Wetzel, F.; Rönicke, S.; Müller, K.; Gyger, M.; Rose, D.; Zink, M.; Käs, J. Single cell viability and impact of heating by laser absorption. Eur. Biophys. J. 2011, 40, 1109–1114. [Google Scholar] [CrossRef]

	



Csoboz, B.; Balogh, G.E.; Kusz, E.; Gombos, I.; Peter, M.; Crul, T.; Gungor, B.; Haracska, L.; Bogdanovics, G.; Torok, Z.; et al. Membrane fluidity matters: Hyperthermia from the aspects of lipids and membranes. Int. J. Hyperthermia 2013, 29, 491–499. [Google Scholar] [CrossRef]

	



Chowdhury, A.; Waghmare, D.; Dasgupta, R.; Majumder, S.K. Red blood cell membrane damage by light-induced thermal gradient under optical trap. J. Biophot. 2018, 11, e201700222. [Google Scholar] [CrossRef]

	



Krasnikov, I.; Seteikin, A.; Bernhardt, I. Thermal processes in red blood cells exposed to infrared laser tweezers (λ = 1064 nm). J. Biophot. 2011, 4, 206–212. [Google Scholar] [CrossRef]

	



Garner, A.L.; Bogdan Neculaes, V.; Deminsky, M.; Dylov, D.V.; Joo, C.; Loghin, E.R.; Yazdanfar, S.; Conway, K.R. Plasma membrane temperature gradients and multiple cell permeabilization induced by low peak power density femtosecond lasers. Biochem. Biophys. Rep. 2016, 5, 168–174. [Google Scholar] [CrossRef]

	



Song, J.; Garner, A.L.; Joshi, R.P. Effect of thermal gradients created by electromagnetic fields on cell-membrane electroporation probed by molecular-dynamics simulations. Phys. Rev. Appl. 2017, 7, 024003. [Google Scholar] [CrossRef]

	



Duhr, S.; Braun, D. Why molecules move along a temperature gradient. Proc. Natl. Acad. Sci. USA 2006, 103, 19678–19682. [Google Scholar] [CrossRef]

	



Reichl, M.; Herzog, M.; Götz, A.; Braun, D. Why charged molecules move across a temperature gradient: The role of electric fields. Phys. Rev. Lett. 2014, 112, 198101. [Google Scholar] [CrossRef]

	



Jiang, H.R.; Wada, H.; Yoshinaga, N.; Sano, M. Manipulation of colloids by a nonequilibrium depletion force in a temperature gradient. Phys. Rev. Lett. 2009, 102, 208301. [Google Scholar] [CrossRef]

	



Reichl, M.R.; Braun, D. Thermophoretic manipulation of molecules inside living cells. J. Am. Chem. Soc. 2014, 136, 15955–15960. [Google Scholar] [CrossRef]

	



Majee, A.; Würger, A. Charging of heated colloidal particles using the electrolyte seebeck effect. Phys. Rev. Lett. 2012, 108, 118301. [Google Scholar] [CrossRef]

	



Majee, A.; Würger, A. Thermocharge of a hot spot in an electrolyte solution. Soft Matter 2013, 9, 2145–2153. [Google Scholar] [CrossRef]

	



Keil, L.M.R.; Möller, F.M.; Kieβ, M.; Kudella, P.W.; Mast, C.B. Proton gradients and pH oscillations emerge from heat flow at the microscale. Nat. Commun. 2017, 8, 1897. [Google Scholar] [CrossRef]

	



Bresme, F.; Lervik, A.; Bedeaux, D.; Kjelstrup, S. Water polarization under thermal gradients. Phys. Rev. Lett. 2008, 101, 020602. [Google Scholar] [CrossRef]

	



Muscatello, J.; Römer, F.; Sala, J.; Bresme, F. Water under temperature gradients: Polarization effects and microscopic mechanisms of heat transfer. Phys. Chem. Chem. Phys. 2011, 13, 19970–19978. [Google Scholar] [CrossRef]

	



Iriarte-Carretero, I.; Gonzalez, M.A.; Armstrong, J.; Fernandez-Alonso, F.; Bresme, F. The rich phase behavior of the thermopolarization of water: From a reversal in the polarization, to enhancement near criticality conditions. Phys. Chem. Chem. Phys. 2016, 18, 19894–19901. [Google Scholar] [CrossRef]

	



Il´ichev, N.N.; Kulevsky, L.A.; Pashinin, P.P. Photovoltaic effect in water induced by a 2.92 μm Cr3+:Yb3+:Ho3+:YSGG laser. Quant. Electron. 2005, 35, 959–961. [Google Scholar] [CrossRef]

	



Andreev, S.N.; Kazantsev, S.Y.; Kononov, I.G.; Pashinin, P.P.; Firsov, K.N. Generation of an electric signal in the interaction of HF-laser radiation wit bottom surface of a water column. Quant. Electron. 2010, 40, 716–719. [Google Scholar] [CrossRef]

	



Il´ichev, N.N.; Kulevskii, L.A.; Pashinin, P.P. Spatial separation and motion of electric charges arising due to the interaction of high-power IR laser radiation with water. Quant. Electron. 2013, 43, 47–54. [Google Scholar] [CrossRef]

	



Antonova, O.Y.; Kochetkova, O.Y.; Shabarchina, L.I.; Zeeb, V.E. Local thermal activation of individual living cells and measurement of temperature gradients in microscopic volumes. Biophysics 2017, 62, 769–777. [Google Scholar] [CrossRef]

	



Mondal, D.; Singhal, S.; Goswami, D. Femtosecond laser-induced photothermal effect for nanoscale viscometer and thermometer. In Selected Topics in Photonics; Pradhan, A., Krishnamurthy, P.K., Eds.; Springer Nature: Singapore, 2018; Character 2; pp. 13–17. [Google Scholar]

	



Ng, K.S.; Zhou, Z.L.; Ngan, A.H.W. Frequency-dependent cell death by optical tweezers manipulation. J. Cell. Physiol. 2013, 228, 2037–2041. [Google Scholar] [CrossRef]

	



Sun, X.X.; Zhou, Z.L.; Man, C.H.; Leung, A.Y.H.; Ngan, A.H.W. Cell-structure specific necrosis by optical-trap induced intracellular nuclear oscillation. J. Mech. Behav. Biomed. Mater. 2017, 66, 58–67. [Google Scholar] [CrossRef]

	



Letfullin, R.R.; Szatkowsli, S.A. Laser-induced thermal ablation of cancerous cell organelles. Ther. Deliv. 2017, 8, 501–509. [Google Scholar] [CrossRef]

	



Chan, C.J.; Li, W.; Cojoc, G.; Guck, J. Volume transitions of isolated cell nuclei induced by rapid temperature increase. Biophys. J. 2017, 112, 1063–1076. [Google Scholar] [CrossRef]

	



Lele, T.P.; Dickinson, R.B.; Gundersen, G.G. Mechanical principles of nuclear shaping and positioning. J. Cell Biol. 2018, 217, 3330–3342. [Google Scholar] [CrossRef]

	



Mathieu, S.; Manneville, J.B. Intracellular mechanics: Connecting rheology and mechanotransduction. Curr. Opin. Cell Biol. 2019, 56, 34–44. [Google Scholar]

	



Zhou, Z.L.; Sun, X.X.; Ma, C.H.; Wong, A.S.T.; Leung, A.Y.; Ngan, A.H.W. Mechanical oscillations enhance gene delivery into suspended cells. Sci. Rep. 2016, 6, 22824. [Google Scholar] [CrossRef]

	



Falleroni, F.; Torre, V.; Cojoc, D. Cell Mechanotransduction with piconewton forces applied by optical tweezers. Front. Cell. Neurosci. 2018, 12, 130. [Google Scholar] [CrossRef]

	



Shneider, M.N.; Pekker, M. Initiation and blocking of the action potential in an axon in weak ultrasonic or microwave fields. Phys. Rev. E 2014, 89, 052713. [Google Scholar] [CrossRef]

	



Plaksin, M.; Shapira, E.; Kimmel, E.; Shoham, S. Thermal transients excite neurons through universal intramembrane mechanoelectrical effects. Phys. Rev. X 2018, 8, 011043. [Google Scholar] [CrossRef]

	



Plaksin, M.; Shoham, S.; Kimmel, E. Intramembrane cavitation as a predictive bio-piezoelectric mechanism for ultrasonic brain stimulation. Phys. Rev. X 2014, 4, 011004. [Google Scholar] [CrossRef]

	



Mayama, H.; Nomura, S.M.; Oana, H.; Yoshikawa, K. Self-oscillating polymer chain. Chem. Phys. Lett. 2000, 330, 361–367. [Google Scholar] [CrossRef]

	



Kitahata, H.; Mayama, H.; Yoshikawa, K. Spontaneous rhythmic motion of a polymer chain in a continuous-wave laser field. Phys. Rev. E 2004, 70, 021910. [Google Scholar] [CrossRef]

	



Bunea, A.I.; Glückstad, J. Strategies for optical trapping in biological samples: Aiming at microrobotic surgeons. Laser Photonics Rev. 2019, 13, 1800227. [Google Scholar] [CrossRef]

	



Liu, Z.; Wang, L.; Zhang, Y.; Liu, C.; Wu, J.; Zhang, Y.; Yang, X.; Zhang, J.; Yang, J.; Yuan, L. Optical funnel for living cells trap. Opt. Commun. 2019, 431, 196–198. [Google Scholar] [CrossRef]

	



Koss, B.; Chowdhury, S.; Aabo, T.; Gupta, S.K.; Losert, W. Indirect optical gripping with triplet traps. J. Opt. Soc. Am. B 2011, 28, 982–985. [Google Scholar] [CrossRef]

	



Blázquez-Castro, A.; García-Cabañes, A.; Carrascosa, M. Biological applications of ferroelectric materials. Appl. Phys. Rev. 2018, 5, 041101. [Google Scholar] [CrossRef]

	



Débarre, D.; Olivier, N.; Suppato, W.; Beaurepaire, E. Mitigating phototoxicity during multiphoton microscopy of live drosophila embryos in the 1.0–1.2 m wavelength range. PLoS ONE 2014, 9, e104250. [Google Scholar] [CrossRef] [PubMed]

	



Macias-Romero, C.; Zubkovs, V.; Wang, S.; Roke, S. Wide-field medium-repetition-rate multiphoton microscopy reduces photodamage of living cells. Biomed. Opt. Express 2016, 7, 1458–1467. [Google Scholar] [CrossRef] [PubMed]

	



Westberg, M.; Bregnhøj, M.; Blázquez-Castro, A.; Breitenbach, T.; Etzerodt, M.; Ogilby, P.R. Control of singlet oxygen production in experiments performed on single mammalian cells. J. Photochem. Photobiol. A Chem. 2016, 321, 297–308. [Google Scholar] [CrossRef]

	



Westberg, M.; Bregnhøj, M.; Banerjee, C.; Blázquez-Castro, A.; Breitenbach, T.; Ogilby, P.R. Exerting better control and specificity with singlet oxygen experiments in live mammalian cells. Methods 2016, 109, 81–91. [Google Scholar] [CrossRef] [PubMed]

	



Min, T.L.; Mears, P.J.; Chubiz, L.M.; Rao, C.V.; Golding, I.; Chemla, Y.R. High-resolution, long-term characterization of bacterial motility using optical tweezers. Nat. Methods 2009, 6, 831–835. [Google Scholar] [CrossRef] [PubMed]

	



Swoboda, M.; Henig, J.; Cheng, H.M.; Brugger, D.; Haltrich, D.; Plumeré, N.; Schlierf, M. Enzymatic oxygen scavenging for photostability without pH drop in single-molecule experiments. ACS Nano 2012, 6, 6364–6369. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, H.; Nio, Y.; Omori, H.; Uegaki, K.; Hirahara, N.; Sasaki, S.; Tamura, K.; Ohtani, H. Mechanisms of cytotoxic effects of heavy water (deuterium oxide: D2O) on cancer cells. Anticancer Drugs 1998, 9, 715–725. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Sevilla, P.; Zhang, Y.; Haro-González, P.; Sanz-Rodríguez, F.; Jaque, F.; García Sole, J.; Liu, X.; Jaque, D. Avoiding induced heating in optical trap. Proc. SPIE 2017, 10347, 1034716. [Google Scholar] [CrossRef]

	



Mao, H.; Arias-Gonzalez, J.R.; Smith, S.B.; Tinoco, I., Jr.; Bustamante, C. Temperature Control Methods in a Laser Tweezers System. Biophys. J. 2005, 89, 1308–1316. [Google Scholar] [CrossRef] [PubMed]

	



Del Rosal, B.; Sun, C.; Yan, Y.; Mackenzie, M.D.; Lu, C.; Bettiol, A.A.; Kar, A.K.; Jaque, D. Flow effects in the laser-induced thermal loading of optical traps and optofluidic devices. Opt. Express 2014, 22, 23938–23954. [Google Scholar] [CrossRef] [PubMed]

	



Sitnikov, D.S.; Ilina, I.V.; Khramova, Y.V.; Filatov, M.A.; Semenova, M.L. Femtosecond scalpel-optical tweezers: Efficient tool for assisted hatching and trophectoderm biopsy. J. Phys. Conf. Ser. 2016, 735, 012034. [Google Scholar] [CrossRef]

	



Avila, R.; Medina-Villalobos, N.; Tamariz, E.; Chiu, R.; Lopez-Marín, L.M.; Acosta, A.; Castaño, V. Optical tweezers experiments for fibroblast cell growth stimulation. Proc. SPIE 2014, 9129, 91291U. [Google Scholar] [CrossRef]

	



Oyama, K.; Arai, T.; Isaka, A.; Sekiguchi, T.; Itoh, H.; Seto, Y.; Miyazaki, M.; Itabashi, T.; Ohki, T.; Suzuki, M.; et al. Directional Bleb Formation in Spherical Cells under Temperature Gradient. Biophys. J. 2015, 109, 355–364. [Google Scholar] [CrossRef] [PubMed]

	



Black, B.; Vishwakarma, V.; Dhakal, K.; Bhattarai, S.; Pradhan, P.; Jain, A.; Kim, Y.; Mohanty, S. Spatial temperature gradients guide axonal outgrowth. Sci. Rep. 2016, 6, 29876. [Google Scholar] [CrossRef] [PubMed]

	



Drobczyński, S.; Prorok, K.; Tamarov, K.; Duś-Szachniewicz, K.; Lehto, V.P.; Bednarkiewicz, A. Toward controlled photothermal treatment of single cell: Optically induced heating and remote temperature monitoring in vitro through double wavelength optical tweezers. ACS Phot. 2017, 4, 1993–2002. [Google Scholar]

	



Charrunchon, S.; Limtrakul, J.; Chattam, N. Growth pattern of yeast cells studied under line optical tweezers. Int. J. Appl. Phys. Math. 2013, 3, 198–202. [Google Scholar] [CrossRef]

	



Lin, L.; Hill, E.H.; Peng, X.; Zheng, Y. Optothermal manipulations of colloidal particles and living cells. Acc. Chem. Res. 2018, 51, 1465–1474. [Google Scholar] [CrossRef]

	



Bahadori, A.; Oddershede, L.B.; Bendix, P.M. Hot-nanoparticle-mediated fusion of selected cells. Nano Res. 2017, 10, 2034–2045. [Google Scholar] [CrossRef]

	



Bolognesi, G.; Friddin, M.S.; Salehi-Reyhani, A.; Barlow, N.E.; Brooks, N.J.; Ces, O.; Elani, Y. Sculpting and fusing biomimetic vesicle networks using optical tweezers. Nat. Commun. 2018, 9, 1882. [Google Scholar] [CrossRef] [PubMed]

	



Sies, H. Oxidative Stress: Eustress and Distress. Role in Health and Disease Processes, 1st ed.; Elsevier: Cambridge, MA, USA, 2019. (in press) [Google Scholar]

	



Blázquez-Castro, A.; Breitenbach, T.; Ogilby, P.R. Cell cycle modulation through subcellular spatially resolved production of singlet oxygen via direct 765 nm irradiation: Manipulating the onset of mitosis. Photochem. Photobiol. Sci. 2018, 17, 1310–1318. [Google Scholar] [CrossRef] [PubMed]

	



Blázquez-Castro, A.; Breitenbach, T.; Ogilby, P.R. Singlet oxygen and ROS in a new light: Low-dose subcellular photodynamic treatment enhances proliferation at the single cell level. Photochem. Photobiol. Sci. 2014, 13, 1235–1240. [Google Scholar] [CrossRef] [PubMed]

	



Blázquez-Castro, A.; Carrasco, E.; Calvo, M.I.; Jaén, P.; Stockert, J.C.; Juarranz, A.; Sánz-Rodríguez, F.; Espada, J. Protoporphyrin IX-dependent photodynamic production of endogenous ROS stimulates cell proliferation. Eur. J. Cell Biol. 2012, 91, 216–223. [Google Scholar] [CrossRef] [PubMed]

	



Carrasco, E.; Blázquez-Castro, A.; Calvo, M.I.; Juarranz, A.; Espada, J. Switching on a transient endogenous ROS production in mammalian cells and tissues. Methods 2016, 109, 180–189. [Google Scholar] [CrossRef] [PubMed]

	



De Lorenzo, S.; Ribezzi-Crivellari, M.; Arias-Gonzalez, J.R.; Smith, S.B.; Ritort, F. A Temperature-Jump Optical Trap for Single-Molecule Manipulation. Biophys. J. 2015, 108, 2854–2864. [Google Scholar] [CrossRef] [PubMed]

	



Minamikawa, T.; Murakami, Y.; Matsumura, N.; Niioka, H.; Fukushima, S.; Araki, T.; Hashimoto, M. Photo-induced cell damage analysis for single- and multifocus coherent anti-stokes raman scattering microscopy. J. Spectros. 2017, 2017, 5725340. [Google Scholar] [CrossRef]

	



Yuan, X.; Song, Y.; Song, Y.; Xu, J.; Wu, Y.; Glidle, A.; Cusack, M.; Ijaz, U.Z.; Cooper, J.M.; Huang, W.E.; et al. Effect of laser irradiation on cell function and its implications in raman spectroscopy. Appl. Environ Microbiol. 2018, 84, e02508-17. [Google Scholar] [CrossRef]








[image: Micromachines 10 00507 g001 550]





Figure 1. Simplified depiction of optical tweezers. The incoming laser beam (red arrows) enters the objective from the top and focuses at a certain point determined by the magnification factor and numerical aperture of the system. Optical forces create a potential well at the focal point (beam waist) where a microparticle (grey sphere) with a higher refractive index than the surrounding medium can be trapped. If the original sphere´s location does not coincide with the optical trap (blurred spheres), the optical forces are not under equilibrium and a net force displaces the particle towards the trap (grey arrows). 
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Figure 2. Jablonski diagrams showing simplified photon absorption. (a) Linear optical absorption in which a single photon pumps a molecule to an excited state. In this scheme, a blue photon provides enough energy to reach the first excited state and an ultraviolet (UV) photon pumps the molecule to the second excited state. Electro-vibrational (vibronic) deexcitation then ensues, releasing heat (wiggly red arrows); (b) non-linear optical excitation, in which two yellow photons add together to pump the second excited molecular state (equivalent to one UV photon). Alternatively, two red or three near-infrared (NIR) photons provide enough energy to pump the first excited state. Heat can also evolve in these non-linear processes. From the first excited state either luminescence (fluorescence or phosphorescence; green photon) or non-radiative deactivation (e.g., photochemistry) can occur. 
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Figure 3. Optical absorption of hemoglobin (Hb), O2-binding hemoglobin (HbO2) and water (H2O), from the ultraviolet A (UVA) to the NIR. Hb and HbO2 absorption curves here can loosely serve as examples of the absorption of other biomolecules (cytochromes, etc.) in the cell. The so-called biological window encompasses a spectral region broadly bounded between 700 nm and 1100 nm. Within these boundaries optical absorption is minimal, although not negligible, and thus represents the optimum for wavelengths to be employed in optical tweezers. 
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Figure 4. (a) Red blood cells (RBC) handle-optical tweezers scheme. A chemically-fixed erythrocyte is first attached to the surface of the target cell. Then, by optically-trapping the erythrocyte, it is possible to indirectly deform or alter the target cell. (Reprinted with permission from Wiley InterScience [45].); (b) RBC collapse sequence during optical trapping with a 785 nm laser at 9 mW. Note the important cell shrinking with trapping time and the cell mass condensation at the trap focus. Trapping times, (a) to (h), are: 22, 25, 28, 31, 33, 33.6, 33.9 and 36 seconds. Reprinted with permission from [52]. 
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Figure 5. (a) Optical absorption spectrum of high-pressure molecular oxygen in the region 300–1350 nm. The symbols represent the final singlet oxygen state reached, and the numbers in parentheses the final and initial vibrational levels of the particular transition. (Reprinted with permission from Springer Nature [55].); (b) scheme showing the optical transitions introduced in (a) among the different electronic and vibrational energy levels. Note that both monomol and dimol (see main text) transitions are possible. Reprinted with permission from [62]. 
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Figure 6. (a) Damage action spectrum on Chinese hamster ovary (CHO) cell cloning efficiency after trapping with a tunable lasers between 700 and 1064 nm. Trapping times were 3, 5 and 10 min (see inset box). Notice significant cloning decreases at 740–760 nm, 900 nm, and 1064 nm. (Reprinted with permission from Elsevier [71].); (b) Action spectrum for bacterial inactivation (left axis, black symbols, solid line). Fast inactivation occurs at 870 and 930 nm, and also at 1064 nm with lesser severity. Data from [71] has been plotted for comparison (right axis, open symbols, dashed line). Fit between both action spectra is remarkable. Reprinted with permission from [72]. 






Figure 6. (a) Damage action spectrum on Chinese hamster ovary (CHO) cell cloning efficiency after trapping with a tunable lasers between 700 and 1064 nm. Trapping times were 3, 5 and 10 min (see inset box). Notice significant cloning decreases at 740–760 nm, 900 nm, and 1064 nm. (Reprinted with permission from Elsevier [71].); (b) Action spectrum for bacterial inactivation (left axis, black symbols, solid line). Fast inactivation occurs at 870 and 930 nm, and also at 1064 nm with lesser severity. Data from [71] has been plotted for comparison (right axis, open symbols, dashed line). Fit between both action spectra is remarkable. Reprinted with permission from [72].



[image: Micromachines 10 00507 g006]







[image: Micromachines 10 00507 g007 550]





Figure 7. Effect of CW 1070 nm laser trapping on yeast growth (measured as Cell Area Index) for very long times (up to 4 h). Very low powers were employed (from top: control, 0.7 mW, 1.3 mW, 2 mW, and 2.6 mW). All powers produced a growth delay, the more significant the larger the power. A certain degree of adaptation can be observed for 0.7 mW and, perhaps, for 1.3 mW (note change in slope). Reprinted with permission from [80]. 
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Figure 8. (a) Dynamics of division of Saccharomyces cerevisiae cells stressed by optical tweezers in a microfluidic chip. The cell in the middle micro-chamber was optically trapped with laser power high enough to halt the division, while the two peripheral control cells continue budding.; (b) Images of two different S. cerevisiae cells before (A,C) and after (B,D) cell-wall rupture caused by 15 min of optical trapping at the wavelength 1064 nm with trapping laser power 76 mW. The rupture always occurred during the new bud formation, more than 60 min after the end of optical trapping. Scale bar: 5 μm. Reprinted with permission from [85]. 
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Figure 9. (a) Generation time (GT) of S. cerevisiae cells trapped for 15 min in optical tweezers with laser wavelength 1064 nm and trapping laser power in the range from 19 to 95 mW. The 0 mW point corresponds to the control unexposed cells. (b) Mortality (M) of optically trapped S. cerevisiae cells under experimental conditions identical to those in the GT plot. On average, 13 samples were used for each data point. Error bars correspond to the standard error of the mean (SEM). Reprinted with permission from [85]. 
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Figure 10. Damage to growth and division capabilities of E. coli under various 1064 nm laser power and trapping time conditions. The blue circles in the graph represent “normal” growth/division, whereas the black triangles and red squares show “slow” or “no” growth/division, respectively. (a) Damage estimated from changes in growth rate; (b) damage estimated from changes in division rate. Reprinted with permission from [75]. 
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Figure 11. Action spectra for biological damage in the 700–850 nm region. (a) Action spectrum for chromosomal aberration induction in rat kangaroo cells. Note the peak in damage at 760 nm. Reprinted with permission from [86]; (b) Action spectrum for heat shock protein activation in transgenic C. elegans (left axis, solid symbols). A peak appears at 760 nm. On the right axis (open symbols, dashed line) the calculated temperature increase for each wavelength (see Section 3). Reprinted with permission from [87]; Necrosis induction action spectra for (c) intracellular or (d) extracellular irradiation of HeLa cells. There is a clear decrease in cell survival time in the region 760–765 nm. Reprinted with permission from [88]. 
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Figure 12. Bright-field images showing responses of HeLa cells to laser irradiation at 765 and 800 nm. The red spots indicate the irradiation site. (a) Cells exposed to intracellular irradiation for 10 min at 91.5 mW on-stage. Thirty minutes after the start of irradiation, the cell exposed to 765 nm light clearly shows signs of necrosis (e.g., membrane bubbling, white arrows). (b) Cells exposed to extracellular irradiation for 30 min at 91.5 mW on-stage. Ninety minutes after the start of irradiation, the cells exposed to 765 nm likewise show signs of necrosis (bubbling—white arrows-, pycnotic nucleus—black arrow). The insets show images of the same region based on the fluorescence of propidium iodide. In all cases, cell damage was not observed upon irradiation at 800 nm. Scale bar = 20 μm. Reprinted with permission from [88]. 
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Figure 13. Images of NC37 lymphoblast cells after laser microirradiation and comet assay evaluation, showing different levels of DNA damage. Panel (A): Typical control cell that has not been exposed to laser irradiation. The typical round shape of an undamaged cell is maintained. This indicates that the procedure of agarose embedding and electrophoresis does not induce DNA damage by itself. Panel (B): A comet resulting after exposure of the cell to 800 nm at 60 mW for 60 s. A slight increase in the DNA damage was observed compared to the control cells. Panel (C): Two comets exposed to a Ti:sapphire laser at 760 nm at 60 mW for 60 s. Compared to the same exposure at 800 nm, the amount of damaged DNA is strongly increased. Panel (D): The DNA damage shown in panel (C) can be increased further at the same wavelength by increasing the laser power to 120 mW at the same exposure time. Panel (E): This image is taken from the border of the irradiation circle. The left cell has not been irradiated, whereas the right one was exposed to 240 mW for 60 s at 1064 nm. The resulting DNA damage is less than that obtained with the half energy dose at 760 nm; see panel (D). Reprinted with permission from [42]. 
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Figure 14. Viability as a function of NIR wavelength, power for time-shared and static optical traps. In panel (a) 5 × 5 2D arrays of E. coli bacteria incorporating the plasmid GFP-M1 (green fluorescent protein activated by isopropyl β-D-thiogalactopyranoside exposure) are assembled using a time-shared optical trap with the specified wavelength and power. In each case the cells in the microarray are held for about 8 min prior to gelling. The peak power is indicated along with the corresponding time-averaged power in parentheses. The bar graph represents viable, active bacteria (green), inactive bacteria (gray), and dead bacteria (red) for each wavelength and power. Viability decreases nearly linearly with increasing power, and peaks at λ = 840 and 900 nm. Panel (b) shows similar results to panel a) but instead using a CW beam to form the 5 × 5 2D arrays of E. coli. The static CW in optical traps ranges from about 5 to 20 mW at the specified wavelength. Again, in each case the cells in the microarray are held for about 8 min prior to gelling. The CW viability tracks that found for the time-shared trap at about the same time-averaged power. The right side of the corner shows control bacteria, non-trapped but encapsulated in the hydrogel spot. Reprinted with permission from [92]. 
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Figure 15. (a) Dependence of fluorescence intensity on pump (trapping) laser power for the fluorophores propidium iodide (PI) and Snarf. The intensities vary with nearly a square-law dependence on laser power for both dyes, a behavior consistent with a two-photon absorption process.; (b) time evolution of the fluorescence spectrum from a PI-labeled sperm cell. The increase in fluorescence intensity with increasing time provides evidence for the real-time monitoring of the physiological state of an optically trapped cell, in this case indicating the onset of cell death; (c) fluorescence emission spectra from the DNA of living human sperm cells stained with acridine orange. Cells trapped with a CW laser exhibit green fluorescence (525 nm) and show no evidence of structural changes or photodamage. When trapped with laser pulses, the emission exhibits a strong color change to the red (645 nm), indicating structural DNA damage.; (d) cloning efficiency versus exposure time for CHO cells for multimode beams and single-frequency CW beam (760 nm, 88 mW). (a–c) Reprinted with permission from [70]; (d) Reprinted with permission from [90]. 
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Figure 16. (a) Yeast cells laser trapping and dissection. (A) Sequential bright field images of yeast cells with Ti:sapphire laser irradiation. Unfilled and filled triangles indicate the position of the laser focus in CW and femtosecond-pulse operation mode operation, respectively. (B) Number of dissections of yeast cell wall as a function of laser power. Exposure time was fixed to 5 s and 20 cells were irradiated per data point; (b) Intracellular organelle extraction and manipulation using the combined technique of optical surgery and trapping. Unfilled and filled triangles indicate the position of the laser focus of the CW and femtosecond-pulsed Ti:sapphire laser, respectively. Black arrows indicate targeted intracellular organelle. Reprinted with permission from [105]. 
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Figure 17. (a) Relationship between induced temperature change of aqueous liposomes and laser power of the incident NIR (1064 nm) trapping beam. Error bars represent the standard deviation for multiple measurements made at a given power level. Reprinted with permission from [106]; (b) Summary of the experimentally determined values for the laser-induced heating of different microparticles in glycerol and water [108]. The results for fitting the power spectra of thermal motion of trapped beads to the viscous drag experiments are shown. Reprinted with permission from [108]. 
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Figure 18. (a) Optical transmission images of a single trapped lymphocyte as obtained for different trapping durations. Results obtained for 980 and 820 nm laser trapping wavelengths are included; (b) Time evolution of lymphocyte’s aspect ratio during 820 and 980 nm optical trapping. Dots are experimental data and solid lines are guides for the eyes. Reprinted with permission from [110]. 
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Figure 19. (a) The image frames showing sequence of changes experienced by a trapped RBC in phosphate buffer at approximately 360 mW laser power: (a) before getting trapped, (b) just trapped, (c–e) changing appearance of the cell in trap at 25 seconds (c), 30 seconds (d) just before ejection from the trap at 33 seconds (e). (f) The cell has been just ejected from the trap. Scale bar: 10 μm; (b) The percentage of RBCs damaged at different trap laser powers. Measurements were carried out for trap laser powers of 64, 108, 172, 279, 311, 357, 444, 483 mW. Up to 279 mW, no cells were damaged. For laser powers >357 mW, most RBCs suffered damage when trapped. The errors have been estimated over 5 samples. Reprinted with permission from [113]. 
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Figure 20. (a) Death proportion versus scanning frequency curves with the scanning amplitudes of 1mm (filled squares) and 2mm (empty circle). The dashed and dotted lines represent the death proportions due to the incubation environment and static radiation, respectively. Stars indicate the P value: *<0.05, **<0.01, ***<0.001.; (b) optical (left) and fluorescence (right) micrographs (A) before and (B) after 10 min of static radiation and (C) before and (D) after 10 min of scanning at 100 Hz and 1mm amplitude. Reprinted with permission from [132]. 
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Table 1. Relevant examples of linear photodamage.
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Wavelength

	
Laser Source (all CW)

	
Power

	
Biological Model

	
Remarks

	
Reference






	
514.5 nm

	
Ar ion

	
10–100 mW

	
E. coli

	
Earliest report on biological damage

	
[5]




	
405 nm

	
Diode

	
75 nW/pixel

	
HeLa

	
Assessment of DNA damage response

	
[44]




	
405 nm

	
Diode

	
1–8 mW

	
HeLa; mouse fibroblasts; human fibroblasts

	
Analysis of DNA damage by visible wavelengths

	
[49]




	
488 nm

	
Ar ion




	
561 nm

	
DPSS




	
633 nm

	
He-Ne




	
473 nm

	
Diode

	
1 mW

	
HeLa

	
Autophagy photo-activation

	
[50]




	
543 nm




	
650 nm




	
785 nm

	
Ti:sapphire

	
3–9 mW

	
RBC

	
Kinetics of hemoglobin photo-degradation

	
[52]








CW: continuous wave emission; DPSS: diode-pumped solid state laser; RBC: red blood cell.
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