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1. INTRODUCTION

Single cell analysis is the measurement of transcription, translation, regulatory, and 

signaling events within individual cells at the molecular level. The goal is to analyze and 

synthesize information from single cells in order to holistically understand the cell 

population. This reductionist approach allows researchers to unravel how molecular events 

within a single cell link to the behavior of tissues, organs, and eventually whole organisms. 

Single cell analysis has gained significant traction over the past decade, as evidenced by the 

number of recent reviews.1–3 The field continues to expand exponentially and necessitates a 

review of developments that have occurred over the past three years. The transition from 

bulk to single cell analyses has been fueled in part by studies highlighting single cell 

heterogeneity and stochasticity relative to whole cell populations.4–5 The random variability 

in these cell populations is likely due to intrinsic noise. Intrinsic noise refers to cell-to-cell 

variation in transcription and translation products such as ions, mRNA, and proteins. These 

components are governed by phenomena such as reaction rates and molecular collisions. 

Given the flexible and dynamic nature of the cell membrane, reactions and molecular 

collisions will occur stochastically. Thus, it is unreasonable to assume that all cells within a 

population are equal at any given moment, and only a large number of single cell 

measurements will reveal this heterogeneity and provide the statistical power to model it. 

Modeling approaches are necessary for interpreting the massive amount of data generated 

with single cell analyses such as whole genome sequencing. Furthermore, these models may 

ultimately guide the optimum operation of a bioprocess such as the production of valuable 

biotherapeutics via cell culture or deterministic stem cell reprogramming for regenerative 

medicine.6

Single cell analysis is not only driven by stochasticity of homogeneous cell populations as in 

cell cultures, but also by the need to analyze tissues composed of multiple distinct cell types 

and the need to identify discrete subpopulations among seemingly identical cells. For 

example, the intestinal stem cell niche is a tissue composed of several different cell types 

such as stem cells, Paneth cells, Goblet cells, enterocytes, and enteroendocrine cells. 

Currently, researchers are investigating the existence of distinct intestinal stem cell 

populations. Much of the current literature supports the existence of a proliferative stem cell 
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population responsible for epithelial homeostasis and a quiescent stem cell population 

responsible for regeneration in response to injury.7 However, conflicting reports preclude 

definitive stem cell biomarkers for each population.7 Non-biased single cell molecular 

analysis may settle the debate over intestinal stem cell markers once and for all.

Such findings have driven the development of new analytical systems to probe biology at 

the resolution of a single cell. In order to study single cells accurately and efficiently, 

systems with high sensitivity and throughput are needed. The small dimensions of 

microfluidic systems enable single cell and reagent manipulation with minimal dilution,8 

resulting in high sensitivity assays. Furthermore, microfluidic systems offer several key 

advantages toward the study of single cells including facile automation, parallelization, and 

reagent reduction.8 Early researchers found that sample preparation such as cell 

manipulation, compartmentalization, and lysis was significantly more difficult to implement 

at the single cell scale compared to in bulk. However, sample preparation preceding 

molecular analysis has also been miniaturized, allowing facile sample processing. As such, 

microfluidic systems have been developed and applied toward the study of single cells 

extensively.9–10 Given microfluidics’ instrumental role in single cell analysis up to this 

point, we can expect continued innovations in microfluidics to better enable single cell 

biology.

In this review, novel microfluidic techniques currently used toward sample preparation and 

subsequent single cell analysis are highlighted. Techniques are discussed in terms of discrete 

sample preparation steps that may be necessary for characterizing single cells; tissue 

dissociation into cell suspensions, sorting heterogeneous cell populations into homogenous 

populations, isolating, and lysing single cells (Figure 1). With each discrete step, 

conventional approaches are discussed first and then microfluidic based strategies are 

reviewed. Finally, the future direction for developing microfluidic single cell analysis 

technology is discussed.

2. SAMPLE PREPARATION

A. Tissue Dissociation

Conventional Approaches—The first step toward single cell analysis is obtaining cells 

from a source. To enable inferences regarding the function of an organ or even a whole 

organism via single cell data, it is vital that the cells are representative of that specific organ 

or organism. Intact tissues obtained via biopsy are an excellent source of cells, and are 

representative of their native microenvironment. To obtain suspended cells from the 

harvested intact tissue, the extracellular matrix and cell-cell junctions holding the cells 

together in a 3D structure must be disrupted. Conventional methods consist of incubating the 

intact tissues with enzymes such as collagenase in order to digest proteins in the 

extracellular matrix. Exposure to chelating agents such as ethylenediaminetetraacetic acid 

(EDTA) binds to Ca2+ and disrupts the cell-to-cell adherens junctions regulated by 

transmembrane cadherin proteins. After chemical exposure, intact tissue is often dissociated 

into a cell suspension via gentle mechanical agitation such as pipetting or inversion. For 

example, Robin et al.11 described a procedure to isolate human myogenic cells following a 

patient muscle tissue biopsy. The procedure called for the addition of dispase II and 
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collagenase D to minced tissue followed by pipetting of the mixture. The same study 

described a similar protocol to isolate fibroblasts from a patient skin biopsy by exposing the 

tissue to collagenase followed by mincing.11 Many more dissociation enzymes are in use, 

for example: trypsin,12 elastase,13 and hyaluronidase14 to name a few. For liquid biopsies, 

such as a blood draw, cell dissociation is not required. In these cases, cell sorting may be the 

first sample preparation step. This is common for circulating tumor cell enumeration, which 

is discussed in later sections.

A critical goal of any tissue dissociation protocol is to yield as many viable cells as possible 

for downstream workup. Several protocol parameters may affect the outcome of the tissue 

dissociation such as animal species, tissue type, which enzyme and or chelator is used, 

chemical concentration, incubation time, temperature, agitation method, etc. Parameters that 

can be controlled are determined empirically through trial and error to maximize the cell 

yield and viability. Though developing a dissociation protocol appears an arduous task, a 

plethora of scientific literature can serve as a starting point for isolating cells from various 

mammalian tissue including but not limited to: murine brain tissue,15 murine, rat, and 

human heart tissue,16–18 and murine intestine.19 Much effort has been dedicated to 

optimizing tissue dissociation because errors upstream can propagate to the downstream cell 

assay, negatively impacting the data.

The enzymatic and mechanical tissue dissociation protocols described above have inherent 

drawbacks making these conventional protocols less than ideal. For example, isolating 

human adipose derived adult stem cells from tissue obtained via liposuction, rather than 

bone marrow, required 8–10 h of continuous labor.20 In addition to being highly labor 

intensive, long protocols significantly increase contamination risk, operator error, and 

variability. Furthermore, enzymatic digestion may result in a loss of cell surface protein 

expression.21 A loss of cell surface proteins can negatively impact the ability to sort cells via 

fluorescent activated cell sorting (FACS), a current workhorse in cell isolation and 

purification. This led to groups devising alternative schemes with shorter and or non-

enzymatic workflow.21 While the majority of current microfluidic research describes 

downstream applications, emerging microfluidic devices are addressing issues in the 

upstream tissue dissociation step.

Microscale Approaches—Traditional batch tissue culture operations rely on supplying 

cells with nutrients and refreshing culture medium at discrete time points, thereby creating 

variability in nutrient and waste product concentrations throughout the cells’ life cycle. To 

create an environment that better mimics the flux of in vivo tissue, Hattersley et al.22 

developed a microfluidic device for on-chip perfusion culture, analysis, and dissociation of 

intact rat liver tissue (Figure 2A). On-chip tissue dissociation was performed followed by a 

viability assay. In brief, the immobilized tissue was perfused with ethylene glycol tetraacetic 

acid (EGTA) to scavenge Ca2+ ions followed by Earl’s balanced salt solution (EBSS) to 

remove EGTA, which may prevent collagenase inhibition. Next, the tissue was digested by 

perfusion with collagenase solution. Finally, the tissue was perfused with ice-cold dispersal 

buffer at a high flow rate (500 µL/min). The cells were collected at the device output directly 

into a centrifuge tube to be used for cell pelleting. Following on-chip enzymatic 

dissociation, a Trypan blue assay indicated that 78 + 2.4 % cells were viable, comparable 
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with traditional dissociation methods.22 While still utilizing an enzymatic mechanism, this 

microfluidic approach reduces the duration of cell or tissue exposure to non-sterile 

conditions, thereby minimizing contamination risk. However, only approximately 30,000 

cells were isolated from 4 mm3 of tissue via a two hour collagenase perfusion. These results 

indicate a low yield of total cells, potentially due to an overly gentle procedure. 

Additionally, a two hour dissociation procedure may be unsuitable for applications where 

gene expression analysis is the ultimate goal, since gene expression occurs on the same time 

scale.

With a similar goal of reducing foreign contamination, Wallman et al.23 built a microfluidic 

device, termed “biogrid”. The device addressed contamination risk in addition to non-

enzymatic requirements and scalability in the clinical or commercial production of neural 

stem cell therapies. Neural stem cells can be cultured in suspension as stem and progenitor 

cell aggregates called neurospheres, requiring periodic passaging and subsequent 

expansion.24 To conform to good manufacturing practice (GMP) guidelines in a clinical or 

commercial setting, contamination risk should be minimized by passaging neurospheres in 

closed, sterile equipment without the use proteolytic enzymes. Proteolytic enzymes are 

biologically active molecules and therefore have the potential to introduce contamination or 

toxicity. Non-enzymatic methods such as mechanical means involving scalpels25 are not 

scalable and pose a significant contamination risk due to environmental exposure or 

contaminated tools. The described device consisted of a 3 x 3 mm, 170 µm thick silicon 

chip, with a sharp edged grid in the center. The grid’s edges were 20 µm thick with 200 µm 

edge to edge spacing (Figure 2C). By passing a neurosphere suspension through the biogrid, 

neurospheres greater than the grid-to-grid spacing were mechanically dissociated while 

aggregates and cells smaller than the spacing were unaffected. Comparing the biogrid with 

traditional enzymatic protocols, the growth rate of passaged neurospheres was more 

reproducible. However, enzymatically passaged cultures exhibited a greater growth rate 

compared to biogrid passaged cultures. Cultures passaged with both methods indicated 

equivalent growth active fractions in passaged cultures. Grid spacing and edge width can be 

tailored to dissociate various cell aggregates, such as embryonic stem cell spheres, as 

demonstrated by Wallman et al.23 Despite offering a closed, scalable, non-enzymatic 

method for neurosphere dissociation, strictly single cell dissociation was not achieved with 

aggregates remaining post processing. Single cell dissociation would be critical for optimal 

passaging and cell culture operation by increasing yield of the culture system. Furthermore, 

single cell dissociation is crucial for downstream workups such as FACS or single cell 

molecular analysis

To achieve strictly single cell dissociation from neurospheres, Lin et al.26 designed a 

microfluidic cell dissociation chip, termed “µ-CDC”. The single channel device consisted of 

micro pillars 50 µm wide and 167 µm tall with 20 µm spacing between adjacent pillars 

(Figure 2B). Neurospheres of DC115 and KT98 brain tumor mouse models were dissociated 

into single cells by passage through the pillar array at 3–15 mL/min via a syringe pump. The 

yield of single cells following µ-CDC dissociation was 91–95% with single cell viabilities of 

80–85%, compared to 50% achieved via trituration. However, the rate of neurosphere 

reformation by microfluidic dissociated cells was lower compared to enzymatically 

dissociated neurospheres, indicating that the induced shear stress may negatively affect cells. 
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Furthermore recovery of KT98 cells and DC115 cells was approximately 75% and 93%, 

respectively, indicating that the cell type affects device performance. The authors stated that 

optimizing the geometry and flow rate may potentially address recovery and neurosphere 

reformation for improved cell expansion.

Low cell recovery during tissue dissociation is also a concern in cell based analyses of tumor 

tissue, particularly for smaller and harder to obtain clinical samples, such as those obtained 

by fine needle aspirate biopsy. Qui et al.27 designed a microfluidic device for dissociating 

tumor tissue equal to or less than 1 mm into single cells (Figure 2D). The device consisted 

of branching channels. The dissociation is performed by repeated constriction and expansion 

along each channel, generating shear forces during fluid flow. The device process was 

evaluated with cell suspensions featuring small HCT 116 colon cancer cell clusters, intact 

cell monolayers grown from HCT 116 cells, and tumor spheroid derived from HCT 116, LS 

174T, and NCI-H1650 cancel cell lines via the hanging drop method. With respect to intact 

cell monolayers, non-enzymatic device dissociation achieved the same cell yields but 

showed a significant increase in the single cell population, from 61% to 95% when 

compared to a control dissociation method utilizing trypsin-EDTA, vortexing, and pipetting. 

With respect to tumor spheroids, a combination of device dissociation with 5 minute EDTA 

pretreatment resulted in an increase in single cell population from ~60% to 90% compared 

to dissociating tumors via vortexing and pipetting following 5 minute EDTA pretreatment. 

In addition to increasing single cell yield, the device dissociation protocols were completed 

in 10 minutes or less across all experiments and enabled non-enzymatic spheroid 

dissociation. However, it was noted that the model cell lines used in the study may not be 

representative of actual human clinical specimens. Patient samples are more complex in that 

they contain a heterogeneous cell population, blood vessels, and lower stromal content.28 As 

such, patient derived tumor tissue may respond differently compared to the immortalized 

cell lines and remains to be tested. Nevertheless, the device provides high single cell yields, 

crucial for limited samples. Furthermore, the device offers rapid and non-enzymatic tissue 

dissociation, which is critical for measuring endogenous molecular expression.

Microfluidic tissue dissociation is still nascent when compared to other microfluidic 

applications, but the advantages are already clear. Performing tissue dissociation in flow 

offers easier scale-up and higher productivity, both necessary for commercialization. Cell 

and/or tissue handling is minimized by utilizing closed systems, thereby reducing 

contamination risk. Flow environments within laminar microfluidics can be tightly 

controlled, offering higher reproducibility and the dissociation mechanisms are on the size 

scale of cellular samples, resulting in higher single cell yields. The smaller process volumes 

inherent to microfluidics also allow facile and reliable dissociation of smaller and limited 

clinical samples. Finally, non-enzymatic methods are particularly attractive from a 

regulatory standpoint and allow scientists to isolate single cells that maintain endogenous 

surface marker expression. As such, we can expect this research field to gain significant 

traction in the future.
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B. Cell Sorting

Conventional Approaches—Bulk tissue dissociation typically results in a 

heterogeneous cell suspension. However, scientists are often interested in studying one 

target cell type within the greater tissue population; hence, the next step in single cell 

workflow is to sort the heterogeneous cell suspension into homogeneous fractions. The most 

commonly used method for sorting populations, FACS, relies on conjugating cell surface 

proteins specific to one cell type with an antibody coupled to a fluorescent dye. Suspended 

cells then flow past a laser beam, which excites the dye and a detector records several 

parameters including the emitted color (Figure 3A). Single cell droplets are given a specific 

charge based upon the fluorescent dye color and then deflected into the correct container by 

an electric field. Since its invention in 1969,29 FACS has evolved and maintains its position 

as a cell enrichment workhorse capable of detecting as many as 14 fluorescent markers and 

sorting 50,000 cells per second.30 For example, Sanchez-Freier et al.31 performed cell 

sorting of cultured human embryonic stem cells and induced pluripotent cells to exclude 

partially differentiated and dead cells. Using a five laser FACS system, double-positive cells 

were directly sorted to each well of a 96 well plate where quantitative real-time polymerase 

chase reaction (qPCR) was carried out. Direct integration with well plates for single cell 

compartmentalization is another advantage of FACS. Nevertheless, FACS has several 

limitations. FACS instruments are costly, typically several hundred thousand dollars. As 

such, they are usually only available at core facilities, which limits widespread use to 

smaller research programs. Furthermore, decreased cell viability is frequently observed due 

to long processing times.

An alternative to FACS is the use of magnetic fields to separate cells with marker specific 

magnetic labels, termed magnetic activated cell sorting or MACS (Figure 3B). Since the 

development of magnetic-activated cell sorting (MACS) over 20 years ago, this technique 

has evolved considerably.32 Treutlein and coworkers33 used MACS to enrich distal lung 

epithelial cells from a heterogeneous population containing leukocytes and alveolar 

macrophages for single cell RNA sequencing. MACS offers cost effective cell enrichment 

compared to FACS and several commercial MACS systems are in existence. The FDA 

approved CELLSEARCH® system allows for automated staining, imaging, and 

enumeration of circulating tumor cells (CTCs) from a 7.5 mL blood sample. This system is 

useful for bulk CTC enrichment but cannot be integrated directly with well plates for single 

cell molecular analysis. To overcome this, Neves et al.34 developed a protocol for 

CELLSEARCH® based CTC enrichment, FACS sorting and isolation into PCR tubes 

followed by single cell molecular analysis via qPCR. This study illustrated the combination 

of CELLSEARCH® and FACS for molecular analysis of single CTCs.

Despite wide adoption, both FACS and MACS have drawbacks that limit their widespread 

use or the fidelity of subsequent single cell analyses. For example, FACS machines require 

high technical expertise to operate and can be costly, ranging anywhere from $100,000 to 

$500,000. MACS introduces an inherent risk of sample contamination due to batch-wise 

processing. Both methods rely on labeling of cell surface markers to separate cells, which 

adds to the overall processing time and viability reduction. It has been shown that 

immunomagnetic labeling can alter gene expression,35 motivating the development of 
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methods to detach magnetic beads from purified cells. These limitations have led to the 

development of microfluidic cell sorting platforms as detailed below.

Microscale Approaches—Microfluidic devices are inherently advantageous cell sorting 

platforms compared to conventional methodologies for a variety of reasons. Miniaturized 

devices allow for reduced reagent consumption and portability.8 The devices can be made 

using standard micro fabrication tools and soft lithography,36 thereby lowering production 

cost. Laminar fluid dynamics in devices allows for predictable spatiotemporal control of 

flowing cells, thereby enabling oftentimes passive and label-free cell separation. Passive 

sorting translates to simplified device operation and reduces the high technical expertise 

required for FACS. Sorting is typically accomplished continuously in an enclosed device, 

minimizing contamination risk. The advent of microfluidic cell sorting technology has 

alleviated many of the limitations imposed by FACS and MACS. However, microfluidic cell 

sorting requires further development in key areas if it is to displace conventional 

technologies. A major drawback of microfluidic systems is lower throughput compared to 

commercial FACS machines. Thus, this has been a major research focus and is steadily 

gaining traction. Finally, microfluidic devices fabricated via soft lithography are prone to 

cell adhesion and clogging, limiting their long term use. The body of literature regarding 

microfluidic enabled cell sorting is extensive and there are a number of excellent reviews of 

work in this area.37–41 Here, we discuss select cell separation modalities that have specific 

relevance to single cell analysis as a step in the sample preparation sequence. Typically, 

knowledge of the target cell type’s properties relative to the whole population guides the 

selection of an appropriate separation mechanism.

Active Mechanisms—Microfluidic cell sorting methods that rely on external force fields, 

such as electrical or magnetic fields, are discussed first. These force fields induce cell 

movement. The fields are generated by integration of specialized parts with a microfluidic 

chip such as electrodes or magnets. Active cell sorting methods are advantageous over 

passive sorting mechanisms due to increased cell control and specificity. However, 

fabricating microfluidic chips with specialized, integrated features is more complicated. This 

can limit chip fabrication to laboratories with prior experience or the ability to outsource. At 

the very least, chip production time may be increased. Furthermore, operation of devices 

with active sorting mechanisms generally requires power and control systems, thereby 

increasing cost. Nevertheless, a plethora of active cell sorting devices have been reported 

and will be described in more detail below.

Electrophoresis and Dielectrophoresis—Most cells typically possess a negative 

surface charge at neutral pH. As such, suspended cells will move toward a positive electrode 

under a constant electric field.42 In a liquid, the cells will be directed with a velocity that can 

be derived from a force balance. The dominant forces acting on the cell are the Coulomb and 

drag forces. In order to separate different cell types, the cells must have a difference in 

charge or size.43 This separation mode is termed electrophoresis (EP) (Figure 4A). 

Takahashi et al.44 designed a device in which two laminar flow streams converge at the 

center of the device. Cells are introduced in one stream and imaged every 1/30th of a second 

as they pass the convergence point. A specific cell is identified via phase contrast and 
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fluorescence, at which point a voltage is applied to electrodes connected between the two 

streams. The electrophoretic force causes the cell to jump from one stream to the other. 

Similarly, Guo et al.45 separated single cells encapsulated in an aqueous-oil droplet into 

different streams via a pulsed electric field. In general, publications utilizing EP to sort 

heterogeneous cell suspensions are few due to insignificant specificity in EP mobility among 

cell types.43, 46

Contrary to EP, dielectrophoresis (DEP) is used much more frequently for cell sorting 

because of higher specificity in dielectric properties among cell types. For example, it was 

shown47 via dielectrophoretic field-flow fractionation (DEP-FFF) that all 60 cell types of the 

NCl-60 tumor cell panel, an array of human cancer cell lines, have dielectric properties 

different from peripheral cell types (monocytes, T-lymphocytes, basophils, neutrophils, 

eosinophils, B-lymphocytes, erythrocytes) and therefore could be isolated via DEP. In DEP-

FFF, a heterogeneous mixture of cells is flowed through a channel while electrodes at the 

channel bottom generate an upward DEP force that balances the downward gravity force 

(Figure 4B). Each cell type stabilizes at a unique channel height, at which there is a distinct 

flow velocity due to a parabolic velocity profile.43 For DEP, cells do not need to possess a 

surface charge. Instead, an alternating current typically polarizes the cell. The cell then 

moves toward or away from the area of highest electric field density. Thus, a spatially non-

uniform electric field is required in order to impart a force on the polarized cell. The 

migration direction is dependent on the electrical permeability of the cell relative to the 

surrounding fluid. Negative dielectrophoresis (nDEP), movement away from the field 

maxima, results when the fluid has higher permeability. The opposite is true for positive 

dielectrophoresis (pDEP), movement toward the field maxima.43 DEP has a few advantages 

compared to EP, namely; greater cell sorting specificity and the use of an alternating current 

prevents electrochemical reactions from occurring at the electrodes and limits detriment to 

cell viability.

The enumeration of rare circulating tumor cells (CTCs), cells that have shed from a primary 

tumor and entered the blood stream, for metastatic cancer prognosis demands CTC isolation 

from a dense heterogeneous cell suspension, blood.48 Gascoyne et al.49 utilized batch DEP-

field flow fractionation (DEP-FFF) to separate CTCs from peripheral blood cells and 

achieved a 90% CTC recovery when a 0.5 mL sample containing approximately 106 

cells/mL was applied to the device. However, this sample size represented less than 5% of 

clinically relevant sample sizes. Improving upon this method, Shim et al.50 designed a 

continuous DEP-FFF device that was capable of processing 4 x 107 peripheral blood cells in 

less than one hour, corresponding to a more realistic clinical sample size. Following 

isolation via the DEP-FFF device, the isolated cells were identified as patient derived cancer 

cells via a genotype array. Many other studies have reported CTC isolation from blood, 

focusing on increasing separation throughput, yield, and CTC purity. Moon et al.51 serially 

combined hydrodynamic and DEP separation modalities on one chip in to enable high 

throughput and purity. The integrated separation resulted in label free CTC isolation at a 

flow-rate of 126 µL/min with 99% and 94% removal of red and white blood cells, 

respectively. This approach leveraged a hydrodynamic modality to remove blood cells in 

high throughput and a subsequent DEP force to precisely isolate CTCs. Serial combinations 
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of separation modalities can be utilized to achieve multifaceted goals, high throughput and 

purity in this case.

Similarly, towards the goal of achieving simultaneous high throughput and multiple 

parameter sorting, Kim and Soh52 built an integrated dielectrophoretic-magnetic activated 

cell sorter, and demonstrated sorting of three different E. coli bacterial clones as a model 

heterogeneous population. After one pass through the device, the concentration of one clone 

was increased from 0.32% to 98.6%, and a second clone from 0.11% to 95.6%. The 

combination of dielectrophoretic and magnetic modalities enabled multi-parameter selection 

akin to FACS sorting with multiple fluorescent channels and high throughput akin to MACS 

sorting. Yan et al.53 designed a chip utilizing “DEP-active hydrophoresis”, to sort a mixture 

of viable and non-viable Chinese Hamster Ovary (CHO) cells in two distinct fractions, 

achieving 99.6% purity of viable CHO cells. The group leveraged hydrophoretic (size) and 

dielectric based separations simultaneously to achieve high purity. The last three works 

demonstrate that combining separation modalities can offer a significant advantage such as 

higher throughput, specificity, and/or purity, compared to standalone modalities.

The use of DEP to sort live and dead cells is a common application and serves as a label free 

alternative to flow cytometry. Xing and Yobas54 utilized DEP to separate live and dead 

human colorectal carcinoma cells to achieve a 90% capture efficiency of live cells. In a 

recent work, Wei and coworkers55 utilized DEP based separation to demonstrate high 

transfection efficiency of neurons via electroporation while maintaining cell viability. 

Highly efficient transfection via electroporation is achieved via high electric fields and thus 

typically results in cell damage. Wei coupled flow through electroporation with downstream 

DEP sorting on a chip to circumvent the need for a compromise between transfection 

efficiency and cell viability. There are many more examples of DEP based cell sorting in 

addition to those discussed above.56–59

Electro-osmotic Flow—Akin to the previously discussed EP and DEP sorting 

mechanisms, electro-osmotic based separation also results from an applied electric field. 

However, the process is phenomenologically different. Electro osmotic flow (EOF) refers to 

fluid movement by inducing solvated ion transport under an electric field. Suspended 

particles accompany the secondary fluid movement induced by migrating solvated ions 

(Figure 4C). Dittrich and Schwille60 demonstrated a sorting microchip with pump driven 

primary flow and fluorescence triggered EOF sorting mechanism. This approach leveraged 

pressure driven flow to achieve a fast and stable flow, resulting in high throughput. EOF has 

also been used to augment a size based separation technique termed hydrodynamic 

spreading. Wu et al.61 combined electro-osmotic flow with pump driven primary flow in 

order to augment hydrodynamic spreading and separate E.coli and yeast cells. Similarly, 

Kawamata and coworkers62 demonstrated purely EOF driven separation of 1.0, 2.1, and 3.0 

µm particles. The advantage of EOF is typically the precise control of volumetric flow 

through various channels occupying the same microfluidic device. However, EOF requires 

fabrication of on chip electrodes, which adds complexity to chip manufacturing. 

Complications of secondary electrophoretic cell movement can accompany electro-osmotic 

driven pumping. Additionally, cell exposure to electric fields may result in reduced cell 
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viability. Nonetheless, this method enables precise control of small volumes of reagents and 

size based cell separation.

Acoustic—Acoustic based sorting has recently emerged as an additional modality that has 

no impact on cell viability.63 At their core, acoustic separation modalities (i.e. 

acoustophoresis) work by inducing cell movement in response to an acoustically generated 

pressure wave. There can be several sub distinctions of acoustic cell sorting depending on 

the wave type; bulk standing waves, standing surface acoustic waves, and traveling waves.37

Bulk standing waves are generated within microfluidic channels when the applied 

wavelength matches the spatial channel dimension. As a result, two distinct regions are 

generated across the channel, along the wave’s path. The first is termed a node, where there 

is no pressure fluctuation. The second is termed an antinode, where there is a fluctuating 

pressure alternating between a minimum and maximum (Figure 5A). Particles flowing 

through the channel will respond to the standing wave depending on their acoustic contrast 

factor, which is dependent on cell density and compressibility relative to the surrounding 

medium. Cells with a positive acoustic contrast factor will migrate toward the node and cells 

with negative acoustic contrast factors will migrate toward the antinodes, allowing for cell 

separation via different outlets.

Johansson et al. designed the first FACS device to sort cells64 using standing waves 

generated by an automated fluorescence triggered transducer. The device offered a label free 

and gentle cell sorting technique. However, only a sort rate of 27 cells s−1 was achieved, 

significantly lower than FACS. Jakobsson65 also developed a microchip FACS to achieve 

binary particle sorting based on fluorescence detection. The chip also featured an acoustic 2-

D pre-focusing zone that improved optical detection, sorting accuracy, and overall 

throughput to 150 particles s−1. Jakobsson’s approach was only capable of binary sorting. 

To overcome this limitation, Grenvall et al.66 fabricated a microchip with a 2-D, acoustic 

focusing zone to sort cells into five outlets based on their size. The device was used to 

fractionate leukocytes into high purity fractions with high total recoveries. However, a 

throughput of 150 cells s−1 was not a significant improvement compared to other groups. 

Since mammalian generally exhibit a positive acoustic contract factor, they typically align at 

the nodes and most groups exploit this fact to sort cells. In an alternative approach, Shields 

et al.67 synthesized elastomeric particles with negative acoustic contrast and showed that bio 

conjugation of mammalian cells to these particles could be used to selectively move cells to 

the antinodes within a microfluidic channel. As such, labeling one cell type among a 

heterogeneous cell population would allow sorting without a fluorescence trigger.

Standing surface acoustic waves (SSAW) are standing waves formed along the bottom of a 

microfluidic channel using inter-digital transducers (IDTs). The IDTs are patterned on a 

piezoelectric substrate, which is mounted to a microfluidic device. The wave changes modes 

from a transverse to a longitudinal wave from the substrate to the fluid, and these 

longitudinal waves create pressure nodes (Figure 5B). SSAWs are capable of deflecting an 

object in fluid flow independent of its contrast factor, and thus are thought be more flexible 

in separating cell populations that are small and inherently difficult to sort via bulk standing 

waves.68 Li et al.69 designed a SSAW based device capable of sorting water in oil droplets 
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into five different outlet channels. This type of device could be utilized as an upstream 

sorting component for droplet based genomic and transcriptomic analyses.

Most reports of acoustically driven cell sorting rely on standing waves, but traveling waves 

have been used to sort cells as well. Standing waves require wavelengths comparable to 

microfluidic channel width, and therefore the sorting rate cannot be increased because the 

wave frequency is constrained. Traveling waves offer a workaround to this limitation. 

Recently, Schmid and coworkers70 designed a microfluidic device using fluorescence 

triggered traveling waves to sort cells into one of three channels (Figure 5C). Schmid 

reported a rate of 3000 cells s−1 compared to 222 droplets69 s−1 via SSAWs. Similar to 

electrically driven cell sorting, acoustophoresis typically requires integrated transducers. 

This in turn complicates chip fabrication, operation, and increases cost. Furthermore, cell 

sorting via bulk standing waves is unsuitable for sorting subpopulations of the same cell 

type with similar contrast factors. In this case, a fluorescent label may be necessary to 

distinguish between subpopulations, thereby negating the label free advantage. However, 

acoustophoresis mitigates concerns regarding decreased cell viability which is frequently 

observed with electrical cell sorters and therefore the benefit of delicate cell handling may 

override cost and time concerns. Many more examples of acoustic based cell sorting are 

available and we refer the reader to focused reviews71–72 for further discussion. In addition 

to acoustic and electrical forces, researchers have utilized alternative biophysical cues such 

as optical or radiation forces to sort cells.

Optical—The use of light to move particles dates back more than 45 years73 when it was 

discovered that a focused laser could propel micro particles in a liquid. About 15 years later, 

the same researchers74 achieved stable trapping via a tightly focused laser and this formed 

the foundation of contemporary “optical tweezers”. Optical forces result due to momentum 

exchange between incident photons of light and the irradiated object. Light scattering and 

absorption due to incidence with an object changes the light’s direction and magnitude and 

therefore the associated photons’ momentum. To achieve large displacements, many 

photons are called into action by using a focused laser. The particle’s behavior is dependent 

on its refractive index compared to the surrounding fluid, much like DEP is dependent on 

electrical permeability. When the particle’s refractive index is higher than the surrounding 

fluid, the particle will migrate toward the region of highest light intensity and vice versa. In 

both instances, the particle will move in the direction of light propagation as well. More 

detailed discussions on the physics of light induced forces can be found elsewhere.75–76

Since its inception, optical manipulation has been used to sort and manipulate cells on 

microfluidic chips (Figure 6A). Optical approaches to cell sorting are minimally detrimental 

to cell viability, in contrast to sorting via an electrical field.77 Bragheri et al.78 reported a 

device with a fluorescence triggered optical mechanism which deflected cells toward a 

specific outlet. However, the device could only sort approximately 100 cells per minute due 

to the lag in software communications as reported by the authors. Low throughput limits the 

application to smaller or less dense cell suspensions. Indeed, one of the major drawbacks of 

all microfluidic FACS systems is the slow throughput compared to conventional FACS that 

can sort at 104 cells per second. To address this issue, Chen et al.79 reported a microfluidic 

device capable of sorting 23,000 cells per second with 90% purity and 45,000 cells per 
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second with 45% purity. The device utilized a tightly focused laser to induce a cavitation 

bubble in flow, which provided a mechanical force for cell deflection. The key innovation to 

achieving high sorting rates was a 3-D sheath focusing step made possible by a multilayered 

device structure. Two disadvantages to this approach was sample dilution due to the 

required sheath flow and the complexity of building 3-D microfluidic channels. The group 

improved on their initial design80 by using an inertial based focusing step, therefore 

eliminating the need for 3-D device geometry. The devices discussed above utilized a laser 

focused at a fixed position in a microfluidic channel and therefore require focused single cell 

flows. In contrast, Wang and coworkers81 eliminated the focusing step by integrating 

traditional optical tweezers in laminar flow. Eliminating the need for a focusing sheath flow 

simplifies device architecture and fabrication and also minimizes sample dilution, as 

previously discussed. Minimizing sample dilution is critical for assays with high detection 

limits.

Magnetic—Many of the discussed microfluidic systems have borrowed from conventional 

FACS systems in that a fluorescent signal acts as a trigger for an external force field to 

separate cells. Microfluidic magnetic based separations also borrow from their conventional 

MACS counterpart.32–33 Cells are bio-conjugated to magnetic particles via a cell-specific 

antibody on the magnetic particle. These specific cells can be separated from a sample by 

passing the sample through a microfluidic device possessing a magnetic field or magnetized 

surface (Figure 6B). This method’s simplicity and ability to separate via action at a distance 

is particularly advantageous compared to electrical cell sorters, which require electrodes in 

contact with the cell suspension. As previously discussed, this can lead to electrochemical 

reactions at the electrode fluid interface that may decrease cell viability or impact cell 

phenotype downstream.

The magnetic field can be induced via an external or integrated permanent magnet or an 

electromagnet. Capture via an external permanent magnet is common because of ease. For 

example, Wang et al.82 isolated CTCs from whole blood by incubating whole blood with 

anti-EpCAM antibody functionalized magnetic nanoparticles. The incubated sample was 

introduced through a microfluidic device placed underneath a permanent magnet. Similarly, 

Besant and coworkers83 isolated CTCs with magnetic nanoparticles and a permanent magnet 

but also integrated structures and channel design that captured CTCs with varying surface 

expression into designated zones. Chen at al.84 combined both a bulk permanent magnet and 

patterned micro magnets in order to minimize the cell aggregation at the capture site. In 

contrast to the immobilization approaches discussed above, permanent magnets can deflect 

magnetic particles to an alternative outlet85–86 for continuous flow sorting. Kim et al.87 

integrated a ferromagnetic wire array into the bottom of a microfluidic device so that an 

externally applied magnetic field was deformed resulting in lateral displacement of 

magnetically labeled cells. An alternative to using a permanent magnet is to use an 

electromagnet.88 Electromagnets may offer an advantage in some separations because the 

magnetic field strength may be finely tuned by varying the current. However, device 

fabrication is more complicated and large currents can quickly generate Joule heating. The 

generated heat can increase sample temperatures above physiological temperatures and 

decrease cell viability. Furthermore, increased fluid temperatures can result in bubble 
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formation, which is problematic for functionality in microfluidic devices. To overcome this 

limitation, one can dissipate Joule heating by integrating dedicated cooling channel,89 or 

using a highly thermal conductive substrate such as silicon to construct the chip.90 Of 

course, both remedies add to the chip manufacturing cost.

Implementing microfluidic magnetophoresis typically requires antibody labeling. 

Immunolabeling can be problematic for several reasons: labeling may negatively impact 

post cells’ endogenous genetic expression,35 labeling may not be possible due to lack of 

surface markers, labeling may be undesirable because of clinical concerns, and antibodies 

are quite expensive. In some instances, the cell’s native magnetic properties can be exploited 

for sorting as in the separation of red blood cells containing high levels of iron.91 Some cells 

can be chemically treated in order to impart the desired magnetic properties. For example, 

Sofla et al.92 devised a label free magnetic strategy to separate live cardiomyoctyes by 

rendering the native myoglobin from diamagnetic to paramagnetic via oxidation with 

sodium nitrite. Microfluidic magnetophoresis based cell sorting has been applied extensively 

and the reader should refer to several recently published reviews.46, 93–94

Passive Mechanisms—The methods for microfluidic cell sorting discussed so far rely on 

an external force field to move cells. Methodologies that utilize intrinsic cell properties such 

as size, density, and deformability are discussed next. Passive mechanisms are particularly 

advantageous in that a fluorescent trigger to activate sorting is not required. Nor is external 

labeling as in magnetic based separations.

Deterministic Lateral Displacement—Deterministic later displacement (DLD) sorting 

uses a pillar array to direct cells one way or another based on cell size. Cells with a size less 

than a critical radius move in the direction of primary fluid flow. Cells greater than the 

critical radius are deflected in a direction determined by array design (Figure 7A). The 

critical particle size is dependent on the pillar design.95 It has also been shown that cell 

shape and deformability can be exploited for DLD sorting.96 This study extended the 

capability of DLD separation to discriminate between cells by morphology and 

deformability, in addition to size. However, only one post geometry was investigated, 

thereby neglecting the role of post geometry on cell separation. Ranjan et al.97 explored the 

effect of the pillar shape in order to sort spherical particles, disc-shaped red blood cells, and 

rod-shaped bacteria. The study showed that rod shaped bacteria can be separated with 100% 

efficiency using “I-shaped” pillars and provided a method to separate non-spherical particles 

based on their longest dimension, adding to the microfluidic toolbox. DLD has also been 

used in other applications: to separate cancer cells from diluted whole blood,98 erythrocytes 

of different phenotype as determined by deformability, leucocytes from erythrocytes, and 

subpopulations of leucocytes.99 DLD is advantageous because it offers gentle, and label-free 

cell sorting and requires relatively facile fabrication to implement. However, the cells must 

differ in size or shape. For more on DLD, we refer the reader to a recent focused review.100

Inertial—Microfluidics, as the name implies, tends to occur in channels with micron sized 

channel dimensions. As a result, the dimensionless Reynolds number is typically small and 

inertial effects are often neglected. However, at modest channel dimensions or velocities, 

inertial effects manifest and can be exploited for cell sorting. One typical manifestation of 
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inertial effects in microfluidics is Dean flow,101 which results in vortex formation 

perpendicular to the primary flow (Figure 7B). Cells with differing properties such as size, 

density, or shape respond differently to inertial effects and are focused at different channel 

locations. Cell sorting is achieved by splitting a single channel into multiple outlets. Recent 

reviews discuss the physics of inertial microfluidics in depth.101–103 Warkiana et al.104 

exploited Dean flow in curved channels to sort label-free CTCs from blood with high 

throughput (1.7 mL/min), and conducted heterogeneity studies via DNA fluorescent in situ 

hybridization (FISH) post cell isolation. This method is advantageous because it is label 

free, and therefore can be used for various cancers lacking biomarkers. Furthermore, in 

contrast to magnetophoretic CTC separation that requires immunomagnetic labeling, this 

method may better preserve endogenous molecular expression and utilized a simpler 

workflow. In addition, a thorough mechanistic understanding of inertial microfluidics tends 

to be poorly developed leading to extensive trial and error during device development.

To address this limitation, Kim et al.105 empirically investigated the effect of several 

parameters (channel height, width, radius of curvature, and flow rate) on inertial sorting in 

spiral microfluidics and then implemented these principles to design a two stage device to 

isolate CTCs from leukocytes. Using the results from the parametric experiments, the device 

was designed in one attempt, demonstrating and providing a toolbox for other researchers 

designing spiral inertial microfluidics. Recently, isolation of CTCs via inertial microfluidics 

has been demonstrated extensively.106–108 Several sub categories of inertial microfluidic 

techniques are recognized such as field flow fractionation, pinched flow, and hydrodynamic 

spreading. A recent review discusses cell sorting via inertial microfluidics in depth.103 

Inertial microfluidics enable passive and label free cell sorting for instances when the target 

and non-target cells vary in size. Passive sorting simplifies device operation and fabrication, 

which is important for widespread adoption. Label free cell sorting is attractive for 

numerous reasons: minimized antibody related costs, applicability to cells lacking 

biomarkers, and maintaining integrity of endogenous expression. The last reason is critical 

for conducting high fidelity single cell molecular analyses. Furthermore, the methods are 

continuous, increasing throughput. A disadvantage is that most devices require diluted 

samples because cell-to-cell interactions manifest at high cell concentrations.

Filtration—In the chemical process industry, filtration is a well-established technique for 

size based separation. Several sub categories of filtration are in existence and are typically 

descriptive of the underlying process such as dead-end filtration, cross-flow filtration, 

microfiltration, ultrafiltration, etc. Likewise, scientists have long since implemented various 

filtration mechanisms in micro fabricated devices for cell enrichment. Weir filters (Figure 

7C) offer a simple design; a single channel containing an obstruction that almost closes the 

channel permits only cells small enough to pass above the obstruction.109 Pillar filters 

(Figure 7C) feature regularly spaced pillars in a micro channel which obstruct the passage of 

larger cells.109 However, both filter types are only useful for low density samples or small 

sample sizes because they are prone to clogging, akin to dead-end filters in the chemical 

process industry. To address this limitation, scientists have micro fabricated cross-flow 

filters, which have filter elements parallel rather than perpendicular to the main flow 

direction. The main fluid flow sweeps across the filter in order to clear clogged cells. Cross 
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flow filters (Figure 7C) have been used for the separation of myocytes and non-myocytes,110 

leukocytes,111 bacteria,112 and CTCs from blood.113 In another approach to eliminate 

clogging, McFaul et al.114 incorporated a periodic backflow to reduce clogging in a micro 

fabricated cross flow filter. Filtration based microfluidic cell sorters are relatively easy to 

fabricate, operate continuously, and label free. However, they are only capable of sorting 

cells differing in size.

Outlook for Microfluidic Cell Sorting—Microfluidic cell sorting is a mature research 

field, and was well established even prior to the paradigm shift toward single cell analysis. 

For brevity, we have only discussed the most prevalent modalities for microfluidic cell 

enrichment. Other approaches implemented include use of valves,115–116 transient cell 

adhesion,117 and permanent cell immobilization.118–119 Despite the field’s maturity, 

researchers continue to innovate and conceive new techniques for cell separation. In fact, 

researchers are enriching cells in creative ways that are not easily categorized. Wang et 

al.120 demonstrated a microfluidic device for cell enrichment on the basis of cell viscosity. 

The device demonstrated fractionation of two leukemia cell lines as well as leukemia cells 

from healthy leukocytes. Zhang et al.121 exploited the difference between surface free 

energy between two microbial cells to accomplish enrichment. As evidenced, we expect the 

field of microfluidic cell enrichment to continue growing.

Among the many discussed works, most were examples of standalone microfluidic cell 

enrichment. FACS remains a powerhouse for microfluidic enrichment prior to single cell 

analysis. This may be for several reasons; high throughput (104 cells per second), facile 

integration with single cell compartmentalization (well plates), time tested (invented in 

1969), high purity (95–100%), multiple and simultaneous sorting criteria, etc. FACS itself is 

a means of single cell analysis in conjunction with hybridization techniques. In contrast, 

FACS has shortcomings that can be addressed via a micro fabricated system such as large 

sample size requirements, low total recovery, large footprint, and high costs. So what factors 

prevent wider adoption of microfluidics? Limited throughput is a key factor. Modalities, 

which are amenable to continuous flow and trigger free enrichment, promise the highest 

throughput. If a single chip cannot offer competitive throughput, scaling strategies such as 

chip parallelization need to be implemented. Additionally, microfluidics is not readily 

reusable due to clogging and cell adhesion. Perhaps, microfluidic platforms will find a niche 

in the sterile single use market. To do so, investment in manufacturing and validation is 

required. We anticipate wider adoption as these issues are addressed and systems are 

commercialized.

C. Single Cell Isolation

Conventional Approaches—After obtaining an enriched cell suspension, the next step 

in the workflow is to isolate single cells from one another for analysis as discrete 

individuals. Single cell immobilization is inadequate on its own. Cells must be 

compartmentalized in such a way so lysate contents of one cell do not contaminate another, 

allowing true single cell analysis. As already discussed, FACS can be used as a method of 

both sorting cells and addressing single cells into an individual micro well for molecular 

analysis.31, 122 FACS based cell compartmentalization is high-throughput, automated and 
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micro wells can be easily accessed for reactant addition or product collection. The 

disadvantages, as previously discussed, are high cost and large sample volume requirements. 

Furthermore, wells open to the environment introduce a contamination risk. Nevertheless, 

FACS remains a staple, commercial technology.

Micromanipulation is a technique that involves manually selecting and transporting a single 

cell of interest to its own container for downstream workup. One way to do so is 

mechanically, via a pipette (Figure 8A). A particular advantage of micromanipulation is that 

cell enrichment is not required since cells may be visually identified prior to manual 

selection. Manual identification and selection under a microscope ensures a high confidence 

level that a single cell has been compartmentalized. Selection via micromanipulation can 

also be done in combination with FISH to discriminate cells by specific genetic features.123 

Additionally, micromanipulation is well suited for small sample sizes of fragile materials. 

However, micromanipulation is low throughput and is also done in an open environment, 

thereby risking contamination. Citri et al.124 demonstrated picking up single neuron cells for 

quantitative PCR (qPCR) analysis. Recently, Marinov et al.5 quantified stochastic RNA 

expression in a lymphoblast cell line using micromanipulation for cell isolation and an 

RNA-sequencing technique. Pipette micromanipulation is commonly utilized due to its 

simplicity and low price and commercially available automated systems can increase 

throughput.125

Optical tweezers, as discussed above in regards to cell enrichment (Figure 6A), are also 

categorized as a micromanipulation technique and are readily used for compartmentalizing a 

single cell. This mechanism harnesses the momentum of refracted and scattered light 

photons to position a particle at the center of the light’s focus.75–76 Optical tweezing for 

single cell isolation prior to molecular analysis has also been demonstrated.126–127 The main 

advantage of utilizing optical tweezers compared to mechanical micromanipulation is 

volume reduction - equal to approximately the cell volume itself. This minimizes lysate 

dilution and therefore increases assay sensitivity. A second advantage is contactless cell 

compartmentalization, thereby minimizing contamination risk. However, optical tweezers 

suffers from low throughput akin to mechanical micromanipulation.

A crude but simple method for single cell compartmentalization is serial dilution (Figure 

8B). This involves step-wise dilution of a cell suspension until single cells are obtained in 

individual vessels.128 Though cheap and simple, serial dilution can be laborious and 

unreliable, resulting in some fractions containing no cells, single cells, or several cells. 

Furthermore, batch wise processing introduces contamination risks.

Up to this point, all of the discussed techniques have been applicable for suspended cells. As 

a result, it is impossible to recognize the isolated cell’s spatial origin in the starting intact 

tissue. This information is instrumental if attempting to correlate genetic or other molecular 

expression to cellular spatial distribution within native tissue. The ability to spatially map 

single cell data would greatly increase our understanding of complex heterogeneous tissues, 

far beyond solely cell type enumeration. Coupled with a temporal analysis, researchers 

could study how molecular processes propagate throughout various tissues. Practical 

applications include studying embryonic development, and comparing healthy and diseased 
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tissue to identify new therapeutic targets. Laser capture micro dissection (LCM) is a 

powerful technique, developed for isolating single cells from their heterogeneous, native 

tissue environment while preserving their spatial origin.

In the LCM technique, a thermoplastic film is attached to a tissue section and the tissue 

section is placed tissue-side down on a glass slide. The glass slide is positioned on an 

inverted microscope for imaging and a plastic cap is placed over the plastic film. Once cells 

of interest are identified via microscopy, a focused infrared laser melts the plastic film over 

the cells, thereby adhering the cells to the film (Figure 8C). When the cap attached to the 

film is removed, the cells of interest are sheared from the intact tissue and transferred to the 

cap.129 There are several commercial systems available with different laser types; infrared 

(IR), ultraviolet (UV), and combined IR/UV. The ultraviolet systems operate on a slightly 

different principle; a cell of interest is removed via UV laser by cutting around the cell 

rather than adhering to plastic.130 As mentioned, LCM permits single cell isolation with 

knowledge of in situ origin. The technique allows direct visualization and morphological 

cell identification. Tissue are typically flash frozen and then cryosectioned, thereby 

providing a stable snapshot of gene expression for downstream molecular analysis. LCM is 

particularly advantageous when the number of cells to be isolated is too low to use FACS. 

As such, LCM has been used extensively for single cell molecular analysis.131–133 With 

continued method development, systems such as the Bio-Rad Clonis™ can now isolate live 

cells, rather than exclusively frozen or fixed samples. Despite its wide adoption, LCM is not 

without disadvantages. The technique is low throughput compared to FACS and an 

instrument can cost around $150,000. The protocol is performed at least partially in an open 

environment, thus again, risking contamination. Morrison et al.134 compared LCM and 

FACS in regards to isolating and measuring single cell gene expression in the avian embryo 

and showed FACS to be advantageous. The study showed that 96% of FACS isolated single 

cell generated usable gene expression profiles compared to ~60% of LCM isolated cells. 

Furthermore, with an optimized FACS protocol, native gene expression can be preserved 

and is highly correlated with that from LCM isolated cells. Despite some drawbacks, LCM 

remains the only technique capable of in situ single cell isolation.

Many challenges of single cell analysis are encountered in compartmentalizing single cells. 

Ideal methods would be both high-throughput and low cost, two requirements that usually 

oppose each other. At the same time, single cell compartmentalization must remain efficient 

for smaller samples. Dilution must be minimized in order to enable assays such as the 

analysis of low protein or transcript quantities. Furthermore, contamination effects become 

amplified at low analytic quantities and must be avoided. Extreme care should be taken at 

this juncture to assure a high fidelity and non-biased result. In the next section, we discuss 

how microfluidic devices are employed for single cell compartmentalization.

Microscale Approaches—Microfluidic devices offer many advantages to achieving 

single cell compartmentalization. Single cell compartments are miniaturized to reduce lysate 

dilution. This is critical for assaying low abundance biomolecules such as mRNA which can 

be present at 0.01–2.5 picograms per single cell.135 Reagent volumes are minimized, thereby 

decreasing cost. A high surface area to volume ratio ensures high heat transfer and 

temperature control, critical for PCR assays requiring temperature cycling. 
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Compartmentalized cells can be closely arrayed allowing for facile visualization via 

microscopy. Furthermore, many microfluidic solutions are completely hands-free, closed 

systems, minimizing contamination risk. For example, Fluidigm’s C1 Array is a state of the 

art, commercial microfluidic product for automated single cell isolation. Cells are introduced 

into the chip, in which they follow a serpentine pattern through each available capture site. 

Once a cell occupies a capture site, subsequent cells bypass the occupied site and are trapped 

at the next capture site. Trapping can be followed by reagent addition for single cell reverse 

transcription and amplification. Marcy et al.136 reported microfluidic DNA amplification to 

be highly advantageous due to reduced amplification bias, higher analyte specificity, and 

better economies of scales in nL volumes. In the following sections, we review microfluidic 

compartmentalization for single cell analysis. The focus is predominantly on designs for 

molecular single cell analysis. We briefly review trapping methods that do not isolate single 

cell lysates but can be used for microscopic analysis of single cell dynamics. For a 

discussion on additional cell trapping mechanisms, we refer the reader to a previously 

written review.137

Valves—On chip valves offer an easily conceptualized system for single cell trapping. 

Additionally, valves can be used to both regulate fluid flow and control flow direction. 

Quake et al. popularized the commonly used microfluidic valve architecture, frequently 

termed the Quake valve.138–139 Using Quake valve architecture, Streets et al.140 investigated 

gene expression in mouse embryonic cells and mouse embryonic fibroblasts using RNA-

sequencing on a microfluidic chip. Single cells were trapped between two pressure actuated 

valves in a chamber of only 0.86 nL. Subsequent steps were also performed in similar 

chambers of 1.35–128 nL. The authors attributed the high experimental reproducibility to 

the use of microfluidics, which reduces stochastic variation due to pipetting errors and 

handling. Reagent mixing was accelerated by actuating the valves independently in a back 

and forth fashion. Shi et al.141 designed a chip containing 120, 2.0 nL micro-chambers 

isolated by push-down valves. The chambers were used to trap single cells and analyze each 

cell’s protein content via a patterned antibody array within the chamber. Fan et al.142 

utilized a microfluidic chip to isolate a single cell, lyse the cell, and partition the resulting 

chromosome suspension into 48 different cell chambers for amplification, allowing for 

genome wide haplotype analysis. The cell and chromosomes were compartmentalized in 

discrete chambers by pressure actuated valves on each chamber. Similarly, White and co-

workers8 designed a chip single cell digital PCR analysis. The device was used to analyze 

200 single cells on a 10 cm2 chip and was operated by controlling twelve pneumatic valves 

independently. Recently, Sun et al.143 designed a chip for single cell reverse transcription 

quantitative PCR (RT-qPCR) to investigate the effects of methyl methanesulfonate on 

human cancer cell (MCF-7) gene expression. The chip trapped a single cell between two 

pneumatically controlled valves. The microfluidic method increased assay sensitivity and 

gene upregulation was detected after 27 amplification cycles.

While on chip valve systems are easily conceptualized, all of the above examples were two 

layer pneumatic valves, or Quake valves. The bottom microfluidic layer houses channels for 

cells, buffers, and reagents and the top microfluidic layer houses larger channels that 

perpendicularly intersect the underlying channels. The larger channels are pneumatically 

Hosic et al. Page 18

Anal Chem. Author manuscript; available in PMC 2017 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pressurized and force the bottom channels to close (Figure 9A). In addition to two-layer 

architecture, these devices typically employ computer controlled pneumatics. Both 

characteristics complicate device fabrication, operation, and increase cost. Finally, single 

cells may be loaded via pipette injection or syringe pumped flow but require a user to 

confirm single cell trapping via microscopy, limiting throughput. Micro valve performance 

has advanced significantly in regards to cost, leakage, minimizing volume, and fabrication 

options. Work towards automatic feedback controlled valves coupled with microscopy 

would enable completely hands off single cell analysis and increase throughput 

significantly.

Dielectrophoretic—Dielectrophoretic methods to compartmentalize single cells have 

been applied with great success. In fact, DEPArray™ System (Figure 9B) from Silicon 

Biosystems is a commercial microfluidic system for single cell isolation. The system 

includes a single use cartridge and analysis platform. The cartridge is an array of 

individually controllable electrodes enabling single cell trapping via DEP cages. Post 

trapping, cells are visually identified and manipulated to other traps or isolated off chip. The 

system has been recently used for isolating single lung and breast cancer cells from patient 

blood samples144–146 in order to perform sequencing and RT-qPCR. Using the DEPArray™, 

Carpenter et al.147 isolated single patient derived neuroblastoma cells for genome 

sequencing. In this approach, the researchers moved single cells into a microtube or other 

container post on chip DEP trapping and identification. Thus, strictly speaking cells are not 

compartmentalized on chip. For the same reason, the method is relatively low throughput, 

limiting applications to smaller samples and increasing labor costs. Furthermore, multiple 

single cell measurements are necessary to distinguish true cell heterogeneity from 

experimental noise.

Microwells—Microwells provide a facile way to isolate single cells using physical 

boundaries, akin to how multiwell plates physically isolate cell groups (Figure 9C). The key 

difference between microwells and conventional multiwall plates is smaller well size and 

volume. Microwells for single cell isolation have been previously reviewed in detail.148–149 

Cells are typically seated into individual microwells by gravitation and cells remaining 

outside of the wells are flushed away. One drawback is that typically single cells will 

occupy only a fraction of the wells; the rest may contain more than one cell or no cells. 

However, adjusting well size, shape, and cell concentration can optimize the single cell 

seeding efficiency. Large arrays can be fabricated to ensure enough single cells are trapped 

for meaningful analysis. Some experiments demonstrated simultaneous use of DEP and 

micro wells to control cell seating.150–151 Despite facile fabrication and operation, micro 

well approaches are more suitable for microscopic single cell studies rather than molecular 

analysis, since cell lysates may mix.

Hydrodynamic—Single cell trapping can be accomplished by passive, hydrodynamic 

mechanisms. This approach is attractive because it does not require sophisticated 

experimental systems such as DEP or valve based systems. There are several sub categories 

to hydrodynamic trapping. The terms “eddies” and “vortices” are interchangeably used to 

describe trapping induced by recirculating fluid flow. In one example, it was demonstrated 
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that four recirculating eddies induced by an audible frequency fluid oscillation around a 

cylinder can be used to trap single cells at the eddy centers.152 The effect was termed 

“hydrodynamic tweezers” (Figure 9D). The same laboratory investigated non cylindrical 

geometries and showed that device geometry and oscillation frequency controls the eddy 

number, shape, and strength.153 Tanyeri and Schroeder154 demonstrated controllable, 2-D, 

hydrodynamic particle steering by adjusting flow rates at a junction of four buffer streams. 

Additionally, a permanently stable stagnation point was demonstrated wherein the trapped 

particle is not displaced by Brownian motion. Cell lysates are not isolated via this method; 

therefore the utility of hydrodynamic tweezers is geared toward microscopic analysis. 

However, Hayakawa et al.155 used vibration induced flow around spirally arranged micro 

pillars to capture a single cell in a patterned thermo-responsive gel. After a single cell is 

captured at the gel center, the chip is cooled and the expanding gel closes over a single cell, 

resulting in compartmentalization. But, the method reported only a 60% cell capture success 

rate with 61% of captured cells remaining viable. For further discussion of vorticity based 

cell trapping, we refer the reader to a recent review.156

A second passive hydrodynamic trapping method uses physical obstructions such as U-

shaped cups to physically isolate single cells on chip (Figure 9E). The obstructions may 

have cutaways allowing fluid flow through an unoccupied trap, thereby increasing trapping 

occurrence. An early example was demonstrated by Di Carlo157 who used an array of 

physical U-shaped traps to isolate 100 single human cervical carcinoma cells and performed 

on-chip for 24 hours. This approach has been modified and implemented for various 

applications such as; trapping and culturing single E. coli cells,158 human dermal 

fibroblasts,159 trapping and selective exposure of single hepatocytes via co-flowing 

streams,160 and lymphoma cell capture for microscopic analysis of cellular markers via 

antibody staining.161 Recently, Guan et al.162 published a comprehensive design procedure 

for designing devices for single cell hydrodynamic trapping. They demonstrated the design 

of a device with 100% capture efficiency and confirmed their finite element simulation 

results with experiments. All of the experiments discussed above utilized a flow 

perpendicular to the trap. Another derivative of this technique utilizes flow tangential to 

traps.163–164 Espulgar et al.165 designed a device for trapping single cardiomyoctyes to 

observe cell growth, coupling and beating. Uniquely, the cell loading method did not require 

a pump to drive cells into traps; instead cells were pipetted into the device and the device 

was centrifuged to trap cells. Another format for hydrodynamic single cell trapping was 

recently demonstrated by Jin and coworkers.166 The authors demonstrated 100% cell 

trapping with HeLa cells. The device design provides deterministic single cell trapping akin 

to that demonstrated by Guan et al.162 However, this format does not require long bypass 

channels to achieve optimum flow resistances. The isolation methods utilizing 

hydrodynamics and physical obstructions as discussed above are beneficial because they are 

passive and can be adopted for various cell sizes and shapes. However, almost all works 

used trapped cells for culturing and transient imaging analysis, rather than single cell lysate 

analysis. Nevertheless, these methods can be coupled with FISH for single cell genomics.167

Droplets—Droplets have emerged as a popular means for single cell compartmentalization 

(Figure 9F). Monodisperse droplets are generated by co-flow of two immiscible fluids.168 
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This methodology is especially useful for molecular analysis of single cell lysates, as each 

drop can function as an independent chemical reactor.169–170 Using droplets eliminates 

complex fabrication requirements such as two layer valve systems, or integrated electrodes 

for DEP systems. Droplet generation and cell encapsulation is done in continuous flow, 

enabling high throughputs, typically up to several kHz.169, 171 Picoliter169–170, 172 or 

femtoiliter173 droplets are achievable, thereby reducing dilution of analytes present in low 

quantity. Zinchenko et al.169 continuously compartmentalized single E coli cells in droplets 

for a directed evolution experiment to create clones with higher enzyme activity. The cells 

were encapsulated together with substrate and lysing chemicals to produce a fluorescent 

reaction indicative of each cell’s enzymatic activity. Each droplet was then detected and 

sorted via FACS to isolate the best clones. Recently, Lim and coworkers172 

compartmentalized single E coli cells on chip and conducted in-droplet single cell PCR. The 

droplets were then sorted based on fluorescence intensity correlating to the PCR assay. The 

authors termed the technique “PCR active cell sorting” or PACS. As shown in the preceding 

two examples, droplet based cell compartmentalization can also be integrated with detection 

and sorting strategies.

Droplet based approaches compartmentalize cells according to a Poisson distribution, 

meaning that more than half of droplets will be empty.172 Some studies have reported 

approaches to beat Poisson statistics and increase single cell compartmentalization 

efficiency. For example, Ramji et al.174 developed a device with an initial stage in which 

lung cancer cells are disaggregated, focused, and uniformly spaced through a series of 

expanding and contracting channels. Then, single cells are combined with reagents and 

encapsulated in droplets. Their experiment resulted in a single cell encapsulation efficiency 

of 55% and only 25% of droplets were empty. The platform was utilized to study single cell 

activity of the epidermal growth factor receptor, an indicator of cancer metastasis. Kemna et 

al.175 utilized Dean flow in a spiral micro channel for cell pre-focusing and reported a single 

cell encapsulation efficiency of 77%. The preceding two examples optimized cell focusing 

and spacing prior to the compartmentalization junction in order to increase efficiency. Jing 

et al.176 noted that these approaches require cell high cell densities (107 cells/mL), 

potentially limiting their clinical application. The group designed a two stage device 

consisting of droplet generation and DLD droplet sorting. The droplet generator produced 

empty 14 µm diameter droplets, which increased to 25 µm after single cell encapsulation. 

The DLD stage then sorted empty droplets from those containing single cells. The device 

generated droplets at 5 kHz with 80% single cell encapsulation efficiency. Additionally, 

only a 100 µL low density (104–107 cells/mL) sample is required. The device was used for 

assaying single lung cancer cell matrix metalloproteinase secretion. Metalloproteinase 

secretion was investigated using a predetermined calibration curve, spanning enzyme 

concentrations from 5 to 64 nM.

As evidenced above, increasing single cell compartmentalization in droplets can be achieved 

via pre focusing or post sorting steps. In fact, facile integration of droplet formation with 

other steps enables applications other than molecular assays. Schoeman and co-workers177 

demonstrated single cell droplet encapsulation followed by fusion of two droplets to produce 

a hybridoma, a fusion of myeloma and B-cells. The device featured two inlets for 

introducing the two different cells. Each cell traversed an “alternating spiral microchannel” 
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for cell pre focusing. Then, each cell was encapsulated in a droplet at a T-junction, operating 

such that the cells are encapsulated by alternating cell type. The two paired droplets then 

pass on chip electrodes which induce droplet coalescence. Next, the coalesced drop is 

reduced in size through contact with a “pitch-fork” structure to promote cell-to-cell contact. 

Finally, the two cells are electro fused via on chip electrodes. This study demonstrated the 

versatility of droplet microfluidics, beyond cell assay applications.

Droplets have emerged as a powerful platform for single cell biology. Single cell molecular 

assays such as PCR and fluorescence based protein assays have been miniaturized and 

compartmentalized into picoliter droplets. The yearly publication number regarding single 

cells and droplet microfluidics has more than doubled over the last 5 years. As such, we can 

expect considerable growth in this research field. For more applications and information 

regarding single cell droplet microfluidics, we refer the reader to several focused 

reviews.178–179

D. Single Cell Lysis

Conventional Approaches—Once a single cell of interest is compartmentalized, and the 

biomolecule under investigation is identified, the next step is quantifying the target. 

Transmembrane proteins are frequently quantified via fluorescent antibody probes. In 

contrast, biomolecules within the cell are typically extracted for assay. To extract the 

molecule, the cell plasma membrane must be disrupted. The nature of the plasma membrane 

varies across cell types and organisms. Conventional methodologies for membrane 

disruption can be classified as detergent and non-detergent based. Non-detergent based 

approaches include mechanical agitation, liquid homogenization, temperature cycling, and 

sonication. Traditional mechanical cell lysis relies on rotating impeller blades, a mortar and 

pestle,180 bead beating,181 or a homogenizer181 to break open cells. However, these methods 

are not suitable for single cell lysis, but rather are appropriate for many cells in suspension 

or larger tissue samples. Gunerken et al.182 recently reviewed these and other lysis 

techniques as they apply to lysing microalgae for biorefineries. Sonication disrupts the cell 

membrane via high frequency sound waves generated by an immersed piezoelectric 

transducer. Cheow at al.183 lysed single liver cancer cells confined in nanoliter wells by 

immersing the well plate in an ultrasonic bath. However, sonication typically requires 50 

seconds for single cell lysis and in that time, can generate enough heat to denature 

proteins.184 Pretreatment with a non-ionic detergent shortened the required time to only 3 

seconds.184 Additionally, heating can be prevented by utilizing short discontinuous bursts 

instead of continuous sonication and by sonicating in an ice water bath. A freeze-thaw cycle 

can also be used to lyse cells. Ice crystals formed during freezing contract during thawing to 

break cells. Kim et al.185 evaluated freeze-thaw lysis of single lymphocytes for DNA 

extraction where the cell was frozen in 10 µL of purified water via liquid nitrogen and 

thawed at room temperature. The cycle was repeated twice. Multiple cycles are typically 

necessary and as such, the freeze-thaw approach can be lengthy.

Detergent based cell lysis is a potentially milder and quicker approach compared to 

mechanical, sonication, and freeze-thaw cell lysis and can be scaled down for single cells. 

Detergents lyse a cell by solubilizing proteins associated with the cell plasma membrane and 
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disrupting interactions between lipids and proteins. A variety of detergents are available, 

characterized by the nature of their hydrophobic tail and hydrophilic head. Detergent 

selection is empirical. However, general rules are useful; nonionic or zwitterionic detergents 

are less denaturing compared to ionic detergents and are therefore used when maintaining 

native protein structure or function is important. Though, a milder detergent will require 

longer exposure times for cell lysis and could confound transient biomolecule expression in 

single cell studies. For example, Han et al.186 tested various detergents and concentrations 

for their ability to lyse a single cell while maintaining the nucleus intact. A non-ionic 

detergent, Triton, at 2% was able to lyse the cell membrane within 10 minutes of exposure 

and maintain an intact nucleus for up to one hour. Shoemaker et al.187 lysed single cells with 

0.1% of Triton X-100 for subsequent enzyme activity analysis. As evidenced above, 

detergent based lysis protocols require precise liquid handling for accurate data 

interpretation, and careful selection of optimal lysis media.

A frequent goal of cell lysis is to minimize alteration of a molecule’s native structure and 

expression. This means that the approach must be both gentle and rapid, normally 

confounding requirements. Sonication, freeze-thaw, and detergent based methods are 

applicable for single cells, though each may have their disadvantages: excessive heat 

generation, long protocols, and arduous implementation. Microfluidic technology has 

enabled new cell lysis approaches, specifically suited for single cells.

Microscale Approaches—Microfluidic devices provide an ideal platform for single cell 

lysis. Devices can be manufactured with unique geometries and precise dimensions and 

operated in the laminar flow regime. This allows for finely tuned mechanical or chemical 

single cell perturbation. Microfluidic dimensions on the length scale of single cells minimize 

lysate dilution increasing assay sensitivity. Laminar flow characteristics minimize 

convective transport of lysate. Most devices are optically transparent, allowing for 

visualization. Devices are typically contained, minimizing contamination for sensitive 

molecular assays such as PCR. There are several microfluidic single cell lysis methods and 

each has its own merits. Selecting the appropriate technique is dependent on many factors 

akin to conventional cell lysis, and is crucial for achieving the desired result. In the next 

sections, we discuss select single cell lysis modalities highlighting recent experiments. For 

further discussion of microfluidic cell lysis, we refer the reader to two focused 

reviews.188–189

Mechanical—Mechanical cell lysis punctures cell membranes via a mechanical force. The 

force can be induced by shear, compression, collision with sharp features and other methods. 

Kim et al.190 devised a fabrication method enabling spatio-specific and reversible channel 

formation on a microfluidic chip, following mechanical strain application and release. The 

group demonstrated single cell lysis using the new technology. Briefly, channels were 

created via applied strain and a single cell was placed in the newly formed channel. 

Following strain release and channel collapse, the single cell was lysed via compression. 

However, this early phase demonstration required manual handling and placement of single 

cells into the channels. Hoefemann et al.191 demonstrated single cell lysis in continuous 

microfluidic flow. Cells passing over an integrated heater were lysed by heat generated 
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bubbles which compressed the cell against the channel ceiling (Figure 10A). Single cell lysis 

in less than 20 milliseconds was achieved with 100% efficiency. However, the experiment 

did not include a single cell assay, and therefore lysate diffusion or compartmentalization 

should be considered for single cell molecular analysis via this approach. The review by Nan 

and co-workers188 discusses mechanical lysis further, though specificity to single cells is 

rare.

Thermal—Thermal cell lysis relies on heat induced denaturation of cell membrane 

proteins, thereby opening the cell. Thermal, single cell lysis for single cell PCR has been 

executed off chip using a standard thermocycler and PCR tubes192. The lysis step required a 

95° C hold for 90 seconds. Thermal lysis can be preferable compared to chemical lysis when 

enzymatic or detergent contamination of the intracellular biomolecules is to be avoided. 

However, careful consideration and precise control of the temperature is required for heat 

sensitive molecules. As such, thermal cell lysis is rarely used for protein analysis. Instead, it 

is most frequently used for parallel, on-chip, PCR analysis that requires additional 

temperature cycling. For example, Gong et al. loaded 6086 single cells into on-chip wells 

and performed cell lysis by heating the chip to 50°C for 40 minutes.193 Following thermal 

lysis, the temperature was cycled to amplify transcribed cDNA products. Another critical 

limitation of thermal lysis for single cell molecular analysis is the time required to achieve 

lysis. Given that thermal lysis typically occurs on a time scale of minutes, the technique is 

unsuitable for measuring intracellular signaling events, typically occurring within 

seconds.194 This is another reason why thermal lysis is most frequently used to measure 

events such as gene expression, which occur over several hours.194 Additionally, many 

droplet microfluidic platforms developed for continuous single cell PCR utilize heat 

lysis.172, 195

Chemical—Given its long history of application to bulk cellular analysis and facile 

scalability, chemical lysis is a popular technique for single cell lysis. Treutlein et al.33 

captured single cells for RNA sequencing and qPCR using the commercially available 

Fluidigm C1 system, which uses a lysis buffer to open cells. Fluidigm provides a proprietary 

lysis buffer or refers their customers to other commercial detergents such as Thermo 

Scientific’s nonionic NP-40 detergent. Similarly, Streets et al.140 fabricated their own 

microfluidic chip for single cell RNA sequencing. After trapping a single cell in a reaction 

chamber, the cell was lysed by addition of buffer containing 10% NP-40. Selecting the 

appropriate lysing protocol can be done by consulting manufacturers’ guides for bulk cell 

applications, typically made available by companies providing lysing buffers. Furthermore, 

a plethora of scientific literature can guide appropriate reagent selection for mammalian,196 

bacterial,197 and tissue198 lysis.

Lysing speed can be dependent on many factors such as the detergent or enzyme being 

utilized, the concentration, and the contact efficiency. The former two parameters are partly 

constrained by the biomolecule of interest. Ionic detergents such as sodium dodecyl sulfate 

can lyse cells rapidly compared to non-ionic detergents such as Triton X-100, but will also 

denature proteins. In contrast, it is always desirable to maximize contact efficiency for faster 

cell lysis. Doing so can be particularly challenging in microfluidic systems. Micro scale 
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flows typically occur in the viscous flow regime, and as such, molecular transport and 

mixing is dominated by diffusion. Shi et al.141 utilized Cell Lysis Buffer from Cell 

Signaling to lyse single cells isolated in microfluidic chambers. The lysis buffer was brought 

into contact with cells strictly via diffusion. The authors allowed 20 minutes for lysis buffer 

diffusion, and another 20 minutes for incubation. As already discussed, the length of the 

lysis process can limit the study of faster occurring intracellular events. To overcome this 

limitation, peristaltic pumps, syringe pumps, actuating valves (Figure 10B), or manual 

pipette injections are used to sequentially move reagents across cells and facilitate 

mixing.8, 33, 140, 142–143

The protocols discussed so far applied chemical lysis in discrete on chip chambers, formed 

by flanking pneumatic valves. This approach limits single cell analyses to “batch” wise 

operation. However, chemical lysis can be utilized for continuous single cell analyses by 

compartmentalizing the lysing buffer along with a single cell into picoliter droplets as 

already discussed. Hence, cell compartmentalization and lysis are performed 

simultaneously. For example, DeKosky et al.199 encapsulated single lymphocytes along with 

lithium dodecyl sulfate in ~73 µm diameter oil droplets by using a flow focusing nozzle and 

reported 100% lysis efficiency. Many more studies have reported the use of droplets for 

single cell compartmentalization and chemical lysis with application to RNA-

sequencing,161, 200 PCR,201 and single cell enzyme activity.169

All of the single cell lysing methods discussed so far required cells to be in suspension so 

that they could be manipulated across the microfluidic platform. Thus, cells are removed 

from their native environments such as intact tissue or adherent cultures. This makes it 

impossible to correlate single cell data with their native context. We have already discussed 

the time scales of intracellular events,194 therefore it can be expected that upon removing a 

cell of interest from its native context, cell surface receptor activation or protein 

modification would change before one could measure it. To address this limitation, Sarkar et 

al.202 developed a microfluidic device to selectively lyse a single cell in adherent cell culture 

and capture its lysate while minimizing dilution. The device produces an outflow of lysis 

buffer at a device tip and the lysis buffer is hydrodynamically confined to an area on the 

scale of a single cell by a balanced surrounding inflow of lysis buffer (Figure 10C). The 

confining inflow also captures the cell lysate and delivers it to the assay chambers. To 

initiate an experiment, the device is positioned over a target cell in a standard tissue culture 

plate using a micromanipulator and the lysis buffer flows are controlled via two independent 

syringe pumps. While this approach is low in throughput, requiring manual and precise 

device positioning, it is unique in its ability to analyze single cell protein activity in adherent 

cell culture.

Electrical—The cell plasma membrane is composed of a lipid bilayer that serves to protect 

the cell from its exterior environment. Upon exposure to an electric field, the lipid bilayer 

undergoes molecular reorientation and thermal phase transitions and new pores are 

formed.203 If the electric field is mild (0.2–1 V) and the exposure time is short, pore 

formation is reversible.203 This is termed electroporation and is frequently used for loading 

therapeutic and genetic materials into cells.204 In stronger electric fields or prolonged 

exposure, the pore formation is permanent. As the osmotic pressure between the cytosol and 
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the surrounding media becomes unbalances, cells swell and rupture. The electric field can 

also be high enough to cause rapid cell rupture.205 Electrical cell lysis offers a distinct 

advantage in that the electric field can be tuned for rapid cell lysis without denaturing target 

biomolecules. In fact, The difference between trans cell-membrane potential and trans 

organelle-membrane potential can be exploited to selectively rupture the cell membrane 

while leaving organelles intact.206

Mellors et al.207 built a chip for single cell analysis of erythrocyte proteins via capillary 

electrophoresis and electrospray ionization mass spectroscopy. All flows on the chip were 

driven via electroosmotic pumping. An injected cell suspension traveled to a T intersection 

where an increase in the electric potential (4 kV) lyses cells. The authors found single cell 

lysing events occurring at a rate of 0.2 cells s-1. Young and co-workers208 demonstrated a 

microfluidic device for EOF positioning and electrical lysis of a single lymphoma cell. Their 

method reported a success rate of 80% while taking approximately 60 seconds on average 

from cell injection to cell lysis. The method described by Young processed a single cell at a 

time. Bahi et al.209 fabricated a chip capable to trap an array of single cells via pDEP at 1 V 

potential, followed by lysis via a 60 V potential. The method reported 100% trapping and 

lysing efficiency. Despite reliable trapping and lysing of an array of single cells, the chip did 

not provide a way to compartmentalize single cell lysates. Thus, all extracted RNA was 

collected via pipette post the cell lysis step. To realize single analysis post electrical lysis, 

Kim et al.210 integrated micro well compartmentalization, DEP immobilization, and 

electrical cell lysis all on one chip. The group reported 95% of 3600 wells were loaded with 

single cells due to DEP facilitated trapping. Following DEP immobilization, reagent 

exchange was done rapidly in 30 seconds via pressure driven flow, without perturbing the 

cell positioning. To confine lysates, the wells are physically closed by pressing a PDMS 

membrane on top of the wells. The group reported 100% of trapped cells were lysed 

simultaneously via a series of 30 V electrical pulses. Similarly, another group designed a 

microfluidic chip to load single cells into 30 µm diameter wells via electroosmotic driven 

flow and then lyse the cells under a 30 V potential.211

Electrical approaches offer rapid cell lysis, without damaging an assay’s target biomolecule, 

as opposed to thermal lysis. Furthermore, electrical lysis avoids target contamination contra 

to chemical lysis methods. Nevertheless, electrical lysis sees limited application for single 

cell molecular analyses. This may partly be because electrical lysis requires integration of 

electrodes and respective control systems on a microfluidic chip. Thus, the manufacture and 

operation of these chips is not trivial, and is a limiting factor to clinical adoption. Though 

not discussed here, optical lysis methods face a similar hurdle. Optical lysis or laser lysis is 

rapid, and therefore ideal for analyzing intracellular events on shorter time scales. However, 

laser equipment can be quite expensive and process integration complicated. The previously 

referenced reviews further discuss optical lysis.188–189 Currently, the predominant methods 

of single cell lysis for molecular single cell analysis are chemical. As already discussed, this 

may be due to researchers’ familiarity with bulk chemical lysis methods and the facile scale 

down to single cells.

Hosic et al. Page 26

Anal Chem. Author manuscript; available in PMC 2017 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E. Single Cell Analysis

Up to this point, this review has discussed tissue dissociation, cell sorting, single cell 

compartmentalization, and single cell lysis. The next and final step in the workflow is the 

single cell assay. The growing interest in single cell assays has been fueled by many sources. 

For example, studies have shown high heterogeneity among intra tumor cancer cells,212–213 

spurring a debate as to whether bulk cell assays are appropriate tools for studying cancer cell 

genomes and transcriptomes. A plethora conventional single cell assay technologies are 

commonly used. Their selection is dependent on the biological application. For example, 

does one want to investigate the genome, transcriptome, or proteome?

Flow cytometry (FC) is one of the most well-known techniques for single cell analysis. We 

have already discussed a flow cytometer derivative, the FACS machine. A sample cell 

suspension is injected into a cone shaped cavity, filled with pressurized sheath fluid. The 

pressurized sheath fluid constrains the injected sample to a single laminar flow stream. This 

fluidic system ensures that individual cells flow past a laser. As the laser interrogates each 

cell, the light scatter is recorded in a direction directly opposite of the laser and a direction 

perpendicular to the laser incidence. These two parameters are forward scatter and side 

scatter; indicative of cell size and granularity. Cells labeled with fluorophores will also 

generate a fluorescence intensity signal.214 As such, FC allows the phenotypic 

characterization and sorting of single cells from cell suspension. FC and FACS are 

instrumental tools in single cell characterization, due to their high throughput (104 cells s−1) 

and multiple analyte capability.30 While traditionally reserved for protein based profiling via 

fluorophore conjugated antibodies, new labeling strategies have enabled various FC and 

FACS applications. For example, FISH is typically used for detecting specific nucleic acid 

sequences in single cells via fluorescence microscopy. However, several groups have 

adopted this labeling strategy for flow cytometric RNA detection, enabling transcriptome 

analysis of larger sample sizes.215–216 Already discussed, Lim et al.172 developed a 

technique to sort single cell droplets via FACS on the basis of an in-droplet PCR assay, 

enabling genomic sequence cell characterization and sorting. FC and FACS do how some 

limitations as discussed previously, namely cost, large sample size requirements, and 

required expertise. Furthermore time-course single cells analyses are not feasible with FC or 

FACS.

Another technique for single cell genome and transcriptome analysis is quantitative PCR.217 

One challenging aspect of implementing single cell qPCR is single cell isolation. Common 

techniques for doing so include micromanipulation, LCM, and FACS, each with respective 

advantages and disadvantages. We discussed single cell qPCR in combination with inkjet-

like printing for facile single cell isolation.192 Microscopy is also frequently used for single 

cell analysis. As opposed to FACS or FC, microscopy has capability for time-course 

monitoring of a single cell. In combination with fluorescent labeling strategies, fluorescence 

microscopy allows for intracellular investigation against a variety of targets.218–220 Other 

microscopy variants, such as confocal microscopy, allow higher resolution 3-dimensional 

imaging for sub single cell studies. Monks et al.221 utilized confocal microscopy to study 

spatial distribution of surface receptors and intracellular proteins in T cells during 

interaction with antigen presenting cells. The study showed proteins to be spatially 
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segregated rather than evenly distributed. Some microscopy throughput limitations have 

been addressed by automating both imaging and data analysis. However, a limited field of 

view and difficulty discerning cell boundaries can present challenges in studying intact 

tissues or cultures. A variety of other conventional techniques for studying single cells are 

discussed elsewhere.1–3, 222–224

Interest in single cell biology is abundantly clear from the literature. However, continued 

discovery in this field will require new tools possessing higher sensitivity and throughput. 

Given the size of single cells, implementing single cell assays on microfluidic platforms is 

particularly attractive. Upon lysis, intracellular contents diffuse and dilute. Many target 

biomolecules such as RNA or proteins are present in low quantities; therefore dilution is 

detrimental to detection. As already discussed, microfluidic devices can be used to confine 

cells and their lysates into pico or femtoliter volumes, thereby prohibiting diffusion and 

limiting dilution. Cells, lysates, and reagents are easily confined or manipulated across these 

tiny volumes via predictable laminar flows. Robust microfabrication procedures can be used 

to tailor device dimensions to various specimens for wide applicability. Conventional single 

cell assay methods are frequently plagued by the laborious task of isolating and 

compartmentalizing a single cell, for example via LCM or micromanipulation. This issue is 

frequently contrasted by sample size requirements, e.g. FACS analysis offers facile cell 

isolation but requires large sample size. As discussed previously, microfluidic platforms are 

capable of high throughput cell compartmentalization even with small sample sizes.

The field of on chip single cell analysis is rapidly expanding and for further discussion, we 

refer the reader to several recently written reviews.38, 225–230 In the next sections, recent 

experiments regarding on chip single cell analysis for genome, transcriptome, and proteome 

analysis are reviewed, particularly highlighting approaches for high throughput, multiplex 

analysis.

Genome—Sequencing technologies have significantly advanced decoding the human 

genome. However, these decoded genomes do not describe haplotype structure on 

homologous chromosomes. Haplotypes are combinations of single nucleotide 

polymorphisms that are inherited together. Haplotype structure has been linked to drug 

resistance and disease susceptibility, and thus has significant importance for human 

health.231–232 While a variety of methods for reconstructing haplotypes have been 

demonstrated, many of these cannot determine their relative location along the chromosome 

or are low-throughput and expensive. As such, whole genome haplotyping for an individual 

has not been demonstrated. Fan et al.142 demonstrated whole genome haplotyping via a 

microfluidic device. The device captures a single cell, where it is microscopically identified 

to be metaphase. Next, the cell is moved to a chromosome release region and the 

enzymatically released chromosomes are partitioned into 48 separate chambers. 

Chromosomes are individually amplified in the chambers and the amplified products are 

individually collected for downstream sequencing. This approach allows for targeted gene 

amplification and sequencing across all chromatids and thus determination of haplotypes. 

The same group utilized the microfluidic device for the first ever single sperm cell genomic 

analysis to characterize meiotic recombination events occurring during gametogenesis.233 

The device was used for loading single sperm cells into the 48 microfluidic chambers, 
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conducting lysis and whole genome amplification. Data from 91 single sperm cells from the 

same individual was used for the analysis and revealed regions where chromosome 

recombination occurred. The authors attributed higher throughput and reduced 

contamination to microfluidic implementation.

The two approaches above utilized a microfluidic platform for conducting cell 

compartmentalization, lysis, and DNA amplification. However, sequencing was done off 

chip. In contrast, Abate et al.234 conducted on chip sequencing using two DNA probes, 

labeled with a dye pair exhibiting fluorescence resonance energy transfer (FRET). FRET is a 

distance dependent phenomenon, where excitation energy is transferred from a donor dye 

molecule to an acceptor dye molecule, thereby preventing photon emission that one would 

observe with a single fluorescent dye. Upon adjacently annealing to a target DNA molecule, 

the FRET dye pair exhibits quenching, indicating the presence of the target DNA. By 

varying the probe pair, various DNA targets are assayed. To conduct the analysis, the two 

probes are conjugated with the FRET dyes in solution, and 50 µm diameter oil-aqueous 

drops are generated via microfluidic drop generator. This process is performed for various 

DNA probes and the drops are consolidated in one vessel. DNA for sequencing is injected 

on chip into each drop and incubated for one hour, followed by optical detection of the 

FRET signal. The system was able to distinguish instances of perfect DNA complement and 

single base pair mismatch.

Most single cell genomic analyses require DNA material amplification. PCR and its variants 

such as digital PCR (dPCR) have been implemented in microfluidic devices 

extensively.235–236 The benefit of microfluidic implementation is usually higher throughput. 

For example, Heyries et al.237 implemented dPCR in one million picoliter reactions on chip, 

representing an assay density of 440,000 cm−2. Despite wide implementation, PCR based 

amplification can introduce amplification bias. New amplification methods, such as multiple 

annealing and looping based amplification cycles (MALBAC) demonstrate better 

amplification uniformity. Yu et al.238 implemented MALBAC in a microfluidic device for 

the parallel processing of 8 cells in less than 4 hours, enabling higher throughput and 

reduced contamination risk. An advantage of microfluidic DNA amplification is reduced 

reactor volumes, and increased surface areas. Both features result in reduced cycle time due 

to reduced thermal mass and increased heat transfer. Sample heating can be accomplished in 

several ways including resistive heaters, thermoelectric devices,238 or laser irradiation. 

Lagally et al.239 used a resistive thin film heater directly underneath the PCR chambers and 

reported cycle times as short as 30 seconds. Another study accomplished contactless heating 

via infrared irradiation 240. Isothermal DNA amplification methods utilizing enzymes have 

also been developed and a recent review discusses their microfluidic implementation.241 For 

further discussion of microfluidic DNA amplification, we refer the reader to additional 

focused reviews.242–243

The microfluidic platforms for DNA analysis discussed above typically executed only one 

step on chip, such as chromosome manipulation142 or single cell compartmentalization and 

lysis.233 Sequencing was performed off chip. Similarly, experiments reporting microfluidic 

DNA amplification usually utilize an external microscope for quantifying PCR 

products.236–237 Integration of processing and detection is a separate challenge in 
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microfluidics research, and will be briefly discussed later. Nevertheless, microfluidic 

systems confer significant advantage over conventional technologies. The reduction in size 

allows for efficient heat transfer, shorter DNA amplification cycles,239 and thus faster 

detection. Similarly, reducing reaction volume enables accurate single cell238 or single 

molecule237 DNA amplification and quantification, because the relative amount of target 

DNA compared to amplification reagents is increased. Finally, we have seen that massively 

parallel single cell analysis can be achieved on cm2 chips237 for high throughput.

Transcriptome—Single cell gene expression analysis has been broadly applied to fields 

such as immunology,244 neurobiology,245 developmental,33 and cancer biology.246 

Amplifying RNA is a key step in gene expression analysis and microfluidic integration has 

enabled single cell measurement. The low volumes achievable via microfluidics provide 

easier RNA detection, typically present in picogram quantities. Early microfluidic systems 

utilizing milliliter sized chambers for RNA analysis via RT-PCR were capable of detecting 

500 starting mRNAs,247 unsuitable for single cell analysis. Eventually, microfluidic systems 

with picoliter sized chambers and new amplification protocols were developed to detect 

starting RNA in the double digits, opening the door to single cell analysis.248–249

The field of microfluidic single cell gene expression analysis has experienced tremendous 

growth over the past decade. Early systems mostly performed on-chip RT and off qPCR, or 

vice versa. However, systems capable of single cell detection, high throughput, and full 

integration are now common. Recently, Zhu et al.250 reported a droplet RT-qPCR single cell 

assay with integrated single cell compartmentalization, lysis, RT, qPCR, and fluorescence 

detection. In their work, an automated robot was used to print 2 nL single cell droplets onto 

a hydrophilic patterned microchip. The hydrophilic spots ensured droplet immobilization 

within an oil cover layer, which prevents droplet evaporation. After cell counting and 

thermal cell lysis is performed in 2 nL droplets, the automated robot adds 18 nL of RT 

reagents. After RT, 30 nL of PCR reagents are added. The significant dilution prevents RT-

PCR reaction inhibition via cell lysate and buffer. The automated robot allowed for droplet 

generation at a rate of 20 droplets min−1. The system showed repeatability, with a 2.7% 

relative standard deviation for fluorescent intensity across 100 droplets and a lower 

detection limit of 6 copies per droplet. In contrast to automated robotics, Sun et al.143 

reported a microfluidic device with pneumatic valves for integrated single cell 

compartmentalization, lysis, mRNA purification, RT, and qPCR. Purification was enabled 

by the use of oligo(dT) labeled beads. Similarly, Han et al. 251 utilized oligo(dT) 

functionalized magnetic beads for mRNA capture, RT, and gene amplification on a 

microfluidic chip. Cell lysis, however, was performed off chip. The high throughput 

capability of microfluidics for single cell gene expression analysis was demonstrated by 

White and colleagues8 who built a chip for integrated cell capture, lysis, RT, and dPCR. 

Complementary DNA from a single cell is partitioned into a 1020 chamber dPCR array. 

Each chamber is 25 pL in volume. Two hundred single cells are analyzed each run, totaling 

to 204,000 PCR reactions, corresponding to 118,900 reactions cm−1. In comparison to other 

methods, this study utilized single cell dPCR (in contrast to qPCR), which is better suited for 

quantifying lower abundance transcripts and does not require reference standards. 

Hosic et al. Page 30

Anal Chem. Author manuscript; available in PMC 2017 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Microfluidic integration lends better economy of scale, and a streamlined workflow to 

dPCR.

The preceding discussion focused on qPCR for single cell transcriptome analysis. Despite its 

long history, qPCR remains an indispensable tool in genomic and transcriptomic research. 

However, whole transcriptome single cell RNA sequencing, developed in 2009,252 has 

shown great potential in transcriptomic research. As we saw with qPCR; after an analytical 

technique is established, researchers are often interested in multiplex and high throughput 

implementation. That is, how can we apply the technology to thousands of cells, many target 

RNAs, while minimizing labor and financial cost? Single cell RNA sequencing technology 

is no different and microfluidics enables its high throughput application. Recently, Klein et 

al.200 developed a microfluidic platform, termed “inDrop”, for multiplex RNA analysis of 

thousands of single cells simultaneously. Single cells, lysis buffer, RT reagents, and 

barcoded primers are encapsulated in droplets on-chip. Within each droplet, a single cell is 

lysed, and complementary DNA (cDNA) is synthesized using the barcoded primers. Then, 

all of the droplets are ruptured and the cDNA material from all single cells is combined for 

amplification and sequencing. The key innovation is the barcoded primers. Each droplet 

contains a diverse set of primers for in-depth mRNA sequencing, but each droplet’s primers 

are uniquely labeled with one of 147,456 barcodes. The current library of barcodes allows 

for 99% of 3,000 single cells to be uniquely labeled and the library can be easily expanded. 

Therefore, sequencing reads can be tracked back to the cell of origin. Using inDrop, the 

researchers processed single cells at a rate of 4,000–12,000 cells hr−1. The authors also note 

that this technology should be adaptable to DNA processing and integration with droplet 

sorting chips. However, the method did boast a low mRNA capture efficiency, making it 

unsuitable for detection of low abundance transcripts (< 20–50 transcripts/cell). 

Furthermore, the random barcoding strategy does not associate a barcode to cell type, size, 

location, or any other identifier.

Similarly, Macosko et al.161 developed “Drop-seq”, a microfluidic droplet approach for 

single cell gene expression analysis. The two approaches diverge in their barcoded bead 

library and its preparation. Drop-seq boasts approximately 16 million unique labels 

compared to inDrop’s 147,456. Therefore, Drop-seq is capable of processing larger samples. 

However, inDrop has a higher single cell capture efficiency, enabling analysis of small 

samples, which are hard to come by. Furthermore, inDrop accomplishes RT in droplets 

while Drop-seq does so in bulk after the droplets are broken. Rotem et al.253 demonstrated 

another microfluidic droplet based approach to labeling mRNA prior to sequencing. This 

method electrically coalesced two adjacent droplets, each containing either the mRNA from 

a single cell lysate or the unique labels. Reverse transcription reagents were injected post 

drop coalescence.

The microfluidic methods discussed above are addressing the current challenges in single 

cell gene expression analysis. One challenge is increasing sensitivity and accuracy. This is 

especially important for low abundance transcripts where it is difficult to differentiate signal 

and experimental noise. We previously discussed a microfluidic platform for single cell RT 

and amplification;140 the authors attributed efficiency and reproducibility to low volume, 

microfluidic liquid handling. Another challenge is increasing throughput. Transcriptional 
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profiling of rare cell types, e.g. tumor cells, that are present in larger cell populations 

requires rare cell type enrichment and/or processing larger samples of single cells. 

Furthermore, in order to accurately capture stochastic effects, it is likely that many cells 

need to be analyzed simultaneously. Several recent droplet microfluidic platforms show 

great promise for increasing throughput.161, 200, 253

Proteome—The central dogma of biology describes the movement of hard-wired genetic 

information from the genome to the transcriptome, and translation to the proteome. To 

understand the holistic flow of information, researchers often need to study the proteome. 

Furthermore, given that the proteome defines the cell’s functional state, its study is a high 

priority. Additionally, high mRNA abundance does not always correlate to high protein 

abundance, justifying the need for single cell proteomics. Microfluidic devices have been 

used for measuring single cell protein expression. Lab on a chip technology confers several 

advantages for single cell protein analysis; decreased sample loss and contamination, and 

lower detection limits. All are critical attributes for single cell protein assays because unlike 

DNA or RNA, proteins cannot be amplified.

Recently, several microfluidic platforms have been reported for studying single cell enzyme 

activity and function. For example, Xu et al.254 created a microfluidic, multifunctional 

pipette to study alkaline phosphate (AP) activity within a single cell as a function of local 

cell temperature. The device is used to hydrodynamically confine a single cell in an aqueous 

environment, while an IR laser manipulates the environmental temperature. A confined cell 

was permeabilized and exposed to an enzyme substrate, fluorescein diphosphate, which 

undergoes reaction with AP to produce a fluorescent product. The fluorescence signal 

indicated enzyme activity. In contrast to traditional enzyme activity assays, this approach 

allows for studying enzyme activity without cell lysis or enzyme extraction. Son et al.255 

used a microfluidic device with a micro-patterned, antibody functionalized, hydrogel array 

to capture single cells and study the activity of secreted protease. The group used protease 

cleavable FRET peptides for detection. Dent et al.256 used a microfluidic platform for 

profiling proteins secreted by single circulating tumor cells confined in micro wells. While 

the proteomic approaches discussed above measured one target protein, Hughes et al.257 

developed a novel microfluidic platform for multiplex single cell protein analysis. The 

platform is an innovative application of traditional western blotting. A 30 µm thick 

polyacrylamide gel is molded with 6720, 20 µm diameter, wells. Single cells are seeded into 

the wells via gravity and the cells are lysed to release intracellular proteins. Electrophoresis 

for each cell is achieved via an electrode that spans the entire gel. Then, antibody probes are 

diffused through the gel followed by imaging. The group demonstrated multiplexed 

measurement of 48 protein targets.

Since cascading events lead to protein production, there is growing interest in 

simultaneously quantifying multiple target types: proteins, metabolites, DNA, and RNA. 

The challenge to do so is because of the targets’ chemical diversity, each requiring different 

preparation and detection protocols. Xue et al.258 developed a “single cell barcode chip” 

(SCBS) for quantitative, single cell protein and metabolite measurement. The SCBS chip 

houses 310, 1.5 nL chambers, which are used for loading and lysing a single cell via a valve 

to an adjoining lysis buffer compartment. Each chamber also contains both the metabolite 
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and protein binding assays in a barcode format. The chip was tested on 200 single cells from 

a neurosphere tumor model. The test compared metabolite and protein levels, and their 

interactions following 24 hour drug exposure. Wu et al.259 developed an automated 

microfluidic platform for detecting miRNAs, mRNAs, and proteins via in situ hybridization, 

immunostaining, and on chip flow cytometry. The entire chip is capable of testing 10 

different conditions in parallel, requiring only 270 nL of reagent per condition and the 

protocol is performed in less than 8 hours.

Currently, microfluidic single cell protein analysis is scarce when compared to single cell 

analyses of the genome and transcriptome. The microfluidic platforms discussed, with one 

exception,257 are not multiplexed. In contrast, traditional mass spectrometry proteomics 

allow for detection and quantification of many target proteins. Some groups have packaged 

traditional proteomics into a microfluidic format, but single cell analysis yields limited 

proteome coverage due to processing difficulties.260–261 Therefore, microfluidic platforms 

that measure multiple targets at the single cell level are of great interest. Several recently 

published reviews further discuss microfluidic single cell proteomics.229, 262–263

3. CONCLUSIONS AND FUTURE OUTLOOK

Single cell biology is a relatively new and rapidly expanding field. Therefore it is difficult to 

predict the field’s future focus and applications as new technologies emerge. Nevertheless, it 

is clear that innovative microfluidic platforms have and will continue to play an important 

role in both single cell biology and biology in general. What can we expect from next 

generation microfluidics? This review has discussed microfluidic devices used for tissue 

dissociation, and tissue dissociation’s relative nascent compared to cell sorting applications. 

Therefore, it is likely that more microfluidic devices for tissue dissociation will emerge. 

However, one would not expect microfluidic tissue dissociation to reach the maturity of 

microfluidic cell sorting in the near future. This is because conventional tissue dissociation 

is cheap, and effective for most research applications utilizing animal tissues. An exception 

may be the processing of rare clinical tissue samples, which could benefit from tightly 

controlled microscale processing. In contrast, cell sorting was and continues to be driven by 

economic factors and the need to isolate rare cell populations such as CTCs and those 

lacking biomarkers, tasks unfit for conventional methods. Rapidly growing research and 

clinical applications, such as CTC based diagnostics and stem cell therapies, require cell 

sorting. In turn, these applications generate a necessity for facile, low cost, and high 

throughput cell sorting systems. These are key advantages of microfluidic devices and as 

such, we expect microfluidic cell sorting to continue growing. To drive adoption of 

microfluidic cell sorting over traditional FACS, the focus should be on increasing 

throughput and multiplexing capability, while simultaneously maintaining facile operation. 

Microfluidic cell sorters with competitive throughput (104 cells s−1) are more frequent and 

further increases should promote wider adoption. As discussed, microfluidic cell sorters are 

being coupled to single cell genomic and proteomic assays allowing for identification, 

isolation, and cloning of rare cells. This may have important implications for production of 

biologics. Microfluidic CTC isolation is a rapidly growing derivative of cell sorting. 

Commercializing devices offering higher throughput for clinically relevant specimens will 

enable rapid and cheaper CTC isolation, propelling cancer research and personalized 
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therapy. Droplet microfluidics have experienced tremendous growth and have proven to be 

highly advantageous and flexible for single cell compartmentalization. In the future, one 

would expect droplet microfluidics to become a laboratory standard, enabling high 

throughput and multiplex drug screening, clonal selection, and whole genome sequencing.

This review discussed genomic analysis on microfluidic chips and it was observed that for 

sequencing experiments, the workflow is performed on chip up to DNA amplification. 

Sequencing is usually accomplished off chip via standard protocols. Nevertheless, one study 

was discussed that attempted on chip sequencing via a FRET based detection scheme. This 

approach however, is limited in depth. Therefore, one can anticipate that future efforts will 

be directed at full workflow integration, from sampling to sequencing. In fact, this has been 

a long sought goal in microfluidics research, the micro total analysis system (µTAS). 

Microfluidic transcriptome analysis is in a similar position. While RT-qPCR transcriptome 

analysis has been fully miniaturized, transcriptome wide studies via sequencing are not 

completely integrated. We discussed two droplet microfluidic devices, which enable very 

high throughput and multiplexed cDNA preparation from single cells. The massive amount 

of data generated by these approaches will allow mapping of complex heterogeneous tissues 

and will most likely uncover previously unrecognized cell types and states. However, 

computational biology and computer science will have to keep pace with these 

developments in order to decipher the data. Proteomics at the single cell level has been 

demonstrated in diverse formats. However, the methods highlighted in this review target 

only one protein or a few proteins of interest. Similarly, microfluidic packaged mass 

spectrometry has not attained proteome coverage equivalent to conventional mass 

spectrometry techniques. Therefore, future efforts in microfluidic proteomics should look to 

expand multiplex capabilities.

The modern era of single cell biology is particularly exciting. Technological advances in 

amplification, sequencing, and microfluidics have allowed us to probe the fundamental unit 

of life, the cell, in unprecedented ways. Single cell biology is sure to have a lasting impact in 

cancer, immunology, developmental biology, and stem cell research. Even though this 

paradigm shift in biology is relatively recent, we are curious to know what the next frontier 

is. Currently, researchers study single cells by removing cells from their native 

microenvironment and into alien buffers and tools. As such, the impact of the cell’s native 

tissue is completely lost and the cell’s behavior is irreversibly changed. It is widely accepted 

that cells’ spatial context has profound implications. For example, tumor microenvironments 

are known to impact therapeutic response.264 This missing dimension has not gone 

unnoticed. Recently published experiments describe transcriptome profiling of single cells in 

their native context via various methods; in situ hybridization,265 photo-activated mRNA 

capture tags,266 in situ single cell RNA sequencing 267–268, spatial tissue sampling via 

LCM,134, 269 computational approaches,270–271 tomography272–273 and combinatorial RNA 

labeling with sequential imaging.274 Nevertheless, these pioneering methodologies have 

their limitations. Tomography is high throughput with respect to the number of cells and 

genes, but lacks cellular resolution. LCM, mRNA capture, and in situ sequencing achieves 

single cell resolution but is low throughput with respect to the number of cells. Automated 

imaging and in situ hybridization are higher throughput at single cell resolution but do not 

provide the depth of sequencing. In this sense, computational approaches integrating both 
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sequencing and imaging may be able to balance depth and throughput. Still, all the 

aforementioned techniques were demonstrated exclusively for transcriptome analysis. If the 

past is indicative of the future, these works only mark the beginning of a new frontier, 

spatial single cell omics, and innovative microfluidic instrumentation will open the 

floodgates.
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Figure 1. 
Sample preparation workflow for single cell analysis.
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Figure 2. 
Micro fabricated devices for tissue dissociation. (A) A photograph of a chip for whole tissue 

culture and dissociation showing the open tissue chamber and inlets and outlets. Reproduced 

from Hattersley, S. M.; Dyer, C. E.; Greenman, J.; Haswell, S. J. Lab on a chip 2008, 8 (11), 

1842-6 (ref 22), with permission of the Royal Society of Chemistry. (B) Left photograph: 

the single channel “µ-CDC” chip fabricated via soft lithography and PDMS. Right scanning 

electron micrograph: the micro fabricated pillars. Neurospheres traveling through the micro 

pillar array are mechanically dissociated into single cells. Reproduced from Lin, C. H.; Lee, 

D. C.; Chang, H. C.; Chiu, I. M.; Hsu, C. H. Analytical chemistry 2013, 85 (24), 11920-8 

(ref 26). Copyright 2013 American Chemical Society. (C) Top photograph: micro fabricated 

3” silicon wafer. The photograph inset shows the dissociating grids prior to wafer dicing. 

Bottom photograph: individual micro grids are assembled into the device adapter prior to 

use for cell dissociation. Reproduced from Wallman, L.; Akesson, E.; Ceric, D.; Andersson, 

P. H.; Day, K.; Hovatta, O.; Falci, S.; Laurell, T.; Sundstrom, E. Lab on a chip 2011, 11 

(19), 3241-8 (ref 23), with permission of the Royal Society of Chemistry. (D) Photograph of 

fabricated device for dissociating small tumor tissue via alternating constriction and 

expansion regions. Reproduced from Qiu, X.; De Jesus, J.; Pennell, M.; Troiani, M.; Haun, 
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J. B. Lab on a chip 2015, 15 (1), 339-50 (ref 27), with permission of the Royal Society of 

Chemistry.
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Figure 3. 
Conventional cell sorting techniques. (A) A schematic diagram of a FACS instrument. 

Sheath flow focuses cells which are then interrogated by a laser and given a specific charge 

based upon the laser signal. Cells are then deflected into containers via an electric field. 

Reproduced from Piyasena, M. E.; Graves, S. W. Lab on a chip 2014, 14 (6), 1044-59 (ref 

30), with permission of the Royal Society of Chemistry. (B) A diagram schematic of MACS 

based cell separation. Target cells are labeled with magnetic beads and separated from non-

target cells via a magnetic field.
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Figure 4. 
Electrically based microscale cell separation techniques. (A) A schematic of EP cell 

separation. A positively charged electrode induces a Coulomb force on negatively charged 

cells, resulting in a net force toward the positive electrode. Cells are separated by their net 

charge. (B) A schematic of DEP-FFF. An upward DEP force and downward gravity force 

positions different cell types at distinct regions of a parabolic velocity profile, resulting in 

discrete retention times for each cell type. Reproduced from Shields, C. W.; Reyes, C. D.; 

Lopez, G. P. Lab on a Chip 2015, 15 (5), 1230-49 (ref 37), with permission of the Royal 

Society of Chemistry. (C) A schematic of EOF cell separation. Solvated negatively charged 

ions migrate toward the positive electrode, inducing secondary fluid movement and thereby 

cell separation. The electrode configuration is controlled by the signal generated via 

upstream laser interrogation. Reproduced from Shields, C. W. t.; Reyes, C. D.; Lopez, G. P. 

Lab on a Chip 2015, 15 (5), 1230-49 (ref 37), with permission of the Royal Society of 

Chemistry.
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Figure 5. 
Acoustic based microscale cell separation techniques. (A) A schematic of acoustic cell 

separation via bulk standing waves. Cells migrate to the node or antinode depending on their 

acoustic contrast factor. Reproduced from Shields, C. W.; Reyes, C. D.; Lopez, G. P. Lab on 

a chip 2015, 15 (5), 1230-49 (ref 37), with permission of the Royal Society of Chemistry. 

(B) A schematic of acoustic cell separation via standing surface waves. The acoustic waves, 

generated by interdigitated electrodes, position cells at distinct streamlines and the cells are 

separated via bifurcating outlets. Reproduced from Shields, C. W. t.; Reyes, C. D.; Lopez, 

G. P. Lab on a chip 2015, 15 (5), 1230-49 (ref 37), with permission of the Royal Society of 

Chemistry. (C) A schematic of acoustic cell separation via traveling waves. The wave is 

generated at a distance from the channel via a transducer and the acoustic wave travels in a 

direction perpendicular to the fluid flow, thereby deflecting cells traveling along the fluid 

streamlines into an appropriate outlet channel.
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Figure 6. 
Optical and magnetic based microscale cell separation techniques. (A) A schematic of 

optical cell separation. A laser grips onto cells traveling in focused flow via the “optical 

tweezer” effect and the cells are repositioned toward the appropriate outlet. (B) A schematic 

of magnetic cell separation. Target cells are labeled with cell specific, antibody conjugated, 

magnetic beads prior to the microfluidic device. The device is operated in the presence of a 

magnetic field and the labeled target cells exit at a distinct outlet while non-target cells exit 

at a separate device outlet.
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Figure 7. 
Passive microscale cell separation techniques. (A) A schematic diagram of DLD based cell 

separation. An array of pillars directs cells with a radius greater than the critical radius 

toward a distinct outlet. (B) A schematic diagram of inertial based cell separation in spiral 

microfluidics. The spiral channel design results in vortex formation perpendicular to the 

primary flow at two distinct regions, also known as Dean flow. Cells with different physical 

properties are focused at a particular vortex and the cells are separated via bifurcating 

outlets. Reproduced from Di Carlo, D. Lab on a chip 2009, 9 (21), 3038-46 (ref 101), with 

permission of the Royal Society of Chemistry. (C) A schematic diagram of filtration based 

cell separation, showing three filter configurations. From top to bottom: the weir filter, the 

pillar filter, and the cross-flow filter.
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Figure 8. 
Conventional single cell isolation techniques. (A) A microscopy image showing single 

neuron isolation via a micromanipulator and pipette. When the pipette contacts the single 

cell, a slight negative pressure sucks the cells into the pipette and the cell is transferred to a 

vessel for further processing. Reprinted by permission from Macmillan Publishers Ltd: 

Nature Protocols (ref 124), copyright 2011. (B) A schematic of single cell isolation via serial 

dilution. A cell suspension is diluted step-wise until only a single cell remains. (C) A 

schematic of single cell isolation via LCM. Tissue on a glass slide is positioned underneath 

an inverted microscope. A cap with a thermoplastic film bottom is placed on top of the 

tissue, with the film contacting the tissue. Once a target cell is identified, an infrared laser 

heats the thermoplastic film above the cell, thereby melting and adhering the film to the 

target cell. When the cap is removed, the adhered cell is selectively sheared from the tissue.
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Figure 9. 
Microscale single cell isolation techniques. (A) Quake valves for single cell isolation. Top 

photograph: an array of Quake valves. The channels with blue dye are pneumatic control 

channels and the channels with orange dye are fluid channels. Bottom microscope image: 

fluid and control channels intersect to form a chamber for single cell isolation. Reprinted 

with permission from Shi, Q.; Qin, L.; Wei, W.; Geng, F.; Fan, R.; Shin, Y. S.; Guo, D.; 

Hood, L.; Mischel, P. S.; Heath, J. R. Proc Natl Acad Sci U S A 2012, 109 (2), 419-24 (ref 

141). Copyright 2011 Proceedings of the National Academy of Sciences of the United States 

of America. (B) Left photograph: the DEPArray™ chip. Right schematic: individually 

controlled electrodes on the chip bottom create DEP cages to trap single cells. Reprinted 

from Cancer Letters., Vol. 335, Fabbri, F.; Carloni, S.; Zoli, W.; Ulivi, P.; Gallerani, G.; 

Fici, P.; Chiadini, E.; Passardi, A.; Frassineti, G. L.; Ragazzini, A.; Amadori. Detection and 

recovery of circulating colon cancer cells using a dielectrophoresis based device: KRAS 

mutation status in pure CTCs, pp. 225–231 (ref 144). Copyright 2013, with permission from 

Elsevier. (C) Top scanning electron micrograph: an array of wells for single cell isolation. 

Bottom scanning electron micrograph: a single cell confined inside of a single 10 µm 

diameter well. Reprinted from Biochimica et Biophysica Acta., Vol. 1810, Lindstrom, S.; 

Andersson-Svahn. Miniaturization of biological assays — Overview on microwell devices 

for single cell analyses, pp. 308–316 (ref 149). Copyright 2011, with permission from 

Elsevier. (D) A schematic of the “hydrodynamic tweezer” effect. An oscillating flow around 

a cylinder generates four recirculating eddies. Single cells are confined at the eddy center. 

Reproduced from Lutz, B. R.; Chen, J.; Schwartz, D. T. Analytical chemistry 2006, 78 (15), 

5429–5435 (ref 152). Copyright 2013 American Chemical Society. (E) A microscopy image 

of single cell isolation via cup shaped physical traps. The inset shows a single cell seated at 

the trap. Reproduced from Di Carlo, D.; Wu, L. Y.; Lee, L. P. Lab on a chip 2006, 6 (11), 

1445-9 (ref 157), with permission of the Royal Society of Chemistry. (F) A schematic 
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illustrating droplet based single cell isolation from isometric, top, and side viewpoints. 

Single cells in an aqueous buffer are introduced through the middle channel while 

immiscible fluid intersects the aqueous flow from two opposite channels perpendicular to 

the aqueous fluid flow. The result is an aqueous droplet containing a single cell. Reproduced 

from Edd, J. F.; Di Carlo, D.; Humphry, K. J.; Koster, S.; Irimia, D.; Weitz, D. A.; Toner, 

M. Lab on a chip 2008, 8 (8), 1262–1264 (ref 171), with permission of the Royal Society of 

Chemistry.
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Figure 10. 
Microscale single cell lysis techniques. (A) A schematic illustrating mechanical single cell 

lysis. A channel of flowing fluid is heated via an integrated heater on the channel bottom, 

thereby generating a bubble above the heater. Single cells passing above the heater are lysed 

by the rising bubble. Reprinted from Sensors and Actuators B: Chemical., Vol. 168, 

Hoefemann, H.; Wadle, S.; Bakhtina, N.; Kondrashov, V.; Wangler, N.; Zengerle, R. 

Sorting and lysis of single cells by BubbleJet technology, pp. 442–445 (ref 191). Copyright 

2012, with permission from Elsevier. (B) A schematic illustrating chemical single cell lysis. 

A single cell is trapped in chamber defined by flanking Quake valves. Post cell capture, lysis 

buffer is introduced into the chamber and the reagent is mixed via actuating Quake valves to 

facilitate lysis. Reproduced from White, A. K.; Heyries, K. A.; Doolin, C.; Vaninsberghe, 

M.; Hansen, C. L. Analytical chemistry 2013, 85 (15), 7182-90 (ref 8). Copyright 2013 

American Chemical Society. (C) A schematic of a microfluidic device for single cell lysis in 

adherent cell culture. The device tip is positioned at the target cell and a hydrodynamically 

focused lysis buffer selectively lyses the single target cell. The single cell lysate is captured 
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on chip for fluorometric assay. Reprinted by permission from Macmillan Publishers Ltd: 

Nature Communications (ref 215), copyright 2014.
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