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Abstract: Cell signaling involves complex transduction mechanisms in which information 

released by nearby cells or extracellular cues are transmitted to the cell, regulating 

fundamental cellular activities. Understanding such mechanisms requires cell stimulation 

with precise control of low numbers of active molecules at high spatial and temporal 

resolution under physiological conditions. Optical manipulation techniques, such as optical 

tweezing, mechanical stress probing or nano-ablation, allow handling of probes and  

sub-cellular elements with nanometric and millisecond resolution. PicoNewton forces, such 

as those involved in cell motility or intracellular activity, can be measured with 

femtoNewton sensitivity while controlling the biochemical environment. Recent technical 

achievements in optical manipulation have new potentials, such as exploring the actions of 

individual molecules within living cells. Here, we review the progress in optical 

manipulation techniques for single-cell experiments, with a focus on force probing, cell 

mechanical stimulation and the local delivery of active molecules using optically 

manipulated micro-vectors and laser dissection. 

Keywords: cell signaling; optical manipulation; optical force probing; local delivery; laser 
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1. Introduction 

Cells continuously communicate with each other through chemical, electrical and mechanical signals. 

Cell signaling involves complex transduction mechanisms in which information released by nearby 

cells or extracellular cues are transmitted to the cell, regulating fundamental cellular activities [1]. 

Stimuli (e.g., hormones, neurotransmitters or growth factors) acting on cell-surface receptors relay 

information through intracellular signaling pathways that include a number of components. Signaling 

usually begins with the activation of transducers that, by amplification mechanisms, trigger internal 

messengers that either act locally or diffuse throughout the cell. These messengers then engage sensors 

that are coupled to effectors that activate cellular responses. Cell signaling is a dynamic process 

comprising “on” mechanisms by which information flows down the signaling pathway in response to 

external stimuli, and it is opposed by “off” mechanisms that are responsible for switching off the 

signaling system when the external stimuli are withdrawn. Given the complexity of cell signaling, 

studying its mechanisms requires experimental approaches able to address cell stimulation with high 

spatial and temporal resolution. 

Most cellular research calls for optical microscopy, either to perform cell imaging or/and for 

visualizing sample manipulation. Concerning imaging, recently developed super-resolution methods 

have overcome the diffraction limit barrier and bio-samples can hence be imaged at a resolution of tens 

of nm [2]. Most of these techniques can be implemented using a normal inverted microscope, such as 

those used in most cell biology laboratories. Moreover, the advances in laser technology make 

integrating optical manipulation tools into the same platform possible. 

Optical manipulation includes three-dimensional particle trapping, manipulation by means of 

optical tweezers (OT), and photolysis of liposomes and cell compartments by laser ablation. Since 

their discovery [3], OT have been continuously developed and have found many applications in the 

physical, biological and chemical sciences. In fact, with the very first proof of principle using silica 

microbeads, Ashkin demonstrated the possibility of optically trapping and manipulating viruses and 

bacteria [4], as well as single cells [5] and even sub-organelles, using infrared (IR) laser beams [6]. 

Manipulation with infrared laser beams was proven to not damage cells even if the levels of intensity 

were high (tens of MW/cm2, i.e., power higher than 100 mW focused on a spot of about 1 µm2). 

Another important achievement was the measurement of the forces generated by organelle transport  

in vivo [7]. A comprehensive outlook on the development of OT technology and its applications in 

different fields can be found in several very good reviews [8–13]. The use of laser microsurgery in cell 

and developmental biology was introduced during the same period as OT as a result of investigations 

into the potential applications of lasers [14]. The laser microsurgery technique has evolved in parallel 

with that of OT [15], and it can be implemented jointly with optical trapping on the same microscope 

platform for single-cell signaling experiments. 

The implementation of optical manipulation on a standard optical microscope and some examples 

of the typical conditions for living cell experiments are schematized in Figure 1. The cells are plated in 

a Petri dish and imaged through an optical microscope using bright field (yellow beam) illumination or 

fluorescence excitation/emission (green beam). Additional laser beams can be easily introduced into 

the optical path of a modern microscope with infinite conjugated optics (i.e., the objective creates an 

intermediate image at infinity, and the tube lens focuses the final image on the camera) because 
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different optical components (e.g., a dichroic mirror in Figure 1) can be hosted between the objective 

and the tube lens. An IR laser beam (red beam) is introduced for particle trapping and manipulation. 

Continuous wave laser beams with IR wavelengths between 900 and 1100 nm are typically used 

because they do not damage cells. An ultra-violet (UV) laser beam can also be inserted for laser 

ablation of cellular components or liposomal carriers. UV (350 nm) laser beams with ns–ps pulses or 

IR (800 nm) laser beams with fs–ps pulses are usually used for laser ablation. 

Figure 1. Optical manipulation for single-cell experiments: IR laser trapping, UV laser 

ablation and force measurement modules implemented on an inverted optical microscope 

(adapted from [16]). 

 

Cell signaling investigations are normally performed in bulk by micropipetting active molecules 

into the medium to change the biochemical environment for all of the cells and then observing only 

one or a few of them. Such an experimental approach has several limitations. Bulk stimulation of the 

cells might saturate the receptor-activated responses, the time required for the molecules to reach their 

target cannot be defined and thus there is no synchronization between different activated cell signaling 

pathways, and large amounts of active molecules are required. Moreover, neighboring cells could 

respond to the bulk stimulation by exocytosis of active molecules, interfering with the specific process 

under investigation. 

Optical manipulation can considerably change the situation. Small reservoirs (e.g., thin square 

capillaries with inner dimensions of 25 µm × 25 µm) can be filled with micro or nano-vectors carrying 

active molecules in a physiological solution and laid on the bottom of the Petri dish (Figure 2). Due to 

capillarity, the vectors naturally remain inside the reservoir. However, single vectors can be trapped by 

IR-OT, transferred out of the reservoir, and positioned in contact or in proximity to the cell  

under observation. 
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Figure 2. Scheme of local delivery by optically manipulated vectors carrying active 

molecules (adapted from [17]). A capillary reservoir, prefilled with vectors (e.g., coated 

microbeads, quantum-dot, or liposomes), is laid on the bottom of the Petri dish and a single 

vector is optically trapped by the IR laser. Moving the Petri dish stage in X-Y directions 

and the objective stage in Z direction, the vector can be extracted from the reservoir and 

positioned near or on the cell of interest with sub-micrometric precision. 

 

Some examples of single neuron experiments performed using optical manipulation techniques are 

shown in Figure 3. An optically trapped bead can be used as a probe to measure the small forces 

exerted by different compartments of the cell under controlled stimuli or to apply small forces to the 

cell. An example of a force measurement that was made to study growth cone (GC) motility is shown 

in Figure 3a. The technique allows the measurement of forces smaller than 1 pN, with 10–20 fN 

sensitivity, exerted by the GC in x-y-z. Moreover, the field of forces can be reconstructed over 1 min 

with sub-ms time resolution, allowing a detailed investigation. Ablating the axon allows observation of 

the regeneration process (Figure 3b), which involves the formation of a lamellipodium at the site of the 

lesion by 15 min post-injury. Local delivery of the repellent Semaphorin 3A (SEMA3A) protein 

molecules is illustrated in Figure 3c. The molecules encapsulated in a liposome, are released near the 

GC and induce GC turning. 

In the next sections of this review, we will focus on the following optical manipulation approaches 

for cell signaling experiments: apply and sense pN forces, locally deliver active molecules, and laser 

nano-ablate the cells. 
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Figure 3. Examples of single-neuron experiments performed using optical manipulation 

techniques (experiments performed in the authors laboratories, unpublished data). (a) GC 

motility against an obstacle. Left panel: a vectorial representation of the force exerted by 

the cell on the obstacle mimicking an extracellular matrix component with calibrated 

stiffness (4-μm diameter silica bead trapped with an optical stiffness of 12 pN/μm in the x 

and y direction, and of 7 pN/μm in the z direction). Vector colors indicate the temporal 

sequence of forces produced by the cell on the optically trapped probe. Right panel: the 

corresponding force traces recorded by interferometric tracking of the trapped bead 

(sampled at 2 kHz). Blue, green and red traces are the forces measured in the x, y, and z 

coordinates, respectively; (b) The axon of a mouse hippocampal neuron (2 days in vitro) 

ablated with an UV laser (average power 2.5 μW, pulse rate 100 Hz, pulse length 400 ps). 

The white arrow indicates the ablation site. The healing of the axon, with the formation of 

a lamellipodium at the site of lesion is shown in the last slide; (c) Local delivery of 

SEMA3A molecules to the GC of a hippocampal neuron in a dissociated culture. SEMA3A 

molecules were encapsulated in lipid vesicles. A single vesicle (arrow) was positioned 

close to the GC by the OT and the content delivered by breaking the vesicle with a train of 

UV laser pulses. Two frames are reported: before (t = 0, Left panel) and 5 min after 

vesicle disruption and consequent release of molecules (Right panel). Retraction of the 

GC in response to the released SEMA3A molecules can be observed. 

(a) 

(b) 
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Figure 3. Cont. 

(c) 

2. Apply and Sense Local Forces in Single-Cell Experiments 

The optical potential of an optical trap can be well approximated by a harmonic potential. 

Consequently, the trapping force, F, experienced by the trapped particle varies linearly from the center 

of the trap: F = k × x, where k is the trap stiffness (a constant that can be determined by tracking the 

motion of the bead in the trap [9]) and x the distance from the center of the trap. Typically, the 

stiffness, k, of an optical trap is in the range of 10−4–1 pN nm−1 [18]. For a given particle, the trap 

stiffness can be controlled by changing the power of the trapping laser. Trapping a silica microbead 

generally requires a laser power of approximately 3 mW [19]. An optically trapped bead can be used 

as a force probe in a similar way to a cantilever in atomic force microscopy (AFM) or a magnetic 

probe in magnetic tweezers (MT); this is called photonic force microscopy (PFM) [20]. The first 

scanning probe image demonstrated for the outer surface of a small neurite of a cultured rat 

hippocampal neuron showed 40 nm axial resolution and 200 nm lateral resolution (limited by the  

probe size) [21]. 

The thermal position fluctuations of the probe in PFM are larger than those of an AFM cantilever. 

This behavior is advantageous when studying properties of the plasma membranes of living cells at the 

nanometer scale. For instance, measuring the local diffusing coefficient of the cell membrane has 

provided new ways to characterize structures with known properties, such as lipid rafts [22]. 

Furthermore, the technique can be used to determine the elasticity of the lipid bilayer and the binding 

properties of membrane components to the cytoskeleton [23]. 

Direct measurement of the forces generated by actin filament polymerization using an optical trap 

revealed that load forces of approximately 1 pN are sufficient to stall the growth of an eight-filament 

bundle, consistent with the theoretical model [24]. These results suggest that force generation by small 

actin bundles is limited by the dynamic instability of single actin filaments; therefore, living cells must 

use actin-associated factors to suppress this instability to generate substantial forces through the 

elongation of parallel bundles of actin filaments. Filopodia are thin cell extensions that sense the 

environment. They play an essential role during cell migration and cell–cell or cell–matrix adhesion by 

initiating contacts and conveying signals to the cell cortex. Because they are generally formed by 

bundles of a relatively small number of actin filaments, filopodia provide a model of choice to study 

elementary events in adhesion and downstream signaling. The forces exerted by the filopodia and 

lamellipodia of the GC of dorsal root ganglia (DRG) neurons have been measured with millisecond 
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temporal resolution by using a trapped bead placed in front of the GC as a force probe [25]. A single 

filopodium exerts forces below 3 pN, whereas lamellipodia can exert forces up to 20 pN. Introducing 

specific inhibitors showed that no force was produced in the absence of actin polymerization. The 

elementary events underlying force generation in the lamellipodia of DRG neuronal cells have been 

described by studying the Brownian fluctuations (amplitude and frequency jump) of an optically 

trapped bead sealed on the lamellipodial membrane while using actin and myosin II inhibitors applied 

in bulk [26]. Long-term tracking, with sub-millisecond resolution, of a bead attached to a neuron while 

preserving sub-nanometer sensitivity in a spatial range of centimeters has been demonstrated [27]. The 

authors showed that the application of small constant forces (<1 pN) for a long time (~30 min) 

influenced GC motility. The suitability of the system has been further tested by time-modulating the 

force-clamp condition to study the role of statically and dynamically applied forces in neuronal 

differentiation. The forces that stall the retraction of a single filopodium have also been measured by 

using beads with different coatings [28]. The results suggest that the number of receptor–ligand 

interactions at the filopodial tip determines the maximal retraction force exerted by filopodia and that a 

discrete number of clustered receptors is sufficient to induce high retraction stall forces. 

Axonal regeneration has recently been studied using force spectroscopy of an optically trapped bead 

attached to the axonal membrane before and after axonal ablation [29]. Axonal adhesion to the 

substrate and the viscoelastic properties of the membrane during regeneration were measured, and the 

subsequent axonal regeneration was documented by long-term live imaging. This study demonstrated 

that brain derived neurotrophic factor (BDNF) regulates neuronal adhesion and favors the formation of 

actin waves during regeneration after axonal lesioning. The possibility of using holographic OT to 

probe the forces at more points of the sample cell has been proposed [30]. This technique has been 

employed to measure mechanical coupling between Aplysia bag cell growth cones and beads 

functionalized with the neuronal cell adhesion molecule, apCAM. Another advanced optical 

manipulation technique was recently demonstrated in a study of nerve fiber growth [31]. An optically 

driven birefringent bead and circularly polarized light were used to create a localized microfluidic flow 

that generated a small sheer force, of approximately 0.2 pN, to direct the GC. 

Interestingly, optical stiffness and force range of PFM are complementary to AFM and MT [32], 

thus allowing to design a large variety of single-molecule force spectroscopy techniques. Discussing 

single-molecule techniques is beyond the scope of this review, and some very good reviews are 

already available (e.g., [33]). Though many properties and functions of different bio-molecules can be 

revealed using these single-molecule techniques, an important criticism refers to the experimental 

conditions, which remain far from the physiological conditions of living cells. However, considerable 

progress has been made in this realm, and solutions have been proposed to overcome some of the 

challenges, as recently appraised by Oddershede [34]. Manipulating individual molecules requires a 

force-transducing handle that binds specifically to the system of interest. The handles typically utilized 

for optical manipulation are silica/polystyrene and metallic beads. Promising force-transducing handles 

for single-molecule optical manipulation in living cells are quantum dots (QD) [35] or gold  

nanorods [36]. A single QD or gold nanorod can be optically manipulated, and their positions can be 

tracked with high resolution at certain locations due to their fluorescence quantum yield. 

Micro- and nano-sized beads, which are largely used in optical trapping, can be easily functionalized 

with almost any type of protein, allowing for the combination of mechanical and chemical local 
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stimulation of the cell. This allows for the extracellular attachment sites to be mimicked with different, 

yet controlled, stiffness and study signal transduction. For instance, using fibronectin-coated beads 

positioned on fibroblasts and trapped with different strengths, proportional strengthening of the 

cytoskeletal linkages was demonstrated [37]. Local force or geometry sensing are transduced into 

biochemical signals that result in cellular responses, even for complex mechanical parameters, such as 

substrate rigidity and cell-level structures. These responses regulate cell growth, differentiation, shape 

changes and cell death [38]. Cells rapidly transduce forces exerted at extracellular matrix (ECM) 

contacts into tyrosine kinase activation and cytoskeletal proteins recruitment to reinforce the  

integrin–cytoskeleton connections and to initiate the formation of adhesion sites. The relationship 

between these two processes was studied at the sub-micrometric scale using optically manipulated 

vectors (coated beads) [39], allowing the demonstration that talin 1 is critical for the force-dependent 

reinforcement of the initial integrin-cytoskeleton bonds, but not for tyrosine kinase activation. Many 

aspects of cellular motility and mechanics are cyclic in nature, such as the extension and retraction of 

lamellipodia or filopodia. These mechanical cycles induce the production of mechano-chemical signals 

that can alter long-term cell behavior and transcription patterns. Stretching can alter physical properties 

or sites exposed to matrix molecules as well as internal networks; thus, cell contractions can cause a 

secondary wave of mechano-regulated outside-in and internal cell signal changes. A basic concept of 

the mechano-chemical cycles and the ways in which they can be described and understood was 

developed and discussed by Vogel and Sheetz [40]. 

Biomechanical approaches were recently applied to understand tumor invasion [41]. When a cell is 

mechanically stressed, forces are transmitted through the cytoskeleton and might stress the nucleus 

triggering gene transcription. As a result, cyto-adherence is altered and different patterns of gene 

expression are invoked, leading to changes in cell motility. Local mechanical effects are thus thought 

to play a significant role in stimulating tumor cells to become invasive [42]. It has been demonstrated 

that even though tumors are relatively stiff due to their ECM, tumor cells themselves are elastically 

softer [43]; consequently, they are able to move through a dense ECM. There is a continuous 

biomechanical interaction between cells and the ECM, leading to adaptations of cell motility [44]. 

Therefore, the hypothesis that cellular biomechanics may play a significant role in tumorigenesis and 

cancer cell invasiveness is gaining increasing support [45]. Different optical techniques have been used 

to determine the mechanical properties of living cells, such as generating rigidity gradients using 

multiple OT [37] and deforming cells flowing in a fluidic channel with an optical stretcher [46]. 

Small surface areas or entire cells can be mechanically probed with forces from 0.1 to 100 pN and 

displacements ranging from 1 nm to 10 µm. The force strength and the specific technique needed to 

obtain a response depends on the cellular mechanism under study [47]. To induce significant 

conformational changes of force-transmitting proteins, the force required to break the bond between 

two proteins is the realistic upper limit of the force required. The fibronectin–integrin bond strength, 

for instance, was experimentally determined to be in the range of 30–100 pN [48]. In contrast, the 

minimum external force required to induce an intracellular change at the single molecule level can be 

estimated by considering thermal fluctuations. To change intracellular biochemical reaction rates, the 

effect of the external force on the protein conformation must overwhelm that associated with thermal 

fluctuations. Considering that the thermal energy, kBT = 4 pN nm (where kB is Boltzmann constant and 

T is the local temperature expressed in Kelvin) and that protein conformational changes are in the 
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range of 1–10 nm, the required force levels are in the range of 0.4 to 4 pN. Another important 

consideration when studying cellular mechanics are the spatial and temporal resolutions. Most 

mechanical studies of the cytoplasm treat it as a uniform viscoelastic fluid; therefore, the reported 

viscosity values vary by four-orders of magnitude [49]. A regional approach to cellular mechanics that 

considers the differences between the properties of different cellular compartments is therefore highly 

important [50]. Optical manipulation techniques permit local mechanical measurements of the 

cytoplasm and cell surface over short time periods; therefore, they are biologically well suited for 

studies of cytoplasmic mechanics. MT and OT have a higher sensitivity than AFM for detecting small 

forces, such as tens of pN, and are therefore more useful for viscoelastic studies of the localized 

regions of the cell membrane. Moreover, these techniques allow for the simultaneous detection of 

deformations induced by multiple probes at different sites of the cell. Trapping and manipulating a 

microbead to get in contact with the cell membrane allows pulling a thin tether membrane. Video or 

interference tracking of the bead positions provides the force-elongation curve from which the local 

viscoelasticity can be determined and models for tether formation can be formulated [51]. Different 

membrane tether models have been reported for calculating the bending modulus and the surface 

membrane tension from the force-elongation curves of various cell types, including neurons [52], outer 

hair cells [53], breast cancer cells [54], fibroblasts [55], and human mesenchymal stem cells [56]. The 

force resulting from actin polymerization and depolymerization was recently measured in a cell by 

monitoring the restoring force of the plasma membrane at the end of a membrane tube [57]. The 

detection of a pulling force associated with depolymerization implies that the membrane is attached to 

the actin bundle and the filaments are not always treadmilling. Further studies are necessary to 

establish if this pulling force contributes to cell contraction during cell motility. 

3. Local Delivery 

Cell signaling is characterized by strict spatial and temporal control of chemical interactions [58], 

which is achieved by specific compartmentalization of different machineries. The specific subcellular 

expression of receptors and enzymes and fine control of their chemical affinities with ligands and 

substrates [59] achieves specificity in pathway activation. Therefore, a detailed study of cell signaling 

processes requires subcellular manipulation [60] and single-molecule approaches [33]. Properly 

mimicking the process of chemical release that characterizes the fast and short-distance diffusion of 

small volumes in confined areas is particularly important for studying neuronal cells, which have a 

complex morphology and possess specific structures for information processing and signal 

transmission (axons, dendrites, spines, and synapses). 

Different tools have been developed with the aim of delivering chemical stimuli at high spatial and 

temporal resolution, including puffers and microejectors [61] for constant pressure delivery of nano to 

pico-liter volumes. However, these tools feature limited control over the released volume, low spatial 

precision and the risk of leakage from the micropipette. The photoactivation of caged compounds [62] 

has many advantages over the former delivery techniques: it allows both extracellular and intracellular 

stimulation; the gating time of delivery is rapid, ranging from sub-microseconds to milliseconds; and 

the release location is restricted to the area of incidence of the uncaging light [63]. UV-uncaging is a 

very popular tool for focal stimulation of single synaptic sites, but it suffers some major drawbacks. 
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Because the synthesis of caged molecules is complex, large active molecules, such as peptides or 

proteins, cannot be caged. Moreover, most caged compounds were observed to produce undesired side 

effects, such as blocking both glycine and GABAA receptors [64]. A delivery precision comparable  

to that of two photon uncaging is obtained by releasing the contents of microcontainers [65]. 

Microcontainers, or physical cages, are nano- to micro-sized capsules synthesized from different 

materials [66]. The advantages of using physical cages are the ability to encapsulate a variety of molecules 

and the possibility of moving and dissecting single loaded capsules using optical techniques [11]. 

Nanocapsules have been synthesized using various materials, such as polystyrene−acrylic or silica, 

by the formation of colloidal silver nanoparticles coated with silica and subsequently silver-etched [66]. 

These capsules were loaded with carbachol that was released by laser pulses onto single CHO cells 

expressing muscarinic receptors. Polylactic-co-glycolic acid (PLGA) capsules were also synthesized 

for loading chemotactic factors and were used to establish persistent concentration gradients at the 

micrometric scale [67]. Among the physical cages, lipid vesicles are very convenient tools for 

chemical encapsulation. Due to their prominent use in drug delivery [68], a variety of techniques have 

been developed to fine-tune their physical and chemical characteristics, such as their dimension, 

surface charge and chemical functionalization. Lipid vesicles have been employed for single-cell 

stimulation [69]. Single unit electrical stimulation has been obtained in hippocampal neuronal cultures 

by optical manipulation and photolysis of micro-sized KCl-containing vesicles [17]. Due to the small 

volume of solution enclosed in the lumen of the vesicles (femtoliters for micro-sized vesicles), 

encapsulation in lipid vesicle is a way to control the amount of a compound delivered. Therefore, 

details of the transduction pathways involved in processes such as neuronal guidance can be more 

easily obtained. By carefully evaluating the amount of a substance that is released, one can 

quantitatively correlate morphological responses and the intermediate steps of a signal transduction 

pathway [70]. 

Encapsulation of single molecules in lipid vesicles has also been exploited for monitoring  

single-protein folding [71] or for performing spectroscopy of a single biomolecule [72]. Quantitative 

assessment of encapsulation efficiency (ratio of the concentration of the encapsulated molecule to the 

bulk concentration) is crucial for single molecule approaches. Different methodologies have been 

proposed to address this issue. Confocal detection with single-molecule sensitivity associated with 

numerical calculations based on a three-dimensional diffusion equation allows the number of 

molecules released from vesicles immobilized in an optical trap to be calculated [73]. Fluorescence 

correlation spectroscopy has also been used to measure vesicle contents and to demonstrate that the 

number of molecules encapsulated in lipid vesicles is a random variable following a Poisson 

distribution [74]. Based on this assumption, the encapsulation efficiency can be evaluated using QD by 

measuring the fraction of empty vesicles for different concentrations of encapsulated QD [70]. 

Another technique for local chemical stimulation of specific biochemical pathways is optical 

manipulation of beads functionalized with signaling molecules. This technique has the advantage of 

avoiding any spillover of ligand from the site of contact with the bead because the molecules of 

interest are covalently attached to the bead surface. In particular, neurotrophins have important roles in 

neuronal development, and cellular responses strongly depend on the localization of chemical 

stimulation because neurotrophin receptors are differentially expressed on the neuronal cell surface. 
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Polystyrene beads coated with nerve growth factor (NGF) were first used for local stimulation of 

DRG growth cones [75]. Recently, beads coated with a single BDNF molecule were optically 

delivered to different compartments of neuronal cells, and the activation of signaling pathways was 

confirmed by the occurrence of TrkB phosphorylation, long-lasting activation of calcium signaling at 

the soma, and c-Fos nuclear signaling [76]. Gradients of BDNF, generated by slow-release from beads 

placed near geniculate axons, were utilized to assess the critical period during which BDNF is the 

attractant [77]. Microbeads functionalized with ligands were also used to test single molecule 

interactions with receptors [78]. Ligands were bound to specific receptors, and picoNewton forces 

were applied through the OT to induce bond rupture. This method was recently exploited to study the 

role of endocytosis in enhancing the binding strength of Dll1-Notch during Notch signaling. Beads 

functionalized with recombinant Notch1 protein were presented to Dll1-expressing cells, and the bond 

strength was measured using OT [79]. Similarly, the forces involved in virus–host cell binding were 

investigated using OT and AFM-based single-molecule force spectroscopy using polystyrene beads 

coated with influenza A X-31 virions, by measuring the interactive forces between the viruses and 

living cells [80]. 

OT have also been used in combination with microfluidic devices for local control of the cellular 

environment and single-cell manipulation. Indeed, microfabrication techniques allow production of 

micron or sub-micron scale structures with complex geometries, which can be used for precise control 

of chemical fluxes and the delivery of soluble factors [81–83]. On-chip single-cell assays were first 

developed to analyze bacterial adaptation processes when the nutrient concentration changed [84] and 

have been used for cell-sorting [85]. A microfluidic device integrated with OT was designed to allow 

precise and reversible changes in the glucose concentration around single Saccharomyces cerevisiae 

cells in less than two seconds [86]. Cytometry using multiple refractive OT combined with microfluidics 

and optical microscopy was developed to expose yeast cells to reagents in a controlled manner and 

analyze their responses using fluorescence microscopy [87]. Recently, a fully integrated system relying 

on miniaturized fiber-based OT has been developed for microfluidic flow cytometry based on  

Raman-spectroscopy or fluorescence analysis [88]. A multifunctional system has also been developed 

for simultaneous spectral analysis of biochemical contents and electrophysiological reactions in single 

cells [89], and the recruitment of vinculin in single endothelial cells upon the application of external 

forces via OT has been investigated using a microfluidic platform [90]. 

4. Laser Dissection 

Living tissues present a complex architecture of multiple cell types embedded in ECM with 

chemical, mechanical and topographical features localized on nanometer to micrometric scales [91]. 

Cell–cell and cell–matrix contacts influence cytoskeletal architecture, cellular metabolism and cell 

survival, producing clusters of distinct cell types with specific roles in the physiology of the  

organ [92]. Furthermore, the ECM is a three-dimensional network surrounding all the cells in the body, 

which functions as a biophysical filter for the protection, nutrition and innervation of cells and as a 

biophysical medium that facilitates immune responses, angiogenesis, fibrosis and tissue regeneration [93]. 

The ECM is remodeled by cells during various physiological processes, such as embryonic 
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development, tissue growth and the synaptic plasticity of the adult brain [94], as well as during 

pathophysiological events such as the progression of glioma. 

In this context, another optical manipulation technique, laser dissection, has gained popularity 

because of its ability to access intricate and dense environments and locally alter extracellular, cellular, 

and sub-cellular sites. Laser dissectors based on pulsed laser sources produce high peak energies of 

densely packed photons at a low average power. This peculiarity allows laser dissectors to overcome 

the breakdown energy of a material, eliciting ablation in a confined, extremely small volume.  

Berns et al. [14] exemplarily explained in their seminal work that: “Although in optical microscopy the 

imaging resolution is diffraction-limited, diffraction is not necessarily a limiting resolution factor for 

laser ablation. It occurs whenever the energy delivered to the sample is higher than the break-down 

energy threshold of the irradiated material.” Indeed, tight focusing of Gaussian laser beams can 

generate high photon flux, and the accurate control of the delivered laser power can modulate the 

dimension of the “hot spot” within the diffraction-limited focal volume. Distinct pulsed laser sources 

have been employed to perform laser dissection at the UV-VIS to the IR wavelength range, with pulse 

duration ranging from a few nano-seconds to femto-seconds. For further details on the requirements of 

laser microsurgery instrumentation, how the field grew with the evolution of pulsed laser systems, and 

a comparison of experimental achievements of several laboratories using specific laser sources, refer to 

the review of Magidson et al. [95]. In the subsequent section, we will review some applications of 

laser dissection in single-cell and in vivo studies that preserve the control, precision and repeatability 

of the light nano-scalpel used for molecular biological studies. 

The cell is the functional unit of living tissue, and its plasma membrane delimits the internal 

organization and constitutes a barrier that selectively controls communication with the extracellular 

environment. Delivering low-energy optical pulses to the cell membrane in a small window of time (on 

the order of a few milliseconds) generates reversible spatially confined ablation, which is called 

photoporation. Photoporation enables intracellular delivery of substances [96], such as QD gold 

nanoparticles, DNA, RNA, or fluorescent markers, that would otherwise require carriers (e.g., viruses 

or liposomes), or invasive approaches (e.g., patch-electrodes or electroporation) to bypass the 

membrane. This method has been applied mainly to deliver exogenous DNA or RNA [97], thereby 

allowing targeting of specific single cells with high transfection efficiency. Moreover, because of its 

focal transfection capability, photoporation allowed the role of a particular mRNA in different regions 

of living neurons [98] (i.e., in a dendrite or in the cell body of primary rat neurons) to be evaluated. 

Recently, photoporation was used to introduce biomolecules into the cells of living animals, thus 

providing an alternative to genetic manipulation of developing embryos via functional modulation of 

individual cells under sterile conditions [99]. To achieve single-cell photoporation in thick non-transparent 

tissues, the use of optical fibers in conjunction with a miniaturized microfluidic system for localized 

drug delivery has been proposed, paving the way for the clinical application of this nanosurgical  

tool [15]. However, the microfluidic system requires a considerable number of molecules and does not 

allow control over the number of delivered factors. 

Moving our attention from the cell surface to the intracellular architecture, laser dissection can be 

used to selectively destroy organelles and supramolecular structures, thereby applying a knock-down 

approach for elucidating the role of the ablated compartment. Laser dissection of chromosomal regions 

in living cells was performed to study the role of secondary constrictions as nucleolus  
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organizers [100]. Laser ablation of the centrosomes did not preclude the formation of a mitotic spindle 

in mitotic cells [101] or axonal extension in developing hippocampal neurons [102]. 

At the whole cell level, laser-induced cell fusion was used to generate viable hybrid cell-types [103]. 

Extraction of tissue regions allowed local proteomic/genomic screening to be applied or the creation of 

type-defined cell cultures [104]. The separation of subcellular compartments as the distal and proximal 

parts of a dissected axon elucidated the role of anterograde or retrograde vesicular transport in the 

formation of a new growth cone [105]. 

Several laboratories use laser dissection systems as a complementary approach to pharmacological 

and genetic inhibition of single proteins because they allow selective manipulation of whole organelles 

and structures with high spatial resolution [106]. However, one of the more challenging applications of 

laser dissection is the study of wound healing and the regeneration processes of injured tissues. Indeed, 

the precision of the light scalpel allows the development of reproducible experimental models of injury 

with which to test genetic and pharmacological treatments that favor regeneration of the damaged 

tissue. For example, laser micro-irradiation can be used to induce focal damage in the nucleus for 

analysis of the recognition of damaged DNA [107] and the repair process that counteracts the 

consequences of DNA lesions [108]. Defects in signaling DNA damage or repairing damaged DNA 

contribute to aging and various disorders, including developmental defects, neurodegenerative diseases, 

and cancer [109]. Another field of study is the understanding of molecular mechanisms involved in 

neuronal regeneration. Neurons of the peripheral nervous system (PNS) have an intrinsic ability to 

regenerate after axonal injury, whereas neurons in the central nervous system (CNS) lack this 

regenerative capacity [110]. Thus, understanding the molecular mechanisms involved in the intrinsic 

ability of an axon to re-grow is crucial for developing new strategies that promote nerve regeneration. 

Regeneration of damaged neurites can be impaired by collateral damage in the surrounding cells, and 

pharmacological approaches applied to whole tissues can be misleading because of the distinct 

reactions of the neighboring cell-types [111]. Therefore, several in vitro systems based on laser 

dissection have been developed to study the regeneration process under controlled environmental 

conditions [112]. A laser microdissector can induce localized, controlled [113] and reproducible 

damage to the neurite without affecting the integrity of any coating of the culture support, which could 

hamper axonal re-growth. Recently, an in vitro model using mouse hippocampal neurons demonstrated 

that CNS neurons are able to regenerate their axons (after a laser-induced lesion) during the first 3 days 

in vitro, but not later [29]. The mouse neuronal experimental model provides the opportunity to 

identify the role of various molecules that may affect neuronal regeneration trough the use of  

knock-out and transgenic mice. 

To identify the role of single neuronal connections, laser ablation in combination with fast calcium 

imaging has been used to obtain an in vitro model of neuronal network injury for investigation of the 

changes in the electrophysiological activity and functional connectivity of the network with subcellular 

resolution [114]. Generally, in vitro models poorly resemble the in vivo scenario and thus it is 

necessary to confirm the obtained results in vivo. Axonal regeneration studies using laser dissection 

systems have been conducted with organism models such as Caenorhabditis elegans and  

Drosophila [115] or with the cortical neurons of living mice [116]. Moreover, laser dissection have 

been exploited to induce vascular disruptions within the parenchyma of the rat brain to obtain a model 

of local cortical ischemia [117]. 
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The critical step of the axonal regeneration process is the assembly of a new navigating GC capable 

of guiding the axon to its proper target [118]. Furthermore, it has been shown that the formation of GC 

like structures [119] that travel along the injured neurite has a role in the regeneration process [29]. GC 

is the sub-cellular compartment at the tip of an extruding neurite that contains all of the molecular 

machinery necessary for cellular motility and sensing the mechanical and chemical properties of the 

ECM. Understanding how ECM properties influence the motility of the GC could provide essential 

information for the design and construction of implantable scaffolds that would support tissue 

regeneration. In this context, laser dissection is an invaluable tool for producing the prototypes of 

micropatterned planar adhesion substrates with the appropriate geometrical [120] and chemical 

features [121] or biocompatible three-dimensional scaffolds with microchannels that direct cell  

growth [122]. 

Laser dissection in combination with OT constitutes a nano-workstation that offers the possibility of 

quantifying the cytoskeletal dynamics of wound healing [123], dissecting GC dynamics at a molecular 

level [25], or achieving completely contact-free manipulation of developing embryos [124]. 

5. Concluding Remarks 

Cell signaling driven by optical manipulation has been discussed in previous sections, focusing on 

three main techniques: application and probing of pN forces, local delivery of small amounts of active 

molecules, and laser nano-ablation. As illustrated schematically in Figure 4, these three techniques can 

be applied separately or jointly, increasing the range of their applications. Starting from the 

experimental capabilities of each approach, the simultaneous application of the three techniques allows 

a precise and reliable stimulation protocol at the level of a single cell, addressing very small areas of its 

sub-cellular compartments. For instance, the use of micro- and nano-vectors in conjunction with 

optical manipulation and laser photolysis allows scaling down the stimulation to a few molecules, 

localizing their action to areas of hundreds of square nanometers on the cell membrane and following 

their internalization and the cell’s response. Laser ablation allows to photoporate the cell membrane 

and thus bypass it to investigate only the intracellular effects of a molecule, or to locally release 

physically caged compounds. OT enable arbitrary selection of the cell to monitor, the location and time 

of local stimulation, offering the unprecedented possibility of combining mechanical and chemical  

cell stimulation. 

Considering the complex nature of cell signaling mechanisms, optical manipulation techniques can 

considerably contribute to reducing the uncertainty in experimental protocols and data interpretation 

by avoiding activation of collateral cell pathways, thus allowing the investigation of cell signaling at a 

single molecule resolution. 
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Figure 4. Optical manipulation techniques and their interdependencies for optically driven 

cell signaling experiments. The intersecting blue circles indicate the desired experimental 

goals, and the arrows indicate the required techniques to accomplish the goals. 

 

Acknowledgments 

FD acknowledges support from a ICT-FET FP7-FET Young Explorers scheme-BRAIN BOW 

(www.brainbowproject.eu) European grant. DC and GP acknowledge funding from the European 

Union’s Seventh Framework Programme FP7 under grant agreement number 214566 (NANOSCALE), 

GP acknowledges funding from a REGPOT-2011-1 SUNGREEN European grant and  

AHA-MOMENT Creative Core grant from Slovenian Ministry for Education and Science. 

Conflict of Interest 

The authors declare no conflicts of interest. 

References 

1. Berridge, M.J. Cell Signalling Biology; Portland Press Ltd: London, UK, 2012; 

doi:10.1042/csb0001001. Available online: http://www.biochemj.org/csb/ (accessed on 10 

January 2013). 

2. Hell, S.W. Microscopy and its focal switch. Nat. Methods 2009, 6, 24–32. 

3. Ashkin, A.; Dziedzic, J.M.; Bjorkholm, J.E.; Chu, S. Observation of a single-beam gradient force 

optical trap for dielectric particles. Opt. Lett. 1986, 11, 288–290. 



Int. J. Mol. Sci. 2013, 14 8978 

 

 

4. Ashkin, A.; Dziedzic, J.M. Optical trapping and manipulation of viruses and bacteria. Science 

1987, 235, 1517–1520. 

5. Ashkin, A.; Dziedzic, J.M.; Yamane, T. Optical trapping and manipulation of single cells using 

infrared laser beams. Nature 1987, 330, 769–771. 

6. Ashkin, A.; Dziedzic, J.M. Internal cell manipulation using infrared laser traps. Proc. Natl. Acad. 

Sci. USA 1989, 86, 7914–7918. 

7. Ashkin, A.; Schutze, K.; Dziedzic, J.M.; Euteneuer, U.; Schliwa, M. Force generation of 

organelle transport measured in vivo by an infrared laser trap. Nature 1990, 348, 346–348. 

8. Grier, D.G. A revolution in optical manipulation. Nature 2003, 424, 810–816. 

9. Neuman, K.C.; Block, S.M. Optical trapping. Rev. Sci. Instrum. 2004, 75, 2787–2809. 

10. Moffitt, J.R.; Chemla, Y.R.; Smith, S.B.; Bustamante, C. Recent advances in optical tweezers. 

Annu. Rev. Biochem. 2008, 77, 205–228. 

11. Dholakia, K.; Čižmár, T. Shaping the future of manipulation. Nat. Photonics 2011, 5, 335–342. 

12. Bustamante, C.; Cheng, W.; Mejia, Y.X. Revisiting the central dogma one molecule at a time. 

Cell 2011, 144, 480–497. 

13. Ashok, P.C.; Dholakia, K. Optical trapping for analytical biotechnology. Curr. Opin. Biotechnol. 

2012, 23, 16–21. 

14. Berns, M.W.; Aist, J.; Edwards, J.; Strahs, K.; Girton, J.; McNeill, P.; Rattner, J.B.; Kitzes, M.; 

Hammer-Wilson, M.; Liaw, L.H.; et al. Laser microsurgery in cell and developmental biology. 

Science 1981, 213, 505–513. 

15. Ma, N.; Gunn-Moore, F.; Dholakia, K. Optical transfection using an endoscope-like system.  

J. Biomed. Opt. 2011, 16, 028002. 

16. Pinato, G.; Lien, L.T.; D’Este, E.; Torre, V.; Cojoc, D. Neuronal chemotaxis by optically 

manipulated liposomes. J. Eur. Opt. Soc. Rapid Publ. 2011, 6, 11042.  

17. Pinato, G.; Raffaelli, T.; D’Este, E.; Tavano, F.; Cojoc, D. Optical delivery of liposome 

encapsulated chemical stimuli to neuronal cells. J. Biomed. Opt. 2011, 16, 095001.  

18. Greenleaf, W.J.; Woodside, M.T.; Block, S.M. High-resolution, single-molecule measurements 

of biomolecular motion. Annu. Rev. Biophys. Biomol. Struct. 2007, 36, 171–190. 

19. Ashkin, A. Forces of a single-beam gradient laser trap on a dielectric sphere in the ray optics 

regime. Biophys. J. 1992, 61, 569–582. 

20. Ghislain, L.P.; Webb, W.W. Scanning-force microscope based on an optical trap. Opt. Lett. 

1993, 18, 1678–1680. 

21. Florin, E.-L.; Pralle, A.; Heinrich Hörber, J.K.; Stelzer, E.H.K. Photonic force microscope based 

on optical tweezers and two-photon excitation for biological applications. J. Struct. Biol. 1997, 

119, 202–211. 

22. Pralle, A.; Florin, E.L.; Stelzer, E.H.K.; Hörber, J.K.H. Photonic force microscopy: A new tool 

providing new methods to study membranes at the molecular level. Single Mol. 2000, 1, 129–133. 

23. Sheetz, M.P.; Dai, J. Modulation of membrane dynamics and cell motility by membrane tension. 

Trends Cell Biol. 1996, 6, 85–89. 

24. Footer, M.J.; Kerssemakers, J.W.J.; Theriot, J.A.; Dogterom, M. Direct measurement of force 

generation by actin filament polymerization using an optical trap. Proc. Natl. Acad. Sci. USA 

2007, 104, 2181–2186. 



Int. J. Mol. Sci. 2013, 14 8979 

 

 

25. Cojoc, D.; Difato, F.; Ferrari, E.; Shahapure, R.B.; Laishram, J.; Righi, M.; Di Fabrizio, E.M.; 

Torre, V. Properties of the force exerted by filopodia and lamellipodia and the involvement of 

cytoskeletal components. PLoS One 2007, 2, e1072. 

26. Amin, L.; Ercolini, E.; Shahapure, R.; Bisson, G.; Torre, V. The elementary events underlying 

force generation in neuronal lamellipodia. Sci. Rep. 2011, 1, 153. 

27. Guiggiani, A.; Torre, B.; Contestabile, A.; Benfenati, F.; Basso, M.; Vassalli, M.; Difato, F. 

Long-range and long-term interferometric tracking by static and dynamic force-clamp optical 

tweezers. Opt. Express 2011, 19, 22364–22376. 

28. Romero, S.; Quatela, A.; Bornschlog, T.; Guadagnini, S.; Bassereau, P.; Tran Van Nhieu, G. 

Filopodium retraction is controlled by adhesion to its tip. J. Cell Sci. 2012, 125, 4999–5004. 

29. Difato, F.; Tsushima, H.; Pesce, M.; Benfenati, F.; Blau, A.; Chieregatti, E. The formation of 

actin waves during regeneration after axonal lesion is enhanced by BDNF. Sci. Reports 2011,  

1, 183. 

30. Mejean, C.O.; Schaefer, A.W.; Millman, E.A.; Forscher, P.; Dufresne, E.R. Multiplexed force 

measurements on live cells with holographic optical tweezers. Opt. Express 2009, 17, 6209–6217. 

31. Wu, T.; Nieminen, T.A.; Mohanty, S.; Miotke, J.; Meyer, R.L.; Rubinsztein-Dunlop, H.;  

Berns, M.W. A photon-driven micromotor can direct nerve fibre growth. Nat. Photon. 2012, 6, 

62–67. 

32. Zhang, H.; Liu, K.H. Optical tweezers for single cells. J. R. Soc. Interface 2008, 5, 671–690. 

33. Neuman, K.C.; Nagy, A. Single-molecule force spectroscopy: Optical tweezers, magnetic 

tweezers and atomic force microscopy. Nat. Methods 2008, 5, 491–505. 

34. Oddershede, L.B. Force probing of individual molecules inside the living cell is now a reality. 

Nat. Chem. Biol. 2012, 8, 879–886. 

35. Jauffred, L.; Richardson, A.C.; Oddershede, L.B. Three-dimensional optical control of individual 

quantum dots. Nano Lett. 2008, 8, 3376–3380. 

36. Selhuber-Unkel, C.; Zins, I.; Schubert, O.; Sönnichsen, C.; Oddershede, L.B. Quantitative optical 

trapping of single gold nanorods. Nano Lett. 2008, 8, 2998–3003. 

37. Choquet, D.; Felsenfeld, D.P.; Sheetz, M.P. Extracellular matrix rigidity causes strengthening of 

integrin- cytoskeleton linkages. Cell 1997, 88, 39–48. 

38. Vogel, V. Mechanotransduction involving multimodular proteins: Converting force into 

biochemical signals. Annu. Rev. Biophys. Biomol. Struct. 2006, 35, 459–488. 

39. Giannone, G. Talin1 is critical for force-dependent reinforcement of initial integrin-cytoskeleton 

bonds but not tyrosine kinase activation. J. Cell Biol. 2003, 163, 409–419. 

40. Vogel, V.; Sheetz, M.P. Cell fate regulation by coupling mechanical cycles to biochemical 

signaling pathways. Curr. Opin. Cell Biol. 2009, 21, 38–46. 

41. Makale, M. Cellular mechanobiology and cancer metastasis. Birth Defects Res. C 2007, 81, 329–343. 

42. Fritsch, A.; Höckel, M.; Kiessling, T.; Nnetu, K.D.; Wetzel, F.; Zink, M.; Käs, J.A. Are 

biomechanical changes necessary for tumour progression? Nat. Phys. 2010, 6, 730–732. 

43. Suresh, S. Nanomedicine: Elastic clues in cancer detection. Nat. Nanotechnol. 2007, 2, 748–749. 

44. Huang, H.; Sylvan, J.; Jonas, M.; Barresi, R.; So, P.T.C.; Campbell, K.P.; Lee, R.T. Cell stiffness 

and receptors: Evidence for cytoskeletal subnetworks. Am. J. Physiol. Cell Physiol. 2005, 288, 

C72–C80. 



Int. J. Mol. Sci. 2013, 14 8980 

 

 

45. Geiger, T.R.; Peeper, D.S. Metastasis mechanisms. Biochim. Biophys. Acta 2009, 1796, 293–308. 

46. Remmerbach, T.W.; Wottawah, F.; Lincoln, B.; Wittekind, C.; Guck, J. Oral cancer diagnosis by 

mechanical phenotyping. Cancer Res. 2009, 69, 1728–1732. 

47. Huang, H.; Kamm, R.D.; Lee, R.T. Cell mechanics and mechanotransduction: Pathways, probes, 

and physiology. Am. J. Physiol. Cell Physiol. 2004, 287, C1–C11. 

48. Sheetz, M.P. Cell control by membrane-cytoskeleton adhesion. Nat. Rev. Mol. Cell Biol. 2001, 2, 

392–396. 

49. Yamada, S.; Wirtz, D.; Kuo, S.C. Mechanics of living cells measured by laser tracking 

microrheology. Biophys. J. 2000, 78, 1736–1747. 

50. Heidemann, S.R.; Wirtz, D. Towards a regional approach to cell mechanics. Trends Cell Biol. 

2004, 14, 160–166. 

51. Raucher, D.; Sheetz, M.P. Characteristics of a membrane reservoir buffering membrane tension. 

Biophys. J. 1999, 77, 1992–2002. 

52. Hochmuth, R.M.; Shao, J.-Y.; Dai, J.; Sheetz, M.P. Deformation and flow of membrane into 

tethers extracted from neuronal growth cones. Biophys. J. 1996, 70, 358–369. 

53. Li, Z.; Anvari, B.; Takashima, M.; Brecht, P.; Torres, J.H.; Brownell, W.E. Membrane tether 

formation from outer hair cells with optical tweezers. Biophys. J. 2002, 82, 1386–1395. 

54. Guo, H.-L.; Liu, C.-X.; Duan, J.-F.; Jiang, Y.-Q.; Han, X.-H.; Li, Z.-L.; Cheng, B.-Y.;  

Zhang, D.-Z. Mechanical properties of breast cancer cell membrane studied with optical 

tweezers. Chin. Phys. Lett. 2004, 21, 2543–2546. 

55. Pontes, B.; Viana, N.B.; Salgado, L.T.; Farina, M.; Neto, V.M.; Nussenzveig, H.M. Cell 

cytoskeleton and tether extraction. Biophys. J. 2011, 101, 43–52. 

56. Titushkin, I.; Cho, M. Distinct membrane mechanical properties of human mesenchymal stem 

cells determined using laser optical tweezers. Biophys. J. 2006, 90, 2582–2591. 

57. Farrell, B.; Qian, F.; Kolomeisky, A.; Anvari, B.; Brownell, W.E. Measuring forces at the 

leading edge: A force assay for cell motility. Integr. Biol. 2013, 5, 204–214. 

58. Scott, J.D.; Pawson, T. Cell signaling in space and time: Where proteins come together and when 

they’re apart. Science 2009, 326, 1220–1224. 

59. Komarova, N.L.; Zou, X.; Nie, Q.; Bardwell, L. A theoretical framework for specificity in cell 

signaling. Mol. Syst. Biol. 2005, 1, E1–E5. 

60. Greulich, K.O.; Pilarczyk G.; Hoffmann A.; Meyer Zu Hörste, G.; Schäfer B.; Uhl V.; 

Monajembashi, S. Micromanipulation by laser microbeam and optical tweezers: From plant cells 

to single molecules. J. Microsc. 2000, 198, 182–187. 

61. Pidoplichko, V.I.; Dani, J.A. Applying small quantities of multiple compounds to defined 

locations of in vitro brain slices. J. Neurosci. Methods 2005, 142, 55–66. 

62. Adams, S.R.; Tsien, R.Y. Controlling cell chemistry with caged compounds. Annu. Rev. Physiol. 

1993, 55, 755–784. 

63. Matsuzaki, M.; Ellis-Davies, G.C.; Nemoto, T.; Miyashita, Y.; Iino, M.; Kasai, H. Dendritic 

spine geometry is critical for AMPA receptor expression in hippocampal CA1 pyramidal 

neurons. Nat. Neurosci. 2001, 4, 1086–1092. 



Int. J. Mol. Sci. 2013, 14 8981 

 

 

64. Canepari, M.; Nelson, L.; Papageorgiou, G.; Corrie, J.E.; Ogden, D. Photochemical and 

pharmacological evaluation of 7-nitroindolinyl-and 4-methoxy-7-nitroindolinyl-amino acids as 

novel, fast caged neurotransmitters. J. Neurosci. Methods 2001, 112, 29–42. 

65. Chiu, D.T. Manipulating the biochemical nanoenvironment around single molecules contained 

within vesicles. Chem. Phys. 1999, 247, 133–139. 

66. Sun, B.; Chiu, D.T. Synthesis, loading, and application of individual nanocapsules for probing 

single-cell signaling. Langmuir 2004, 20, 4614–4620. 

67. Kress, H.; Park, J.-G.; Mejean, C.O.; Forster, J.D.; Park, J.; Walse, S.S.; Zhang, Y.; Wu, D.; 

Weiner, O.D.; Fahmy, T.M.; et al. Cell stimulation with optically manipulated microsources. 

Nat. Methods 2009, 6, 905–909. 

68. Müller, R.H.; Mäder, K.; Gohla, S. Solid lipid nanoparticles (SLN) for controlled drug 

delivery—A review of the state of the art. Eur. J. Pharm. Biopharm. 2000, 50, 161–177. 

69. Sun, B.; Chiu, D.T. Spatially and temporally resolved delivery of stimuli to single cells. J. Am. 

Chem. Soc. 2003, 125, 3702–3703. 

70. Pinato, G.; Cojoc, D.; Lien, L.T.; Ansuini, A.; Ban, J.; D’Este, E.; Torre, V. Less than 5 Netrin-1 

molecules initiate attraction but 200 Sema3A molecules are necessary for repulsion. Sci. Rep. 

2012, 2, 675. 

71. Rhoades, E.; Gussakovsky, E.; Haran, G. Watching proteins fold one molecule at a time. Proc. 

Natl. Acad. Sci. USA 2003, 100, 3197–3202. 

72. Boukobza, E.; Sonnenfeld, A.; Haran, G. Immobilization in surface-tethered lipid vesicles as a 

new tool for single biomolecule spectroscopy. J. Phys. Chem. B 2001, 105, 12165–12170. 

73. Sun, B.; Chiu, D.T. Determination of the encapsulation efficiency of individual vesicles using 

single-vesicle photolysis and confocal single-molecule detection. Anal. Chem. 2005, 77,  

2770–2776. 

74. Okumus, B.; Wilson, T.J.; Lilley, D.M.J.; Ha, T. Vesicle encapsulation studies reveal that Single 

molecule ribozyme heterogeneities are intrinsic. Biophys. J. 2004, 87, 2798–2806. 

75. Gallo, G.; Lefcort, F.B.; Letourneau, P.C. The trkA receptor mediates growth cone turning 

toward a localized source of nerve growth factor. J. Neurosci. 1997, 17, 5445–5454. 

76. D’Este, E.; Baj, G.; Beuzer, P.; Ferrari, E.; Pinato, G.; Tongiorgi, E.; Cojoc, D. Use of optical 

tweezers technology for long-term, focal stimulation of specific subcellular neuronal 

compartments. Integr. Biol. (Camb) 2011, 3, 568–577. 

77. Hoshino, N.; Vatterott, P.; Egwiekhor, A.; Rochlin, M.W. Brain-derived neurotrophic factor 

attracts geniculate ganglion neurites during embryonic targeting. Dev. Neurosci. 2010, 32, 184–196. 

78. Thoumine, O.; Bard, L.; Saint-Michel, E.; Dequidt, C.; Choquet, D. Optical tweezers and 

fluorescence recovery after photo-bleaching to measure molecular interactions at the cell surface. 

Cell. Mol. Bioeng. 2008, 1, 301–311. 

79. Meloty-Kapella, L.; Shergill, B.; Kuon, J.; Botvinick, E.; Weinmaster, G. Notch ligand 

endocytosis generates mechanical pulling force dependent on dynamin, epsins, and actin.  

Dev. Cell 2012, 22, 1299–1312. 

80. Sieben, C.; Kappel, C.; Zhu, R.; Wozniak, A.; Rankl, C.; Hinterdorfer, P.; Grubmuller, H.; 

Herrmann, A. Influenza virus binds its host cell using multiple dynamic interactions. Proc. Natl. 

Acad. Sci. USA 2012, 109, 13626–13631. 



Int. J. Mol. Sci. 2013, 14 8982 

 

 

81. El-Ali, J.; Sorger, P.K.; Jensen, K.F. Cells on chips. Nature 2006, 442, 403–411. 

82. Weibel, D.B.; DiLuzio, W.R.; Whitesides, G.M. Microfabrication meets microbiology. Nat. Rev. 

Microbiol. 2007, 5, 209–218. 

83. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. 

84. Umehara, S.; Wakamoto, Y.; Inoue, I.; Yasuda, K. On-chip single-cell microcultivation assay for 

monitoring environmental effects on isolated cells. Biochem. Biophys. Res. Commun. 2003, 305, 

534–540. 

85. Enger, J.; Goksör, M.; Ramser, K.; Hagberg, P.; Hanstorp, D. Optical tweezers applied to a 

microfluidic system. Lab Chip 2004, 4, 196–200. 

86. Eriksson, E.; Sott, K.; Lundqvist, F.; Sveningsson, M.; Scrimgeour, J.; Hanstorp, D.; Goksör, M.; 

Granéli, A. A microfluidic device for reversible environmental changes around single cells using 

optical tweezers for cell selection and positioning. Lab Chip 2010, 10, 617–625. 

87. Werner, M.; Merenda, F.; Piguet, J.; Salathé, R.-P.; Vogel, H. Microfluidic array cytometer 

based on refractive optical tweezers for parallel trapping, imaging and sorting of individual cells. 

Lab Chip 2011, 11, 2432. 

88. Liberale, C.; Cojoc, G.; Bragheri, F.; Minzioni, P.; Perozziello, G.; La Rocca, R.; Ferrara, L.; 

Rajamanickam, V.; Di Fabrizio, E.; Cristiani, I. Integrated microfluidic device for single-cell 

trapping and spectroscopy. Sci. Reports 2013, 3, 1258. 

89. Alrifaiy, A.; Ramser, K. How to integrate a micropipette into a closed microfluidic system: 

Absorption spectra of an optically trapped erythrocyte. Biomed. Opt. Exp. 2011, 2, 2299–2306. 

90. Honarmandi, P.; Lee, H.; Lang, M.J.; Kamm, R.D. A microfluidic system with optical laser 

tweezers to study mechanotransduction and focal adhesion recruitment. Lab Chip 2011, 11,  

684–694. 

91. Kim, D.-H.; Provenzano, P.P.; Smith, C.L.; Levchenko, A. Matrix nanotopography as a regulator 

of cell function. J. Cell Biol. 2012, 197, 351–360. 

92. Goldmann, W.H. Mechanotransduction and focal adhesions. Cell Biol. Int. 2012, 36, 649–652. 

93. Noguera, R.; Nieto, O.A.; Tadeo, I.; Fariñas, F.; Alvaro, T. Extracellular matrix, biotensegrity 

and tumor microenvironment. An update and overview. Histol. Histopathol. 2012, 27, 693–705. 

94. Dityatev, A.; Schachner, M. Extracellular matrix molecules and synaptic plasticity. Nat. Rev. 

Neurosci. 2003, 4, 456–468. 

95. Magidson, V.; Lončarek, J.; Hergert, P.; Rieder, C.L.; Khodjakov, A. Laser Microsurgery in the 

GFP era: A cell biologist’s perspective. Methods Cell Biol.2007, 82, 237–266. 

96. McDougall, C.; Stevenson, D.J.; Brown, C.T. A.; Gunn-Moore, F.; Dholakia, K. Targeted optical 

injection of gold nanoparticles into single mammalian cells. J. Biophotonics 2009, 2, 736–743. 

97. Stevenson, D.; Gunn-Moore, F.; Campbell, P.; Dholakia, K. Transfection by Optical Injection. In 

Handbook of Photonics for Biomedical Science; Tuchin, V., Ed.; CRC Press, Taylor and Francis 

group: London, UK, 2010; pp. 87–118. 

98. Barrett, L.E.; Sul, J.-Y.; Takano, H.; Van Bockstaele, E.J.; Haydon, P.G.; Eberwine, J.H.  

Region-directed phototransfection reveals the functional significance of a dendritically 

synthesized transcription factor. Nat. Methods 2006, 3, 455–460. 



Int. J. Mol. Sci. 2013, 14 8983 

 

 

99. Hosokawa, Y.; Ochi, H.; Iino, T.; Hiraoka, A.; Tanaka, M. Photoporation of biomolecules into 

single cells in living vertebrate embryos induced by a femtosecond laser amplifier. PLoS One 

2011, 6, e27677. 

100. Berns, M.W.; Cheng, W.K. Are chromosome secondary constrictions nucleolar organizers?  

A re-examination using a laser microbeam. Exp. Cell Res. 1971, 69, 185–192. 

101. Khodjakov, A.; Cole, R.W.; Oakley, B.R.; Rieder, C.L. Centrosome-independent mitotic spindle 

formation in vertebrates. Curr. Biol. 2000, 10, 59–67. 

102. Stiess, M.; Maghelli, N.; Kapitein, L.C.; Gomis-Ruth, S.; Wilsch-Brauninger, M.; Hoogenraad, C.C.; 

Tolic-Norrelykke, I.M.; Bradke, F. Axon extension occurs independently of centrosomal 

microtubule nucleation. Science 2010, 327, 704–707. 

103. Steubing, R.W.; Cheng, S.; Wright, W.H.; Numajiri, Y.; Berns, M.W. Laser induced cell fusion 

in combination with optical tweezers: The laser cell fusion trap. Cytometry 1991, 12, 505–510. 

104. Westphal, G.; Burgemeister, R.; Friedemann, G.; Wellmann, A.; Wernert, N.; Wollscheid, V.; 

Becker, B.; Vogt, T.; Knüchel, R.; Stolz, W.; et al. Noncontact laser catapulting: A basic 

procedure for functional genomics and proteomics. Meth. Enzymol. 2002, 356, 80–99. 

105. Erez, H.; Spira, M.E. Local self-assembly mechanisms underlie the differential transformation of 

the proximal and distal cut axonal ends into functional and aberrant growth cones. J. Comp. 

Neurol. 2008, 507, 1019–1030. 

106. Moutinho-Pereira, S.; Matos, I.; Maiato, H. Drosophila S2 Cells as a model system to investigate 

mitotic spindle dynamics, architecture, and function. Methods Cell Biol. 2010, 97, 243–257. 

107. 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–e68. 

108. Mone, M.J. Local UV-induced DNA damage in cell nuclei results in local transcription 

inhibition. EMBO Reports 2001, 2, 1013–1017. 

109. Jackson, S.P.; Bartek, J. The DNA-damage response in human biology and disease. Nature 2009, 

461, 1071–1078. 

110. Ertürk, A.; Hellal, F.; Enes, J.; Bradke, F. Disorganized microtubules underlie the formation of 

retraction bulbs and the failure of axonal regeneration. J. Neurosci. 2007, 27, 9169–9180. 

111. Usher, L.C.; Johnstone, A.; Ertürk, A.; Hu, Y.; Strikis, D.; Wanner, I.B.; Moorman, S.; Lee, J.-W.; 

Min, J.; Ha, H.-H.; et al. A chemical screen identifies novel compounds that overcome  

glial-mediated inhibition of neuronal regeneration. J. Neurosci. 2010, 30, 4693–4706. 

112. Kim, Y.; Karthikeyan, K.; Chirvi, S.; Davé, D.P. Neuro-optical microfluidic platform to study 

injury and regeneration of single axons. Lab Chip 2009, 9, 2576–2581. 

113. Difato, F.; Dal Maschio, M.; Marconi, E.; Ronzitti, G.; Maccione, A.; Fellin, T.; Berdondini, L.; 

Chieregatti, E.; Benfenati, F.; Blau, A. Combined optical tweezers and laser dissector for 

controlled ablation of functional connections in neural networks. J. Biomed. Opt. 2011,  

16, 051306. 

114. Bonifazi, P.; Difato, F.; Massobrio, P.; Breschi, G.L.; Pasquale, V.; Levi, T.; Goldin, M.; Bornat, Y.; 

Tedesco, M.; Bisio, M.; et al. In vitro large-scale experimental and theoretical studies for the 

realization of bi-directional brain-prostheses. Front. Neural Circuits 2013, 7, 40. 



Int. J. Mol. Sci. 2013, 14 8984 

 

 

115. Yanik, M.F.; Cinar, H.; Cinar, H.N.; Chisholm, A.D.; Jin, Y.; Ben-Yakar, A. Neurosurgery: 

Functional regeneration after laser axotomy. Nature 2004, 432, 822.  

116. Sacconi, L.; O’Connor, R.P.; Jasaitis, A.; Masi, A.; Buffelli, M.; Pavone, F.S. In vivo 

multiphoton nanosurgery on cortical neurons. J. Biomed. Opt. 2007, 12, 050502.  

117. Nishimura, N.; Schaffer, C.B.; Friedman, B.; Tsai, P.S.; Lyden, P.D.; Kleinfeld, D. Targeted 

insult to subsurface cortical blood vessels using ultrashort laser pulses: Three models of stroke. 

Nat. Methods 2006, 3, 99–108. 

118. Bradke, F.; Fawcett, J.W.; Spira, M.E. Assembly of a new growth cone after axotomy: The 

precursor to axon regeneration. Nat. Rev. Neurosci. 2012, 13, 183–193. 

119. Flynn, K.C.; Pak, C.W.; Shaw, A.E.; Bradke, F.; Bamburg, J.R. Growth cone-like waves 

transport actin and promote axonogenesis and neurite branching. Dev. Neurobiol. 2009, 69,  

761–779. 

120. Vignaud, T.; Galland, R.; Tseng, Q.; Blanchoin, L.; Colombelli, J.; Thery, M. Reprogramming 

cell shape with laser nano-patterning. J. Cell Sci. 2012, 125, 2134–2140. 

121. Heinz, W.F.; Hoh, M.; Hoh, J.H. Laser inactivation protein patterning of cell culture 

microenvironments. Lab Chip 2011, 11, 3336–3346. 

122. Sarig-Nadir, O.; Livnat, N.; Zajdman, R.; Shoham, S.; Seliktar, D. Laser photoablation of 

guidance microchannels into hydrogels directs cell growth in three dimensions. Biophys. J. 2009, 

96, 4743–4752. 

123. Difato, F.; Tsushima, H.; Pesce, M.; Guiggiani, A.; Benfenati, F.; Blau, A.; Basso, M.; Vassalli, M.; 

Chieregatti, E. Axonal Regeneration of Cultured Mouse Hippocampal Neurons Studied by An 

Optical Nano-Surgery System. In Proceedings of SPIE 8207, Photonic Therapeutics and 

Diagnostics VIII, 820760, San Francisco, CA, USA, 3 February 2012.  

124. Torres-Mapa, M.L.; Antkowiak, M.; Cizmarova, H.; Ferrier, D.E.K.; Dholakia, K.;  

Gunn-Moore, F.J. Integrated holographic system for all-optical manipulation of developing 

embryos. Biomed. Opt. Exp. 2011, 2, 1564–1575. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


