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ABSTRACT: Microscale surgery on single cells and small organisms have enabled major advances in fundamental biology and in 

engineering biological systems. Examples of applications range from wound healing and regeneration studies to the generation of 
hybridoma to produce monoclonal antibodies. Even today, these surgical operations are often performed manually, but they are 

labor-intensive and lack reproducibility. Microfluidics has emerged as a powerful technology to control and manipulate cells and 

multicellular systems at the micro- and nanoscale with high precision. Here, we review the physical and chemical mechanisms of 
microscale surgery, and the corresponding design principles, applications, and implementations in microfluidic systems. We con-

sider four types of surgical operations: 1) Sectioning, which splits a biological entity into multiple parts, 2) ablation, which destroys 
part of an entity, 3) biopsy, which extracts materials from within a living cell, and 4) fusion, which joins multiple entities into one. 

For each type of surgery, we summarize the motivating applications and the microfluidic devices developed. Throughout the re-
view, we highlight existing challenges and opportunities. We hope that this review will inspire scientists and engineers to continue 

to explore and improve microfluidic surgical methods.  
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1. INTRODUCTION 

1.1 Brief history of surgery on microscopic organisms and 

single cells  

Surgical operations on small organisms have been per-
formed as early as the 1600s to make fundamental and often 

revolutionary discoveries on anatomical structures and biolog-
ical processes. Marcello Malpighi (1628-94), an Italian anat-

omist, was credited as the first naturalist to attempt microdis-
section.1 Malpighi combined microscopy and careful dissect-

ing skills for the microdissection of a mulberry silk moth, 
which was only 13 mm long. Remarkable anatomical details 

of the internal organs of the insect were reported. It was be-
lieved that Malpighi used a single-lens microscope, but its 

optics were poor. Furthermore, Malpighi had to invent instru-

ments for microdissection since they did not exist yet. Unfor-

tunately, no details of the tools were described.2 Regardless, 
the experiments on such a small scale were incredibly difficult 

and required extreme dexterity. In fact, Malpighi wrote that 
“My dissertation on Bombyx was extremely tiring and labori-

ous, because of the novelty, minuteness, fragility and entan-
glement of the parts. Carrying out the task therefore made it 

necessary to develop entirely new methods. And since I pur-
sued this exacting work for many months without respite, in 

the following autumn I was afflicted with fevers and an in-

flammation of the eyes”.3 

It was not until the late 1800s that mechanical microma-

nipulators were beginning to be constructed to hold micronee-
dles, to be used along with improved microscopy for microdis-

section, primarily on single cells.4,5  
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Figure 1. Comparison of “micrurgy” vs. microfluidic surgery systems. Full system (top), microenvironment (inset), and surgical tool 
(bottom) shown for each. In “micrurgy” as described by Barber (left), samples are contained in a moist glass chamber. The surgical opera-
tion and sample positioning are controlled by hand via mechanical screw assemblies. The microtool is a pulled microneedle, and the imag-
ing is brightfield microscopy. Adapted from Chambers. Biol. Bull., 1918, 34, 121.5 In microfluidic surgery (right), using the microfluidic 
guillotine as an example, samples are contained in a microfluidic channel. The surgical operation is controlled automatically via syringe 
pumps and channel geometry. The microtool is a microblade fabricated inside the channel. Eight parallel channels and microblades allow 

parallel surgery with many organisms simultaneously (see details in Section 3). Multiple imaging modalities including fluorescence mi-
croscopy may be used.6,7 

 

Also referred to as micrurgy, the most comprehensive method 

was perhaps the one described by Marshall Barber in the early 

1900s (Figure 1).8–12 Barber’s setup consisted of a moist 
chamber where a hanging drop containing living cells was 

suspended at the roof of a glass box. A dissecting microneedle, 
held by a needle holder which was clamped on a microscope 

stage, could be moved in 3 directions using screws. The mi-
croneedle was made by pulling a glass tubing over a flame and 

bending it at right angles 2-3 mm from the pointed tip. The 
needle was inserted into the moist chamber with its tip point-

ing up into the hanging drop, pressing the cell against the roof 
of the glass chamber. As such, the microneedle did not ob-

struct the view of the cell from the microscope objective. The 
entire setup was mounted under a microscope, thereby allow-

ing dissection and observation under the highest magnification 
then possible. Modifications by Robert Chambers to the me-

chanical design, referred to as the “microvivisection method”, 
enhanced the control and movement of the microtool, which 

was subsequently commercialized by the Leitz company.5,13  

While these methods have improved the precision of mi-

croscale surgery and have allowed the investigation of subcel-

lular structures (e.g. chromosomes) and biological processes 
(e.g. fertilization) in single cells, they remained labor and time 

intensive, required fine motor skills, and were limited to the 
manipulation of one cell or organism at a time. Nevertheless, 

these methods laid the foundation for microscale surgery by 
describing its essential elements (Table 1): 1) a moist chamber 

to provide a suitable microenvironment for the living cells or 
organisms, 2) a micromanipulator to control the location of 

surgery, 3) a microtool to perform the dissection, and 4) mi-
croscopy to guide the positioning of the microtool over the 

sample optically, and to observe the sample after surgery. 

1.2 Microfluidics for surgical operations on single cells 

and small multicellular systems 

Microfluidics, the science and technology of processing 

small amounts of fluids in channels with dimensions less than 
hundreds of micrometers, has allowed unprecedented capabil-

ity to manipulate objects, living or nonliving, in the micro and  
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Table 1. Comparison of the elements of microscale surgery (“micrurgy”) described by Marshall Barber in the early 1900s vs. mi-

crofluidic surgery, where most publications started in the 2000s. 

 “Micrurgy” (early 1900s) Microfluidic surgery (2000s) 

Microenvironment Hanging drop in a moist 

chamber made of glass 

Enclosed microfluidic channel made of poly(dimethylsiloxane) 
(PDMS)/glass; precise control of temperature, gas composition, pH bio-

chemical composition of the media 

Positioning of the 

surgical tool to the 

sample 

Mechanical micromanipulator 
operated by screws 

Confinement in a narrow channel; laminar flow; pneumatic valves; hydro-
dynamic traps; dielectrophoretic trapping; piezoelectric translation stage 

Surgical tool Microneedles or micropipettes 
made by pulling a glass pipette 

Sharp micro-knives fabricated inside the microchannel; nanopipettes; hy-
drodynamic shear and extension; laser ablation; biochemical agents; elec-
tric field 

Optics Simple brightfield microscopy Brightfield; epifluorescence; confocal fluorescence microscopy; high speed 
imaging  

 

nanoscale.14 The application of microfluidics to biology has 

demonstrated successful operations including the culture, 
treatment, selection, lysis, separation, and analysis of single 

cells and multicellular systems (organoids, tissues, and organ-
isms).15 The characteristics and advantages of microfluidics 

have been described in many prior excellent reviews.16–20 The 
features that are of particular relevance to microscale surgery 

are: 1) precise control of the microenvironment in an enclosed 
system, 2) immobilization and precise positioning of the sam-

ple relative to the surgical tool while performing the surgery, 
3) ease of integration with mechanical, electrical, optical and 

other components for trapping, imaging, and/or performing the 
surgery, and 4) continuous flow to flush the sample in and out 

of the surgical area, thereby achieving a high throughput of 
surgery. Figure 1 and Table 1 show the components of micro-

fluidic surgery compared with those in Barber’s method. 

With technical advances enabled by microfluidics, a broad 
range of applications is now possible. The applications of mi-

crofluidic surgery fall into two main categories. The first cate-

gory is to understand how biological systems work. For exam-
ple, ablation surgery has been performed to probe the biophys-

ical properties of cellular structures, and the mechanism of 
wound healing and regeneration. The second category is to 

engineer cells or multicellular systems for biomedical needs. 
Examples include enucleation surgery for cell reprogramming 

and fusion surgery to create hybridomas for the production of 

monoclonal antibodies. 

 

1.3 Scope and organization of the review 

The objective of this review is to summarize the principles 

of microscale surgery, describe the design of microfluidic 
systems as guided by these principles, and review microfluidic 

devices and related applications that have been developed to 

perform surgery on cells or small multicellular systems less  

than a few millimeters in size. The review is intended for any-

one interested in microfluidic surgery, including biologists and 
cellular engineers looking for the best method for their study, 

physicists or chemists looking to further the understanding of 
the interactions between biological tissues and physical or 

chemical forces, and engineers looking to develop new tech-

nologies to improve the current surgical methods. 

In this review, we consider an operation as surgery if parts 
of the sample are physically opened, destroyed, or removed 

for further analysis, and if the sample remains viable after the 
operation. As such, all operations involving the lysis of cells 

are excluded. Although previous reviews exist on sub-
categories of microfluidic surgery, none, to our knowledge, 

are as comprehensive, and few discuss the principles of sur-

gery and implications for microfluidic design.  

We classify surgical operations into the following catego-

ries: 1) Sectioning, where a biological entity (a single cell or 
multicellular system like a tissue or an organoid) is separated 

into multiple distinct parts. 2) Ablation, where parts of the 
biological entity are removed or destroyed. 3) Biopsy, where 

materials are extracted from within a living cell. 4) Fusion, 
also referred to as grafting in some literature, where multiple 

biological units are joined to form a single entity (Figure 2). 
We have excluded the injection of materials into a cell since 

this topic has been covered by a recent comprehensive re-

view.21  

The rest of the review is organized as follows. Section 2 
discusses the principles of microscale surgery, i.e., the mecha-

nisms underlying methods to introduce cuts, to fuse, and to 
transport materials from a biological sample. Directly after 

each principle, we discuss the implications and requirements 
for the design of microfluidic systems utilizing the respective 

principle. Sections 3 to 6 summarize microfluidic systems for 
the four types of surgery mentioned above: sectioning, abla-

tion, biopsy, and fusion. At the end of each of these sections, 
we include a short summary of existing challenges and oppor-

tunities. Section 7 concludes the review with a discussion of 

future outlook.  
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Figure 2. Overview of microfluidic surgery. The four categories of microfluidic surgery and selected applications are shown. 

 

2. PRINCIPLES OF MICROSCALE SURGERY AND 

IMPLICATIONS FOR THE DESIGN OF MICROFLU-

IDIC SYSTEMS 

All surgery involves the application of external forces to 

disrupt parts of a cell, tissue, or organism. In this section, we 
summarize the types of forces that have been applied in micro-

fluidic surgery, and discuss their working principles. We or-
ganize this section by the methods to create a cut or opening, 

to fuse, and to transport materials from the cell, tissue, or or-
ganism. Since extensive literature exists on each of the princi-

ples, we will only provide an overview here and refer the 
readers to the cited references for further information. Based 

on the principles, we will also discuss the implications and 
requirements for the design of microfluidic systems to perform 

the surgery. 

 

2.1 Methods to create a cut or opening 

2.1.1 Mechanical methods 

To mechanically cut a biological material, a sufficiently 

large mechanical load must be applied to rupture the material. 
This mechanical load is typically applied using a sharp solid 

object, e.g., a knife blade or a needle.  

 

 

 

2.1.1.1 Cutting single cells 

At the single cell level, the mechanical cutting process in-

volves rupturing the plasma membrane and the underlying 
cytoskeleton. The failure of a lipid bilayer can be described by 

the activation energy theory.22 In this theory, thermally acti-
vated molecular-scale defects open and close spontaneously in 

membranes. The membrane ruptures when the defect crosses a 
cavitation barrier and becomes an unstable hole. Increased 

normal or tensile stress on the membrane can lower the activa-
tion energy of both defect formation and the cavitation barrier, 

which increases the frequency of defect and unstable hole 

formation, and thus the frequency of rupture.  

The role of a sharp object is to introduce a local increase in 

normal stress or membrane tension past a critical value to  

cause rupture (Figure 3A). The critical tension for rupture has 
been studied in lipid vesicles and live cells, and is found to be 

~1 - 10 mN/m, increasing with strain rate.22,23 Although higher 

strain rates require higher critical tensions for rupture, the typ-
ical time required to reach the critical tension decreases faster 

than the critical tension increases. The frequency of defect and 
hole formation increases with increasing tension.22 Thus, it is 

often easier and more convenient to rupture membranes at 

high strain rates. 

For objects with a tip radius > 20 nm, the contribution by 

normal stress is expected to be negligible compared with the 

increase in membrane tension.23 The total tension T0 in the cell  
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Figure 3. Stages of mechanically creating a cut or opening in a biological sample. A sharp solid tool is used to cut (A) a single cell or 
(B) tissue. As the tool contacts and then deforms the sample, the mechanical load on the sample increases and the sample is cut at a critical 
load.  

 

membrane during indentation and cutting can be expressed 

as (Eq. 1), 

𝑇0 = 𝑇𝑝 + 𝑇𝑏 + 𝑇𝑎  (Eq. 1) 

where Tp is the intrinsic tension (~1 mN/m), Tb is the bending 

tension, and Ta is the indentation tension arising from area 

deformation.23,24 The bending tension is given by 𝑇𝑏 =
1

2
𝐾𝑏 (

2

𝑅
)

2

, where Kb is the bending modulus of the membrane 

and R is the tip radius of the indentation tool. The bending 

modulus can be found using 𝐾𝑏 =
𝐸𝑏3

12
, where E is the Young’s 

modulus of the membrane and 𝑏 is the lipid bilayer thickness 

(~6 nm). The indentation tension is given by 𝑇𝑎 = 𝐾𝑎𝛼, where 

Ka is the expansion modulus given by 𝐾𝑎 = 𝐸𝑏 and α is the 

fractional area dilation. In this description, Tp and Tb can be 
assumed as constant after the tool tip has made full contact 

with the membrane. Further indentation past this point only 
increases α and Ta until the critical tension is reached. For red 

blood cells, the critical area dilation for membrane rupture has 

been found to be 2 - 4%.24–26  

From the theory outlined above, the Young’s modulus or the 

stiffness of the membrane determines how much indentation is 
needed before rupture occurs. Soft cell membranes in general 

require larger indentation depths to rupture compared with 
stiff cell membranes at the same loading rate. The observed 

Young’s modulus of cell membranes vary widely, from ~1 - 2 
MPa for neuronal cells,27 ~10 - 30 MPa for lymphocytes,28 to 

~50 - 75 MPa for red blood cells.24,25 Here, the plasma mem-
brane and the underlying cytoskeleton is simplified as an iso-

tropic elastic sheet, with a single set of mechanical parame-
ters.25 However, recent molecular simulations of the plasma 

membrane have suggested the relationship between E, Kb, and 

Ka may be more complex than previously thought.29 

Instead of defining a critical tension, an alternative way to 

characterize membrane rupture is by measuring the applied 
mechanical load. Using an AFM indenter with a tip diameter 

of 2 - 10 µm, the critical stress for cell membrane rupture in 
bovine aortic endothelial cells was found to be approximately 

12 kPa.30  

In summary, while the detailed model of membrane rupture 

is still an area of active research, a key insight that informs the 

design of cutting devices is that sharp tips tend to increase 

membrane bending, stretching, and local tension, thereby re-

ducing the force required to initiate membrane rupture.31 

 

2.1.1.2 Cutting multicellular systems 

At the multicellular level, the mechanical cutting process 

involves fracturing both the cells and the extracellular matrix. 
At this scale, the cutting process can be described using frac-

ture mechanics.32 The biological material can be modelled as  

linear elastic, viscoelastic, or hyperelastic. For most studies, 
the cells and the extracellular matrix are combined and de-

scribed by a single set of bulk mechanical properties.  

The fracture mechanics description includes three main 
stages (Figure 3B). First, the material deforms under an ap-

plied load. Second, the material ruptures when its fracture 
stress is reached and a crack is initiated. Third, the cutting 

becomes steady and the crack propagates. This approach has 
been used to describe the cutting of a bulk tissue,33 the cutting 

of a thin biological membrane (e.g. skin),34 and the insertion of 

a needle into a tissue.35  

The toughness of biological tissues varies by tissue type, 
fracture failure mode, and crack geometry. The fracture failure 

modes involved in cutting biological tissues are typically 
mode I (opening, e.g. needle insertion or cutting with a single 

blade) and mode III (out-of-plane shear, e.g. cutting with scis-
sors or tearing). For example, the toughness in mode I of liver 

(~160 J/m2)36 is much lower than that of aorta tissue (~1 
kJ/m2) 37 and skin (~30 kJ/m2 in mode I and ~20 kJ/m2 in mode 

III).38  
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Mode I fracture is the most relevant to the microfluidic sur-
gical methods described in this review. The mode I fracture 

process can be described using an energy balance formulation 

by (Eq. 2).  

𝐹𝑑𝑢 + 𝑑𝑈𝑖 = 𝐽𝐼𝐶𝑑𝐴 + 𝑑Δ + 𝑑Γ + 𝑃𝑑𝑢 (Eq. 2) 

where F is the cutting force, du is the incremental displace-

ment of the cutting tool, Ui is the internal strain energy stored 
in the sample prior to cutting, JIC is the mode I toughness of 

the material (also referred to as the strain energy release rate), 
dA is the incremental increase in crack area, Δ is the elastic 

strain energy, Γ is the inelastic strain energy, and P is the fric-
tion force.32,34,35,39  For linear elastic fracture, without friction, 

the strain energy release rate (i.e. JIC) scales ~ Erc where E is 
the Young’s modulus of the material and rc is the radius of the 

crack tip.40,41 The crack tip radius rc is not necessarily equal to 
the tool tip radius rt, but the fracture energy may still scale 

with rt. A study using razor blades to cut PDMS samples 
found that the strain energy release rate scaled as a power law 

~ Ert
n, where n ranged from ~0.8 - 1.4 for samples with 

Young’s modulus ~0.9 MPa - 0.3 MPa, respectively.42 This 

result suggests that smaller tool tip radii generate smaller 
crack tip radii and result in a lower energy required to fracture, 

as posited previously by Lake and Yeoh.40 Furthermore, it 
appears that the scaling relationship between rt and JIC is simi-

lar to that between rc and JIC. However, the precise relation-
ship between fracture energy, crack geometry, and tool ge-

ometry is complex and remains an open question, especially 

for nonlinear biological materials.  

When cutting tissues, a lower cutting force is desirable as it 

typically leads to smaller tissue deformation, yields a higher 
quality cut, and reduces unnecessary damage to both the blade 

and the tissue.33,43 For typical conditions when using a surgical 
blade or needle, the required force is on the order of 1 - 10 N 

for liver (toughness ~160 J/m2)36, aorta (~1 kJ/m2),44 and elas-
tomer surrogates (~2-4 kJ/m2).43,45 From the theory above, 

sharper cutting tools reduce JIC and thus reduce the cutting 

force F. Experiments on using surgical blades have found that 
smaller blade wedge angles and tip radii (i.e., sharper blades), 

moderate blade inclination angles, and faster cutting speeds 
contribute to lower force and tool displacement required to 

initiate a fracture and cut the tissue.33,43–45  

2.1.1.3 Implications for the design of microfluidic sur-

gery 

The cutting principles for single cells and tissues described 

above can inform the experimental design of microfluidic cut-
ting methods. The cutting edge should be as sharp as possible 

to increase the stress at the edge and reduce the required cut-
ting force, which yields higher quality, cleaner cuts.43,45 Con-

ventional surgical blades have blade tip widths on the order of 
100 nm.46 This degree of sharpness can be fabricated using 

standard micro or nanofabrication techniques, soft lithogra-

phy,47 or high-resolution 3D printing.48,49  

Another consideration is the stiffness of the cutting tool. 

Stiffer materials are preferred, as they deform and break less 
easily and cut more efficiently.33 Poly(dimethylsiloxane) 

(PDMS) has a stiffness of ~2 MPa,50,51 far less than that of 
steel scalpel blades (~180-200 GPa) and some tissues.52 Nev-

ertheless, PDMS blades have been successful in cutting very 
soft cells and organoids (see Section 3). Some studies have 

explored using stiff polymers or silicon in microfluidic devices 
to overcome these limitations.53,54 However, factors such as 

the ease of fabrication and integration with the rest of the mi-
crofluidic system must be considered when selecting a materi-

al for the cutting tool. 

Ultimately, the success of mechanical cutting in a microflu-
idic device depends on an interplay between the geometry, 

tool and sample material, and cutting parameters. Certain pa-
rameters such as blade inclination angle can be more difficult 

to change during an experiment in a microfluidic device. An 
alternative is to compensate by adjusting other parameters 

such as the flow profile and flow rate to achieve sufficiently 

high forces and stresses for cutting the sample. 

 

 

Figure 4. Types of effects of laser light on biological samples. Laser light ablates biological samples by either photochemical damage, 
plasma-mediated ablation or thermoelastic stress confinement. Photochemical damage only takes place under UV-light. Intensity thresh-
old, a measure of the spatial concentration of the power and pulse repetition rate are indicated. 55 
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2.1.2 Optical methods 

Laser ablation is the primary method of cutting biological 
structures optically. It involves focusing a high energy laser 

onto a specific location within a cell or tissue to ablate a de-
sired structure. Compared with mechanical methods of cutting, 

lasers can ablate structures with a much higher spatial resolu-
tion. Importantly, internal structures can be focused and ablat-

ed without cutting open the cell, tissue, or organism, as long as 

the biological material is transparent to the laser light.  

The interaction between laser light and biological materials 

is complex.56 When biological tissues are exposed to laser 
light, at least three types of effects have been identified (Fig-

ure 4).55  

(i) Photochemical damage occurs when a single photon is 
absorbed to result in the excitation of electrons and dissocia-

tion of molecules. However, this regime is highly wavelength 
dependent and occurs at UV wavelengths (193 nm - 351 

nm).56–58 

(ii) Plasma-mediated ablation occurs when multiple photons 
are absorbed by the tissue, causing electrons to enter excited 

states, which further cause ionization and the formation of 
electron-ion plasma. Electrons may excite other unexcited 

electrons in a process known as avalanche ionization. Ioniza-
tion can alter the nature of biological material and induce its 

breakdown, and can also lead to photochemical damage.59 

(iii) Thermoelastic stress confinement is caused by the high 
temperature and high pressure plasma where the thermal 

stresses overcome the tensile strength of the medium around 
the plasma, thus causing a micro-explosion and cavitation 

bubbles. Local temperature rise, boiling and cavitation bubbles 

can cause mechanical disruption of structures.59,60 

Many microfluidic laser ablation surgery studies have used 
pulsed lasers in the near IR wavelengths (~800 nm), pulse 

durations from 100 fs - 3 ns, repetition rates of 1 kHz - 80 
MHz, and pulse energies from 5 - 20 nJ.61–66 Due to the very 

short pulses (fs to ps), even low pulse energies can achieve 
high enough peak power for ablation.59 The damage is also 

localized to extremely small regions. A sub-femtoliter volume 
of the cell or tissue can be ablated without affecting adjacent 

areas.67  

The parameters that determine the effects of laser ablation 
on biological tissues include the laser wavelength, repetition 

rate, pulse duration, pulse intensity, and the number of puls-
es.55 Although some studies have used UV wavelengths (340 

nm - 440 nm) for ablation,62,68,69 UV lasers can cause photo-
damage to cells and subsequent cell death by the formation of 

reactive oxygen species. In a study on the viability of cells 12 
hours post-laser ablation, it was found that cells ablated with a 

337 nm laser (3 ns pulses) had lower viability than cells ablat-

ed with a 770 nm two-photon laser (110 fs pulses).58  

Both low (1-250 kHz) and high (~80 MHz) repetition rates 

have been used for femtosecond laser surgery. Ablations at 
low repetition rates use larger pulse energies and tend to cause 

the formation of transient cavitation bubbles due to thermoe-
lastic perturbation. Ablations at higher repetition rates use 

lower pulse energies and rely primarily on the photochemical 
damage of biological structures.70,71 In one study investigating 

the cellular response to irradiation at 532 nm with pulse dura-

tion varying from 180 - 1100 ps, shorter pulse durations were 
found to reduce the threshold laser pulse energy for plasma 

formation and cavitation bubble energy, and correlate with 

better spatial precision of laser ablation.72   

 

2.1.2.1 Implications for the design of microfluidic sur-

gery 

To be compatible with laser ablation, the microfluidic chan-
nels must be transparent to the laser. Both PDMS and glass are 

transparent from the UV to near IR wavelengths.73 Along with 
their chemical inertness, devices made of PDMS and glass are 

compatible with laser surgery, as well as post-surgery viability 

monitoring.69  

Despite its high precision, a major drawback of laser abla-

tion is its low throughput. Integration with a microfluidic 
flow-through system can increase the throughput dramatically. 

For example, a sample can be introduced into the focal point 
of the laser, become ablated, and then be flushed out of the 

system immediately in a continuous manner.  

Prior to laser ablation, the positioning and immobilization of 
the sample being ablated is critical. Laser surgery in single 

cells and small organisms is thus assisted significantly by the 
use of microfluidics to provide the confinement and position-

ing of cells or organisms (see details in Section 4).  

 

2.1.3 Chemical methods 

2.1.3.1 Surfactants 

Surfactants, or detergents, are amphiphilic molecules with a 
polar head group and a hydrophobic tail. They can solubilize 

hydrophobic or lipid molecules and destabilize lipid mem-
branes.74,75 Experimental evidence of membrane disruption has 

been found as early as 1962, when electron micrographs of 

membranes of the Rous sarcoma virus as well as erythrocytes 
showed holes with size ~80 Å when treated with a surfactant 

consisting of a saponin solution.76  

A common feature between phospholipids, the constituent 
molecules of the lipid bilayer, and surfactants is that they are 

both amphiphilic. However, the shape of the molecules, and 
therefore their packing and their preferred curvature, are dif-

ferent. Phospholipids are typically idealized as a cylinder 
(with a packing parameter p ~ 1). They favor the assembly of 

flat bilayers with a spontaneous curvature that is close to zero 
or slightly negative. Surfactants such as Triton are idealized as 

a cone (p < 1). Thus, these molecules favor the formation of 
curved assemblies or micelles with a positive spontaneous 

curvature.77,78 

In terms of the mechanism for lipid bilayer destabilization, 
the surfactant inserts itself into the membrane asymmetrically 

(Figure 5A) (for example, in the outer membrane monolayer 
but not in the inner membrane monolayer).75 Thus, lipids in 

the layer incorporating surfactant molecules may be com-
pressed, or the underpopulated layer may expand, to rectify 

this asymmetric insertion. This causes curvature strain, that is, 
the bilayer cannot curve in a normal fashion. Curvature strain 

can also be experienced within each monolayer of a bilayer. 
The strain can lead to several outcomes. The membrane might 

become more flexible, as the lipids composing the membrane 
become more disordered. The membrane may transiently fail. 

Curvature strain can be reduced by the reorganization of sur-
factant molecules into toroidal structures that form the edges 

of a pore in the membrane to account for the presence of the 

surfactant.75,79 Some surfactants (e.g., saponin) may form  
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Figure 5. Action of surfactants on lipid bilayers. (A) Mechanism of action is at the molecular level. (B) Phase diagram of lipid-
surfactant-water system. At low surfactant concentrations, assemblies exist in bilayer configuration. With increasing surfactant, mixed 
assemblies are formed and finally micelles are generated on complete solubilization. Dt

sat and Dt
sol are surfactant concentrations at the start 

and end of solubilization and Re
sat and Re

sol are the molar ratio of surfactant to lipid in an assembly at the onset and the end of solubiliza-

tion, respectively.78 

 

complexes with molecules such as cholesterol that are found 

in biological membranes. As cholesterol can stabilize mem-
branes mechanically, the removal of cholesterol can disrupt 

these membranes.75,80–82 

The generally accepted model of the progression of mem-
brane solubilization involves 3 stages.83 In stage 1 (“detergent 

binding”), the surfactants partition into the lipid bilayer. In 
stage 2 (“lamellar–micellar phase transition”), the membrane 

is saturated with surfactant and lipid-saturated micelles are in 
coexistence. Here, the proportions between lamellae and mi-

celles change but their internal compositions (i.e., the surfac-
tant-to-lipid ratios) are constant. In stage 3 (complete solubili-

zation), no lamellar structures are left and only micelles re-

main.  

The different stages can be represented as a phase diagram 

plotted between surfactant and lipid concentration (Figure 

5B).77 The critical surfactant concentrations, Dt
sat and Dt

sol, 
denote the surfactant concentrations needed for the onset and 

the end of solubilization of the lipid membrane, respectively. 
The slopes of the two lines, Re

sat and Re
sol, are the molar ratio 

of surfactant to lipid in an assembly at the onset and the end of 

solubilization, respectively.  

Physically, these values represent how much surfactant is 

needed to solubilize phospholipid bilayers. Strong surfactants 
with polar head groups and alkyl tails have typical Re

sat ~ 0.5. 

The solubilization of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) by Triton X-100 starts at Re

sat ~ 0.4 

(i.e., a molar ratio of 0.4 surfactants to POPC).84 Weak surfac-
tants (Re

sat > 1) initiate solubilization only when more than 

half of the molecules in the membrane are surfactants.75 Fur-
thermore, it has been found that Re

sat scales with the ratio of 

the spontaneous curvature of the lipid to that of the surfactant. 
Solubilization is thus enhanced by using a surfactant with a 

higher positive spontaneous curvature, or when the lipid has a 

less negative spontaneous curvature. For example, the solubil-

ization of 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE), which has a strong negative spontaneous curvature, 

requires high concentrations of surfactant (Re
sat ~ 2 using Tri-

ton-X100).75  

Due to their action on lipids, surfactants have found use in 

single cell surgery involving the disruption of the plasma 
membrane. Examples of surfactants used in studies of plasma 

membrane disruption include saponin, Triton X-100 and sodi-

um dodecyl sulfate (SDS), typically at 0.1%.   

 

2.1.3.2 Enzymes 

At the multicellular level, the most common chemical 

method to remove cells is by using the enzyme trypsin for 
disrupting the adhesion between cells. Trypsin is a proteolytic 

enzyme that uses the amino acid serine in its active site. It is 

produced by the pancreas and cleaved to its final form in the 
small intestine. It was named by Kuhne in 1876 who described 

the proteolytic activity of this enzyme.85,86 Trypsin was crys-

tallized in 1931 by Northrop and Kunitz.87 

Trypsin cleaves proteins at the C-terminal of lysines and ar-

ginines, a process known as trypsinization.88 When applied to 
adherent cells or tissues, trypsin digests the protein matrix that 

binds cells in the tissue as well as other cell surface proteins 
such as cadherins and integrins. This digestion causes the de-

tachment of cells from culture substrates and subsequent 
rounding of the detached cells (Figure 6).89,90 Trypsin is gener-

ally inactivated by the addition of serum, which contains tryp-
sin inhibitors that are components of the ɑ1- and ɑ2-

globulin.91,92 
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Figure 6. Effect of trypsin on a cell monolayer. Trypsin causes 

cell detachment when applied to a monolayer of cells, by digest-
ing the cellular adhesion and matrix molecules. Trypsinized cells 
appear rounded due to lack of attachment to substrate.  

 

2.1.3.3 Implications for the design of microfluidic sur-

gery 

In bulk solution, the application of surfactant or enzymes in-

flicts an “injury” to the entire cell or population of cells. In 
order to inflict a local injury to a small, specific region on a 

cell membrane or cell population (e.g., a monolayer of cul-
tured cells), the surfactant and enzyme solution would need to 

be applied at a length scale that is smaller than the size of the 
cell or the monolayer, ideally with high spatiotemporal preci-

sion.  

To this end, microfluidics offers significant advantages due 
to laminar flow at low Reynolds numbers (Re < 100).16 In this 

flow regime, viscous effects dominate over inertia. Mixing 
occurs primarily by diffusion. The Peclet number (Pe = v*w/D 

= Z/w, where v = velocity, w = channel width, D = diffusion 
constant, and Z = channel length at which mixing is complete), 

characterizing the relative importance of advection to diffu-

sion, can be quite high. 

As an example, a stream of surfactant or enzyme solution 

can be sandwiched between two buffer streams to flow over a 
monolayer of cells to confine the region of injury. The width 

of the injured region is determined by the width of the laminar 

stream of surfactant or enzyme, which is in turn governed by 
diffusion of the surfactant or enzyme molecules. The diffusion 

coefficients of SDS, Triton X-100, and trypsin are ~10-6 cm2/s, 
10-7 cm2/s, ~10-6 cm2/s, respectively.93,94 To maintain a stream 

width of w = 10 µm for a length Z = 1 cm, or a Pe = 1000, the 
flow velocities needed are ~1 cm/s, 0.1 cm/s, and 1 cm/s, re-

spectively.  

These flow rates are easily achievable in typical microfluid-
ics systems. Therefore, the use of laminar flow allows spatial 

control of the injury by chemical methods with high precision. 
Furthermore, the stream of surfactants or enzymes can be 

switched to a buffer at a later time point to stop the injury and 
observe subsequent healing or regeneration events. The tem-

poral resolution is limited by the mass transport of changing to 
a solution with a different composition, and is typically on the 

order of seconds.  

 

2.1.4 Electrical methods 

Electroporation utilizes an electric field to permeabilize the 
plasma membrane of a cell, typically for the transport of cargo 

in and out of the cell.95,96 Cells in their natural state maintain 
an electrical potential difference, the transmembrane voltage, 

across their plasma membranes.96 In eukaryotic cells, the 
transmembrane voltage ranges from -40 mV to -70 mV. Ap-

plication of an external electric field causes the transmem-
brane voltage to increase, resulting in changes in the structure 

and composition of the lipid bilayer. Beyond a critical induced 
transmembrane voltage, the plasma membrane becomes per-

meabilized (Figure 7). The critical transmembrane voltage 
required for membrane permeabilization depends on several 

factors including the size and the type of the cell, the curvature 
of the plasma membrane and the exposure duration.96 In Chi-

nese hamster ovary cells, permeabilization of the membrane 
was found to occur when the transmembrane voltage reached 

240 mV and the electric field necessary to permeabilize the 
membrane was around 0.3 kV/cm.97 The size of the pore creat-

ed during electroporation is usually of the order of nanome-
ters. The pore seals spontaneously over a timescale of seconds 

to minutes post electroporation. However, if the induced 
transmembrane voltage is 3-5 times the critical threshold, 

there can be irreversible damage to the plasma membrane.96 

 

2.1.4.1 Implications for the design of microfluidic sur-

gery 

The fabrication and integration of electrodes consisting of 

different materials in a microfluidic system has been demon-

strated successfully for a range of applications.98–100 Electro-
poration requires a high electric field for plasma membrane 

permeabilization. Such high electric fields can be achieved 
easily in microfluidic systems by applying a small voltage 

across a device with dimensions that can be as small as the 
size of a cell (tens of micrometers). For example, to generate 

an electric field of 1 kV/cm, a voltage of only 1V is needed 
across a 10 µm space. In addition, the integration of cell cul-

tures on an array of electrodes, or a continuous flow of sus-
pended cells between two electrodes in a microfluidic system 

makes it possible to electroporate a large number of cells at a 

time in a high throughput manner. 

 

2.2 Methods to fuse 

Most microfluidic fusion surgery have focused on the fusion 

between cells. Cell fusion involves the coalescence of cell 
membranes of two cells into one. A generally accepted model 

of cell fusion is the stalk-pore model (Figure 8).101–103 In this 
model, fusion initiates when the lipids in the outer leaflets of 

the plasma membrane connect, which can be mediated by the 
interactions between the polar head groups of the phospholip-

ids in the outer leaflets through receptor-ligand interactions. 
The fusion of the outer leaflets forms an intermediate stalk. 

Radial expansion of the stalk induces a transient hemifusion 
diaphragm, which is a local bilayer made of the two initial 

inner leaflets. A fusion pore is formed in the diaphragm after 
the inner leaflets merge. Finally, the pore expands and leads to 

complete fusion.  

In vivo, cell fusion is typically mediated by fusogen pro-

teins.104 Given the biotechnological applications of fused cells 

(see Section 6), external forces have been applied to induce  
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Figure 7. Electroporation. Schematic diagram showing the process of plasma membrane disruption by the principle of electroporation. 

 

cell fusion involving biological, chemical, and electrical 

methods. Below, we will summarize the mechanisms of the 
most common methods for inducing cell fusion in microfluid-

ics: virus-mediated fusion, polyethylene glycol-mediated fu-

sion, and electrofusion (Figure 9).105 

 

2.2.1 Virus-mediated fusion 

Many viruses have been reported to be capable of fusing 
human cells.106 Sendai virus, a mouse respirovirus, also called 

the hemagglutinating virus of Japan (HVJ), is a popular virus 
used for in vitro cell fusion. It is infectious to many cancer cell 

lines, and has been used to fuse cells to form hybridoma for 
monoclonal antibody production.107 In addition to Sendai vi-

rus, a number of viruses have been used for cell fusion.108 

There are two primary mechanisms through which viruses 
fuse cells.106,109 The first mechanism involves infecting a cell 

and causing the infected cell to express fusogenic proteins on 
the plasma membrane. The infected cell can then fuse with 

another cell having a receptor for the fusogenic protein, by 
inducing membrane rearrangement and expanding the fusion 

pore. The second mechanism does not involve the infection of 
the cells by the virus. Rather, the virus particles bridge two 

cells together, and mediate the modification of membrane 

structure thereby allowing fusion to occur.110 

Virus-mediated fusion depends on the concentration of the 

virus, pH, temperature, and incubation time. For the HVJ-
mediated fusion of Ehrlich ascites tumor (EAT) cells, viral 

infection occurs at 1200 to 3600 virus particles per cell at neu-
tral pH.111 Cells are treated with virus aggregate at 0 °C and 

fusion occurs at 37 °C within ~5 minutes.  

A challenge of using viruses for cell fusion is that the exper-
imental parameters must be tailored to different cells. Addi-

tionally, virus-mediated fusion is limited to cell types with 
appropriate receptors. Given these limitations, virus-mediated 

fusion is now less common after the discovery of PEG-

mediated fusion and electrofusion.112  

 

2.2.2 Polyethylene glycol (PEG)-mediated fusion 

Polyethylene glycol (PEG)-mediated fusion is the most 
widely used reagent for chemical fusion by addition to cell 

suspensions.113–115 PEG is a hydrophilic linear polymer of eth-

ylene oxide with a hydroxyl terminal.  

The mechanism by which PEG fuses cells is still not fully 

understood.116–118 However, PEG-mediated fusion is believed 
to occur through the aggregation of the cells to be fused and 

the destabilization of the lipid bilayer. Cell aggregation with 

PEG is attributed to PEG’s high affinity for water, causing the 

depletion of water from solution.119 This dehydration causes 
an elevation of osmotic pressure that regulates the amount of 

water between cells, thereby creating an attractive depletion 
force driving cell aggregation.117,118,120 PEG destabilization of 

the bilayer is caused by the dehydration of water molecules 

interacting with head groups of the bilayer as described in 
vesicle-fusion studies.121,122 Agents that enhance or alleviate 

the dehydration-induced stress to the cell membrane will favor 

or inhibit fusion.123 

The PEG used for fusion typically has a molecular weight 

between 1000 and 10000.118 The advantages of PEG are that it 
is water soluble, easy to handle, and has relatively low toxicity 

to cells at the optimal concentrations. However, the fusion 
efficiency in bulk is low (around 8% only).124 Importantly, the 

window for PEG concentrations that promotes cell fusion is 
narrow. PEG concentrations beyond a threshold level cause 

severe toxicity to cells.125–128 In a study on the effect of PEG 
concentration on the hybridization of 3T3 and RG6 cells, it 

was found that the exposure to PEG at a concentration of 
around 50% for 1 minute led to the highest yield of hybrids.115 

Beyond this concentration, the yield decreased significantly, 

attributed in part to an overall decrease in cell viability.  

 

2.2.3 Electrofusion  

The electrical method for cell-cell fusion is also called elec-

trofusion. Electrofusion was first described by Zimmerman in 
1981.129 The process starts with the application of an electric 

field (~100 V/cm) to pair cells and keep them in contact using 
dielectrophoresis. Next, the application of pulses of high elec-

tric field (~kV/cm) causes electroporation of the cell mem-
branes. Subsequently, the pores expand and the membranes of 

the cells in contact fuse allowing cytoplasmic exchange.130  

The factors affecting fusion yield include the electric field 
strength E0 , pulse width ts, the total duration of application Σts, 

and the waveform of the electric field.131 Higher yields of fu-

sion have been achieved using a square pulse than an exponen-
tial pulse with the same E0 and ts.

131 Additionally, the fusion 

rate increases with E0 and decreases with temperature.  

Electrofusion experiments are traditionally performed in cell 
suspensions. The fusion efficiency is low, ranging from 0.7% 

to 5.7%,132 which has been attributed to random cell alignment 

and the lack of tools to retrieve hybrids from unfused parents. 
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Figure 8. Stock pore model for fusion. This model describes the steps leading to the fusion of separate cells. First, the two cells that fuse 

are in close proximity. Then, stimuli promote the outer leaflet of each cell to mix and form a “stalk”. The formation of the stalk promotes 
the fusion of the inner leaflet of the bilayer completing partial fusion or hemifusion. Finally, the more the inner leaflets mix a fusion pore 
forms allowing for cytoplasmic exchange completing the fusion process. 

 

 

Figure 9. Common fusion methods. Schematic showing the three most commonly used methods for fusion in microfluidic devices. 

 

2.2.4 Implications for the design of microfluidic surgery 

One of the biggest challenges in cell fusion in bulk solution 

is the difficulty in pairing cells and ensuring their contact prior 
to the application of the fusing agents. The ability to control 

the flow and the trapping of single cells in microfluidics is 
thus of great value to fusion surgery. In addition, if the fusing 

agents are in solution (e.g., virus or PEG), they can be applied 
and washed off the cells with high temporal precision in mi-

crofluidics to maximize fusion yield and minimize cytotoxici-
ty (if any). The simple integration with electrodes in a micro-

fluidic system, as discussed above, also makes microfluidic 

systems amenable to electrofusion. 

 

2.3 Methods to transport 

In single-cell biopsy, the materials to be extracted, such as 
organelles and biomolecules, are in the micrometer to na-

nometer range. Their extraction thus requires transport mecha-
nisms that differ significantly from macroscopic biopsies. Mi-

crofluidic techniques have emerged as a powerful tool ena-
bling efficient extraction from within the cell. In this section, 

we will summarize principles of micro/nanoscale fluid flow 

relevant for single-cell biopsy.   

2.3.1 Pressure-driven flow 

A common way to drive fluid flow is by applying a pressure 

gradient across a pipe, channel, or other conduits (Figure 
10A). In the microscale, viscous effects dominate and the flow 

is typically laminar. The flow exerts hydrodynamic drag on 
particles present and causes them to move. As the diameter of 

the conduit decreases, however, the pressure ΔP needed to 
drive the flow increases significantly as it scales inversely 

with the 4th power of the radius R as given by the Poiseuille 

equation (Eq. 3), 

𝛥𝑃 =
8𝜂𝐿𝑄

𝜋𝑅4
 (Eq. 3) 

where η is the viscosity of the fluid, L is the length of the pipe, 
and Q is the volumetric flow rate. For example, a nano-conduit 

with a diameter Dc = 100 nm and a length Lc = 10 µm would 
require a pressure difference ΔP ~ 10-1 - 101 atmospheres to 

drive the flow of cytosol (with a viscosity assumed to be 1 - 
102 times higher than water)133,134 at an average velocity u ~1 

mm/s, or approximately 1% of cell volume per second if the 

cell is assumed to have a size of ~10 µm.  
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2.3.2 Electrokinetic flow 

An alternative way to drive fluid flow is by applying an 
electric field. This type of flow is also known as electrokinetic 

flow (Figure 10B). 

 

2.3.2.1 Electroosmosis  

Electroosmotic flow of an electrolyte inside a micro/nano-
fluidic channel is generated by application of an electric field 

across the channel.18,135,136 An electrical double layer is formed 
at the interface between a solid surface and an electrolyte solu-

tion due to electrostatic attraction between the free ions in the 
electrolyte (counterions) and the bound surface charges on the 

solid surface (Figure 10B). The bulk electrolyte thus gains a 
net charge. When an external electric field is applied across 

the electrolyte, the net charge in the bulk electrolyte generates 
a fluid flow due to the movement of the ions. The electroos-

motic velocity profile depends on the thickness of the electri-
cal double layer, applied potential difference and the material 

properties of the electrolyte (electrical permittivity and viscos-
ity). The thickness of the electrical double layer, or the Debye 

length, is a function of the ionic strength of the electrolyte, and 
is typically on the order of angstroms (at high electrolyte con-

centration) to nanometers (at low electrolyte concentration). 
For example, for a 5 mM ammonium acetate solution, the De-

bye length is ~4 nm. In the limit that the channel is wide com-
pared with the Debye length, the electroosmotic flow can be 

approximated as a plug flow with the velocity uEOF given by 

the classic Helmholtz-Smoluchowski equation (Eq. 4), 

𝑢𝐸𝑂𝐹 =
𝜀𝜉

𝜂
𝐸 (Eq. 4) 

where ε is the permittivity of the solution, ξ is the zeta poten-

tial, η is the dynamic viscosity of the electrolyte, and E is the 
electric field applied. In the nano-conduit example above (di-

ameter 100 nm, length 10 µm), assuming the material is glass 
(ξ ~ –50 mV) and the nanopipette is filled with a 1:1 electro-

lyte (5 mM ammonium acetate), an electric field E ~104 V/m 

would be needed to drive the flow at uEOF ~ 1 mm/s. 

 

2.3.2.2 Electrophoresis   

Electrophoresis is the transport of charged particles in an 

electrolyte in the presence of an external electric field.136,137 
Like electroosmosis, electrophoresis is brought about by the 

formation of an electrical double layer at the interface between 

the electrolyte and the particle. A charged particle surrounded 
by a diffuse layer of counterions moving in an electrolyte solu-

tion experiences an electrical force due to the applied electric 
field, and the drag force due to the relative motion between the 

fluid and the particle (Figure 10B).137 The resulting velocity of 
the particle, uEP, is proportional to the electric field and the 

electrophoretic mobility of the particle (Eq. 5).138 

𝑢𝐸𝑃 = 𝜇𝐸𝑃𝐸 (Eq. 5) 

The electrophoretic mobility depends on the zeta potential 
and the permittivity of the particle, as well as the viscosity of 

the fluid, but the detailed expression depends on the shape and 
the size of the particle relative to the Debye length.138 As an 

example, hexanucleotide ssRNA homopolymers of polyad-
enylic acid have an estimated electrophoretic mobility μEP of 

4×10-8 V-1m2s-1 in an aqueous electrolyte.139 To achieve an 
electrophoretic velocity uEP ~1 mm/s in an aqueous electrolyte 

(e.g. ammonium acetate), an electric field E ~104 V/m would 

be needed.  

 

Figure 10. Methods to transport cellular contents. Schematic 
diagrams showing (A) pressure-driven flow, (B) electrokinetic 
flows, (C) electrowetting, and (D) diffusion mediated transport. 

 

2.3.2.3 Dielectrophoresis 

Dielectrophoresis is the transport of neutral dielectric parti-
cles upon the application of a non-uniform electric field (Fig-

ure 10B). A dielectric particle placed in an electric field polar-
izes to form an electrical dipole. In a non-uniform electric 

field, the dipole experiences a net force due to the non-zero 
gradient of the electric field which causes the particle to 

move.140 The dielectrophoretic velocity is given by (Eq. 6),141  

𝑢𝐷𝐸𝑃 =
𝑎2𝜀

6𝜂
𝑓𝐶𝑀𝛻|𝐸|² (Eq. 6) 

where a is the radius of the particle, ε and η are the permittivi-

ty and dynamic viscosity of the fluid respectively, and fCM is 

the real part of the Clausius-Mossotti factor (𝑓𝐶𝑀 =

𝑅𝑒 [
𝜀̂𝑝−𝜀̂

𝜀̂𝑝+2𝜀̂
]), where 𝜖𝑝̂ and 𝜀 ̂ are the frequency-dependent 

complex permittivities of the particle and the fluid respective-

ly. Given this relationship, larger particles experience a higher 
dielectrophoretic force and move faster in a given electric field 
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gradient than smaller particles. Therefore, dielectrophoresis 
offers a way to transport particles based on their size, making 

it possible to extract specific molecules from the cell during 

biopsy.  

For example, for the trapping of a DNA molecule at the tip 

of a nanotweezer, a force of ~10 fN was found to be needed to 
overcome Brownian motion.142 This force was achieved by 

applying an electric field gradient |∇|E|2| > 2.5×1016 V2/m3.143 

At this electric field gradient, assuming the size of the mole-

cules is ~ 10 nm and fCM is on the order of 1,144,145 the velocity 
of the molecule uDEP ~ 102 - 100 nm/s for a cytosol viscosity 1 

– 102 times that of water.  

 

2.3.3 Electrowetting 

The wetting characteristics at a solid-liquid interface depend 
on the balance between the cohesive forces between the liquid 

molecules at the interface and the adhesion between liquid 
molecules and the surface of the solid. A liquid droplet wets 

the solid surface more if the adhesive forces are higher than 
the cohesive forces, and vice versa. The degree of wetting is 

characterized by the contact angle at the interface and is relat-
ed to the interfacial tensions by the Young-Dupre equation. 

Application of an electric field between the two phases induc-
es charges at the solid-liquid interface, thereby modulating the 

contact angle, which can in turn drive fluid flow (Figure 
10C).146 For example, in a 100 nm diameter glass capillary 

filled with water, assuming the surface force is only countered 
by gravity, we can approximate the change in the height h of 

the water column using the capillary rise equation (Eq. 7),  

𝑑ℎ

𝑑𝜃
= −

2𝛾𝐿𝐺𝑠𝑖𝑛 𝜃0

𝜌𝑔𝑟
 (Eq. 7) 

where γLG is the liquid-gas interfacial tension, θ0 is the initial 

contact angle of water on glass, ρ is the density of water, and r 
is the radius of the capillary. A 0.1° change in the contact an-

gle (assuming θ0 = 15°) would result in ~1 pL (~ 1 cell vol-
ume) change in volume of water inside the capillary. The volt-

age needed to obtain this change in contact angle is given by 

the Young-Lipmann equation (Eq. 8), 

𝑉 = √
2𝛾𝐿𝐺𝑑

𝜖
(𝑐𝑜𝑠 𝜃 − 𝑐𝑜𝑠 𝜃0)  (Eq. 8) 

where ε is the permittivity of water, and the dielectric layer is 

assumed to have a thickness d = 10 nm between the electrode 
and the liquid. The voltage necessary for a 0.1° change in the 

contact angle is thus only ~ 10-2 V.  

 

2.3.4 Diffusion-mediated transport 

At small length scales, the effect of the thermal energy of 
molecules is significant. The movement of molecules at such 

length scales is dictated, to a large extent, by diffusion down a 
concentration gradient (Figure 10D). Diffusion-mediated 

transport from cells requires disruption of the plasma mem-

brane which can be achieved by methods described in Section 
2.1. The downside of diffusion is that it is slow. The coeffi-

cient of diffusion, given by the Stokes-Einstein equation, 𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 (kB is the Boltzmann constant, T is the temperature), de-

pends on the viscosity of the liquid η and the size r of the par-
ticle being transported.133 Let us consider hexanucleotide 

ssRNA homopolymers of polyadenylic acid which has an es-
timated coefficient of diffusion in water of ~ 0.24×10-9 m2/s.139 

The time scale t for diffusing across the length Lc of the nano-

conduit scales as 𝑡 ∼
𝐿2

𝐷
 ~ 10-1 to 101 seconds, assuming the 

viscosity of the cytosol is 1 – 102 times that of water.  

 

2.3.5 Implications for the design of microfluidic surgery 

In order to minimize damage to cells, the opening in the 

plasma membrane caused by the biopsy process should be as 
small as possible, ideally less than hundreds of nanometers. 

With existing fabrication techniques, it is possible to fabricate 
nanochannels, pipettes, or other conduits with a diameter of 

this size range (see details in Section 5).  

As can be seen from the examples on the nano-conduit 
above, one of the challenges of using conduits with such a 

small diameter is the increasing difficulty in transporting flu-
ids using some of the common transport mechanisms such as 

pressure driven flow, given the exceedingly large pressure that 
may be required depending on the viscosity of the cytosol. In 

practical devices that rely on pressure driven flow, the nano-
conduit can be tapered such that only the tip is small, but the 

diameter of the rest of the conduit is in the tens of micrometers 

range.  

Comparing different electrokinetic transport mechanisms, 
electrowetting is advantageous in that only a very small volt-

age is needed to cause a significant change in the capillary 
height and thus the volume of fluid aspirated into the conduit. 

Indeed, in devices that apply an electric field across the con-
duit, electrowetting dominates over electroosmosis and elec-

trophoresis in driving the flow (see details in Section 5). The 
velocity of molecules driven by dielectrophoresis is small. As 

such, most applications of dielectrophoresis are for local trap-
ping of molecules (or cells, see Section 6), rather than for 

transport over long distances. 

For transport based on the diffusion of molecules down a 
concentration gradient, while it is simple, the process is slow 

compared with other transport mechanisms. It may still be 
suitable for probing cellular processes that span long time 

scales (tens of minutes). However, the extraction of larger 
organelles like mitochondria will be very difficult using diffu-

sion alone.  
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Figure 11. Types of sectioning surgery. In a sectioning surgery, a cell or tissue sample may be split symmetrically into two halves, 
asymmetrically into two pieces, during cell division, or into multiple pieces (listed from left to right).  

 

3. SECTIONING 

We define sectioning as the process of dividing or separat-

ing an entity physically into multiple distinct parts, or sections. 
This process can be applied in various forms, including split-

ting an entity into two symmetric halves, into two asymmetric 

parts, or into many fragments, and even facilitating cell divi-
sion (Figure 11). The multiple pieces generated can be used in 

downstream experiments or analysis, including histology, mi-
croscopy, sequencing, drug screening, wound healing, and 

regeneration studies as described below. 

In these studies, microfluidics can facilitate the handling 
and analysis of samples that have already been sectioned out-

side the device using existing methods such as the microtome 
or tissue chopper. The advantages of microfluidics in such use 

cases have been demonstrated in applications such as spatial 
transcriptomics and cancer drug screening.147–150 Alternatively, 

microfluidic methods can be used to perform the sectioning 
procedure itself. Here, we will focus on describing the micro-

fluidic methods to perform the sectioning procedure at the 
single cell, dividing cell, and multicellular scales (Figure 12). 

We will consider a microfluidic device to have performed 
sectioning surgery when the sample is kept alive during the 

sectioning, and when the microfluidic design is an integral 

component of the sectioning process. 

 

3.1 Single cells 

At the single-cell level, sectioning involves splitting a cell 

into two or more subcellular fragments. Two key applications 
demonstrated so far are to generate enucleated cells, and to 

study wound repair and regeneration capabilities at the single 
cell level. We note that these operations are distinct from cell 

lysing in that the subcellular fragments remain viable.  

 

3.1.1 Enucleation 

High quality enucleated cells are crucial for cell reprogram-

ming and cloning via somatic cell nuclear transfer. Somatic 
cell nuclear transfer involves the removal of a donor nucleus 

from a cell and transferring it into an enucleated receptor 
cell.151 It is typically performed by mechanical separation via a 

micropipette.152 Compared with other methods (e.g., drug 

and/or UV treatment), mechanical separation has yielded the 

highest viability of enucleated cells.152 However, the process 
suffers from low efficiency and reproducibility. Manual meth-

ods require >1 min per cell (not including locating or retriev-

ing the sample) and suffer from high variability (standard de-
viation of ±30% of original total volume removed) and low 

viability (~40%).153 While efforts have been made to use ro-
botically controlled micropipettes and/or computer vision to 

automate and enhance processes such as enucleation,153–155 
microfluidic methods offer a unique advantage in facilitating 

high precision and high throughput enucleation procedures.  

The first approach of enucleation is to use solid tools to sepa-
rate and pinch off the nucleus from the oocyte mechanically 

inside a microfluidic channel. Magnetically driven microtools 
(MMTs) can generate forces on the order of millinewtons. An 

early strategy to enucleate oocytes in microfluidics used two 
MMTs inside a microfluidic device.156,157 The MMT consisted 

of a 200 µm thick, ~1 mm long blade with a tip that was ap-
proximately 20 µm wide which tapered to <100 µm wide in 

the body. The base of the MMT contained large circular re-
gions plated with Ni for magnetization. The rest of the MMT 

was fabricated in Si for biocompatibility. Each MMT was 
sealed inside a microfluidic channel and controlled by perma-

nent magnets attached to a linear actuator that were placed 
outside the glass bottom of the microfluidic device. To reduce 

friction between the MMTs and the glass, the surface of the 
MMT was etched with small 8 µm wide grooves, which re-

duced the contact area with the glass. The glass was vibrated 
by an ultrasonic piezoelectric ceramic to further reduce the 

friction. The reduced friction lowered the lag between the ac-
tuator and the true device position, which enabled a 1.1 µm 

precision in positioning the MMT tip. 

Swine oocytes used were ~100 µm in diameter. To 

enucleate the oocytes, the oocytes first flowed into a chamber 
containing the MMT tips. The two MMTs rotated the oocyte 

into position and cut off the nucleus portion, and the nucleus 
portion and the enucleated oocyte then flowed into separate 

outlet channels. The device performed the cutting process in 
~10 s, not including manipulating or flowing the oocyte. The 

device succeeded in removing an average of 20% of the origi-
nal total cell volume, which was a significant improvement 

from manual methods. 
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Figure 12. Summary of sectioning procedures. Methods are sorted within the four categories of sectioning: (1) symmetric split, (2) 

asymmetric split, (3) cell division, and (4) multiple splits. The operating biological scale of each method is indicated by the method sche-
matic border. Arrows indicate direction of flow and tool movement (if applicable).  

 

 

 

Figure 13. Application of microfluidics to cell enucleation. Magnetic microtool for enucleation. The microtool positions the oocyte 
against a ridge. The nucleus-containing portion of the oocyte is extruded under the ridge, and the microtool pushes against the opposite 

wall to complete the cut. Reproduced from Feng et al. under a Creative Commons BY 4.0 License.158  

 

A follow-up study used the same MMT design, but only 

used a single MMT for bovine oocytes (~100 µm diameter).158 
The change to a single MMT was made to avoid sticking of 

the MMT caused by cutting the oocyte. Instead, the MMT 
pinned the oocyte against a ridge and the wall of the device, 

and hydrodynamic forces extruded the nucleus-containing 
portion under the ridge and through the small gap between the 

MMT tip and the wall (Figure 13). The MMT was pressed 

fully against the wall to cut the cell and complete the enuclea-

tion. The size of the removed portion of cytoplasm was con-
trollable by the time between pinning the oocyte and complet-

ing the cut. The improved design demonstrated a cutting time 
of 2.5 s when removing 20% of the original total cell volume, 

not including manipulating or flowing the oocyte. Both the 
enucleated oocyte and the removed nucleus portion flowed 

into the same outlet for later sorting. The downstream viability 
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was not reported for either of these MMT studies, so the true 
advantage of microfluidic enucleation using MMTs compared 

with manual or robotically-assisted methods remains to be 

seen. 

A second approach to enucleate cells uses hydrodynamic 

forces generated by a flow in a microfluidic T-junction to re-
move the nucleus-containing portion of the oocyte.159–161 In 

these studies, bovine oocytes softened by an actin depolymer-
izing drug were aspirated into a thin microchannel, and hydro-

dynamic forces sheared the cell into two pieces. The channel 
consisted of a straight channel (700 µm wide x 200 µm tall), 

with a side channel (200 µm wide x 50 µm tall) oriented or-
thogonal to the straight channel for aspiration.161 The device 

contained an inlet for injecting the oocytes at a variable speed 
and an inlet for injecting the fluid at 25 µL/min for cutting 

(“cutting flow”). The oocyte injection speed was variable and 
controlled by a computer algorithm to position the cell at the 

aspiration channel. The cell was aspirated at 0.2 µL/min until 
half of the cell volume entered the aspiration channel and de-

tected using image processing, at which point the cutting flow 
was turned on. The cells were split roughly in half by the cut-

ting flow shearing the aspirated cell against the corner of the 
T-junction. The orientation of the oocyte was not controlled 

during this process and both cell halves exited from the outlet 
for downstream sorting. The enucleation process took ~100 s, 

not including aspiration or positioning time, but there is poten-
tial for improvement in the syringe pump control. The success 

rate of the enucleation process was 98%, but the oocyte viabil-

ity was not reported. 

 

3.1.2 Bisection 

Studying wound repair and regeneration in single cells can 
provide insight into cellular functions and related pathologies. 

Single-cell organisms such as Amoeba162 and Stentor coerule-
us163 have been studied for their regenerative properties upon 

major injury such as bisection. These systems have been stud-
ied traditionally by manual surgery using sharp needles, where 

the organism is sectioned into two or more small fragments. 
Due to the small size of these organisms (<1 mm), controlling 

the location of surgery requires much dexterity. The manual 
surgery may be performed by hand or with the assistance of a 

micromanipulator apparatus. The earliest apparatus for cutting 
single cells under a microscope was described by Schmidt in 

1859, consisting of various microneedles and tools that could 
be positioned via screw mechanisms and demonstrated by 

cutting liver cells into two halves.164 As discussed in Section 
1.1, improvements were made by Barber and Chambers in the 

early 1900s by inverting the dissection stage so that higher 
magnifications could be used.5 Today, both forms of manual 

surgery (by hand or by using micromanipulators) are still 
used.165,166 The basic principles and methods have not changed 

significantly despite the limitations (requirement for dexterity, 

low reproducibility, and throughput). 

Microfluidics has drastically increased the throughput and 

reproducibility of single cell sectioning. The high throughput 
is critical for mechanistic studies and analysis (e.g., RNA se-

quencing) that require many cells synchronized in the same 

stage of their repair and regeneration process. 

An intuitive approach to cutting a single cell is to use a 
physical blade. This approach was realized in a microfluidic 

guillotine designed for single-cell bisection of Stentor co-
eruleus. The guillotine consisted of a stationary blade centered 

inside a microfluidic channel.6 The blade was a triangular 
wedge made of PDMS, which was found to be sufficiently 

stiff to cut the cell. The cells were introduced into the channel 
having a width smaller than the diameter of the cell to provide 

a tight confinement and alignment with the blade. Due to the 
limited sharpness of the blade as fabricated by soft lithogra-

phy, the actual cutting process likely involved the deformation 
of the cell around the blade followed by pinch-off of the 

membrane. The extent of the wound inflicted on the cells was 
found to increase with an increasing applied flow rate. At a 

flow rate of ~1 cm/s, the bisected fragments had a viability 
>90%. This viability decreased to ~70% when the flow rate 

was increased to ~6 cm/s. To increase the throughput, eight 
guillotines were used in parallel to achieve an overall through-

put of ~64 cells/minute. To prevent the fouling of the blades 
from cell debris after cutting, cells were encapsulated inside 

water-in-oil droplets which facilitated the self-cleaning of the 
blades. Surface tension between the aqueous media and the oil 

facilitated the retaining of cell fragments within the drop, 
thereby preventing residues from accumulating on the knife. 

In a follow-up study, the microfluidic guillotine was used to 
wound a large number of cells, which were then analyzed 

from 4 seconds to 150 minutes post injury to evaluate the de-
gree of wound closure, as well as the mechanical modes of 

wound response, at different time points.7 In these two studies, 
the blade had a vertical cutting edge since it was fabricated by 

conventional 2.5-dimensional (2.5D) photolithography. High 
resolution 3D-printing methods, such as those employing two-

photon polymerization, could enable the fabrication of blades 

with complex 3D geometries with improved cutting perfor-

mance.167 

Instead of a physical blade, it is also possible to bisect single 

cells using hydrodynamic forces. The hydrodynamic cell split-
ter contained a microfluidic cross junction that used exten-

sional flow to stretch Stentor coeruleus until the cell split into 
two.168 Compared with the microfluidic guillotine, the hydro-

dynamic cell splitter operated at a higher throughput of ~500 
cells/minute, an order of magnitude higher than the guillotine, 

while preserving high cell viability. Furthermore, since the 
sectioning procedure did not involve contact with any solid 

blades, there was no build-up of cellular debris. The device 
could be operated over long periods of time without any foul-

ing issues. 

 

 

3.1.3 Fragmentation 

During cancer metastasis, cancer cells need to enter the mi-
crovasculature and can become fragmented due to fluid stress-

es.169,170 The ability of the cancer cell to resist fragmentation 
could thus be correlated to its metastatic potential. An in vitro 

device containing a blunt obstacle at the center of the micro-
channel was fabricated to observe the fragmentation behavior 

of prostate cancer cell lines.171 The gap between the obstacle 
and the sidewall of the channel was less than half of the cell 

diameter. The purpose of the obstacle was not to cut cells per 
se, but to induce cell deformation and the subsequent pinch-off 

of the cytoplasm. Using 10 parallel channels each containing 
an obstacle, the work was able to analyze the fragmentation 

probability, fragmentation time, and excess membrane area of 

over 60 cells. The experiments were conducted at a fixed pres-
sure drop of 20 mmHg, which was within the range of intra-

vascular pressure. The corresponding fluid shear stress in the 
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gap between the obstacle and the sidewall was approximately 
7 Pa. The study found that the more invasive prostate cancer 

cell line (CL2) was more resistant to fragmentation than the 

less invasive cell line (LNCaP).171 

3.2 Cell division 

The study of cell division is of enormous interest to age-

related diseases and cancer.172,173 While cell division is a natu-
rally occurring phenomenon, we consider it an application of 

microfluidic surgery when the device provides active interven-
tion that facilitates cell division. This active intervention typi-

cally involves physically confining a mother cell in place and 

then separating the daughter cell away from the mother cell.  

Studying the replicative lifespan of a cell, which is the 

number of cell divisions an individual cell undergoes before 
reaching senescence and then cell death, is fundamental to the 

biology of aging. Replicative lifespan studies have been per-
formed traditionally in the yeast model Saccharomyces cere-

visiae by seeding virgin daughter cells onto an agar plate, al-
lowing them to divide, and using a micropipette to periodically 

remove the daughter cells while leaving the mother cell in 
place for observation.174,175 The daughter cells are initially 

smaller than the mother cells, and must be removed promptly 
to prevent nutrient depletion of the agar plate near the mother 

cell and before they grow to a size that is difficult to distin-
guish from the mother cell. Since the manual removal of 

daughter cells only occurs at discrete time intervals, excess 
nutrients may still be consumed by the daughter cells. Fur-

thermore, for practical reasons, a maximum of ~200-300 
mother cells can be studied per researcher in an experiment. 

Cells are also incubated at 4 °C overnight to slow cell division 

when researchers are not present, which increases the typical 
total time for a single experiment to ~2-3 weeks and may af-

fect the results and interpretation. Clearly, these studies are 
limited by their low throughput and long experiment times, as 

well as by factors that may influence the cell biology.  

Various microfluidic approaches have been developed to fa-
cilitate replicative aging studies in yeast.176–180 Generally, the 

key intervention provided by the microfluidic device is to keep 
the mother cell trapped while continually removing the daugh-

ter cells via fluid flow (Figure 14). Compared with the tradi-
tional method, microfluidic-facilitated replication lifespan 

studies achieved higher throughput (up to thousands vs. 200-
300 cells per experiment), required less time to complete (a 

few days vs. 2-3 weeks per experiment), and required signifi-
cantly less manual labor. Furthermore, the microfluidic ap-

proach enabled continuous imaging of the trapped mother cells 

and also provided a constant microenvironment. 

An early approach to trap mother cells was to seed yeast 

cells in microfluidic “jails”.176 Cells were first loaded onto the 
open PDMS surface, and then the device was sealed in a cus-

tom screw assembly. These jails had various geometries, typi-
cally enclosing an area of ~11 µm width, and included several 

~4.5 µm gaps in the walls. The daughter cells exited the jails 
through these gaps and were washed away by media flow. 

However, this device design had a loading efficiency of only 
<25% and began to clog after a few generations due to ineffi-

cient daughter cell removal. 

A later approach trapped mother cells using PDMS pil-

lars.177,178 The pillars had a footprint of ~40 µm x 40 µm and 
had a gap approximately the size of a yeast cell (~4-5 µm) 

between the bottom of the pillar and the glass. When the cells 
were injected at ~1000 µL/h, the hydrostatic pressure expand-

ed this gap, and when the injection was stopped, the pillars 
returned to their original position and trapped the yeast cells. 

A constant media flow of ~100 µL/h provided fresh media and 
washed away the daughter cells, which were less likely to be 

trapped by the pillar due to their smaller size. This design sup-
ported up to ~100-200 pillars per array. In these studies, up to 

4 arrays were placed in parallel and cells were observed for 
40-60 hours. However, this trap design yielded a variable 

number of initial cells trapped per pillar, occasionally trapped 
the daughter cells, and had low retention rates (decreasing to a 

plateau ~30% by 20 hours into the experiment). 

More recent designs utilized an array of hydrodynamic traps 
that were optimized to hold a single yeast cell.179,180 The trap 

design was of critical importance as it ensured a single cell 
loading per trap, biased flow towards unoccupied traps to 

maximize efficiency, and forced daughter cells out of the trap 
where they would be removed by the media flow. Both hydro 

dynamic trap studies described here used flow rates of ~5 
µL/min for loading the cells and for providing continuous 

media flow. Crane et al. used a trap design consisting of two 5 
µm long blocks angled at 90°, with a 3 µm gap at the corner 

(Figure 14). In an array of 1500 traps, this trap design 
achieved >90% loading efficiency. While the cell retention of 

the angled block traps was improved compared to the pillar 
trap design, with ~75% cell retention at 20 hours compared to 

30%, the cell retention decreased to ~60% by ~50 hours. An 
improved design on the hydrodynamic trap was achieved by 

using a deeper, cup-like trap shape.180 The cup had an opening 
of 6 µm, a depth of ~6 µm, and a 3 µm gap in the center. They 

achieved a 96% loading efficiency and 89-92% retention rate 

at 96 hours in a device containing ~8000 traps, which was a 
far superior performance to any other trap design described 

here for replicative lifespan studies. 

 

 

Figure 14. Application of microfluidics to cell division. Hydro-
dynamic trap where mother cells are held inside the trap by media 

flow, while daughter cells exit either through the top or bottom of 
the trap. Reproduced from Crane et al. under a Creative Commons 
BY 4.0 License.179  

 

3.3 Multicellular systems 

At the multicellular level, sectioning involves breaking a 

large tissue into its constituent single cells or into small tissue 
fragments. Applications include dissociating tissue into single 

cells for single-cell analysis, generating small tissue fragments 

for cell culture, and to study organoid regeneration. 

 

3.3.1 Dissociation into single cells 

For multicellular systems, single-cell analyses are powerful 
methods to better understand cell heterogeneity and its relation 

to biological function.181 For example, cell heterogeneity with-
in a tumor is increasingly recognized to play an important role 

in understanding and treating cancer.182 In single-cell analysis  
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Figure 15. Application of microfluidics to the dissociation and fragmentation of tissues. Hydrodynamic dissociation of tissues into 

single cells. Original constriction-expansion design (left) and modified shark-fin designs (right) generate high velocity gradients and shear 
stress environments to dissociate samples. Reproduced from Qiu et al. under a Creative Commons BY 4.0 License.183  

 

workflows, tissues are typically dissociated mechanically 

and/or chemically into single cells, and then analyzed using 
flow cytometry, sequencing, or other assays. However, con-

ventional mechanical dissociation via vortexing or repeated 
pipetting is poorly controlled, and chemical dissociation using 

digestive enzymes must be carefully tuned to minimize the 

loss of surface markers and avoid excess cell death.184 

Microfluidic methods offer greater control in generating flu-

id shear flow environments and thus offer improved mechani-
cal dissociation, which may enable milder enzyme treatments 

or even enzyme-free dissociation. Lin et al. developed a pillar-

based microfluidic cell dissociation chip, which used an array 
of narrowly spaced microfluidic pillars to dissociate neuro-

spheres into single neural stem/progenitor cells.185 The device 
consisted of an array of rectangular pillars (50 μm wide x 167 

μm tall x 240 μm long). The pillars were arranged in a 142 x 
10 array and separated by a gap of 20 μm in the lateral direc-

tion and a gap of 100 μm in the longitudinal direction. Neuro-
spheres were first passed through a 40 μm filter and then 

flowed through the pillar-based device at flow rates ranging 
from 3 - 15 mL/min. When operated at 10 - 15 mL/min, the 

maximum shear stress occurred on the sidewall of the mi-
cropillar and ranged from 10 - 18 Pa. The device performance 

was very favorable, with 90-95% yield of dissociated single 
cells from the neurospheres and 80-85% viability. Additional-

ly, the cells retained their differentiation potential and their 
ability to regrow into neurospheres. Critically, the high per-

formance of the pillar-based device was achieved without the 

use of digestive enzymes. 

Qiu et al. devised a simple method to dissociate breast can-

cer tissue samples in a microfluidic device using nylon mesh 
filters.186 The integration of the filter into the microfluidic 

device was critical to prevent sample loss and clogging at 
small pore sizes that would occur in bulk conditions. The op-

timal combination tested was to first pass samples tangential 
to a 50 μm filter and then to pass sample directly through a 15 

μm filter. This combination resulted in a single cell yield of 
~65%, which was ~3 times greater than conventional methods, 

and ~80% viability. Higher single cell yields could be ob-
tained using smaller filter sizes but came at the cost of drasti-

cally reduced viability. 

Hydrodynamic forces can also be used to dissociate a tissue 

sample. Using a series of constriction-expansion channels to 
generate “hydrodynamic micro-scalpels”, Qiu et al. dissociat-

ed colon and lung tumor samples into single cells.187 The de-
vice consisted of a branched design containing 5 stages, each 

containing a series of constriction-expansion structures (Figure 
15). The device channels were laser-cut in polyethylene ter-

ephthalate plastic, and the channel height was ~300 um 
throughout the device. The channel layers were sandwiched 

using adhesives between layers to seal the top and bottom to 

form the final device. Starting with a single channel of 2 mm 
minimum width, the channel number doubled and the channel 

dimension reduced by half in each stage, ending in a final 
stage containing 16 channels of 0.125 mm minimum width. 

The expansion chambers were roughly square shaped with the 
diagonal oriented in the flow direction, and a diagonal length 

three times the constriction width. The constriction-expansion 
geometries generated regions of high fluid shear in the con-

striction regions that progressively dissociated the tumor sam-
ples, ranging from ~3.5 Pa in the first stage to ~11 Pa in the 

final 5th stage when operated at 12.5 mL/min. For small cell 
clusters, a trypsin digest followed by the hydrodynamic micro-

scalpels increased the single cell recovery to 94% compared 
with 76% when using a trypsin digest alone. For intact cell 

monolayers that were only treated with collagenase to release 
the monolayers, the total cell recovery rate when operating the 

device enzyme-free exceeded that of a trypsin digest and re-
peated pipetting by 30%, and the single cell yield was im-

proved to 95% from 61%. For tumor spheroids ~200-300 μm 
in diameter, operating the device enzyme-free led to poor re-

sults, but a combined enzyme-device treatment greatly in-
creased the total cell recovery by up to 10-fold compared to 

enzyme digestion alone, with up to 90% single cell yield. 

The authors further improved this device in a follow-up 
study by tuning the channel geometry.183 They decreased the 

minimum width to 75 µm in the final stage, which increased 
the maximum shear stress by 150%, and used an extended 

shark fin geometry in the expansion chambers, which generat-
ed an additional large peak in the shear stress along the center-

line of the channel (Figure 15). Additionally, the shark-fin 

device was easier to fabricate and assemble and had improved 
resolution compared to the original device, since the channels 
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were fabricated on a single polyimide film layer using laser 
micromachining. The optimized shark fin design resulted in a 

~20% increase in single cell yield and a reduction in the frac-
tion of small and large aggregates compared to the original 

device.  

A recent study integrated the hydrodynamic micro-scalpel 
method and the cell filtration method described above with an 

on-chip digestion module to form a fully microfluidic platform 
to process tissues into single cells.188 Unlike previous studies 

described here, this study took the additional step of perform-
ing single-cell RNA sequencing on the resulting cell suspen-

sion. Using kidney and breast cancer tissue, they found that 
the fully microfluidic platform yielded >2 times more epitheli-

al cells and leukocytes, and >5 times more endothelial cells 
compared with conventional methods. Furthermore, stress 

response genes were not elevated in samples processed by the 
microfluidic platform, indicating that the process flow was not 

excessively harsh on the cells. 

While some of these microfluidic methods have demon-
strated high performance under enzyme-free conditions, the 

results are generally further improved using a combination 
approach of enzyme treatment and microfluidic dissociation. 

Typically, a combined enzyme and device can achieve similar 
or even better results in less time compared to conventional 

methods using the same enzyme treatment.  

 

3.3.2 Sectioning into small tissue fragments 

Sectioning live tissue into small tissue fragments can be 
achieved using similar methods to tissue dissociation into sin-

gle cells. A motivation to generate such fragments is to facili-

tate rapid cell culture expansion, for example, for clinical use.  

Towards this application, Wallman et al. developed Biogrid, 
a closed and enzyme-free system to dissociate cell aggregates 

into small fragments.189 The Biogrid consisted of multiple 
rows of thin knives etched into a silicon wafer, aligned parallel 

to each other in a single direction and covering an area ~2.5 - 
6 mm2. The blades were fabricated in silicon using an aniso-

tropic etch, which resulted in vertical sidewalls. Various grid 
designs ranging from 10 - 30 μm edge thickness and 60 - 200 

μm spacing were tested. The authors did not report any signif-
icant biological differences between the various grid sizes 

tested. The silicon microgrid was fit into an adaptor inside a 
fluidic system containing the suspended cell culture. The cell 

suspension was passed at 0.5 - 1 mL/s across the microgrid to 
cut large aggregates, without the need for enzymatic treat-

ments or the risk of contamination by manual mincing. Small-
er fragment sizes were achieved by passing the sample repeat-

edly back and forth. The Biogrid was capable of expanding 
neural stem cell cultures at rates that were comparable to but 

also more consistent than previous enzymatic methods.  

 

3.3.3 Bisection 

Studying regeneration in multicellular models such as pla-
narian flatworms could shed insight on the communication and 

interaction between different parts of the organism.190 As is the 
case in single-cell wound healing, microfluidic devices offer 

new opportunities and advantages in wounding and studying 

regeneration in multicellular systems. 

For example, bisection of multicellular samples can be 
achieved in a similar fashion to the bisection of single cells. 

Toda et al. adapted the single-cell microfluidic guillotine de-
scribed in Section 3.1.2 to bisect multicellular structures.191 In 

this study, the authors engineered cells with synthetic surface 
ligands and receptors that promoted cell-cell adhesion. These 

engineered cells then self-assembled into three-layered multi-
cellular spheroids. The guillotine geometry was adjusted to 

150 μm in width and 50 μm in height to provide confinement 
that aligned the spheroid to the blade. The flow velocity was 

increased to 148 cm/s, which was much greater than the veloc-
ity needed to cut Stentor cells, likely due to the increased stiff-

ness of the spheroid. The organization of these cells was ro-
bust and remarkably regenerated its layered structure by 25 

hours after bisection. 

 

3.4 Outlook and future opportunities 

In summary, microfluidic methods can be utilized to per-
form a diverse set of sectioning surgery, with broad applica-

tions across biology. Some of these devices have massively 
improved the process flow for existing applications, such as 

for replicative lifespan studies in yeast or for tissue dissocia-
tion into single-cells. However, for some applications, espe-

cially cell enucleation, the advantages of the microfluidic 
methods are less clear and require further study. In addition to 

improving existing applications, other devices such as the 
microfluidic guillotine and the cancer cell fragmentation ob-

stacles have created new opportunities and enabled studies that 

could not be realized without microfluidics.  

While microfluidic methods have already seen success in 

cutting some biological materials, stiffer biological materials 

such as cartilage remain a challenge. A limiting factor in mi-
crofluidic sectioning in a pure PDMS system is the ability of 

the PDMS blade to pierce stiff biological samples, as PDMS is 
relatively soft (Young’s modulus ~2 MPa) 50,51. While non-

contact hydrodynamic methods may be able to alleviate this 
issue simply by increasing the flow rate, another solution is to 

use a stiff material such as silicon (Young’s modulus ~ 140 
GPa192) to fabricate the blades, as shown in the Biogrid by 

Wallman et al.189 Several other studies have devised silicon 
grids with sharp edges that can cut samples into 100-200 μm 

sized pieces.193,194 However, they were not demonstrated on 
live samples and did not leverage microfluidic methods. An 

alternative approach is to utilize in situ direct laser writing to 
fabricate a blade structure made of a stiff photoresist (e.g., the 

Nanoscribe IP series photoresist has a Young’s modulus ~1 - 4 
GPa195) directly inside a microfluidic channel.49 This approach 

also has the advantage of fabricating truly three-dimensional 

blade structures.  

Another limitation in current microfluidic sectioning meth-

ods is that it is difficult to control the orientation of the cell or 
organism and therefore the exact position of the cut. Integra-

tion with real-time image analysis and micro-manipulation is 

likely required to achieve this type of control.  

Finally, the current work has revealed gaps in our under-

standing of the physics of cutting biological tissues. For ex-
ample, studies on how biological materials are damaged by 

hydrodynamic forces have been explored for bulk methods 
such as bioreactors.196 However, much less attention has been 

given to how biological materials are damaged or cut by hy-

drodynamic forces in microfluidic environments. For single 
cells, the fluid shear forces on the surface of the cell must in-

troduce sufficiently high membrane tension to create a rupture. 

The mechanical stress on a single cell arising from fluid forces  
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Figure 16. Types of ablation surgery. Four examples of ablation surgery are shown, ablation of subcellular structures (top left), cutting of 

neuronal axon or axotomy (top right), wounding of an epithelial monolayer (bottom left) and ablation of a specific cell type in a worm 
(bottom right). 

 

 

Figure 17. Types of axotomy surgery. Axotomy, or the cutting of an axonal part of a neuron can be carried out either in vitro, at the sin-

gle cell level, or in intact animals (in vivo). Single neurons can be axotomized by various ways including laser, compression, surfactant 
flow or vacuum aspiration. Laser is most commonly used for intact animals. 

 

in a microfluidic cross-junction channel has been investigated, 

although membrane rupture was not considered in this 
study.197 For multicellular tissues, a mixture of all three frac-

ture modes will presumably occur (opening, in-plane shear, 

and out-of-plane shear; see Section 2.1.1) since the sample 
orientation is not well-controlled when using hydrodynamic 

forces, but this process is not well-studied. 

 

 

 

 

4. ABLATION 

We define ablation as the process of removing or destroying 

parts of a biological sample. Ablation can involve the cutting 
of a single cell, for example, a neuron, or deletion of an entire 

population of cells in an organism (Figure 16). Ablation of 

subcellular structures, cells and populations of cells within 
tissues can provide information about the function and me-

chanical properties of organelles and cells, and their roles in 
morphogenesis and regeneration. So far, the use of microfluid-

ics for ablation surgeries has predominantly focused on study-
ing the mechanisms of neural regeneration within single neu-
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rons and in intact organisms such worms, flies and zebrafish, 

as well as in the study of wound healing in cultured cells. 

Several advantages of microfluidics have enabled these 

studies. First, microfluidic devices are transparent. They are 
thus compatible with ablation using laser light. Cutting proce-

dures can also be visualized as they are performed. Second, 
laminar flow makes it simple to vary the buffer composition in 

different micro-compartments, which can reside on top of long 
cells such as neurons. Streams of fluids can be directed pre-

cisely to ablate parts of single or multiple cells. Third, a wide 
range of microfluidic devices have been developed to capture 

and immobilize small animals, typically prior to laser ablation. 
Microfluidic immobilization removes the need for anesthetics, 

and thus allows for faster regeneration and improves the re-
producibility and processing time of ablated cells or animals. 

Coupled with flow control, ablated samples can be easily 
flushed out of the microfluidic channel to increase the 

throughput of surgery. 

 

4.1 Single cells and subcellular structures 

4.1.1 Axotomy 

The most widespread use of microfluidics at the single cell 
level for ablation has been in the axotomies of neurons (Figure 

17). Nerve surgery is an ancient discipline dating back to the 
7th century AD when Paulus Aeginatus hypothesized that 

severed nerves could regenerate, but it was Gabriele Ferrara 
(1543-1627) who described the suturing of nerve stumps in 

detail.198,199 Structural and morphological changes of neurons 
in response to injury or cutting have been described in seminal 

works of Nissl (1892) and most notably Ramón y Cajal 

(1928).200–202 These works elucidated biological events follow-
ing neuronal injury to various parts of the nervous system. In 

1975, Grafstein wrote, “Axotomy usually involves removal of 
a significant portion of the nerve cell volume, but most of the 

synthetic machinery of the cell, because it is localized in the 
soma, is left intact, and the defect produced in the surface 

membrane at the site of amputation is small in relation to the 

total cell surface that remains”.201 

From these early roots, the use of microfluidics in axotomy 

started to appear in the 2000s. Readers are also referred to 
previous literature for comprehensive reviews.203,204 For neu-

ron axotomy, microfluidic methods are useful as they allow 
separate interrogation of different parts of the cell. A common 

approach used in several studies is the spatial separation of the 
cell body and axon in different compartments connected by 

tiny microchannels through which the axon traverses (Figure 
18A,B).205 These ex vivo studies have allowed a greater varie-

ty of axotomy methods, as detailed below, than in vivo stud-

ies. 

 

4.1.1.1 Axotomy by vacuum aspiration 

Axotomy by vacuum is a common technique to injure ax-

ons. The first study demonstrating this technique grew cortical 
and hippocampal rat and mouse neurons in 2-compartment 

devices.206 Axons traversed through 10 μm wide micro-
grooves, away from the somal compartment, eventually reach-

ing the second compartment of the device (Figure 18A). Mi-
nute volume differences between compartments and the high 

fluidic resistance of the microgrooves created a flow that 

counteracted diffusion of chemicals between the somal and 
axonal compartments. Axons were injured simply by applying 

vacuum aspiration to the axonal compartment. An example 
from a different study that also used vacuum aspiration is 

shown.207 Soma were then collected to assay resultant tran-

scriptional changes. 

 Fluidic isolation was exploited to locally apply neutrophins 

in the axonal compartment to study their effects on regenera-
tion. Several subsequent studies have used similar approach 

based on aspiration to injure cultured neuronal cells.207–213 

 

 

 

 

Figure 18. Devices and techniques used in single neuron ax-

otomy. (A) 2-compartment device used in neuronal culturing to 
spatially separate soma and axons, connected by minute micro-
grooves. (B) 3-compartment device used to carry out axotomy by 
detergent. Distinct compartments are indicated by the colors. De-
tail of the microgrooves is shown in the right panel. Reproduced 
from Kilinc et al. under a Creative Commons BY-NC 2.0 li-
cense.214 (C) Schematic of valve-based, CO2 routing, axonal inju-
ry microsystem used to carry out axotomy by compression.  

 

 

4.1.1.2 Axotomy by introduction of surfactants 

Kilinc et al. designed a 3-compartment device using a prin-

ciple similar to the 2-compartment device described above 
(Figure 18B).214 The third compartment was centered on top of 

C 
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the axons. Axotomy was carried out on primary mouse neural 
cultures by flowing 0.1% saponin solution through the central 

(third) compartment between the somatic and axonal com-
partments. The other compartments were held at high pressure 

to localize detergent flow. This device was used to demon-
strate degeneration of the distal part of the axon that was not 

connected to the soma after axotomy. Other surfactants such 
as sodium dodecyl sulfate (SDS) and Triton-X100 have also 

been used in similar studies.215,216,217 

 

4.1.1.3 Axotomy by compression 

Microfluidic devices have also been used to apply mechani-
cal compression to injure axons and study their repair process. 

These experiments may serve to mimic traumatic brain injury 
or spinal cord injuries.204 Hosmane et al. devised a method to 

apply compressive injury on axons to mimic traumatic axonal 
injuries (Figure 18C).218 The 2-layered device contained 3 

compartments, for the isolation of cell bodies, proximal axons, 
and distal axons, respectively. The second layer was a valve-

based elastomeric injury pad for inflicting micron-scale me-
chanical injuries on the axons. This setup was used to injure 

primary hippocampal neurons from rat pups by lowering the 
injury pads, which were actuated by increasing the pressure of 

the gas applied to the second layer. Unlike previous devices 
based on vacuum aspiration and surfactant, this device al-

lowed simple control of the degree of injury to the axons. By 
increasing the pressure applied to the second layer, the injury 

pads were lowered to a greater extent to increase the compres-
sion on the axons. The compression was held for approximate-

ly 5 seconds. The axons displayed a graded response to the 

injury. After a small, transient compression from the injury 
pad, axons remained healthy and continued to grow. But after 

a large, transient compression, complete transection or rapid 

severing of axons was observed.  

 

4.1.1.4 Axotomy by laser ablation 

By far, laser ablation is the most versatile tool for ablation 

(also see details in Section 2.1.2).219,220 It can be used not only 
to ablate single neurons in vitro inside microfluidic devices 

similar to those described above, but also to ablate neurons in 
vivo inside intact animals (see Section 4.3). The optical trans-

parency of PDMS and glass substrates from ~400 nm to 1000 
nm facilitated their use in laser ablation experiments.73 At the 

single cell level, femtosecond laser ablation has been used to 
sever axons and minimize thermal damage beyond the ablation 

zone.66 Dorsal root ganglion and cortical neurons were isolated 
from embryonic rat pups and grown in the classic 2-

compartment microfluidic isolation device for neural studies. 
In this study, post-axotomy visualization was difficult due to 

the immediate recoil of axons when a certain energy deposi-
tion threshold was exceeded. However, the regeneration of 

axotomized neurons was successfully observed. Targeted abla-
tion of axons was also achieved on micropatterned PDMS 

substrates, and regeneration was observed in the presence and 
absence of calcium, after partial and complete transection of 

axons by laser.221  

 

4.1.2 Microtubule lattice ablation 

Microfluidics has been used to study the nature of dynamic 

instability of microtubules in vitro by inducing damage to the 
microtubule lattice and observing its self-repair.222 Here, mi-

crotubules were assembled inside a microfluidic chamber and 
focused laser light was used to induce photodamage onto the 

microtubule lattice. The laser power used was above that 
needed for bleaching but below the severing threshold, and 

was shown to be capable of inducing local damage and to 
promote self-repair of microtubules.223,224 Microfluidic flow 

was used to introduce free tubulin monomer that would elon-
gate filament “seeds” to form long filaments, and was used to 

flush out unpolymerized monomer after a certain elongation 
time. This work showed that free tubulin can be incorporated 

not only at the ends but along the length (sides) of microtu-
bules, especially in areas where they experience physical con-

straints such as bending. This study also illustrated the flexi-
bility offered by microfluidic systems in switching out solu-

tions and carrying out perturbations without disrupting the 

system (in this case, microtubules) being studied.  

 

4.2 In vitro cultured cells 

Another example of use of ablation surgery is the classic 

wound healing assay. Wound healing involves multiple bio-
logical processes working in concert, for example, cell migra-

tion, adhesion and division, and is richly informative when 
induced in vitro. A common method to study wound healing at 

the multicellular level is the scratch wound assay. In the tradi-
tional version of the scratch assay, a wound is manually gen-

erated in an adherent cell culture, often by scratching with a 
pipette. The subsequent migration, proliferation and other 

behaviors of the cells to fill the scratched or wounded area are 
then observed. The scratch wound assay can thus be consid-

ered a form of ablation surgery, in which a region of the mon-

olayer of cells is removed. Scratch assays were carried out as 
early as 1965 when Todaro et al. induced a wound in a mono-

layer of contact-inhibited 3T3 cells cells, to see if the wound 
stimulus would reactivate cell division.225 This process was 

also repeated with chick embryo fibroblasts.226  

Microfluidic methods can make the scratch wound assay 
more controllable and repeatable than manual scratching (Fig-

ure 19). They also allow for constant infusion of nutrients and 
waste removal. Other advantages include less injury to the 

cells, retention of the extracellular matrix, removal of cell 
debris, and automation. For detailed discussion on cutaneous 

wound healing studies, the readers are referred to a prior re-

view.227 

 

4.2.1 Wounding by compression 

Sticker et al. used a pneumatically operated device to study 

the wound healing of HUVECs (Figure 19A). The device con-
tained a bottom microfluidic channel layer, and a top pneumat-

ic layer separated by a flexible PDMS membrane.228 When the 
PDMS membrane was pushed down, the cells underneath 

were removed from the rest of the cell layer and destroyed. 
The ensuing cell migration into the “wound” was observed. By 

analyzing the fluorescence of fibrinogen remaining at the 
wound site, the study confirmed that the extracellular matrix 

(ECM) was retained in the pneumatic device, but not when the 
monolayer was physically scratched with a stylus. There was 

also minimal death of cells at the edge of the wounds in the 

microfluidic assay.  

A similar pneumatically-controlled membrane-wounding 
method was employed by Go and colleagues.229 Some wound 

healing studies have used geometrical constraints to seed cells 
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around an empty region, followed by a release of those con-
straints to observe cell migration into that region. For exam-

ple, Zhang et al. fabricated a two-layered device where cells 
grew around removable PDMS pillars.230–233 Wang et al. de-

vised a system to circumvent the limitations of 2D cell culture 
systems using an SU-8 mesh chip that would have a 3D ag-

gregate of cells with a hole in the middle.234 . 

 

4.2.2 Wounding by introduction of chemicals 

In addition to the mechanical approach described above, 
microfluidic implementation of the scratch wound assay can 

also be achieved chemically. A laminar co-flow design allows 
the flow of tightly controlled streams of reagents over cells 

cultured inside a microfluidic device. Typically, a stream of 
trypsin, lysate, or drug is introduced in the center of the chan-

nel to generate a wounded area. This stream is sandwiched by 

 

 

 

Figure 19. Types of devices and techniques used in the micro-

fluidic generation of wounds in cell monolayers. (A) Sketch of 
a pneumatically controlled device that generates wounds in a 

HUVEC monolayer by compression. (B) Cartoon of a device to 
generate wounds in a cell monolayer in a microfluidic device with 
3 separate inlets converging into a single channel is shown. Tryp-
sin is injected through the middle channel, and a wound is caused 
due to laminar flow. (C) Pump-free, gravity-driven two-inlet de-
vice, where the height difference between the inlet and outlet 
channels drives the fluid-flow. Laminar flow is maintained over a 
period of many minutes (green- FITC dextran, upper panels). 
Lower panel shows that 2 minutes of exposure to trypsin is suffi-

cient to generate a wound in a monolayer of T/G HA-VSMCs 
(aortic vascular smooth muscle cells). Reproduced from Wei et al. 
under a Creative Commons BY 4.0 License.235  

 

two streams containing cell culture media for the unwounded 

areas (Figure 19B,C). 

These studies recapitulated findings from traditional scratch 

wound assays, but offered higher precision and thus enabled 
systematic exploration of parameters such as wound size. Ad-

ditionally, a microfluidic scratch wound assay can explore 
more complex experimental parameters such as the effect of 

fluid shear stress. Several studies have utilized laminar flows 
of trypsin, a protease that detaches cells, to wound monolayers 

chemically.235–241 Laminar streams of trypsin have also been 
used in combination with nanopatterning to study the influ-

ence of ECM topography on wound healing.242 

 

4.2.3 Wounding by application of hydrodynamic shear 

force  

Shear force has been used to detach cells and create 

wounds. Soitu et al. used microjetting to create wounds on 
confluent monolayers.243 An immiscible, biocompatible fluo-

rocarbon oil (FC-40) was poured over cells in a dish with me-
dia. A jet of FC-40 was introduced over the cells and the re-

sulting fluid flow resulted in cell detachment. FC-40 flow rates 
above 5.4 µL/s produced wounds. Different types of wound 

thickness, size and shapes were generated by changing the 
jetting parameters such as flow rate and changing the position 

of the needle over the monolayer. 

 

4.3 Multicellular organisms 

Precision cuts are critical for in vivo surgeries in live multi-
cellular organisms. Microfluidic surgery in multicellular or-

ganisms have thus far been performed exclusively using laser 

ablation. The key role of microfluidics is the immobilization 
of the organism. Microfluidics also enables the automation of 

the handling of the organisms and allows for high throughput 
surgeries to generate enough samples for subsequent studies 

that require a large number of specimens, such as RNA se-
quencing or population behavior assays. For additional re-

views on animal microsurgery, we refer the readers to prior 
literature.55,220,244 Below, we will review the microfluidic 

methods used for immobilization of live organisms for laser 

ablation studies. 

 

4.3.1 Immobilization by applying pressure  

Immobilization by the application of pressure on living or-

ganisms has been carried out alone or in combination with the 
application of carbon dioxide to the organisms. Guo et al. de-

signed an adjustable microfluidic trap to ablate axons in live 
C. elegans using a femtosecond laser.61 The device was 2-

layered. Worms were loaded in the bottom layer, with a thin 
membrane separating it from the top layer which was pneu-

matically controlled. Pressurization of the top layer deflected 
the membrane and immobilized the worm (Figure 20A). It also 

flattened the animal against the cover glass on the bottom of 
the channel, thereby allowing the axon to be in focus for imag-

ing and ablation. Survival tests carried out on 20 worms im-
mobilized at 110 kPa for 60 minutes showed no defects or 

death. This work demonstrated that immobilization by micro-
fluidics was effective and removed the need for anesthetics, 

which delayed regeneration by several hours. Gokce et al. 

used a similar approach for fully-automated ablation in C.  

A 

B 

C 
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Figure 20. Microfluidic devices for small animal immobilization and surgery. (A) Cartoon of a pressure-based immobilization device 
for C. elegans that uses a deformable PDMS membrane to hold the animal still.244 (B) 2-layer, long immobilization device for Drosophila. 
The first layer (blue) provides food to the animal, whereas the second layer (red) supplies CO2 for immobilization through a 10 µm PDMS 
membrane (left panel), as depicted by the adjoining cartoon (right panel). Copyright © 2012 Ghannad-Rezaie et al. and reproduced under a 
Creative Commons Attribution license.68 (C) Cartoon of temperature-controlled immobilization device for automated killing of cells in C. 
elegans. Valves in light yellow are open, whereas valves in dark yellow are partially closed. (D) Worm hospital device (left panel) that 
uses a set of tapering channels/ passive clamps (right panel, magnified view: bottom panel) to immobilize L4 worms at a pressure of 65 

kPa. (E) Worms containing the transgene zdls5 to label the neurons with GFP.  Axotomized PLM neuron from a worm having a mutation 
in the WNT ligand EGL-20 showing no regeneration (top panel) and PLM neuron from a zdls5 (control) worm showing successful recon-
nection (bottom panel). Reproduced from Gokce et al. under a Creative Commons BY 4.0 license.65 

 

elegans. Individual axotomies at a rate of roughly 17s/worm 

was achieved.64  

Immobilization of C. elegans using a combination of aspira-

tion and a pressurized membrane was demonstrated along with 
a high throughput screen of compounds that increased neu-

ronal regeneration.63,245,246 Thousands of animals were 
screened using an automatic system that transferred the ani-

mals from multiwell plates into a microfluidic device that used 
a single aspiration port to immobilize a single animal at a time 

with a pressurized membrane system for fast axotomy. The 
single aspiration port allowed the capture of a single animal in 

a screening chamber, while a pressure pulse was applied to 
move debris and other animals away from the chamber. Then, 

all valves were closed and the animal was moved towards a 
channel array. The membrane above the chamber was then 

deformed to tightly immobilize the animal.  

Chokshi et al. used the 2-layered design along with carbon 
dioxide perfusion through the thin membrane to increase im-

mobilization times to several hours.247 A similar strategy was 
used to immobilize Drosophila 3rd instar larvae either by ap-

plying pressure on the membrane alone for ~1 hour in a snug 
microchamber or several hours in combination with CO2 (Fig-

ure 20B).68 This device was used to detect intracellular calci-
um waves and axonal transport patterns in proximal (to the 

cell body) and distal fragments in class IV sensory neurons. 
This study also confirmed that animals did not require any 

post-operative recovery time when immobilized using micro-
fluidics, as opposed to those that are immobilized using anes-

thetics like isofluorane, which required 2 hours between imag-

ing sessions. 

 

4.3.2 Immobilization by cooling 

Chung and Lu designed a completely automatic system for 

ablating the olfactory neurons AWBL/R that expressed a GFP 
7-transmembrane receptor in worms.62 In this study, a specific 

population of cells were “killed” and no fine surgery on axons 
was carried out (Figure 20C). The device contained two worm 

loading channels on each side, with a loading and resistance 
regulator. It had a unique mechanism to only load a single 

worm at a time, as the presence of a worm in the loading 
channel increased its resistance and caused the worms to be 

diverted into the empty channel. Once the worm entered a 
channel, the animals were immobilized by transient on-chip 

cooling. Cooling stopped body and pharyngeal movements but 
did not change the size or orientation of worms. Automatic 

imaging and thresholding of GFP-expressing neurons was 
used to locate cells to be ablated. Using this setup, the authors 

were able to ablate 350 pairs of olfactory neurons assaying 
success using a chemical repellent assay. A throughput of 110 

worms/hour was achieved, sufficient for a population behavior 

assay. 

 

4.3.3 Passive immobilization  

Passive immobilization of C. elegans has been carried out 

by using a series of clamps, first described by Hulme et al., 
which consisted of a network of tapered channels that gradual-
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ly immobilized the animals.248 By choosing to operate the de-
vice at a constant pressure, rather than a constant flow, the 

authors were able to avoid mechanical damage to the animal. 
One of the key advantages of the immobilization device was 

that it contained bifurcation channels, as opposed to trifurca-
tions or higher order branching topologies. This design facili-

tated the addition of bifurcation points to increase the number 
of clamps (2N) and ensured identical fluidic resistance of each 

branch. Pinan-Lucarre et al. used this design to discover a 
beneficial role of CED-3 caspase in preserving dissociated 

processes of ablated ALM mechanosensory neurons.249  

Allen et al. also used this system of tapered microchannels 
to study synaptogenesis in the HSNL neuron.250  The study 

showed that ablating the synapse at a crucial point in its de-

velopment led to ectopic synapse formation.  

Gokce et al. modified the design of passive clamps to reduce 

the height and the width to prevent the rotation of the lateral 
axis of animals away from the image plane.65 The height was 

reduced in 3 steps along with the tapering width to maintain an 
aspect ratio of ~1 at each step. This system was used to inves-

tigate the role of WNT/Frizzled on axon regeneration by cut-
ting ALM and PLM neurons in C. elegans (Figure 20D,E). 

The trapping efficiency of this setup was over 91% with or 
without anesthetics. In order to perform long-term regenera-

tion studies of the entire nerve, this device included an imag-
ing module and a post-surgery module for 24-hour recovery. 

There were sieve channels on either side of the perfusion area 
that connected the inlet to the outlet. The perfusion inlet pro-

vided food for the axotomized animals. After 24 hours of re-

covery, the worms could be retrapped and imaged at efficien-
cies over 83%. The perfusion arms were designed asymmetri-

cally, i.e., the inlet and outlet arms had different lengths to 
achieve different levels of hydraulic resistance. As a result, the 

outlet arm was at a low pressure and the animals could be re-

moved from immobilization channels.  

In another study utilizing passive immobilization, Chang et 

al. created a fully automated system that aspirated zebrafish 
larvae from multiwell plates into a borosilicate capillary.251  

Although it was not a traditional PDMS-based device, the 
authors utilized a microfluidic setup to carry out animal mi-

crosurgery. By detecting the amount of light scat-
tered/transmitted, the system automatically detected whether 

the aspirated sample was larvae or debris. The borosilicate 
capillary with an ultrathin wall (10 µm) was found to achieve 

the best quality in high-resolution confocal imaging with the 
least amount of autofluorescence compared with capillaries 

made of other materials such as teflon and thicker capillary 
walls. To reduce mismatch in refractive index and optical dis-

tortion, the capillary was immersed in water. This system al-
lowed the control of the orientation of the larvae as the animal 

could be positioned and rotated in the capillary. Positioning 
and rotation were carried out by determining the entry and 

lateral orientations using 2D imaging while rotating the capil-
lary and comparing the image to a series of templates. This 

system was used to carry out axotomy of the lateral-neuron 
axon fiber bundle in larvae.252 Each animal was positioned and 

axotomized within 18 seconds, with 100% recovery post sur-

gery. 

 

 

 

4.4 Outlook and future opportunities 

Axotomy and wound healing assays are only two examples 
of ablation surgeries that have been carried out rapidly and 

reproducibly with the aid of microfluidics. The same principle 
should also apply to other types of tissues such as muscle or 

epithelial cells.  

In addition to the techniques discussed above for wounding 
cells, other methods have been used to remove cells from cul-

ture substrates. These methods can, in principle, also be ap-

plied to study wound healing in a microfluidic system.  

For example, temperature control has been used to detach 

cells from a Petri dish uniformly coated with the ther-
moresponsive polymer poly(N-isopropylacrylamide) 

(PIPAAm). PIPAAm is hydrated and extended below 32°C 
but contracts above this temperature. By lowering the tem-

perature from 37 °C to 4-10 °C, cell detachment occurred and 
large gaps in the cultured monolayer were created.253,254 Build-

ing on this concept, a photoresponsive culture surface was 
developed using a novel polymer pNSp-NIPAAm, which was 

a pNIPAAm-based copolymer containing a photoresponsive 
nitrospiropyran (NSp) component.255 UV light was used to 

increase the polymer’s adhesive properties by promoting pho-
toisomerization of NSp. UV irradiation prevented low-

temperature cell detachment whereas irradiation with visible 

light reversed the effect of UV light. As another example,  

focused sound waves have been used to detach cells from a 

substrate in a non-contact manner. Areas of roughly 200 cells 
(0.1 mm2) were cleared using an ultrasonic horn and as low as 

10-cell areas were cleared using a focused surface acoustic 

wave.256,257 

Integrating and automating immobilization, imaging and 
machine learning with laser ablation may well herald an era 

where we can carry out ablation experiments and regeneration 
assays in cells and animals with just the push of a button. 

Achieving such a goal would require further improvements on 
immobilization methods since cuts in tissues such as muscles 

might induce animal movement. Additional innovations in 
immobilization methods may also be needed for organisms 

that are soft but motile and extremely responsive to stimuli 
such as the ciliate Stentor coeruleus.6,7 Finally, the combina-

tion of genetically-encoded phototoxic proteins258 with laser 
irradiation could further expand control over the types and the 

precision of cells and structures to be ablated. 
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Figure 21. Methods for performing microfluidic biopsy of a single cell. Different techniques for performing biopsy on a single cell are 
categorized based on their principles of operation: Electric field driven transport (nanopipettes and nanotweezers), pressure driven 
transport (fluidic force microscopy and extended nanochannels), and diffusion driven transport (nanostraws and nanoporous membranes). 

 

5. BIOPSY  

We define biopsy as the process of extracting materials 

from within a living cell or organism for further examination. 
With advances in imaging, microscale and nanoscale manipu-

lation techniques, biopsy has become increasingly precise and 
has made possible the analysis of the contents of a living cell. 

Single cell biopsy has multiple applications in cell biology and 
medicine. For example, real time monitoring of essential cellu-

lar processes such as cell cycle regulation could help shed 
light on the functions of specific biomolecules.259 Real time 

genomic analysis of cellular contents enabled by biopsy could 
facilitate the monitoring of disease phenotypes, a prime exam-

ple being cancer cell transformation, proliferation and metas-

tasis.260  

Conventional methods for the extraction of proteins and nu-

cleic acids from the cell involve cell lysis.261–263 Intracellular 
fluorescence techniques, such as those based on fluorescent 

proteins, have allowed time-resolved, longitudinal monitoring 
of the same population of live cells to some extent.264 Howev-

er, fluorescence methods have drawbacks,265 such as the loss 
of fluorescence due to photobleaching, cell division or other 

processes,266 and potential cytotoxicity and disruption to the 

normal functions of the cells.267,268  

Biopsy of cellular contents from live cells can remedy some of 

these challenges. To extract biomolecules from live cells, mi-
cropipettes, also referred to as microcapillaries, have been 

used for single cell biopsy. Early micropipette biopsy involved 

the enucleation of sea urchin eggs.269 Micropipettes have also 
been used to extract organelles such as mitochondria,270  and to 

isolate biomolecules such as  mRNA271,272 and proteins.272,273 

Biopsy using micropipettes is typically achieved by mi-

croscale pressure driven flow.271,272 However, cell sampling 
using micropipettes is limited by a number of factors. Due to 

the relatively large tip diameter (~0.5 – 10 µm), micropipettes 
are limited to handling large cells.263,274,275 Micropipette biopsy 

of cells smaller than 20 µm suffers from low cell viability.270 It  

is also difficult to sample precisely from a target location with-

in the cell using micropippettes.270  

With advances in micro and nanofabrication methods, it is 
now possible to perform biopsy in a minimally invasive man-

ner to preserve cell viability in a broad range of single cells. 
For example, atomic force microscopy (AFM) tips and nanon-

eedles, often functionalized with special surface chemistries, 
have been used for extracting specific cellular materials.276–278 

These techniques improved the specificity of intracellular 
sampling and preserved cell viability, making it feasible for 

real time monitoring of cells. Recently, the combination of 
nanoscale devices with micro and nanofluidics has further 

enhanced the throughput and efficiency of single cell biopsy. 
In this section, we will review these recent developments for 

single cell biopsy using nanopipettes or other conduits with 

diameters in the nanoscale (Figure 21).  

We group these methods and related devices based on the 

way the flow was driven: electric field, diffusion, and pressure 
driven flows, respectively. Since the fabrication of these biop-

sy devices are different from those of standard microfluidic 
devices, we will also summarize the fabrication techniques 

briefly. 

 

5.1 Transport driven by electric field 

5.1.1 Nanopipettes 

Nanopipettes are nanoscale hollow needles typically having 

a pore diameter of 200 nm or less.279–282 The small size makes 
them ideal for piercing the plasma membrane and extracting 

cellular content out of the cells. Nanopipettes described so far 
operate on the principles of electroosmosis, electrophoresis, 

and electrowetting to transport molecules and/or organelles 
out of the cell. The transport is non-specific. Molecules or 

organelles smaller than the pore diameter could be extracted 

out of the cytoplasm.  
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Figure 22. Biopsy using nanopipettes. (A) Schematic diagram showing the fabrication of a nanopipette using a laser puller. Adapted and 

redrawn from Gao et al.283 (B) Schematic of the experimental set-up for performing biopsy using a nanopipette. A negative voltage is ap-
plied across the nanopipette using electrodes to extract cellular samples. Reproduced from Pan et al. under a Creative Commons BY-NC-
ND 4.0 license.284  

 

Most nanopipettes have been fabricated out of quartz or bo-
rosilicate glass capillaries. Nanopipettes are typically fabricat-

ed by a laser based pipette puller, where glass capillaries were 
subjected to alternate cycles of heating by laser irradiation and 

pulling to generate fine tips of desired diameters (Figure 
22A).279,285–287 Borosilicate capillaries are softer than quartz, 

and have been used to fabricate nanopipettes with diameters 
larger than 80 nm, while quartz capillaries for finer tips as 

small as 10 nm in diameter.279 

Based on the principle of molecule transport, nanopipettes 
can be classified broadly into two categories. The first catego-

ry of nanopipettes utilize a combination of electroosmotic 
flows and electrophoresis to extract cellular content (or to 

deliver cargo into) a cell.287–290  To extract cellular contents, the 
nanopipette is first filled with an electrolyte solution (e.g. 

ammonium acetate solution).287,290 An electrode is then insert-
ed into the nanopipette and immersed into the electrolyte solu-

tion. The counter electrode is inserted in the culture medium. 
The schematic diagram of a typical experimental set-up is 

shown in Figure 22B. When a voltage is applied across the 
nanopipette, an electroosmotic flow is generated. Depending 

on the dimensions of the nanopipette and the experimental set-
up, voltages ranging from 2V 287 to 150V 290 have been applied 

for intracellular sampling. A negative bias draws cytosolic 

materials into the nanopipette, while a positive bias delivers 
liquids from the nanopipette into the cell. Transport of mole-

cules in the nanopipette is driven by a combination of the elec-
troosmotic flow and the electrophoretic forces.289 The rate of 

transport was determined by the applied bias, zeta potential of 
the electrolyte, the size and the electrical properties of the 

molecules being transported. Cytosolic volume ranging from 2 
pL to 3.5 nL has been extracted from a single cell by elec-

troosmosis using nanopipettes.287,290 

The second category of nanopipettes operated on the princi-
ple of electrowetting.260,291 Samples with volumes from attoli-

ters to picoliters were transferred by changing the surface ten-

sion between two immiscible fluids upon the application of an 
electric field inside the nanopipette. The nanopipette was typi-

cally filled with an organic solution such as 1,2-
dichloroethane. It was then immersed into an aqueous solution 

(e.g., inside a cell), forming a liquid-liquid interface at or close 
to the nanopipette opening. An electrode was immersed into 

the filled nanopipette and a counter electrode was placed in-
side the outer solution, usually the culture medium. A negative 

voltage (with a magnitude of 100s of mV) applied across this 
interface induced a change in the interfacial tension, and 

caused the aqueous solution to flow into the nanopipette. The 
electrokinetic processes of electroosmosis and electrophoresis 

were slower than the time scale over which a change in sur-
face tension occurred. The extraction of molecules in the elec-

trowetting-based nanopipette was thus dominated by surface 

tension.  

In all nanopipettes described above, the volume aspirated by 

nanopipettes depended on the dimensions of the tip, and the 
amplitude and the operating time of the applied voltage. The 

concentration and the properties of the electrolyte in the fluid 

media are also important operating parameters. 

A wide range of molecules have been extracted using nano-

pipettes. For example, Yin et al. demonstrated the extraction 
and mass spectrometric analysis of glucose in live epidermal 

cells from the bulb of Allium cepa (yellow onion).287 Chen et 

al. used nanopipette to extract from zebrafish embryos to char-
acterize yolk cholesterol concentrations at different time 

points.290 Various studies have used nanopipettes to extract 
and analyze mRNA from HeLa cells,260 human MCF-7 

cells,292,293 mouse embryonic stem cells and 3T3 fibroblasts.292 
In a recent study, Wang et al. analyzed the levels of miR-10b 

in MCF-10A, MCF-7 and MDA-MB-231 cells.294 Coupled 
with a high precision of positioning of the nanopipette, spatial 

localization of specific mRNA has also been demonstrated.292 
Nanopipettes have also been used to extract subcellular orga-

nelles such as mitochondria.295 Actis et al. used a 100 nm na-
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nopipette to extract mitochondria from human BJ fibroblast 
cells.260 Pan et al. extracted lysosomes from a cell using a 130 

nm nanopipette.284 The activity of beta glucosidase, a protein 
specific to lysosomes, was analyzed inside the nanopipette 

with embedded electrochemical function.  

Extraction of cellular materials can cause disruption to nor-
mal cell function. However, since the size of the puncture is 

small, and the volume of sample extracted (~50 fL or 1% of 
cell volume) is minute, the cell viability post aspiration is rea-

sonably high (over 70% cells survive). The same cell can thus 
be sampled multiple times at different phases of the cell cy-

cle.260 

 

5.1.2 Dielectrophoretic nanotweezer 

A nanotweezer was developed to trap molecules at the tip of 
the tweezer dielectrophoretically inside a cell.143,296 By retract-

ing the nanotweezer, the molecule was extracted from the cell 

for subsequent analysis.  

The nanotweezer consisted of a double barreled nanopipette 

which was modified to accommodate two carbon electrodes. It 
was fabricated from a double-barreled quartz capillary by laser 

pulling as described above. Pyrolytic deposition of carbon was 
used to fabricate the carbon nanoelectrodes at the tip of the 

nanopipette (Figure 23A). The separation between the elec-
trodes was ~10-20 nm, as determined by the thickness of the 

wall dividing the two barrels of the nanopipette.  

To trap the target molecule, an alternating voltage was ap-
plied at the carbon nano-electrodes (20 Vpp, 1 MHz) to gener-

ate a local non-uniform electric field, which exerted an attrac-

tive force on polarizable molecules near this field and induced 
dielectrophoretic trapping of the molecules (Figure 23B,C). 

High gradients of electric fields (∇|E|2 ~1028 V2/m3) were gen-

erated at the tip.143 Such high gradients were essential for ex-
tracting molecules ranging from small proteins (<15 kDa) to 

DNA (below 200 base pairs) from within the cell as well as 
cell organelles. Due to the small separation (~10-20 nm) be-

tween the electrodes, a small voltage (a few volts) was suffi-

cient to generate the electric fields needed, thereby minimizing 
effects associated with heating. The trapping efficiency of 

DNA depended on the applied voltage and frequency, due to 
the change in polarizability of DNA molecules arising from 

the variation in the relaxation time constant of the ions that 

surround the DNA.  

Selective labelling of molecules and organelles made it pos-

sible to target the molecules/organelles of interest. A mi-
cromanipulator was used to approach the cell with the nanot-

weezer, guided by an optical microscope. For example, target 
DNA was extracted from the nucleus of human bone osteosar-

coma U2OS cells and human pancreatic adenocarcinoma cells 
(HPAC), mRNA from the cytoplasm of HPAC cells, and mi-

tochondria from axons of primary mouse hippocampal neu-

rons. 

This technique was fast (<10s for the trapping of molecules) 

and minimally invasive. The functional integrity of the ex-
tracted DNA was preserved and verified by quantitative poly-

merase chain reaction (qPCR). Unlike nanopipettes which 
involve the non-specific aspiration of cytoplasmic fluid, the 

nanotweezer trapped molecules close to the tip only and was 
thus more specific. Similar to the nanopipettes, this technique 

allowed multiple sampling of the same cell at different time 
points. Cell viability was found to be unaffected by two biop-

sies 16 hours after the second biopsy. The membrane damage 

caused by the biopsies was thus not permanent. 

 

 

Figure 23. Biopsy using nanotweezers. (A) Integration of car-
bon nanoelectrodes into a double barrel nanopipette to fabricate a 
nanotweezer. (B) Experimental set-up showing the operation of a 
nanotweezer as a tool for performing single cell biopsy. (C) For 
biopsy, the nanotweezer first approaches the target location. This 
is followed by dielectrophoretic trapping of target molecules 
(DNA in this case), and finally withdrawal of the nanotweezer 

with the trapped molecules. All diagrams were adapted and re-
drawn from Nadappuram et al.143 

 

 

5.2 Diffusion following electroporation 

5.2.1 Nanostraws 

Nanostraws are an array of hollow nanotubes which pierce 
into cells that were cultured on top.297 Application of an elec-

trical voltage across the nanostraws causes nano-
electroporation or local permeabilization of the plasma mem-

brane around the nanostraw. This membrane permeabilization 

allows the transport of cellular materials out of the cell by 
diffusion.297 Intracellular sampling using nanostraws has main-

tained high cell viability (>95%) post extraction.297,298 

In the first demonstration, nanostraws were made of alumi-
na. The fabrication started with depositing a layer of alumina 

(10-40 nm) on a polycarbonate membrane with atomic layer 
deposition.297 The alumina coating on the top surface of the 

polycarbonate membrane was then removed by directional 
reactive ion etching (RIE), leaving behind an alumina coating 

on the surface of the pores. Finally, the nanostraws were ex-
posed by removing a desired thickness of the polycarbonate 

membrane by oxygen RIE. The diameter and the density of the 
nanostraws varied from 100-750 nm and 106 to 108 pores/cm2, 

respectively, and were controlled by the diameter and the den-
sity of the pores in the polycarbonate membrane.297,299,300 The 

diameter of the pores could also be altered by using oxygen 
plasma etching.298 The height of the nanostraws were ~1-1.5 

µm,297–299 and the thickness of the walls of the nanostraw var-
ied from 10 nm to 40 nm.297–299 The composition of the nanos-

traws could be varied.301 Using a similar technique, nanos-
traws were fabricated with metals (Pt and Au), a conductive 

polymer poly- (3,4-ethylenedioxythiophene) (PEDOT), and a 
metal/polymer hybrid Pt/PEDOT. The nanostraws used in this 

study had a thickness between 100 nm and 600 nm, with a 
height up to 4 µm. To facilitate the extraction and collection of 

intracellular materials, the array of nanostraws was integrated 
with a chamber or microfluidic channel underneath containing 

an extraction buffer. 
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Intracellular sampling using nanostraws worked on the prin-
ciples of electroporation and diffusion. Cells were first cul-

tured on the nanostraw membrane. The membrane was placed 
on a droplet of extraction buffer which rested on top of an 

indium tin oxide (ITO) electrode. The counter electrode was 
immersed into the cell culture buffer. For electroporation, 10-

35 V square waves (pulse duration 200 µs; frequency 20 Hz) 
were applied for 20-60 s.297 The short duration of voltage ap-

plication ensured that cells were not severely damaged due to 
permeabilization. Diffusion of cellular material from the cell 

continued until the pores sealed spontaneously, which oc-
curred between 2 and 5 mins after voltage application.297 

However, the overall timescale for extraction was determined 
by the diffusion of molecules being extracted. Over a period of 

10 minutes, it was found that ~7% of the cellular red fluores-
cent proteins (RFP) were extracted,297 and the level of RFP 

extracted correlated with the level expressed in the cells at 
different time points. To extend the time over which molecules 

could diffuse from the cell, He et al. applied a lower voltage of 
10 V at 2 Hz for 30 minutes.298 It was found that the cells were 

able to survive this prolonged poration and extraction.   

Unlike extraction methods based on electrokinetic flows, 
nanostraws did not depend on the charge of the molecules. 

The diffusion process was non-specific, and a wide range of 
proteins, mRNA and other biomolecules have been extract-

ed.297 However, only molecules smaller than the diameter of 
the nanostraws could diffuse out of the cell, and large mole-

cules would require long diffusion times. The amount of cell 
content extracted increased with the diameter and/or density of 

nanostraws on the polymer membrane. With the array format, 

the nanostraws sampled cellular content from different parts of 
the cell simultaneously, although it would be difficult to sam-

ple specific regions of the cell.  

Nanostraw extraction has been performed on different cell 
types including Chinese hamster ovary (CHO) cells,297,298 

HeLa cells,301 and astrocytes and cardiac myocytes (CM) de-
rived from human induced pluripotent stem cells (hiPSC).297 

Different methods have been used for analyzing the extraction 
buffer including fluorescence (for fluorescent proteins), enzy-

matic assays, or polymerase chain reaction (PCR).297 Cao et al. 
performed a standard enzyme linked immunosorbent assay 

(ELISA) on the extraction buffer to detect and analyze heat 
shock protein 27 (HSP27) in hiPSC-MCs.297 They also per-

formed RT-PCR to estimate the expression levels of the 
mRNA in the sample extracted from hiPSC-CMs. The study 

found that the efficiency of extraction was governed by the 
size of the mRNA and also their localization within the cell. 

Larger molecules were more difficult to extract within the 
time frame the plasma membrane pores were open. He et al. 

used ELISA to study the lactate dehydrogenase B (LDHB) 
protein in CHO cells.298 The study used around 18000 cells to 

extract the amount of LDHB required for ELISA. As the ex-
traction process was minimally invasive and had no significant 

effect on cell viability, they were able to extract and analyze 
the cell sample at different time points over 2 hours. Wen et al. 

detected and analyzed the expression of caspase 3 enzyme in 
HeLa cells at different time points.301 Caspase 3 has a critical 

role in controlling cell apoptosis and hence is useful in under-

standing the mechanisms of cancer progression.  

 

 

 

5.2.2 Nanoporous membrane 

Instead of having nanotubes piercing into the cells, devices 
called the live cell analysis device (LCAD) used nanochannels 

(radius ~250 nm) formed by a nanoporous polycarbonate 
membrane, on which cells were cultured.302,303 Similar to 

nanostraws, LCAD operated on the principle of membrane 
permeabilization using electroporation followed by an outflow 

of cytosol primarily by diffusion. The LCAD was sandwiched 
between two indium tin oxide electrodes. tdTomato protein 

was extracted from an engineered cell line. The integration 
with self-assembled monolayers for matrix-assisted laser de-

sorption/ionization mass spectrometry under the polycarbonate 
membrane allowed the quantification of enzymes (e.g., tyro-

sine phosphatase) extracted from the cells. Cell viability one 
day post electroporation was found to be ~93% which was 

found to be comparable to the viability of cells which were not 

electroporated (~95%). 

 

5.3 Pressure-driven flow 

5.3.1 Fluidic force microscopy 

Fluidic force microscopy (FluidFM) is a derivative of a 

conventional AFM where the cantilever contains a hollow 
microchannel and the tip has an aperture for fluid transfer to 

and from the cell.276,304–306 The microchannel is connected to a 
pressure controller via a macrochannel drilled to the AFM 

probe holder. Once the tip is inserted into the cell, the applica-
tion of a negative pressure to the microchannel withdraws 

fluids from the cell.  

FluidFM cantilevers were fabricated similarly to an AFM 

cantilever. Silicon wafers were etched to create cavities which 
were then lined with silicon dioxide.304 Selective silicon etch 

produced free-standing silicon dioxide structures, forming a 
hollow glass cantilever attached to a silicon chip. An aperture 

at the cantilever tip was opened using focused ion beam mill-
ing (FIB). The microfluidic channel inside the cantilever had a 

cross section of 2 µm x 10 µm.304 Prior to extraction, the mi-
crochannel was coated with an anti fouling agent (poly(L-

lysine)-graft-poly(ethylene glycol)) and filled with an aqueous 

buffer (phosphate buffered saline). 

The FluidFM benefited from the precision of a conventional 

AFM. Specific sites on the cell were targeted and approached 
with a high degree of precision by virtue of the sensitive AFM 

force feedback. For example, Guillaume-Gentil et al. were 
able to target the cytoplasm and the nucleus of HeLa cells 

using FluidFM and selectively extract contents from the cyto-
plasm and the nucleus.305 Using a 400 nm aperture tip and a 

negative pressure of -0.8 atm, mRNA, soluble proteins, vesi-
cles, and cytoskeletal fibers smaller than the aperture were 

extracted. Larger proteins and subcellular organelles such as 
mitochondria could not pass through the aperture and were 

excluded. The volume of cell content extracted ranged from 
0.1 pL to 7.0 pL. The maximum flow rate achieved in their 

study was 0.4+/-0.1 pL/min. Therefore, FluidFM allows rapid 

extraction of large volumes of cellular content. 

The viability of the cells post sampling depended on the 

volume of the sample extracted and the site of extraction. The 
study by Guillaume-Gentil et al. found that cells remained 

largely viable when cytoplasm samples up to 4.0 pL and nu-

cleoplasm samples up to 0.6 pL were collected, corresponding 
to 90% and 20% of the native cytoplasmic and nuclear vol-

umes, respectively. 
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5.3.2 Extended nanochannel 

Lin et al. reported an extended nanochannel coated with li-
pid bilayer which worked as a femtoliter pipette for sampling 

from a live cell after the cell membrane fused with the lipid 

bilayer at the junction of the nanochannel.307  

The device consisted of two parallel microfluidic channels 

for trapping single cells and for collecting cellular extracts, 
respectively. The two microfluidic channels were connected 

by an extended nanochannel (900 nm wide x 900 nm tall x 50 
μm long). The microchannels were fabricated on a glass sub-

strate using photolithography and dry etching. The extended 
nanochannel was fabricated on a separate fused silica glass 

substrate by electron-beam lithography and plasma etching. 
After bonding the channels to a glass bottom, a lipid bilayer 

was formed on the wall of the extended nanochannel by intro-

ducing vesicles followed by vesicle fusion. 

During operation, a cell was first trapped in the single cell 

chamber. A pressure above 60 kPa was applied to cause the 
cell membrane to fuse with the lipid bilayer coating the sur-

face of the nanochannel. The exact mechanism of fluid flow 
out of the cell was not described explicitly, but it was likely 

driven by pressure gradient across the nanochannel. A volume 
of 39 fL of cell cytoplasm was sampled. After cytoplasm ex-

traction, the cells were released by application of a high pres-
sure of over 400 kPa from the opposite direction. This device 

was used to sample the cytoplasm of a living human aortic 
endothelial cell (HAEC). Cells were found to be viable 12 

hours post extraction.  

 

5.4 Outlook and future opportunities 

The micro and nanofluidic single-cell biopsy techniques de-

scribed above have opened doors to sampling contents from 
live cells in real time. These techniques are versatile and have 

been shown to work well in a wide range of cell types. De-
pending on the specific device geometry, the sampling of a 

single cell or many cells can be achieved. The small size of the 
tip or aperture are minimally invasive to the cells. The spatial 

distribution of the organelles and the cytosol are not affected 
during the sampling process, making it possible to sample and 

identify local inhomogeneities within the cell. Since these 
techniques do not affect cell viability significantly, the same 

cell can be sampled repeatedly over long periods of time. Alt-
hough the samples collected are typically non-specific, many 

techniques are available to separate and analyze the extracted 

biomolecules in vitro.  

A challenge of most single-cell biopsy methods is the low 

throughput, since only one cell can be sampled at a time. Dif-
fusion mediated techniques such as the nanostraws can sample 

thousands of cells at a time. However, it takes a long time 
(~10-30 minutes) to obtain samples of reasonable yield. Nev-

ertheless, it is possible to increase the throughput of biopsy for 
device geometries that are amenable to integration with paral-

lel micro or nanochannels on a chip, such as the extended na-
nochannels described by Lin et al.307 Robotic systems can also 

be used to increase the throughput.270,308  Another challenge of 
some high precision biopsy techniques is that they can only 

work with adherent cells. However, along with on-chip suction 
valves or immobilization methods described in Section 4.3, it 

should be possible to extend these methods to an even broader 

range of cell types.  

Finally, current biopsy tools can be further enhanced by di-
rect integration with sample analysis. For example, Liu et al. 

developed a microfluidic “T probe” capable of rapid cytosol 
extraction (on the order of seconds) which is fed directly to a 

mass spectrometer.309 In this work, the T probe extracted a 
large volume of cytosol which resulted in low cell viability. 

The experimental parameters and runtime could be optimized, 

however, to increase cell viability. 
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Figure 24. Fusion surgery workflow. Fusion surgery consists of choosing a sample, a method for pairing, and a method for fusion. The 

resulting product can be used for a variety of downstream applications. 

 

6. FUSION 

We define fusion as the process of joining two or more units 

to form a single entity. This process is applied primarily to the 
fusion between two single cells of the same cell type (homo-

typic fusion) or different cell types (heterotypic fusion). In 
vivo fusion between cells is a naturally occurring phenomenon 

with important biological functions.310 For example, the fusion 
of muscle precursor cells is necessary for the proper develop-

ment of skeletal muscle,311,312 the fusion of sperm with egg is 

vital for fertility,313 and the fusion of epithelia is important for 
normal development.314 Disruption of normal cell fusion pro-

cesses can lead to infertility, cancer, preeclampsia, muscle 

diseases, and parasitic, bacterial, and viral infections.315  

For in vitro fusion studies, the most important practical ap-

plication is perhaps hybridoma technology, where B cells are 
fused with myeloma cells to form hybridomas, which can pro-

duce monoclonal antibodies for a broad range of diagnostic 
and therapeutic applications.316 Other applications of fusion 

include the study of cell-cell interaction and the mechanisms 
regulating gene expression,317 investigation of cellular repro-

gramming,318–320 and the development of a cancer vaccine.321  

In the past, in vitro fusion studies required manual surgery. 
For example, in the fusion or grafting between two Stentor 

coeruleus, the two cells were cut open by a sharp needle and 
the wound surfaces were pressed together firmly to fuse them 

in a viscous liquid.163 One of the first methods of cell fusion 

that did not require direct manual surgery was the use of Sen-

dai virus in the 1960s.322 It was followed by the discovery of 
polyethylene glycol (PEG)-mediated fusion in the 1970s323  

and electrofusion in the 1980s.324  However, all of these meth-
ods suffer from low cell pairing accuracy and low fusion effi-

ciencies. To address these challenges, microfluidics methods 
have been developed to trap a large number of cell pairs with 

high precision. In combination with existing fusion tech-
niques, microfluidic fusion surgery has achieved drastic im-

provements in fusion efficiencies. The general workflow of 

these experiments can be seen in Figure 24. In this section, we 
will describe microfluidic fusion methods, most of which are 

on single cells but with recent examples on multicellular sys-

tems. 

 

6.1 Single cells 

At the single cell level, fusion involves the merging of two 

(or more) cells. A key advantage of microfluidics is the superb 
ability to trap cells and keep them in contact and immobilized 

for subsequent fusion. Many microfluidic methods for trap-
ping have been reported, including hydrodynamic trapping, 

dielectrophoretic trapping, magnetic trapping, and acoustic 
trapping.325 Below, we will focus on trapping methods that 

have been used in conjunction with fusion.  
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6.1.1 Polyethylene glycol (PEG)-mediated fusion 

PEG has been used widely as an agent for the aggregation 
and fusion of cells. However, controlling single cell pairings 

in bulk suspension is difficult, resulting in poor fusion effi-
ciency. Elegant microfluidic methods have been developed to 

address this challenge by trapping and pairing thousands of 
cells before fusion. After fusion, PEG can also be washed off 

quickly to minimize cytotoxicity. 

The microfluidic device described by Skelley et al. is one of 
the early seminal works that demonstrated the advantage of 

microfluidics in achieving a high efficiency in cell pairing and 
fusion.326 Multiple cell types were tested, including NIH3T3 

fibroblasts (3T3), myeloma cells, B cells, mouse embryonic 
stem cells (mESCs), and mouse embryonic fibroblasts (mEFs). 

The device consisted of a dense array of ~6000 weir-based 
passive hydrodynamic cell traps. Each trap had a large capture 

cup and a small capture cup facing in opposite directions. The 
loading protocol had three steps. In step one, the first cell type 

was introduced by flow in the upward direction. They were 
trapped by the small capture cups on the back of each trap. In 

step two, a downward flow was applied. The trapped cells 
were transferred into the large capture cups of the opposing 

traps, which had space for two cells only. In step three, the 
second cell type was introduced by downward flow and be-

came trapped by the large capture cups, thereby saturating the 
trap and preventing more than two cells to be loaded in each 

trap. The pairing efficiency was up to 70%. Flowing PEG 
solution past the cells did not dislodge them from the traps. 

PEG fusion took 25 minutes for cells to fully merge with 

~39% fusion efficiency. This study also tested electrofusion, 
which took 20 minutes for cells to merge with ~78% fusion 

efficiency. The hybrid cells were retrieved. Reprogrammed 
mEFs after fusion with mESCs were observed after 14 days of 

culture. Over the entire device, >50% properly paired and 
fused cells was achieved, representing a fivefold improvement 

over commercial electrofusion chambers.  

In a follow-up work by the same group, deformable traps 
and changes in osmolarity were used to enhance the immobili-

zation of cell pairs within the traps.327 This design enabled 
rapid media exchange, and was compatible with chemical, 

biological, and physical fusion protocols. Approximately 750-
900 traps were loaded in <60 seconds. The pairing efficiency 

was up to 80%. Fusion with PEG, virus, and electrofusion 
were tested. The fusion efficiency was up to 95% (for electro-

fusion).  

Other studies on PEG-mediated fusion used similar ideas to 
trap cells first and then fuse them. For example, Wu et al. re-

ported a device consisting of double micro-column lines to 
trap and fuse tobacco mesophyll protoplasts using PEG.328 

This study was one of the first to demonstrate fusion of plant 
cells in a microfluidic system. Since this device relied on cells 

that were in close contact when PEG was introduced, the fu-
sion efficiency was 28.8% only. In a separate study by 

Grabowski et al., a microfluidic trap and a pneumatic valve 
were used to actuate the flow to bring cells into contact, fol-

lowed by the introduction of PEG to induce fusion.329 The 
cells tested were human myeloid cell line U937 and human 

lymphoid cell line L540. No pairing or fusion metrics were 

reported, however. 

 

 

 

6.1.2 Electrofusion 

As can be seen from the study by Skelley et al.,326 electrofu-
sion efficiency is generally higher than PEG-mediated fusion. 

Another advantage of electrofusion is that the electric field can 
also be used to trap cells based on dielectrophoresis. The first 

microfluidic device to electrofuse single cells was described 
by Wang and Lu.330 The device consisted of a microfluidic 

channel with narrow and wide sections. The electric field 
could then be controlled such that the field in the narrow sec-

tions of the device was high enough for cell fusion to occur, 
and the field in wide sections were too weak to have adverse 

effects on cell viability. The success of this work generated 
interest for electrofusion in a microfluidic platform. The over-

all design concepts of subsequent microfluidic electrofusion 
devices are similar, differing primarily in the design of the 

traps and the electrodes. Below, we will highlight a few ex-

amples. 

 

6.1.2.1 Microorifice  

The microorifice design consists of a small opening, across 

which a cell pair is trapped and becomes fused. Gel et al. de-
scribed a device with microorifices (diameter 2 - 10 µm) on a 

vertical wall inside a microchannel.331 The electrodes were 
patterned parallel to the wall. Cells were loaded into the de-

vice on the opposing sides of the microorifice. Dielectropho-
retic force attracted the cells to the orifice to form a pair. Ap-

plication of an electric field (0.1-0.2 V/cm) initiated cell fu-
sion. Cytoplasmic transfer was visualized by Calcein AM flu-

orescence of cells.  

The same research group went on to quantify the efficiency 

of this method.332 They modified their design to eliminate the 
need for a pump to facilitate cell loading. In this particular 

device, cells were introduced into wells on both sides of mi-
croorifices. The device was tilted so that a hydrostatic pressure 

difference between both inlets created a flow that carried the 
cells to one side of the microorifices. An applied AC field 

enabled trapping of the cells at the microorifices by dielectro-
phoresis. Only cells at the microorifice were held in place and 

other cells were able to be washed away. Once all the cells 
were paired, an electric field was applied to cause fusion. The 

fusion sequence composed of an AC field (10 Vpeak-to-peak, 
1 MHz) for 10 s, and then a DC pulse (4 V, 300μs) superim-

posed on the AC field for another 10 s. A pairing and fusion 
efficiency of >95% was achieved. In a follow up work by the 

same group, their microorifice design was adapted into a large 
planar array format,333 increasing the number of cells that can 

be fused to 104 - 106 cells in a single device. An improved 
microorifice design also allowed the pairing of cells with dif-

ferent sizes easily. A fusion efficiency of 78-90% was report-

ed.  

One of the most interesting aspects of the microorifice de-

sign is that the size of the microorifice controlled whether 
nuclear mixing occurs or not. Nuclear mixing could lead to 

abnormal karyotypes. Cell fusion and cytoplasmic transfer 
without nuclear mixing could thus allow the induction of 

transdifferentiation and reprogramming keeping the karyotype 

normal.334 

 

6.1.2.2 Microelectrode arrays 

Microelectrode arrays have been incorporated with micro-
fluidics for high-throughput cell pairing by dielectrophoresis 

and electrofusion.335–338 The key advantage of this system 
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compared with microorifice design was that the fused cells can 
be retrieved immediately by turning off the electric field and 

flowing the cells out of the device.  

In one study, a microfluidic electrofusion device was devel-
oped consisting of a microelectrode array made of doped sili-

con.336 The electrode array also worked as the sidewalls of the 
microchannels (42 µm tall x 100 µm wide). Each electrode 

had square protrusions (20 µm x 20 µm) spaced 60 µm apart 
to create high electric field gradients for cell trapping. The 

region with a high gradient field was <8 μm. As such, the 
trapping of more than two cells (with a radius of 4-8 μm) was 

unlikely. Human Embryonic Kidney 293 cells (HEK293), 
mouse fibroblasts (NIH3T3), and mouse embryonic stem cells 

were tested. Pairing efficiency of different cell types was 
~35%. The electric field needed for fusion was ~1000 V/cm 

and the fusion efficiency was ~46%. Cell alignments took ~1 
minute, and the electrofusion of paired cells was achieved 

within 3 minutes of pulsing. The cell viability was >90% for 

voltages up to 9 V.  

One of the disadvantages of this work was that cells were 

trapped in the space between adjacent protruding microelec-
trodes, referred to as the dead zones. A follow up work from 

the same group addressed this issue by filling the gaps with a 
dielectric.338 More than 99% of cells were trapped and aligned 

at the edges of the microelectrodes and ~70% of cell chains 
contained only 2 cells. However, this design still could not 

address another drawback of the protruding microelectrode 
design, which was the difficulty to control the pairing of dif-

ferent cells for hybrid production. 

 

6.1.2.3 Droplet encapsulation 

Previous methods of cell pairing based on dielectrophoresis 

often suffer from the trapping and fusion of more than two 
cells. The generation efficiency of functional hybridoma is 

also unclear.339–344 To attempt to address these challenges in 
part, Schoeman et al. described a microfluidic device that 

trapped cells and electrofused them inside microdroplets.345 A 
flow-focusing nozzle was used to generate drops from a cell 

suspension having a volume fraction of 1%. By Poisson statis-
tics, 15% of the drops contained two cells. The drops passed 

over six recessed platinum electrode pairs for electrofusion. 
Six voltage pulses of 2-3 V were applied. The system had a 

high throughput and could process 500 cells/second. However, 
the fusion efficiency was only 5%. The advantage of this sys-

tem, however, was that it is directly compatible with other 

high throughput droplet microfluidics operations downstream.  

 

6.1.2.4 Cell traps 

The most reliable method to ensure the pairing and trapping 

of two cells before fusion was demonstrated by using cell 
traps that can fit two cells at a time. The seminal studies by 

Skelley et al.326 and Dura et al.327 described in Section 6.1.1 
also demonstrated electrofusion, where the electrodes were 

fabricated outside of the chamber containing the array of hy-

drodynamic traps.  

In another study, Yoshimura et al. reported a device with an 

array of 10,000 microwells that can trap and pair cells vertical-
ly with positive dielectrophoretic force.346 The microwells 

were sandwiched between upper and lower indium tin oxide  

electrodes. These microwells were designed to hold two verti-
cally aligned mouse myeloma cells. Different cell populations 

were introduced separately and trapped in microwells by a 

dielectrophoretic force. The time required for the formation of 
the array of cell pairs was less than a minute (over 5,00 pairs 

made). The pairing efficiency was ~50%, but no fusion met-
rics were reported. Fused cells could easily be collected after 

removing the electric field.  

He et al. described a device that integrated cell pairing, fu-
sion, and long-term culture of HeLa cells on the same chip.347 

The device consisted of two parts. The lower part (device 
floor), consisting of an array of trenches with electrodes pat-

terned underneath, was responsible for cell capture, pairing, 
and fusion. Positive dielectrophoretic force was applied to trap 

cells into the trenches. Excess cells were washed off. Negative 
dielectrophoretic force was then applied to bring the trapped 

cells into contact. An electric field of 20 kV/cm (40 ms dura-
tion, 5 pulses, 0.5 s interval) was applied to fuse the trapped 

cells. The upper part of the device (device ceiling) was de-
signed to be a cell culture well. It was made of PDMS modi-

fied with fetal bovine serum for extended cell culture. After 
cells fused, the device was flipped upside down, transferring 

the fused cells to the device ceiling culture. Switching the 
dielectrophoresis buffer with culture media allowed for cell 

growth of the newly fused cell pair. Filling the trap array, pair-
ing, and fusion required only 5 minutes. This device generated 

a total of 864 homotypic cell pairs, with a pairing efficiency of 
~78% and a fusion efficiency of ~26%. Successful cell prolif-

eration and migration were demonstrated 72 hours after on-
chip culture. However, long-term culture of hybrid cells on 

chip remains difficult to achieve with similar efficiencies as 

homotypic fusions. 

 

6.1.3 Virus-mediated fusion 

Although less common than electrofusion and PEG-mediate 
fusion, virus-mediated fusion has well established biology and 

other unique advantages (see details in Section 2.2.1).348 Since 
the virus is introduced in solution, in principle, the devices 

developed for PEG-mediated fusion could also be applied for 

virus-mediated fusion. 

Sasaki et al. described a microfluidic viral fusion device 

with a single pairing step.349 Different cell suspensions were 
added simultaneously from separate inlets to the microchan-

nels consisting of a microslit with a hydrodynamic weir. The 
pairing and fusion of cells were studied near the microslit. 

Using embryonic stem cells (B6G-2) and somatic cells (3T3), 
the device was able to achieve a pairing efficiency of 80%. 

HVJ envelope was introduced for fusion. The fusion efficien-
cy depended on the slit size: it was ~17% for a 10 µm micro-

slit and ~6% for a 2 µm microslit, respectively.   

Also using the concept of microslits, Wada et al. described a 
device to pair and fuse single cells at the microslit.334 The goal 

was to allow cytoplasmic transfer between the trapped cells 
but prevent nuclear mixing, so that the induction of transdif-

ferentiation and reprogramming could be studied while keep-
ing the karyotype normal. Here, cell fusion was induced by the 

HVJ envelope. This method created a stricture in the cyto-
plasmic connection. The microslit prevented nuclear mixing in 

spread shaped NIH3T3 cells, but not round shaped NIH3T3 
cells. Mitochondria was shown to be transferred to the recipi-

ent cell.  
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6.2 Multicellular systems 

At the multicellular level, microfluidic fusion surgery 
demonstrated so far has involved the joining of two or more 

spheroids. Applications include the fusion of tumor spheroids 
with fibroblast spheroids to study metastatic characteristics. 

The study of fusion in multicellular systems in vitro is less 
explored than in single cell systems. The role of microfluidics 

is to bring different spheroids in close contact with each other 
in a controlled, high throughput manner. These studies are 

motivated by the need to recapitulate the 3D microenviron-
ment to model physiological and pathological behavior in 

vivo.  

Tocchio et al. described the use of magnetic levitation in a 
capillary to control the merging of different spheroids.350 The 

motivation was to biomanufacture functional living systems to 
model physiological and pathological behavior. A gadolinium-

based nonionic paramagnetic agent was used with magnetic 
fields to levitate and assemble cells and spheroids. The mag-

netic force directed the spheroids toward the minimum of the 
magnetic field, allowing them to interact and eventually fuse. 

The effect of surface tension and spheroid composition were 
studied on the 3D arrangement of the fused product. The sphe-

roids were viable for over 4 days. The throughput of the sys-

tem was not reported, but appeared to be relatively low.  

Tomasi et al. developed a microfluidic platform with a large 

array of asymmetric anchors to pair and merge drops contain-
ing different spheroids.351 The motivation of the work was to 

control the microenvironment of 3D cultures of spheroids for 
studying tissue self-organization and drug testing. The array 

consisted of asymmetric anchors. The large anchor was used 

to trap the first set of drops with one type of cells which were 
allowed to settle and form a spheroid. A second set of drops 

containing another cell type was then introduced and trapped 
in the small anchor adjacent to the first drop. They were again 

allowed to settle and form a spheroid. Finally, flushing a de-
stabilization agent in the outer phases caused the coalescence 

of the two droplets and the fusion of the two types of sphe-

roids.  

Zhao et al. developed a simple method based on microwell 

arrays and centrifugation for fusing tumor and fibroblast sphe-
roids.352 The motivation was to reconstruct the heterogeneous 

tumor microenvironment comprising both stromal and tumor 
components and to study 3D metastasis. Tumor and stromal 

cells were seeded separately into two microwell arrays to gen-
erate tumor and stromal spheroid cultures. Tumor spheroids 

were collected with a pipette and transferred into the array 
with stromal spheroids, which had a depth of approximately 

the size of two spheroids. The device was centrifuged down 
for pairing of tumor and stromal spheroids. This process 

achieved a pairing efficiency of ~78% for 240 tumor-stroma 
pairings. Two different tumor spheroids, generated from colon 

cancer cell line HCT-116 and breast cancer cell line MCF-7 
respectively, were compared for metastatic characteristics by 

observing the interactions between the tumor spheroid with a 
fibroblast spheroid. HCT-116 spheroid fused with fibroblast 

spheroids within 5 hours after pairing, while it took 7 hours 
for MCF-7 to fuse with fibroblast spheroid, suggesting that 

HCT-116 spheroids were more invasive than MCF-7.  

 

6.3 Outlook and future opportunities 

In summary, microfluidic methods have drastically im-

proved the efficiency of fusion in both single cell and spheroid 

systems compared with methods in bulk. Fusion surgery has 
leveraged the unique advantages of microfluidics to control 

the trapping and pairing of cells or spheroids with high preci-
sion. Most studies to date have focused on mammalian cells. It 

would be of interest to see if microfluidic methods can be ex-
tended to other systems, such as Stentor353,354 and colonial 

tunicate Botryllus schlosseri,355 which are classic models on 
grafting and regeneration. In addition, current applications of 

microfluidic fusion surgery did not require the control of the 
orientation of entities to be fused, since the cells or spheroids 

were relatively uniform. For the fusion or grafting of organ-
isms like Stentor or Botryllus, the specific location of the graft 

is important and can determine the subsequent regeneration 
potential and pathway. In this case, imaging and the control of 

animal orientation will be required prior to fusion. Although 
this capability has not been demonstrated, the microfluidic 

techniques developed for animal immobilization for laser abla-

tion surgeries (Section 4.3) could well be applied here.  

 

 

7. SUMMARY AND PERSPECTIVES 

7.1 Summary 

In summary, the field of microscale surgery has evolved 

from performing the surgery by hand, to the use of microfluid-
ics integrated with optical, electrical, and chemical techniques 

to perform the surgery in a fully or semi-automated manner. 
Microfluidic surgery has drastically improved the precision 

and the throughput of surgical operations, the range of cell 
types, tissues and organisms that can be examined and manip-

ulated, as well as the post-surgery viability of the samples. 

The precision of microfluidic surgery in cutting a specific 

cellular structure is provided by a combination of many fac-
tors, including the plethora of methods to immobilize and to 

position the sample in microfluidic systems, the ability to fab-
ricate sharp micro or nanoknives and integrate them on-chip, 

and the use of femtosecond lasers along with advanced mi-
croscopy. The cut can thus be localized to small regions of 

interest.  

The high throughput of microfluidic surgery is made possi-
ble in two ways. The first is the ability to flow a continuous 

stream of samples through the surgical areas for operations 
performed in a serial manner. Laser ablation of specific cell 

types inside live organisms, and the bisection of cells or or-
ganoids in the microfluidic guillotine are two examples where 

the throughput is increased this way. The second way that the 
throughput is increased is by using a massively parallel array 

of traps to immobilize many samples at once so that the surgi-
cal operation can be performed to all samples at the same 

time. The separation of daughter cells from mother cells, and 

the fusion of many cell pairs are two prominent examples.  

The types of samples that can be operated on are no longer 

limited to those that are large enough to be dissected by hand. 
Nevertheless, most microfluidic surgery have been applied to 

mammalian cells and popular model organisms such as C. 

elegans, largely due to their biomedical applications.  

The improved post-surgery viability in microfluidic systems 

is a direct result of the precision of the surgery, since the dam-
age is limited to a very small area. In addition, the fine control 

of the microenvironment of the surgery, as well as the use of 

physical immobilization instead of anesthetics during surgery 
have both facilitated fast recovery of the organisms after the 

surgery. 
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7.2 Perspectives 

Since we have already provided concluding remarks specif-
ic to each type of surgery at the end of each section in Sections 

3-6, we will not repeat the comments here. Rather, we will 
point out a few challenges and opportunities common to mul-

tiple types of surgery below.  

Fundamentally, Section 2 has revealed gaps in some of the 
principles of surgery, in particular, the interaction between 

mechanical and optical forces and biological materials. A bet-
ter understanding of the underlying mechanisms can facilitate 

better designs of surgical tools to increase the precision of 
surgery and further minimize undesired damage to the cells or 

tissues associated with the surgery. It can also enable the char-
acterization or prediction of the biomechanical properties of 

the cells or tissues and their corresponding physiological state, 

by measuring their response to the surgical tool. 

In terms of the potential uses of microfluidic surgery, we are 

only scratching the surface. For example, organisms such as 
the unicellular ciliate Stentor coeruleus, the planarian flat-

worm, and the colonial tunicate Botryllus are classic models of 
regeneration and have traditionally been studied by dissection 

or grafting by hand.356,357 With the exception of the microflu-
idic guillotine to bisect Stentor, few microfluidic surgical 

techniques have been applied to study these organisms. We 
believe that the methods described in this review can be 

adapted to further elucidate the mechanisms underlying regen-
eration in these organisms. However, innovations in microflu-

idic designs to immobilize, position, cut, or graft the organ-
isms may be needed since these organisms are either highly 

motile, or have different shapes and stiffness from the cells 

and organisms that current microfluidic surgery have been 

developed for.  

Another potential use of microfluidic surgery is in combina-

tion with cell atlas and computer vision to further automate the 
surgery. One of the challenges in dissection or ablation sur-

gery is the identification of the target structure, which relies 
critically on optical imaging. Leveraging recent developments 

in cell atlas providing rich cell position and lineage infor-
mation,358 along with machine learning and real-time feedback 

control, it should be possible to further increase the level of 
automation and throughput of microfluidic surgery. Such ca-

pability has potential to expand the phenotypes that can be 
studied with high statistical power to elucidate the functional 

roles of different cell types within the organism. The same 
notion applies to subcellular structures. Nanobiopsy can ena-

ble the mapping of organelles and other subcellular structures 
with high spatiotemporal resolution. Such information can in 

turn facilitate the dissection or ablation of these structures to 

identify their functional roles with the cell. 

Finally, the surgical operations we have covered in this re-

view are limited to samples that are smaller than, and are 
completely enclosed by, the microfluidic system. Recently, 

microfluidics have also been applied to microneedles,359 mi-
crogrippers,360 and soft robots.361 It is therefore foreseeable 

that microfluidics can be extended to performing surgery on 
macroscale organisms like large animals or even humans, 

where the microfluidic system is smaller than, and can possi-

bly be engulfed by, the organism.  
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works on the fundamental understanding of fluid mechanics and 
mass transport in micro-nano systems, and the application of this 
knowledge towards problems in biology, rapid diagnostics for 
health and environmental sustainability. The current areas of fo-
cus include the flow physics of confined micro-droplets using 

experimental and machine learning methods, interfacial mass 
transport and self-assembly, and ultrahigh throughput opto-
microfluidic systems for disease diagnostics, water and energy 
sustainability, single-cell wound healing and regeneration studies. 
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