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Abstract 

Cellular analysis plays important roles in various biological applications, such as cell biology, drug 

development, and disease diagnosis.  Conventional cellular analysis usually measures the average 

response from a whole cell group.  However, the bulk measurement may cause misleading 

interpretations due to cell heterogeneity.  Another problem is that current cellular analysis may not be 

able to differentiate various subsets of cell population, each exhibiting a different behavior than others.  

Single-cell analysis techniques are developed to analyze cellular properties, conditions, or functional 

responses in a large cell population at the individual cell level.  Integrated optics with microfluidics 

platform provides a well-controlled microenvironment to precisely control single cell conditions and 

perform non-invasive high-throughput analysis.  This paper reviews recent developments of optofluidics 

technology for various optics-based single-cell analyses, which involve single cell manipulation, 

treatment, and property detection.  Finally, we provide our views on the future development of 
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integrated optics with microfluidics for single-cell analysis and discuss potential challenges and 

opportunities of this emerging research field in biological applications.  

Introduction 

Cellular analysis brings critical knowledge to modern biology and clinical sciences.  An accurate 

understanding of cellular behaviors with in-depth information of their properties provides a scientific 

foundation for cell biology, drug development, and disease diagnosis.  However, conventional cellular 

analysis only probes the average response from a whole cell group.  It potentially poses two serious 

problems.  First, cell-to-cell variability across the same type of cell group, or called cell heterogeneity, 

may yield misleading readouts from the cell group with diverse outputs.
1
  Second, a specific cell type 

can have a few subsets. For example, T-cells are categorized into a few subsets, such as cytotoxic cells, 

helper cells, and regulatory cells, according to their distinct functions.  Although each T-cell subset has a 

similar size, morphology, or biomarkers, it may express different proteins under various environments or 

stimulation conditions.
2, 3

   

To address the above problems, single-cell analysis techniques have been developed to analyze various 

cellular functions in a large cell population at the individual cell level.  A whole single cell-based assay 

typically entails three processes: (1) cell manipulation, such as cell trapping, selection or sorting,; (2) 

cell treatment, such as transfection, injection or lysis; and (3) detection of cellular physical and chemical 

properties, homeostatic conditions, or functional responses.   As summarized in Table 1, single-cell 

analysis methods employ optical, mechanical, electrical, and other mechanisms, each exhibiting 

advantages and disadvantages. In particular, optical methods have become a major player in single-cell 

assay with recent advancements of commercial instruments and fluorescent biomarkers. For examples, 

optical tweezing and fluorescent activated cell sorting (FACS) are typically used for single cell trapping 

and sorting.  Upon single cell treatment, DNA or nanoparticles can be precisely injected into a single 

cell using a pulsed laser.  For single cell detection, microscopic imaging, flow cytometry, and enzyme-

linked immunosorbent spot (ELISpot) are the most common techniques.  

The optics-based methods find their wide use in single-cell analysis studies. However, they still require 

labor intensive and time-consuming procedures to localize an individual cell using complicated optical 

alignments, and bulky and sophisticated instruments.  Besides, it is still challenging to control 
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environmental conditions while performing the optics-based single cell treatment or detection. The 

inability to control these conditions results in significant variability of the cell’s fate and response. Then, 

how can we overcome these challenges? Synergistic integration of optical components with a 

microfluidic device, called “optofluidics,” is a promising answer, providing unique advantages for the 

optics-based methods. Other non-optical techniques cannot necessarily share the same level of 

optofluidics-enabled advantages. This is the focus of our attention in this paper. 

Optofluidics offers a unique platform enabling a rapid, high-throughput, non-contact single-cell analysis 

under a well-controlled spatial or temporal microenvironment.  A microfluidic chamber can confine a 

single cell to an environment comparable to its size of 10-20µm in diameter.
4
  A microfluidic channel 

network of appropriate fluidic design forms flow paths for reagents and single cells with a well-

programmed timing and direction. These features enable precise control of cellular environments and 

processes in conjunction with optical manipulation and detection at the single-cell level. The notable 

advantage of fully optics-operated microfluidics for single-cell analysis is the simplicity of their 

platforms. Compared to other systems relying on electrical, magnetic or mechanical actuation/detection 

mechanisms, microfluidics enabled by free or embedded optics provides means to align, decouple, or 

exchange optical components according to cell sizes or cell analysis functions at greater flexibility.  

Moreover, the simple design of optofluidic systems allows for reducing the device fabrication cost and 

minimizing the device-to-device performance variation.     

In this paper, we review optofluidic platforms for single-cell analysis, which have been demonstrated in 

recent studies. In general, these platforms are categorized based on the aforementioned three assay 

processes, namely, cell manipulation, treatment, and detection (Figure 1).  With some of these platforms 

integrated together, we can envision future development of a comprehensive, multi-functional 

optofluidic system that covers the entire assay processes on a single chip (Figure 2).  In this conceptual 

figure, three laser-light sources of different wavelength are aligned and share the same optical path to 

localize a target single cell at different positions of a microfluidic device.  The target single cell is first 

trapped by a near-infrared laser and sorted to the cell treatment region.  In this region, the cell gets 

optically transfected by DNA, RNA, or nanoparticles, or lysed using a pulse laser.  Finally, the optically 

treated cell can be moved back into the main channel by the near-infrared laser and flow into the 

detection region. In the detection region, laser optics is used for fluorescent detection, optical imaging, 
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or label-free spectroscopy of the cell, depending on the interested cellular properties.  We believe this 

kind of seamless process will reduce sample requirements, prevent potential contaminations, and reduce 

the total process time.     

 

Figure 1 Optofluidic techniques for single-cell analysis. (a) Single cell manipulation, including cell 

trapping, selection, and sorting. (b) Microfluidic platforms integrate the single cell treatment or detection 

scheme after single cell manipulation. (c) Microfluidic platforms capable of systematically performing 

single cell manipulation, treatment, and detection. 
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Figure 2 Conceptual illustration of an optofluidic platform performing a series of single-cell analysis 

processes, including manipulation, treatment, and property detection.  
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Table 1  The summary of single-cell analysis techniques enabled by optical, mechanical, electrical, and other forces and mechanisms.  

 Single cell manipulation Single cell treatment Single cell detection 

Optical 

force 

Technique    

Optical tweezers (gradient/scattering 

force) 

Optical injection/transfection   Optical lysis Optical stretcher, Raman tweezers  

Advantages    

� High specificity and spatial 

resolution 

� Multi-parallel single cell array 

trapping  

� High spatial resolution  

� Non-contact operation  

� Minimum cell damage by 

pulse light 

� Fast 

� High specificity  

� Enable multiple 

functionalities 

(trapping and sensing) 

� High Resolution 

� Long-term and dynamic cellular 

response monitoring is possible  

� Enable multiple functionalities 

(trapping and treatments) 

Disadvantages    

� Cell damage due to high optical 

energy density  

� Low throughput (flow speed will 

affect trapping efficiency) 

� Complicated optical setup  
� Low throughput 

  

� Cell damage due to high optical 

energy density 

� Low throughput 

Electrical 

force 

Technique    

Dielectrophoretic force Electroporation  Electrical Lysis  Electrical impedance measurement  

Advantages    

� Ultra high throughput 

� The ability to treat large cell 

population  

� Good transfection efficiency  

� Potential to integrated with 

other functions 

� Fast  

� Rapid response  

� Easy to analyze the data 

Disadvantages    

� Local heating 

� Device complexity 

� Large reagent required  

� Low cell viability  

� Registrations on buffers 

� High electrical field is 
� Low repeatability 
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required  � Device complexity  

Mechanical 

force 

Technique    

Hydrodynamic inertial flow Patch-clamp   Mechanical Lysis  Atomic force microscopy (AFM)  

Advantages    

� High throughput 

� Simple experimental setup 

� High spatial resolution 

� Rapid response 

� Flexible to various cell 

types 

� Simple chip design  

� High sensitivity  

� High spatial resolution  

Disadvantages    

� Difficult to control flow 

� Channel design is critical   

� Hard to manipulate  

� Contact operation  

� Potential cell damage 

� Low specificity  

� May cause partial lysis 

� Low throughput 

� Microfluidics integration is not 

feasible  

Other force 

(magnetic, 

chemical, 

thermal ) 

Technique    

Magnetophoretic force  Chemical Lysis   

Advantages    

� High specificity  

� Multiple functionality  

� Less cellular microenvironmental 

impact 
 

� Cheap and simple  

� High throughput  

Disadvantages    

� Weak force 

�  Labeled magnetic nanoparticle is 

required  

 � May interfere with 

analytes  
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1. Single Cell manipulation  

Single cell manipulation in microfluidics usually requires exertion of an external force on the order of 

pN onto targeted cells. This type of force could be operated by electrical, magnetic, mechanical, or 

optical mechanisms (Table 1).  Conventionally, the most widely adopted method is electrical force-

driven single cell manipulation. This method utilizes dielectrophoretic (DEP) force applied to cells 

having dielectric material properties under a non-uniform electrical field. DEP force is strong enough to 

achieve accurate sorting of cells at high throughput.  However, DEP operation may face sample heating 

and high power consumption, and requires extensive instrumentation.  Mechanical force is another 

single cell manipulation method, which can directly position cells by shear stress in a liquid flow (e.g., 

sheath flow in flow cytometry).  However, mechanical cell manipulation may require precise flow 

channel design and several flow control components, such as valves and pumps. To perform active cell 

sorting, electrical or mechanical methods usually accompany with fluorescence labeling to visually 

recognize target cells as is the case with fluorescence activated cell sorting (FACS).  The need for both 

the labeling and manipulation of cells increases the complexity of sample preparation and 

instrumentation.  Another form of labeling technique is achieved by binding magnetic nanoparticles with 

individual cells.  These labeled cells are manipulated by means of force induced by a magnetic field.  

The advantage of magnetic field-activated cell sorting is the ability to simultaneously perform sensing 

and sorting for different cell types.
5
 Setting a spatially well-defined magnetic field allows for 

constructing high-throughput cell sorter arrays with post-sorting analysis capability.  Similar to magnetic 

sensing and sorting, another approach is to directly apply optics to both cellular detection and 

manipulation, leading to fully optical single cell sorting.  The fully optical cell sorting technique is 

attractive since it is possible to realize multiple functionalities, such as cell trapping, manipulating, and 

sensing, with the same instrument.  This makes the cell-sorting platform highly flexible and versatile.  

Optical cell manipulation methods generally employ either gradient or scattering force.  Gradient force, 

which acts as a pulling force on a dielectric particle, is proportional to the gradient of light intensity. 

With the ability to precisely control force for a large dynamic range, the gradient force-based 

manipulation technique is called “optical tweezers.”  Scattering force, which acts as a weak repulsive 

force along the propagation direction, is proportional to the intensity of light.  Yielding less damage to 

cells, the scattering force technique is suitable for stretching and rotating cells.  In the following sections, 

Page 8 of 35Lab on a Chip

L
ab

 o
n

 a
 C

h
ip

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



9 

 

 

we briefly describe their theoretical backgrounds and review some optofluidic systems based on these 

two optical force-based cell manipulation mechanisms. 

Gradient force 

The optical tweezers-based single-cell manipulation starts with generating a large electromagnetic-field 

gradient at the focal point of a beam of light formed by a lens.  This gives rise to an attractive force to 

pull a particle with its permittivity higher than the surrounding medium.  Based on this pN-level gradient 

force, the focused light beam can act like tweezers to trap or move selected particles. Conventional 

methods incorporate steerable optical tweezers with an x-y stage to trap and move targeted particles.  

Compared to FACS, optical tweezers-based sorting has lower throughput due to the slow and limited 

movements of the stage and the mirror.   

The first microfluidic flow cytometer capable of optically switching the flow direction of cells at high 

throughput was demonstrated by Wang et al.
6
 (Figure 3a).  The researchers first detected green 

fluorescence protein (GFP)-labeled cells labeled in the interrogation region of the cytometer.  A high-

intensity green-color fluorescent signal triggered an acousto-optic modulator (AOM) and activated a 

20W CW laser to guide the GFP-positive cells into the collection channel by optical gradient force.  The 

researcher verified a minimum stress perturbation and a recovery rate for the collected cells from their 

HSPA6/FOS gene expression after the sorting process.  More recently, Werner et al.
7
 demonstrated the 

use of an array of optical tweezers to trap up to 200 individual yeast cells in parallel within a 

microfluidic cytometer channel (Figure 3b).  After trapping individual cells in an array form, the 

researchers transported the trapped cells to another side of the microfluidic channel filled with reagents 

and then monitored their response.  Finally, the cells of interest were optically guided into the sorting 

channel by the same steerable tweezers.  Due to minimum cellular damage achieved by the appropriate 

optical density applied to cells, this optical tweezers-based single cell trapping array optofluidic system 

allowed the researchers to study the long-term and dynamic cellular response to a change in the 

environmental condition and functional heterogeneity across the trapped cells to obtain a statistically 

significant result.   

Scattering force 
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Another common strategy is the use of scattering force induced by a laser beam to manipulate cells to a 

wanted area or channels.  For example, Kim et al.
8
 demonstrated a technique so called the “cross-type 

optical particle separation (COPS).”  The COPS technique employs a slightly focused laser beam to 

push single cells or particles.  As shown in Figure 3(c), the researchers first flew cells in a microfluidic 

channel which is orthogonal to the direction of laser beam.  When passing the laser beam, the cells were 

pushed to a direction parallel to the laser beam by scattering force and displaced from their original 

trajectories.  Compared to traditional gradient force-based optical tweezers, the COPS technique 

required much less laser power and energy density at the focal point, which could minimize potential 

cellular damage by the laser beam.  For example, Bragheri et al.
9
 demonstrated a COPS-type 

optofluidics cell separation using a femtosecond laser. The integrated design made the device compact 

and potentially suited for multifunctional operations with less cellular damage.  Lee et al.
10
 further tested 

the mobility of four different blood cell types with the COPS setting and demonstrated potential use of 

the technique for label-free separation of blood cell subpopulations (Figure 3d).  Another type of optical 

scatting force-based single-cell sorting was demonstrated by Kovac et al.
11
  The researchers proposed an 

optical image-based microfluidic cell sorter incorporating microwell arrays, each trapping a single cell 

(Figure 3e).  With this device, they inspected the individual cells using fluorescence signals taken from a 

whole-cell or subcellular image across the entire arrays.  After the inspection, the researchers applied 

optical scattering fore to the trapped cells to push them out of the microwells and flew them out.  This 

image-based cell sorter enabled sorting of cells according to the both spatial and temporal information of 

subcellular conditions. 

Although optical scattering force is not as strong as gradient force to manipulate cells, the technique is 

easier to operate and readily integrated with a microfluidics setting.  Thus, it can potentially permit cell 

manipulation with a higher degree of freedom, and one can find a wider variety of optofluidic designs 

using optical scattering force.  

Optically induced mechanical and electrical force  

Instead of directly using optical force, researchers also demonstrated using optically induced mechanical 

and electrical force to perform single cell manipulation.  For example, Chen et al.
12
 proposed a device 

called the “3D pulsed laser triggered fluorescence activated cell sorter (PLACS)” (Figure 3f).  They used 

a high power pulse laser to generate a micro bubble near the junction of the device.  The bubble induced 
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a perturbing flow that pushed a selected cell to the collection channel.  The PLACS device achieved cell 

sorting at a throughput as high as 23,000 cells/second.  In addition, the pulse-laser induced mechanical 

force could achieve a ultra-fast single cell switching rate permitting on-off cycles of 20μs period.   

Chiou et al.
13
 first proposed an optofluidic device in which single cells were manipulated by light-

induced dielectrophoretic (DEP) force, namely “optoelectronic tweezers (OET).”  Their device 

incorporated a photoconductive multi-layer structure consisting of an optically transparent indium tin 

oxide (ITO) layer and a hydrogenated amorphous silicon layer.  This multi-layer structure acted as a 

virtual electrode driven by a pattern of projected light and induced non-uniform electrical fields in the 

microfluidic chamber of the device.  Adjusting the two-dimensional electrodes pattern, the researchers 

demonstrated massively parallel manipulation of single cells by light-induced DEP force.  However, a 

drawback of the conventional OET system is its complex device architecture, which makes it 

challenging to integrate the system with a microfluidic unit for subsequent single-cell analysis.  To 

address this issue, Huang et al.
14
 used single-wall carbon (SWNT) nanotube electrodes in their OET 

optofluidic device.  The use of SWNT electrodes integrated in a microfluidic channel made the device 

fabrication simpler and the device design more flexible (Figure 3g).  The device consisted of an 

ITO/amorphous-silicon photoconductive layer deposited on the bottom surface and SWNT electrodes 

embedded on the top surface of the channel.  The researchers first identified a desired cell from its 

fluorescence signal, trapped it by DEP force generated by a light spot, and then moved it with the light 

spot to an isolated chamber.  Multiple cells could be manipulated in parallel with light spots at a speed 

of 10μm/s.  Finally, the isolated cells were collected separately for downstream analysis.  By applying 

the SWNT electrodes, the OET technique could extend its flexibility to implement various microfluidic 

systems for other single cell assay processes than cell manipulation.      

.      
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Figure 3 Optofluidic single cell manipulation by optical gradient force: (a) single cell sorting by optical 

tweezers
6
 and (b) optical tweezers trapping array

7
. Optofluidic single cell manipulation by optical 

scattering force: (c) optical scattering sorting (embedding fiber),
8
 (d) optical scattering sorting (free 

space optics),
10
 and (e) optical scattering array.

11
 Optofluidic single cell manipulation by optically 

induced force: (f) optical induced bubble sorting (mechanical force)
12
 and (g) optical induced electrical 

field sorting (electrical force).
14
  Reproduction of the figures has been made with permissions from 

Nature Publishing Group, Royal Society of Chemistry, American Chemical Society and American 

Institute of Physics. 

 

Page 12 of 35Lab on a Chip

L
ab

 o
n

 a
 C

h
ip

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 

13 

 

 

2. Single cell treatment  

Cell treatment comes into play as a process subsequent to trapping and sorting of targeted cells.  Similar 

to cell manipulation, cell treatment can also be performed by various force mechanisms.  Table 1 

summarizes advantages and disadvantages of single cell treatment enabled by various methods.  In this 

section, we specifically focus on optical transfection, injection, and lysis as cell treatment processes.  

Transfection and injection are typically defined as processes of introducing membrane-impermeable 

biomolecules and materials into a cell and examining their subsequent expression of a desired 

intracellular protein.  The terminology usage between “transfection” and “injection” depends on the type 

of materials optically introduced to a cell.  If the introduced material is DNA, RNA, protein or nucleic 

acid, it is called optical transfection.  With impermeable compounds, such as organic fluorophores or 

nano-particles, inserted into cells, it is called optical injection.  There are numerous applications of cell 

transfection and injection in agricultural biotechnology,
15
 cell biology,

16
 gene therapy,

17
 and drug 

development.
18, 19

  For example, GFP can be transfected into cells to identify the spatial location of 

interested gene expression.  The diabetes disease can also be treated by introducing a modified gene into 

cells.
20
 Optical tweezers-based injection method uniquely offers higher spatial and temporal accuracy in 

placing a nanoparticle into a single cell than biological processes, such as phagocytosis and endocytosis, 

and physical processes based on mechanical and electrical mechanisms.  In addition to transfection and 

injection, optical lysis is another cell treatment process which applies optical energy to a cellular 

membrane and breaks down a cell to collect its intracellular contents.  Optofluidics provides a well-

controlled microenvironment to trap a single cell and a precise optical spot to perform optical cell 

treatment.  In the following section, we provide several examples of optical transfection, injection and 

lysis achieved in an optofluidic setting.  

Optical Transfection and Injection  

Researchers have used transfection methods to study cellular response under modified gene expression 

or enhance localized molecular imaging.  Previous transfection techniques include carrier-based 

methods (e.g., calcium phosphate transfection,
21, 22

 lipid-mediated transfection,
23-27

 viral vectors,
28-31

 

nanoparticle-assisted transfection,
32-34

 and etc.) and membrane permeabilization methods (e.g., 

electroporation,
35-38

 sonoporation,
39-41

 and etc.) as well as direct transfer methods (e.g., gene guns,
42-44
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and microinjection,
45-47

).  However, none of them achieves high efficiency in targeted DNA transfer in a 

non-contact, non-toxic, and stable manner.  These methods are unable to achieve in situ evaluation of 

transgene expression.  Moreover, most of these techniques yield adverse effects, such as unexpected 

morphologies and abnormalities in transfected cells. 

Over the last few decades, several laboratories have developed laser-mediated gene transfection 

techniques, known as optical transfection.  Compared to other transfection methods, optical transfection 

is the most promising non-disruptive technology for gene therapy and DNA manipulation in targeted 

specific cell(s) at high efficiency and reliability.  Optical transfection is a process using laser light 

focused on a cell membrane to generate a transient hole through which membrane-impermeable 

substances are allowed to pass into the cell (Figure 4(a)).  The laser light focused into a submicron hole 

on the cell membrane using a high numerical aperture (N.A.) objective lens creates minimum cell 

damage compared to other methods.  A high-repetition rate (80 MHz) femtosecond laser operating in the 

near-infrared region (~ 800 nm) is the most reliable and promising light source to permeabilize the cell 

membrane.  A long train of low-energy femtosecond laser pulses results in higher post-irradiation cell 

viability and more stable transfection than other laser sources,
48, 49

 such as UV pulsed laser,
50
 laser in the 

visible wavelength band,
51
 and single femtosecond pulse laser.

48, 52, 53
  Owing to its capability to enable 

single cell selectivity, localized delivery, non-toxicity, and consistency, femtosecond laser-based optical 

transfection incorporating two-photon scanned microscopy are widely used in biological research 

laboratories for in vivo applications.   

Another recent trend is to combine optical tweezers (CW laser) and optical injection (Pulsed laser) using 

the same light source with its operation mode adjusted by a minor configuration change.  Brown et al.
54
 

demonstrated both optical trapping and injection using a 800nm Ti: Sapphire laser by switching CW and 

pulsed modes for a single cell.  They first used a CW mode to tweeze a target cell into a Trypan Blue-

filled capillary tube.  Then, they changed the laser into the pulse mode to optically create a transient pore 

for staining the cell nucleus with the Trypan Blue dye.  They finally switched the laser back to the CW 

mode and moved the cell to its original position.  Thus, this study simultaneously achieved optics-based 

single cell trapping and injection.  Besides fluorescent molecules (e.g. GFP, Propidium iodide (PI), and 

Trypan Blue), researchers demonstrated optical injection of a metal nanoparticle into a target live cell.  

The injection of gold nanoparticle into a single cell can be used for bio-imaging, single molecule 
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tracking, biosensing, drug delivery, transfection, and diagnosis.  One can refer to a critical review by 

Levy et al.
55
 for more detailed information on research in this field.  One of the most representative 

studies was conducted by Mcdougall et al.
56
 They developed a customized microscopy system that 

allowed for trapping and injecting a 100nm-gold nanoparticle.  Figure 4b shows the three-dimensional 

position of a gold nanoparticle (red color) inside a single Chinese hamster ovary cell (green color).  

They confirmed the internalization of the nanoparticle within the cell by confocal microscopy imaging.  

This technique can potentially be used for single-cell surface enhanced Raman scattering (SERS) 

measurements.  

 

Despite the promise shown by previous studies, low-throughput, inconsistent, and labor-intensive single 

cell trapping operations limit the conventional optical transfection and injection approaches..  

Overcoming these shortcomings still poses a significant challenge and remains less explored.  With 

recent advancements in microfluidic technology, some researchers have made initial steps toward 

addressing this challenge.  For example, Marchington et al.
57
 developed an integrated optofluidic 

platform for automated single-cell optical injection operation with high sample-loading throughput 

(Figure 4(c)).  This platform enabled the researchers to optically inject PI into HEK 293 mammalian 

cells with an injection efficiency (or injection success rate) of 42±8% and a sample-loading throughput 

of 1 cell/second.  They subsequently obtained fluorescence images of the treated cells with Calcein AM 

and observed a cell viability of 28±4% with these cells.  Another study by Rendall et al.
58
 introduced a 

two-dimensional flow focusing mechanism and a diffraction-free Bessel beam to further improve the 

single-cell nanoparticle injection efficiency.  The researchers also achieved an increased throughput by 

generating “photopore” arrays with a multi-parallel flow/laser channel architecture.  
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Figure 4 (a) Single nanoparticle injection using a high numerical aperture (N.A.) microscope objective.  

(b) 3D fluorescent image showing the location of a gold nanoparticle (red color) inside a single Chinese 

hamster ovary cell (green color).
56
 (c) Optofluidic platform for optical injection. (d) Cell loading to 

PDMS microfluidic channel and the femtosecond laser beam focusing for optical injection.
57
  

Reproduction of the figures has been made with permissions from John Wiley and Sons and The Optical 

Society. 

Optical Lysis  

Cell lysis is another cell treatment process, which breaks down the impermeable cell membrane and 

releases intracellular macromolecules and organelles for further examination.  Two conditions need to 

be met to perform efficient single cell lysis.  First, the process has to be performed in a well-controlled 

microenvironment to efficiently isolate a cell with its lysate.  In this case, microfluidics provides an ideal 
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platform to perform single cell lysis operation in a confined space.  Accordingly, quite a few studies 

have employed a microfluidic system to achieve cell lysis based on either a mechanical,
59, 60

 thermal,
61
 

chemical,
62, 63

 electrical
64
 or optical

65
 process.  Table 1 summarizes advantages and limitations of each 

single cell lysis technique.  Second, the process has to be quick enough to prevent any interference to 

cell signaling, which usually happens within a second and is also sensitive to environmental conditions 

change surrounding cells.   

 

Generally, chemical lysis using detergents is the most common approach to break up the cell membrane. 

However, it is usually a quite slow process and may affect the cell signaling functions during lysis.  

Electrical lysis is one of alternative methods to avoid this problem, owing to its much faster lysis speed.  

Yet, this method requires a large electrical field at a high frequency.  Besides, the buffer selection is also 

limited in the electrical lysis process.  Moreover, the electrical lysis setup inherently requires 

microelectrode integration in a microfluidic system by sophisticated fabrication, thus leading to high 

device manufacturing costs.  In contrast, laser pulse-induced cell lysis technique is more advantageous 

as it rapidly breaks up the cell membrane with less reagents and device configuration constraints.  The 

pulsed laser yields high temporal and spatial resolution for single cell lysis. Furthermore, it can easily be 

focused or steered to any position on the targeted cell placed in an optically transparent microfluidic 

channel.  In addition, adjusting the focal position or intensity of the laser enables the optical lysis 

process to be readily converted into other processes, such as optical mixing, transfection, and injection.  

 

The optical lysis process starts with inducing plasma (i.e., ionized vapor) in solution by a focused laser 

beam (Figure 5a).  The plasma subsequently results in the generation of either shock waves or cavitation 

bubbles which cause cell rupture.
54
  Quinto-su et al.

65
  studied the plasma formation and cavitation 

bubble dynamics of optical lysis of non-adherent BAF-3 cells by capturing high-speed fluorescent 

images with a gated intensified CCD camera (Figure 5b).  They observed the completion of the lysing 

process 95-239ns after the laser irradiation and confirm this rapid process could minimize the dispersion 

of intracellular contents.  Using an optofluidic setting, Phillips et al.
66
 demonstrated they can 

sequentially perform on-chip optical lysis and single mammalian cells analysis with the electrophoresis 

method (Figure 5c).  The researchers first loaded the cells with two intracellular fluorescent species: 

fluorescein (FL) and Fluorescein carboxylate (FL(COOH)).  Then, they optically lysed cells by the 

picosecond-pulsed laser after flowing them into the microfluidic channel. Finally, the fluorescent lysates 
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(FL and FL(COOH)) inside the cell were separated by electrophoresis and detected by the 

photomultiplier (PMT) connected with optical fibers.  

 

Figure 5 (a) Steps of laser-induced cell lysis process.
54
  (b) Time-lapsed fluorescent images showing cell 

lysis dynamics in microfluidic channel.
65
 (c) (left) Optofluidic device enabling cell lysis and 

electrophoresis separation of two fluorescent dyes loaded inside the cell on the same chip platform. 

(right) Electropherogram from 7 individual cells. The larger peaks with an underlined number represent 

signals from the FL dye while the smaller peaks with a number having no underline were obtained from 

the FL(COOH) dye.
66
  Reproduction of the figures has been made with permissions from Royal Society 

Publishing and Royal Society of Chemistry. 

 

Our review reveals that optofluidics-based single cell lysis is the most suitable approach to meet the 

aforementioned two conditions: (1) suitable microenvironment and (2) high-speed operation. In addition, 

the optical lysis process could be easily integrated with other single-cell analysis processes in the same 

optofluidic platform with a simplified design.  Enabling continuous procedures, this would potentially 
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improve the throughput of single-cell analysis.
67
  Achieving high throughput and accuracy in single cell 

lysis currently still poses major challenges.
68
 But we believe that integrated optofluidics permitting the 

simultaneous implementation of cell lysis and quantitative detection of single-cell level organelles and 

biomolecules can open up new possibilities to overcome these challenges.  
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3. Single Cell Detection  

Biophysical and biochemical properties of living cells are both important parameters to determine cells’ 

physiological conditions.  The relationship between human diseases and cell physiological conditions 

has been studied in recent decades.  Previous researchers found that abnormal biophysical and 

biochemical properties of cells may alter the cytoskeleton composition,
69
 reorganize the network 

structure,
70
 change the protein density,

71
 and may eventually lead to cell death or severe diseases.  

Biophysical properties, including cell viability, size, shape, stiffness, deformability, and refractive index 

are important parameters to identify individual cell conditions.  Biochemical properties, such as protein 

secretion, calcium levels, and surface biomarkers are used to understand cellular functions or responses 

to environmental conditions.  

Characterization of the biophysical and biochemical properties of single cells usually relies on 

mechanical, electrical, and optical detection methods (Table 1).  For example, atomic force microscopy 

(AFM) is a mechanical characterization technique that allows for studying the mechanical properties of 

single cells.  AFM measurements use a micrometer-scale cantilever beam and tip to contact the cell and 

measure its stiffness.
72, 73

  However, the throughput of AFM is usually very low with their scanning time 

easily exceeding several minutes for each cell, which make it unsuitable for microfluidic integration.  

Another method of studying single-cell biophysical properties is based on electrical impedance 

measurements, which allows researchers to characterize the ingredients of a single cell.
74
  However, this 

method needs to integrate electrodes in a microfluidic channel, which increases the cost and complexity 

of the device.  In contrast, optical methods are much easier to implement in a microfluidic system.  

Optical methods typically used for single-cell analysis include optical imaging,
13, 75

 interferometry,
76
 and 

optical spectroscopy,
77-79

 which are categorized by whether they involve fluorescent labeling or label-

free biodetection.   

Optofluidics provides an ideal platform to study the biophysical and biochemical properties of single 

cells as it permits rapid, simple, sample/cost-effective and non-invasive measurements.  Recently, we 

have seen significant advances in optofluidic technology for cellular biophysical and biochemical 

property detection by a wide variety of optical methods. One can find our review on this topic 

somewhere else.
80
  In this paper, we are particularly interested in optofluidics technology enabling 

integration of optical biodetection with other optics-based cell trapping, sorting, or treatment in a 
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common microfluidic platform.  Thus, we focus our review on studies specifically related to multi-

functional optofluidic integration for single-cell property analysis.  We discuss optofluidic cell 

deformability assay and Raman Tweezers as the most illustrative examples.  

Cell deformability detection  

The elasticity of cell is an important biomarker which offers a sensitive alternative to current proteomic 

techniques for basic cell biological investigation, cell classification, and disease diagnosis. Thus, 

measurement of cell deformability in microfluidics has been used for diagnosis of cell-related diseases. 

For example, cell deformability is found to be sensitive during the progression of cells from a normal to 

cancerous and even metastatic state (Figure 6(a)).
81
  Cancer cell lines are more deformable than normal 

cells.  The viscoelastic deformability of malignantly transformed SV-T2 fibroblasts has been measured 

significantly higher than normal BALB/3T3 fibroblasts.
69
  Microfluidic devices for cell deformability 

measurements are based on how the cells are deformed under channel-based constriction, fluid stress, 

optical stretching, electro-deformation, electroporation, and aspiration.
82-84

  The optical cell 

manipulation techniques discussed in single cell manipulation part (optical gradient or scattering force) 

enable these cell deformability measurements.    

Among these methods, optofluidics technology combining optical tweezers and label-free optical 

imaging with a microfluidic structure has become a promising tool. The multi-functional optofluidic 

platform allows researchers to investigate cell behavior and response under physical and chemical 

stimulation.  A typical optical stretcher system consists of a microchannel and two laser fibers located 

on the sides of a passageway without contacting the cell under study.
85
  If the cells are not centered on 

the optical axis of beam, a restoring force is exerted to keep cells on the optical axis.  Microfluidic 

systems incorporating the integrated dual-beam optical stretcher are very promising for high throughput 

optical manipulation of individual cells, coupled with several other functionalities, such as accurate 

cellular sorting, trapping, and multiple parallel analysis of cell mechanics. 
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Figure 6 Schematic of cell deformability technique using optical stretcher. (a) Optical stretcher with 

two-counter propagating laser beams emanating from optical fibers (embedding fiber).
81
 (b) Optical 

deformation experiment setup using laser diode (free space optics).
86
 (c) RBCs deformability was 

measured with construction channel under optical pressure for enhancing detection sensitivity.
87
  

Reproduction of the figures has been made with permissions from National Academy of Sciences, USA, 

John Wiley and Sons and Royal Society of Chemistry. 

Researchers also used a simple asymmetric optical trap by a single-beam diode laser to optically stretch 

RBCs in a microfluidic environment,
86
 as shown in Figure 6(b).  They conducted both optical 

deformability experiments and numerical simulations to quantify cell elastic parameters and investigated 

cell relaxation dynamics in repeated stretches.  One of the other interesting applications of cell 

deformability measurement is to analyze erythrocyte deformability for detection of hematological 

disorders, since erythrocytes are highly deformed in a microenvironment under optical force.  So the 

biophysical properties of those cells are used to be a critical marker of disease detection factors with loss 

of deformability and a change of blood viscosity.
88
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To conduct on-chip cell deformability tests, Lee et al.
87
 developed an asymmetric PDMS channel 

coupled with an optical tweezers type.  In order to improve the test performance, optical pressure was 

employed with the asymmetric entrance of the deformation region (Figure 6(c)).  The study 

demonstrated that a 3D distribution of geometry-sensitive parameters (e.g., transit velocity and 

elongation index) and optic-sensitive parameters (e.g., shape recovery time) provided clear information 

on the difference of erythrocyte deformability between normal and cancerous red blood cells.  Another 

example of using a microfluidic optical stretcher is found in oral cancer diagnosis. Remmerbach et al.
89
 

observed a difference between the mechanical behavior of oral squamous cancer cells and that of the 

primary cells extracted from healthy donors.  

Raman tweezers  

Raman spectroscopy is a label-free, non-destructive optical detection technique that allows for obtaining 

the spectral signature of the chemical composition of a cell organism.  Raman spectra provide 

information on the vibrational modes of intracellular molecules resulting from light-molecule 

interactions.  A technique called “Raman tweezers,” which combines optical cell manipulation with 

Raman spectroscopy, has successfully been used for discriminating biotic and abiotic particles,
90, 91

 

unveiling protein expression information on living bacteria,
92
 sorting cells after Raman-based 

identification,
93
 and detecting hyperosmotic stress in trapped single yeast cells.

94
  Raman tweezers 

enable discrimination between normal blood cells and circulating tumor cells
95, 96

 with higher specificity 

than the optical stretcher methods described above.  The spectral intensity of specific wavelength 

represented particular intracellular proteins and nucleic acids of cancerous cells, such as colorectal 

epithelial cells, prostate cancer cells, cancerous hematopoietic cells, and astrocytoma, is known to be 

higher than that of normal cells.
97-100

 

 

Raman tweezers operations can be highly facilitated in an optofluidic platform, where optical trapping 

waveguides can be precisely pre-aligned with a microfluidic channel with reagent flows precisely 

controlled.  For example, Snook et al.
101

 employed an integrated optofluidic setup for Raman Tweezers 

(Figure 7(a)), by which researchers performed separation and trapping of single cells and then optical 

sorting of the cells according to their Raman spectral signatures.  The researchers demonstrated Raman 

signal-activated sorting of leukocytes and other three tumor cell lines (OCI-aML3, MFC-7 and BT-20) 
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based on their Raman spectra (Figure 7(b)). Their optofluidic platform permitted incorporation of 

different optical paths for trapping and Raman excitation.  This device configuration enabled the 

detection of resonance Raman spectra of a trapped single cell at different excitation wavelengths.  

 

Raman tweezers combined with microfluidics can capture cellular responses caused by drug delivery or 

environmental stimulation in real time.  Ramser et al.
102

 observed the oxygenation dynamics of  single 

red blood cell (RBC) using Raman tweezers.  The researchers suspended the cell in solution while 

optically trapping it in a microfluidic channel with a well-controlled stimulant reagent flow.  They 

detected the time-variations of Raman spectral peaks, which resulted from the selective vibrational 

resonance of the porphyrin groups of the RBC hemoglobin, as shown in Figure 7(c).  This optofluidic 

platform allowed the researchers to perform in-vivo, dynamic characterization of the oxygenation cycle 

of the single RBC for a long term.   

 

Figure 7 Raman tweezers. (a) optical setup (b) comparison of Raman spectra between leukocytes and 

other three tumor cell line (OCI-aML3, MFC-7 and BT-20).
101

 (c) Raman tweezers for oxygenation 

cycle of single red blood cell.
102

  Reproduction of the figures has been made with permissions from 

Royal Society of Chemistry. 
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One of the current challenges in designing a Raman tweezers system is to minimize potential harm to 

cells by high-power, high-intensity excitation laser light.  This harm may result from photochemical and 

photothermal damages, bubble formation, photomechanical stress, and acoustic wave formation.  In 

particular, photothermal and photochemical damages have been recognized as dependent on different 

laser wavelengths.
101

 Much care is needed for selecting the Raman excitation wavelength to prevent the 

damages.  The optofluidic platform incorporating the aforementioned dual optical-path configuration 

provides flexibility in Raman wavelength selection by allowing it to be separated from the trapping 

wavelength.  Further advances could be made to integrate a nanoparticle injection function in the same 

optofluidic system.  With gold nanoparticles optically injected into cells, the Raman signals could be 

significantly enhanced by means of Surface Enhanced Raman Scattering (SERS).  This would eliminate 

a need for high-power, high-intensity excitation light, thus preventing the photodamages.   
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Table 2 Recent developments in optofluidics-based single-cell analysis 

Functions  Methods  Mechanisms  Discriminating 

Parameters  

Power / Time 

/Wavelength 

Throughput  Targeted cell/Biological 

problem  

Ref 

Cell 

Manipulation 

(Sorting ) 

Optical gradient 

force  

The target cells can be 

moved and sorted by 

gradient force of optical 

tweezers. 

Fluorescent 

markers 

20W/<10ms/ 1070nm 100cells/sec HeLa,RAW264.7, yeast 

cells, mitochondrion, 

bacillus, protoplast 

6
 

Optical 

scattering force 

The target cells can be 

moved by scattering force of 

focused laser beam. 

Optical mobility  3W/-/1064nm - RBCs, Lymphocytes, 

Granulocytes, Monocytes 

10
 

Optical 

scattering force 

Using integrated fiber optics 

design. 

Fluorescent 

markers 

5W(350mW in 

channel)/1sec/1040nm 

Up to 50cells/minute Human cells 9
 

Optical 

scattering force 

Using optical scattering 

force to remove cells from 

array and flow out. 

Fluorescent 

markers 

125mw/~10s/980nm 100-300cells/hour epithelia breast cancer 

cel(MCF7) 

11
 

Others (Pulsed 

laser induced 

bubble) 

The target cell will be 

moved by perturbation flow 

generate by pulsed laser 

induced bubble. 

Fluorescent 

markers 

31uJ/8ns/532nm Up to 20000 cells/sec 

with 37% purity,  

1500~3000 cells/sec 

with > 90% purity. 

mammalian cells(Nalm-6, 

Ramos) 

103
 

Others (OET) Induce non-uniform 

electrical field to guide cell 

Fluorescent 

markers 

10V/-/633nm@300Hz Flow speed: 10µm/s HeLa Cells 

Ramos cells  

14
 

Cell 

Manipulation 

(Trapping ) 

Optical gradient 

force  

The target cells can be 

parallel trapped and sorted 

by optical tweezers. 

None  10W(30mw each)/-

/1064nm 

2-3 cells/minute Yeast cells 7
 

Cell 

Treatment 

Optical injection Multi-photon effect; 

generation of low density 

free electron plasma cloud 

None 2W/100fs/800nm@80

MHz 

1cells/sec HEK 293 mammalian cells 57
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Optical injection  Multi-photon effect; 

generation of low density 

free electron plasma cloud 

None 1.8W/140fs/800nm@8

0MHz 

10cells/sec HL-60 

CHO-K1 

58
 

Optical lysis  Laser-induced plasma 

followed by shock wave 

emission 

and cavitation bubble 

formation 

None 4.63µJ/540ps/532nm - BAF-3 cell 65
 

Optical lysis  Laser-induced 

microcavitation, 

None 14.1µJ/6ns/1064nm 1µL/min, 1-

4cells/load 

BE colon carcinoma cell 

line, MDA-MB-468 breast 

cancer cell line 

104
 

Cell 

Manipulation 

integrated 

Detection 

Cell 

deformability 

Optical scattering force  Cell Stiffness  0.1W(trap)1W(deform)

/-/1064nm 

- Acute 

promyelocytic leukemia 

(APL) cells 

81
 

Cell 

deformability 

Optical gradient force Cell Stiffness  200mW/-/830nm 

(stationary cells) 

5W/-/808nm 

(cells in flow) 

100cells/sec Red blood cells 86
 

Cell 

deformability 

Optical gradient force Cell Stiffness  24mW/-/1064nm - Red blood cells 87
 

Raman 

Tweezers  

Optical gradient force  Oxygenation 

cycle 

90-120mW/-/1064nm 

 

200-600s for long 

term monitoring 

Red blood cells 102
 

Raman 

Tweezers 

Optical scattering force  Cell membrane 

profile  

 

5W/-/1070nm 

 

5 cell types/10s 

 

OCI-AML3, MFC-7 and 

BT-20, (leucocytes and 

erythrocytes are control) 

101
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4. Outlook  

In this paper, we have critically reviewed recent developments in optofluidics-based single-cell analysis 

(Table 2).  Our review indicates that optofluidics technology holds promise to facilitate integration of 

multiple single-cell assay processes into a single chip.  All the assay processes on the chip could be 

operated by optics, and we call such a system a “fully optical microfluidic (FOM)” platform.  A good 

example is the platform developed by Salehi-Reyhani et al.
104

 (Figure 8).  They used three laser light 

sources to enable single-cell trapping, lysis, and protein detection all together on the common 

optofluidic chip (Figure 8b).  One of the light sources was a 1070nm CW laser used for optically 

trapping and moving target cells into a reaction chamber (Figure 8 (c)).  A 1064nm pulsed laser was 

used to generate micro bubbles lysing the cells (Figure 8d).  Finally, a 473nm blue laser served as an 

excitation light source for total internal reflection fluorescence (TIRF) measurement for protein 

immunoassay (Figure 8 (e)).  This work is the first to prove that three optically operated single-cell 

assay functions can be integrated in the microfluidic chip with a simplified design.   
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Figure 8 Schematic of “fully optical” single-cell analysis platform with functions of cell trapping, cell 

treatment, and intracellular protein detection. (a) On-chip microfluidic layout. (b) Off-chip optics setup 

(c) Optical trapping and manipulation of single cells to microfluidic reaction chambers. (d) Cell lysing 

with optically generated micro bubbles. (e) TIRF immunoassay to detect intracellular proteins.
104

  

Reproduction of the figures has been made with permissions from Royal Society of Chemistry. 

 

We believe that FOM platforms have great potential in advancing future single-cell studies for the 

following reasons:   

(1) Simplified microfluidic device architecture: No complicated microfluidic structure is needed to 

optically trap and sort cells with free-space optical components.  Although optical alignment-free 

operations require integration of fiber-based optical waveguides in a microfluidic system, the fiber-

optics integration is still easier than integration of electrical or mechanical components, which 

usually entails embedding of electrodes into a microfluidic network or precise design of channel 
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geometries enabling high-selectivity cell sorting.  The simplified device design is the key to facilitate 

the integration of multiple cell-assay processes on a common chip platform.  

(2) Fast cellular operation: a femtosecond pulsed laser operation enables very fast single cell treatment. 

The optical treatment process rapidly creates a small membrane pore for transfection or injection, 

which electrical or mechanical methods cannot achieve.  It will hugely increase the transfection 

efficiency and the cell survival rate when a minimum operation period is maintained.  

(3) Flexibility toward cell-type and application variations: FOM platforms easily accommodate 

variations in cellular size, surface profile, and functional behavior.  In contrast, redesign of the 

microfluidic architecture would be needed according to a change in the size or other physical 

properties of targeted cells if the system employed hydrodynamic inertial flow for cell manipulation.  

Optical operation is highly suited for multiplexed single-cell analysis or assay involving detection of 

dynamic cellular processes.  

We still find a few challenges facing effort to increase the utility of FOM platforms.  For example, some 

detection technique such as Raman spectroscopy requires a long integration time to achieve a high 

signal-to-noise ratio, thus limiting the overall throughput.  Besides, the sample volume needs to be 

further reduced to improve the transfection/injection efficiency.  Future research effort needs to focus on 

improving cell treatment throughput, injection efficiency, pre/post cell sorting accuracy, and 

integrability of multiple functionalities.  For example, any advances in nanoparticle injection could have 

great impact on SERS, Raman, and fluorescence spectroscopy techniques for single-cell analysis.  

We see some niche applications of optically operated optofluidics platforms.  What if researchers need 

to study the surface profile or genotyping of rare cells, such as circulating tumor cells (CTC)?  An 

optofluidic platform could first allow them to optically sort out the target cells into a treatment region. 

Then, they could optically transfect DNA or RNA into a cell with minimum damage using the same 

device to study the genotype of target cells.  Finally, the phenotype of the cells could be studied by 

taking their fluorescent images or Raman spectra.  Another potential application is sequential operation 

of optical gold nanoparticle injection into a single rare cell and SERS of the cell.  With a much stronger 

signal intensity enhanced by the plasmonic effect, one could obtain a Raman spectral signature of the 

cell with a shorter integration time and minimum cellular photodamages.   
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Ongoing advances in photonics technology may lead future simplification and miniaturization of a setup 

for operating single-cell analysis FOM platforms.  For example, lasers with multiple wavelengths are 

rapidly developing these days.  In the near future, multi-function single-cell assay may be realized by a 

single laser light source of adjustable power, frequency mode, and wavelength.  It can hugely simplify 

the optical alignment and whole optical system size.  Similarly, photodetectors, such as CCD or PMT, 

are also seeing technological advancements toward achieving a large field of view (FOV), high spatial 

resolution, and photo sensitivity.  The high-performance photodetectors can also improve the throughput 

and sensitivity of FOM platforms.  Of course, the individual optofluidic-based single-cell analysis 

modules discussed in this paper can also be incorporated with other platforms utilizing fluidic, electrical, 

magnetic, and mechanical mechanisms. Hybrid systems linking optofluidic-based single-cell analysis 

methods with other non-optical techniques may serve as a practical platform to address important 

biological problems prior to a full establishment of FOM technology. 
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