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Abstract: Cell lysis is a process in which the outer cell membrane is broken to release intracellular
constituents in a way that important information about the DNA or RNA of an organism can be
obtained. This article is a thorough review of reported methods for the achievement of effective
cellular boundaries disintegration, together with their technological peculiarities and instrumental
requirements. The different approaches are summarized in six categories: chemical, mechanical,
electrical methods, thermal, laser, and other lysis methods. Based on the results derived from
each of the investigated reports, we outline the advantages and disadvantages of those techniques.
Although the choice of a suitable method is highly dependent on the particular requirements of the
specific scientific problem, we conclude with a concise table where the benefits of every approach are
compared, based on criteria such as cost, efficiency, and difficulty.
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1. Introduction

Cells are the fundamental unit of all living organisms. The genetic information for the
development and functioning of any organism is encoded in their DNA or RNA sequences
that are located inside the cell [1]. Every cell has an outer boundary called a cell membrane,
which serves as a barrier and regulates the transport across the cellular membrane of
material between the inside and the outside of the cell. Cell lysis is the method through
which this outer cell membrane is broken down to release intracellular substances, such as
DNA (deoxyribonucleic acid), RNA (ribonucleic acid), protein, or organelles. The process
is an important and necessary part of the molecular diagnostics of pathogens, protein
purification, disease diagnostics, drug screening, mRNA (messenger RNA) transcriptome
determination, and analysis of the structure of specific proteins, lipids, and nucleic acids.
To determine lysis efficiency, quantitative real-time polymerase chain reaction (RT-qPCR)
should be evaluated. There are several methods, which are commonly used for cell lysis,
including mechanical disruption, liquid homogenization, high-frequency sound waves,
and reagent-based (chemical) methods. In most cases, these processes are very demanding
and time-consuming, despite the development of today’s technologies [2]. Scientists are
therefore constantly searching for simple alternatives to conventional expensive laboratory
equipment. One possible way of making cell lysis more efficient and quick are the so-called
microfluidics devices [2,3]. These devices make it possible for a tiny amount of liquid to be
handled and visualized, providing the possibility for high efficiency, easy operation, and
low production costs for the conducted processes [1]. Due to the low volumes required,
microfluidic technologies represent a promising alternative to conventional laboratory
techniques. Their application is often associated with decreased sample and reagent
consumption, shorter experiment times, and reduced overall costs of the setup. In their
article, Nandagopal et al. compared the efficiencies of a microfluidic and a conventional
method for the lysis of Escherichia coli (E-coli) cells, utilizing CuO nanoparticles (mechanical
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lysis) [4]. The results showed an increased efficiency by more than 30% when using the
channels of the microfluidic chip. This was due to the high surface area to volume ratio
and active internal circulation in microfluidic flows. The main limitations associated
with microfluidic devices are the requirement of external pumps, tubing, and connectors,
making the system somewhat dependent on those consumables. Microfluidic devices are
usually not rugged, which may cause flow profile problems due to leakage or uneven
pressure in the channels [5].

This review will focus on the cell lysis methods utilized in microfluidics on-chip
devices for cell analysis. The adoption of a particular method depends very much on the
specific concrete application and project limitations of the problem. Finally, we will deliver
an objective statement about the advantages and disadvantages of the individual methods.

2. Cell Lysis Methods

Numerous methods and possibilities for microfluidics cell lysis are reported in the
literature in recent years [2,6]. The dissimilarities between them are due to the variety
of existing physical effects used to rupture the cell membrane. This leads, in most cases,
to different efficiency, speed, technical complexity, and costs of the process [6]. In the
following, the five most commonly used methods (chemical, mechanical, thermal, electrical
methods, and laser lysis) are described using various scientific articles.

2.1. Chemical Lysis

Chemical methods make use of lysis buffers to disrupt the cell membrane. Detergents
can also be added to cell lysis buffers to solubilize the membrane proteins and rupture
the cell membrane to release its contents [2,7]. Chemical lysis can be classified as alkaline
and detergent lysis [2]. In the first type, OH— ions are the main component utilized for
lysing target cells. The method is suitable for all kinds of cells, the process is however very
slow and can take up to 12 h. The second type of chemical lysis utilizes detergents (also
called surfactants) to disrupt the cell membrane. Detergents are most widely employed
for lysing mammalian cells. For lysing bacterial cells, however, where multiple layers
enclose the cell content, first, the outer cell wall has to be broken down to rupture the cell
membrane [8]. In most cases, detergents are therefore utilized along with lysozymes for
lysing those types of cells. Generally milder non-ionic detergents are preferred as they
cause the least amount of damage to proteins and enzymes, for example, zwitterionic
detergent and Triton-X [9]. Chemical lysis is the most utilized method in the microfluidic
world, because of its simplicity and uncomplicated way of handling it. Figure 1 shows
a generalized schema of the method. In general, separate inlets (one for the sample flow
and one for the detergent agent) with one or two syringe pumps and a common outlet are
necessary. A reaction chamber may be useful to visualize and measure the lysis efficiency
better. Due to the laminar characteristics of the flows in microchannels (low Reynolds
numbers), one should always take into account the possibility of poor mixing between the
two fluids and therefore consider adding geometry constructions (passive mixing methods)
to the channels [10].

Several papers concentrate their work on comparing the lysis efficiency of different
lysis buffers and detergents. For example, Chen et al. compared the lysing percentage
and lysing efficiency of guanidine and Triton X-100 lysis buffer, utilizing a sandwich-
type microfluidic device for rat blood cell lysis [11,12]. Based on the dimensions of the
microchannel, it was figured out that the time taken for complete blood cell lysis by
guanidine salt was 174 s, by Triton X-100 161 s, and by mixture buffer C 108 s. The
experimental results showed also that an increased cell flow rate leads to shortening of
the flow time of the solution, therefore reducing the chances of exposing cells to the lysis
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buffer, thus leading to worse cell lysis. To evaluate the degree of mixing at any location in
the microchannel, a mixing index (¢) from [13] was utilized:
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c is the species concentration profile across the width of the microchannel with the length h

in the y-direction, c the completely mixed state (=0.5), and ¢ is the completely unmixed

state (=0 or 1).
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Figure 1. Schematic generalization of a microfluidic device for chemical lysis.

The numerical results for ¢ are shown in Figure 2. The relationship of o and the flow
ratio asserts lower blood/lysis buffer ratio leads to better mixing. The flow rate has a
negative effect on o when the ratio is 1:1. At a ratio of 1:5, the mixing index does not change
with increasing flow rate. Under the condition of higher flow rate and lower ratio, rapid
mixing can be implemented.
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Figure 2. Numerical evaluations of ¢ at a variety of flow conditions are shown in [12]. (A) The flow rate of blood was 0.005
m s~ !, whereas the flow rate of the lysis buffer was 0.015, 0.025, 0.005, and 0.05 m s~ L. (B) The ratio of the blood’s flow
rate to the lysis buffer was 1:1. (C) The ratio of the blood flow rate to the lysis buffer was 1:5. Adapted with permission
from [12]. Copyright 2007 Copyright Elsevier.

Similarly, Heien et al. reported a microfluidic device with a series of chambers,
capturing cells and preventing them from moving while under continuous flow [14]. With
this device, the lysing efficiencies of benzalkonium chloride, chlorhexidine digluconate,
phenol, sodium dodecyl sulfate (SDS), and Triton X-100 buffers were compared-Figure 3.
Differences in lysis and decay times for Arcella Vulgaris cells were observed at different flow
rates and concentrations of benzalkonium chloride. At higher flow rates, more detergent
is delivered to cells in the device, whereas at lower flow rates, less detergent is delivered
and there were longer lysis decay times. Since Arcella is an amoeboid species, it contains
a negatively charged membrane that hinders lysis by SDS; thus, neither SDS nor phenol
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Inlet

induced lysis after 40 min of exposure [15]. For the same reason, benzalkonium chloride
was an effective lysis agent of Arcella Vulgaris as it was a cationic detergent, enabling
the effective solubilization of the cell membrane components. Triton X-100, a nonionic
detergent, was similarly effective in causing lysis, characterized by short decay and lysis
on-set times. A comprehensive list of detergents can be found in [16].

100 pm

b

Outlet
>

Figure 3. (a) Microfluidic device in which two PDMS channels facing each other are sealed together [14]. (b) Diagram of the
chambers along with the channel dimensions. (c) Image of Arcella incubated with fluorescein diacetate in capture chambers.
Adapted with permission from [14]. Copyright 2009 Copyright Royal Society of Chemistry.

Shamloo et al. described the process of chemical lysing of mammalian cells within a
droplet-based microfluidic chip, utilizing a computational fluid dynamics (CFD) model [17].
Both cell solution and lysis reagents were encapsulated within a droplet, the lysis procedure
was simulated inside the droplet. It was shown that even a significant increase in the
concentration of the lysis reagent does not increase the lysis efficiency of the cell solution.
On the other hand, increasing the volume fraction of the lysis reagent (the ratio of the
volume initially filled with the lysis reagent to the total volume of the droplet) to 97%,
achieved a complete cell solution lysis within 0.25 s. R. Fradique et al. reported a diffusion-
based microfluidic device for the rapid screening of continuous lysis conditions, utilizing
E. coli as a model host [18]. The main goal of the work was to determine the efficiency of
different lysis conditions for the release of an intracellular protein from the bacteria cells, in
other words, to measure the effect of different lysis solutions, contact times, and cell to lysis
solution volume ratios. The results are shown in Figure 4. A commercial BPER solution,
based on non-ionic surfactants, and an enzymatic solution of lysozyme were utilized. The
commercial solution showed, even for the highest flow rates tested, lysis efficiencies above
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75%, meaning that it could be utilized for higher throughput microfluidic systems, where
rapid cell lysis is required. Similar results were shown in [19].
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Figure 4. Percentage of cell lysis obtained in [18] for buffer resuspended cells, using Tris-HCl bulffer,
BPER, and lysozyme. (a) For different total flow rates (using the same flow rates of resuspended cell
solution and bulffer or lysis solution); (b) for different flow rate ratios (keeping constant total flow
rate). Adapted with permission from [18]. Copyright 2020 Copyright Elsevier.
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Gregor Ocvirk et al. described a typical example of a conventional chemical cell lysis
device [20]. A Y-shaped microfluidic chip for mixing cell steam (physiological buffer)
with a lysis buffer stream (Triton X-100) was developed. The cells were lysed within 30 s.
Figure 5 shows the constructed device and the mixing area.

Substrate+
lysing agent Fluorescence detection
( Cell lysing
x
d;;‘c' :
it -ﬂ'
cells 0
é‘ e Unincubated
= viable cells
on-chip
cell lysate

Figure 5. Scheme of the on-chip lysing and on-chip incubation of HL-60 cell with substrate de-
veloped in [20]. A fluorescence detector was located downstream of the mixing point, and an
observation microscope sat over the intersection. Adapted with permission from [20]. Copyright
2004 Copyright IEEE.

Mahalanabis et al. reported a hybrid chemical/mechanical method for the lysis of
Gram-positive and Gram-negative bacteria on a microfluidic chip. The authors utilized a
silica porous polymer monolith in the presence of a lysis agent (sodium dodecyl sulfate
(SDS) and TritonX-100 at different concentrations), to produce additional shear and friction
forces to the pressure-driven solution flow [21]. The lysis was confirmed by the successful
isolation of PCR quality bacterial DNA from both Gram-negative (Escherichia coli) and Gram-
positive (Bacillus subtilis) bacteria. Because of the extensively cross-linked peptidoglycan
layer in Gram-positive cells, the PCR threshold cycle (Ct) at which the target DNA was
amplified was much lower, compared to negative-gram cells. Overall, the device worked
comparably to the standard benchtop bacterial and viral lysis and nucleic acid extraction
kits. This technique was also implemented by Mirer et al. for the design of a complete
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microTAS for detecting bacteria [22]. To further increase the lysis efficiency and the amount
of amplified DNA when dealing with Gram-positive bacteria cells, Lui et al. proposed a
microfluidic chip for single-cell whole-genome sequencing (SC-WHS) [23]. By combining
thermal treatment (heat-shock) with chemical lysis (alkaline-based buffer), 100% of the
bacterial single-cell lysis rate was achieved. Corynebacterium glutamicum and Nostoc
sp. were chosen as a Gram-positive and a Gram-negative model respectively, due to the
significant lysis difficulties encountered in previous studies [24] and [25]. The results
showed also that all three species reached a 100% single-cell amplification rate and an
average of 66.5 ng, 73 ng, and 42.8 ng of DNA respectively.

Another example of a chemical lysis technique is given in [26]. The author’s approach
to the chemical lysis of single cells involves a microfabricated device that handles and
mixes 25 pL of two fluids, using a cell crossover (CCO) technology. The first fluid is the
single-cell carrier and the other the lysing solution. When cells pass through the CCO
region, where they move from the carrier solution to the lysis solution, they are lysed
immediately. The device was proven to have 86% of the capacity of the conventional
chemical lysis method based on a comparison of the extracted DNA quantity. Although the
aforementioned device can effectively lyse cells, it is difficult to analyze and observe the
single-cell lysis process in detail, according to the authors. To do this, Daniel Irimia et al.
developed a new lysis method [27]. Cells and fluids are independently isolated in two
chambers using the geometry of the microchannels and the four billed thermo-pneumatic
actuators. When cell solution flows through the upper lysis chamber, the dam-like structure
captures a single cell. Then, by removing air from the mixing channel, lysis solution and
cell solution are mixed to complete the cell lysis. Following this step, a stable dilution of
intracellular components is achieved. According to the authors, the usage of the device
can help for the direct estimation of the intracellular concentration of a soluble dye and
the indirect evaluation of intracellular quantities of insoluble actin. To further increase
the lysis efficiency at a single-cell level, Jen et al. developed a microfluidic chip, which
utilized a dense array of microwells to trap the cells (HeLa cells) [28]. Two different sizes
of the microwells were compared. The cellular occupancy in 30-um-diameter-diameter
microwells (91.45%) was higher than that in 20-pm-diameter-diameter microwells (83.19%)
at an injection flow rate of the sample of 2.8 L/min. On the other hand, most of the
occupied 20-pm-diameter microwells contained individual cells. A detergent-based buffer
was then introduced to the channels, resulting in the chemical lysis of the trapped cells. The
fluorescent intensity of the cells was then measured. The results are shown in Figure 6, with
the data based on measurements in at least three individual cells, the points representing
the average value. The intensity drops dramatically at 8 s, reaching almost zero at 12 s.

40

Fluorescence intensity (a.u.)

0 —1 | 1 -
0 2 <] 8
Lysis time(s)
Figure 6. Fluorescence intensity of a single HeLa cell versus the time after the introduction of the
lysis buffer shown in [28].
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Yasuhiro Sasuga et al. reported a microfluidic lysis chip that utilizes microchannels,
where cell solution and lysis buffer are injected successively by a syringe pump [29]. The
cells are deposited in the microwells, thus allowing the single-cell lysis to be examined in
detail through inverted fluorescence lightning. The results of the experiments indicate that
cell membranes were gradually lysed as the lysis buffer was injected in a period as short as
12 s. In [30], a novel microfluidic platform was demonstrated by SoHoo et al., which gave
a better look at the kinetics of chemical lysis. With 20 different observation points over
23 mm, travel times through the device, the effect of the lysis reagent on the cells, lysis
concentrations, and rates were measured. The minimum lysis reagent concentration needed
to initiate lysis was found to be less than 1%. At this concentration, lysis was initiated in
0.2 s. This implies that using a significantly lower concentration than the standard amount
of lysis solution is possible but will result in longer lysis times. The results of the rate
analysis showed that increasing the concentration of the lysis reagent does not increase the
lysis rate much beyond 10%. Chemical lysis, as described above, is the most commonly
utilized method in droplet-based microfluidic chips due to the efficient penetration of
the membrane components [31]. Ramji et al. described a droplet-based microfluidic chip,
which enables controlled exposure of isolated single cells to a high pH buffer [32]. The
device comprises a cell-focusing channel, a reagent injection inlet, and a droplet generator
for single-cell lysis. Individual mammalian cells are encapsulated into the droplets with
chemical reagents, which results in disrupting the cell membrane integrity, causing cell
lysis. Figure 7 shows an example of a droplet generation combined with chemical lysis in
a microfluidic device developed by Klein et al. in [33]. The platform encapsulated cells
into droplets filled with lysis buffer. Similar droplet-based microfluidic devices, utilizing
chemical lysis detergents are described in [34-36].

(7 N a— ¥ ‘Hydrmogel microsphern
EEI | QD Peages—s =3 (] (-Tf=j
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1= - ] 3 .
= P e 1 L
= | A <O
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carrier oll  filters reagents channel outhet f Hydrogsi micrasphars colect

Figure 7. The microfluidic platform utilized in [33] encapsulates cells into droplets with lysis buffer
for cell lysis.

2.2. Mechanical Lysis

In mechanical lysis, the cell membrane is physically broken down by using sheer
force. The technique involves directly damaging the cell structure to release the required
intracellular components [2]. The most commonly used technique for mechanical lysis
is the integration of small nanoscaled-obstacles in the microchannels, which eventually
squeeze the cells and destroy their walls. Figure 8 shows a generalized schema of the
method. Here, one inlet with one syringe pump is enough, as there are no other fluids
needed for the process, except for the sample. Before constructing the microfluidic device,
one should always make sure that the induced shear stress from the designed obstacles
will be high enough to destroy the cell walls. It is also possible to make use of capillary
effects (i.e., capillary pump) in the lysis region, to accelerate the flow and reach higher
shear forces [37].

Dino Di Carlo et al. developed a mechanical lysis device integrated with additional
sharp nanostructures in the channels, concentrating and amplifying fiction forces to pene-
trate the cell membrane [38]. Figure 9 shows the device and its functionality, which proved
to be simple and effective and caused no harm to the extracted proteins. The nanostruc-
tured barbs on the walls increased the accessibility to proteins by three times, compared to
filters without the sharp structures.
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Figure 8. Schematic generalization of a microfluidic device for mechanical lysis.
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Figure 9. (a) The nanostructured mechanical filter utilized in [38]. (b) A schematic of the mechanical
lysis portion of the device Adapted with permission from [38]. Copyright 2003 Royal Society
of Chemistry.

On the other hand, Han et al. utilized the rigid walls of bacteria cells to develop a
microfluidic device with integrated porous silica monoliths. Monoliths are highly porous
materials presenting tortuous fluid flow paths, therefore inducing high-mechanical surface
stress during cell perfusion, enabling mechanical lysis of blood cells, and allowing intact
and viable bacteria to traverse the porous flow paths. Figure 10 shows a picture of the
monolith itself and the frequency of the pore sizes, 1.5-2.5 pm being the most frequent
sizes. The isolation of intact and viable Gram-positive and Gram-negative cells from
whole blood was successfully achieved through selective lysis due to the differences in
diameters (erythrocytes at 3-6 um and bacteria at 0.8-2 um) and membrane tension between
bacteria and blood cells. The serial passage through multiple monoliths lysing allowed
the destruction of 99.9% of the red blood cell membranes and nearly 100% of bacteria to
be recovered. By isolating the bacteria within defined locations of the filtration device,
the selective lysis provided an effective approach to sample preparation for downstream
analysis of bacteria cells [39].

b?o

60
50 F
40
30F

Frequency

20

0
00 05 1.0 1.5 00 25 3.0 35 40 45 50 55
Pore size (um)

Figure 10. (a) Image of the silica monolith utilized in [39] for mechanical cell lysis. (b) Histogram of
pore size. Critical diameter for RBC hemolysis is marked with an arrow.

A handheld microfluidics chip with ultra-sharp nano-blade arrays [40] was presented,
based on a similar method by Sung-Sik Yun et al. Figure 11 shows the working principle
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of the device and a comparison of the protein concentration to the one prepared by a
conventional chemical lysis method. The total lysis times required for the mechanical
cell lysis and the conventional chemical lysis were less than 2 and 30 min, respectively.
The developed design showed an 18% higher protein concentration, compared to the
chemical lysis.

* P= 0.05, Student t-test
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Figure 11. (a) Schematics of the chip for mechanical cell lysis chip with ultra-sharp nano-blade arrays utilized [40].
(b) Comparison of protein concentration between the developed mechanical cell lysis method and the conventional chemical
lysis method. Adapted with permission from [40]. Copyright 2010 Royal Society of Chemistry.

Sharp nanostructures built into the flow path have been pursued by several other
research teams for reagent-free cell lysis. Huang et al. reported a silicon-glass microfluidic
device featuring point constrictions for reagent-free mechanical cell lysis and intact nuclei
isolation on a single-cell [41]. Because of the characteristic geometry (concave nanoblade),
single-cell constrictions were conducive to isolating intact nuclei. Mouse embryo fibroblasts
(NIH/3T3) and human colorectal carcinoma cells (HCT116) were utilized for the measure-
ments. The results from a conventional chemical lysis treatment on the identical design of
the chip, but without any constriction, were compared to the results from the mechanical
structure. The measurements suggested that the size and count of constrictions must be
tailored according to a specific cell type for the maximum recovery of total proteins. A
device with four- or eight-constriction treatment groups exceeded the average value of the
chemical group for the number of lysed cells, as shown in Figure 12. Similar obstacle-based
microfluidic devices, utilizing mechanical lysis to rupture cell membranes, are described
in [42-44].

It is known that just subjecting cells to frictional forces induced by cell contractions
may not always be enough to rupture cell membranes [45]. Therefore other types of
mechanical lysis methods have been developed. Yu Chang Kim et al. reported a new kind
of microfluidics biomechanical device for compressive stimulation and lysis of cells [46].
Compressive stress is directly applied to the cells through a deflected polymer membrane
between two microchannels. To monitor cell deformation and lysis with the applied
pressure, MCF7 cells were compressed at an elevated pressure ranging from 0 to 50 kPa
for loading membrane. The cell was gradually ruptured by the applied compressive force.
With the resulting pressure, the membrane deflection increased and small bulges appeared
at the cell membrane. The cell lysis was assumed to be carried out within 135 ms + 37
ms for MCF7 cells. In other words, the cells were mechanically burst and lysed at 35 kPa
through the compressive force.



Micromachines 2021, 12, 498

10 of 27

0 Protein (b)

x-z planeé

Constriction size (width-depth)

p—
L]
-

12 o
- .‘ ﬁ — J
g DNA, * both, ns -
= protein, ns| LS |
£ | l g
= DNA, ns ~—
= protein, * 5
- : 2
2 6f 118
E | DNA,*ess 5
o protein, ** 2
g LF—_— l 8
= 2
u J 'E

o
Z0 03

s S o
& & & & & °
‘:}'{\ _:é'\ _-;é:‘ :#GQ
s s s o
Q’ )‘ %’

Figure 12. Single-cell point constriction utilized in [41] for reagent-free cell lysis. (a) Cell being
ruptured by the ultra-sharp edge of a round constriction. (b) A cell undergoing excessive rapid
deformation through a point constriction. (¢) Comparison between the results of lysates obtained
from a device without any constriction or from a conventional chemical method.

More efficient microfluidics systems for cell lysis, based on a CD-like structure were
described in [47] and [48]. When the entire disk spins, the induced rotating magnetic field
drives ferromagnetic blades. Through the relative motion of the ferromagnetic blades
and grinding matrices, cells are ruptured by mechanical impact and shear forces. Other
techniques utilized for the mechanical distribution of cell membranes are the bead-beating
and sonication methods. Vandeventer et al. [49] mentioned in their work that these me-
chanical methods were more efficient to utilize for the disruption of lysis-resistant bacterial
cells such as Bacillus anthracis spores and Mycobacterium tuberculosis cells. Conventionally,
these techniques use a crushing action to disrupt the bacteria and spore cell walls. A
typical example of a bead-beating mechanical lysis method is shown by Cheng et al. in [50].
Figure 13 shows the developed microfluidic platform, based on an on-chip micropump for
mechanical cell disruption. The rotary motor of the pump contained three electromagnets
for valve control. On the motor head, three steel balls were evenly mounted and were set
in contact with the annular channel to disrupt cells and pump fluid. The driving device
of the micropump consists of a lower structure, steel ball, spacer, spring, nut, and upper
structure. The influence of the pressing depth of the steel balls on the chip on cell disruption
performance was evaluated. The cell disruption rate first increased with the pressing depth,
achieving the maximum of 56.5% at 250 pm. The effect of the motor rotation speed on
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cell disruption was also evaluated by pumping the 50 pl sample with 9 different rotation
speeds. The cell disruption rate increased slowly with rotation speed and achieved 56.2%
at 112 rpm. Similar lysis efficiency levels by the bead-beating method were shown in other
papers as well [51-54].

Qutiet Inlet

Figure 13. The pump-on-chip cell disruption microfluidic chip utilized in [50]; (a) schematic of the

device, (b) picture of the fabricated cell disruption microfluidic chip. (¢) Schematic of the platform
with the on-chip micropump, electromagnets. (d) Cells in the sample leaking through the gap
between the channel corners and the PDMS membrane are pulverized by the steel balls. (e) The
compressive stress makes cells deform. (f) Some cells are crushed down by the steel balls. Adapted
with permission from [50]. Copyright 2017 AIP Publishing.

Flaender et al. showed a semi-automated operation of grinding lysis on a microfluidic
device [55]. The lysis was performed by grinding the targets against a frosted glass, using a
spatula. In the manual method, approximately 30 s were required for full injection of a 1 mL
sample. The scraping motion of the spatula during approximately 30 s was sufficient to
lyse the spores/bacteria (Bacillus subtilis endospores, Bacillus globigii endospores, Escherichia
coli, and Bacillus globigii bacteria).

The demonstrated results showed that the portable and very low-cost manual me-
chanical lysis device allows the detection of as low as 5-10 spores/mL in 250 pm samples.
It was also possible to process larger volumes of the sample (3—10 pL) by the improvement
of the filling system. Wang et al. demonstrated a novel method of an acoustofluidic device
for the lysis of HeLa and Jurkat cells [56]. The technique introduced an acoustic radiation
force and acoustic derived streaming in a microfluidic system. In the lysis device, cells
were primarily lysed mechanically by the shear forces that arise from the fluid motion
induced by acoustically oscillating sharp-edged structures. By controlling the strength
of the driving voltage the magnitude of the resulting shear forces can be controlled by
adjusting the strength of the induced acoustic streaming effect), the device is shown in
Figure 14. Lysis efficiencies higher than 90% (98% in some test runs) were achieved.

2.3. Electrical Methods

Electrical methods (also called electroporation) for cell lysis are another common
method for creating transient pores in cell membranes. A potential across the cell membrane
is being created, known as the transmembrane potential (TMP) when exposing cells to an
external electric field. Once the potential exceeds a certain threshold, pores form on the
membrane to release intracellular components. Unlike the detergents utilized in chemical
lysis, it is known that there are no effects on the intracellular contents after application of an
electric field high 4 [57,58]. Electroporation-based devices do not differ from mechanical- and
chemical-based devices regarding their flow drive mechanisms. The electrodes usually are
made of Gold [59], Platinum wire [60] but also other materials. Fox et al. made a summary
of the electrode potentials needed for the lysis of certain types of cells [61]. Figure 15 shows
a generalized schematic of an electroporation microfluidic device for cell lysis.
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Figure 14. Design and concept of the sharp-edge-based acoustofluidic device for cell lysis utilized
in [56]. (a) Schematic overview of the mechanism of the acoustofluidic lysis device. Sharp-edged
structures are constructed on the sidewalls of the channels. (b) The device is composed of a serpentine
channel with a large number of sharp-edged structures, an acoustic transducer, and a thin glass
substrate. (c) Comparison of the cell density downstream and upstream of the channel. Image (d)
upstream and (e) downstream the channel. Adapted with permission from [56]. Copyright 2019
Royal Society of Chemistry.
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Figure 15. Schematic generalization of a microfluidic device for mechanical lysis.

Using a direct current (DC) electric field is normally being associated with the largest
possible TMP. However, it produces also a voltage exceeding the water electrolysis thresh-
old (1.3 V), which may inevitably create gas bubbles and extreme pH conditions near the
electrodes [62]. For this reason, the usage of alternating current (AC) electric field for
lysis was investigated in [63]. The group finally concluded that at frequencies higher than
0.15 Hz no bubble formation occurs at any of the tested flow rates (3 to 300 pl per min). Roee
Ziv et al. designed also a microchip based on AC electric field with liquid electrodes [64].
By regulating the voltage and frequency, cell membranes could be optimally broken down.
The problem of gas bubbles was also solved by Sang Kyung Kim et al. by a microfluidics
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chip with polyelectrolyte salt bridges [65]. A pair of plugs on both sides of the microchannel
separate the cell suspension and a hypertonic solution. The ionic flux completes the electric
circuit from an external electrode to the other electrode. The chip was designed to have
low impedance so that a large portion of the potential difference was exerted on the cell
flux, achieving a sufficiently high electric field gradient by a small DC bias and avoiding
which avoids gas bubble formation. Figure 16 shows the experimental setup.

r Ag/AgCI

electrode

Figure 16. The schematic of the micro-electroporation chip is utilized in [65]. Cells in the region
between the salt bridges experience an electric field. Adapted with permission from [65]. Copyright
2007 American Chemical Society.

Xiao-Yu Wei et al. designed a fully transparent microfluidic chip device for the lysis
of individual cells with built-in transparent ITO electrodes [66]. Cells were successfully
lysed under low-voltage conditions (16 V peak-to-peak or +8 V), which provided a safe,
reliable, continuous, and controllable cell lysis process. In comparison with physical and
chemical cell lysis, a higher voltage and an optimized frequency could increase the speed
and efficiency of the lysis. A similar device was presented by Lo et al. [67]. It consisted of
a rectangular microchannel with a planar electrode built on its bottom wall, actuated by
alternating current (AC) voltages between neighboring electrodes, as shown in Figure 17.
Human whole blood was pumped through the device; the cells were completely lysed
within 7 s after the application of a 20 V peak-to-peak voltage at 1 MHz, and volume flow
of up to 400 uLh—1. The results showed also that only the lower half-channel was exposed
to an electric field exceeding the irreversible threshold value of cell electroporation.

Church et al. demonstrated a microfluidic platform, which first successfully concen-
trated red blood cells in a single constriction microchannel, via a DC-based electric field [68].
Cell lysis was then performed utilizing an AC electric field in this area. In these processes,
the DC field drove the cell sample and controlled the cell traveling speed through the chan-
nel, whereas the AC field reached a field magnitude and gradient in the constriction region
for the successful lysing. Further, both trapping and lysing have been used in conjunction
to implement a selective enrichment and isolation of leukemia cells from red blood cells
in the constriction microchannel. A novel method utilizing microwells in combination
with an electrical field for the lysis of single-cells (HeLa cells) was developed by Jen et al.
in [69]. With the help of an electroosmotic-driven flow, single-cells were trapped within
arrays of 30 um-diameter microwells-Figure 18. The highest cellular occupancy in the
microwells (82.4%) occurred when the lowest voltage of 5 V was applied. When the voltage
was increased to 15V, the cellular occupancy in the microwells dropped to 64.3%. The
results of the electric lysis at the single-cell level indicate that the cells were gradually lysed
when a DC voltage of 30 V was applied; the cells were fully lysed after 25 s.
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Figure 17. (a) Sketch of a simple flow-through device for continuous electrical lysis of cells utilized
in [67]. (b) Top view of the device. (c) An alternative inlet/outlet design for reducing the flow in
comparison with that in (b), for a clear observation of cell lysis utilized in [67]. Cells in the region
between the salt bridges experience an electric field.
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Figure 18. Experimental procedures for cell patterning utilized in [69].

Similar results were observed by Ramadan et al. in [70]. The group developed a mi-
crofluidic chip for the electrical cell lysis (human white blood cells and murine clonal cells)
and cell and bead trapping by dielectrophoresis (DEP). The electric field was generated by
applying a sinusoidal voltage with different amplitudes of up to 10 V. The results showed
that increasing the flow rate reduces each cell’s accumulated exposure to the electric field,
which resulted in an overall decrease in the lysis rate. For example, lysis rates of MN9D
cells reduced from 82% to 45% as the flow rates increased from 30 to 50 uL min~!, under
the same electrical conditions. The highest lysis rate occurred for an applied voltage of
10V, voltages above this value caused bubbles due to electrolysis. As mentioned above
the lysis of bacterial cells could be a challenge due to the different structures of their cell
membranes. Bao et al. investigated the electrical lysis of bacterial cells on a microfluidic
chip [71]. Microscale silica beads (4.8 pm in diameter) were packed in a microfluidic
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channel, providing a microscale matrix that filtered E. coli cells in the solution. Subsequent
electrical pulses rapidly lysed the cells and released intracellular proteins. The fluorescent
protein (GFP) released by E. coli cells was detected when the field intensity was higher
than 10 Vm~! downstream of the channel. Such release was mostly finished within the
first electrical pulse when the field intensity was at 12.5 V m~!. It needs to be noted that
the field intensities described above were calculated based on the channel length and the
applied voltage. The actual field intensity inside the bead array should have been higher.

To further position and lyse individual cells, Jokilaakso et al. reported a new method
to perform single-cell electroporation using silicon nanowires [72]. Utilizing magnetic
beads and an external magnetic field, cells (HT-29 cancer cells) were easily manipulated
and positioned above a field-effect transistor by regulating the frequency and strength of
the rotating magnetic field. After applying a 10 MHz and 600 mV voltage between the
shortened source-drain and the back gate of the transistor, cells were gently and specifically
lysed in 2 ms. Figure 19 shows the working principle of the device.
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Figure 19. (a) Schematic of the magnetic bead setup utilized in [72]. The electromagnets generate a
magnetic field, which rolls magnetic beads across the chip surface. (b) The beads are used to push
the cells into position above the transistor. (¢) An MCF-7 cell (red arrow) is moved from left to right
by a bead (black arrow) to a position over a set of nanowires. (d) An HT-29 cell (blue arrow) is
moved from left to right by a bead (black arrow) and positioned over a nanoribbon. Adapted with
permission from [72]. Copyright 2013 Royal Society of Chemistry.

To explore the effect of osmotic conditions and frequency on electroporation lysis,
Hung et al. designed a microfluidic electroporation device to lyse a single cell and stretch its
DNA [73]. Different hypotonic environments and electric fields were applied to investigate
their effects on cell lysis. It was found that the most favorable conditions for lysis and DNA
release are a hypotonic solution of 75 mM glucose solution, an AC voltage of 100 V, and a
frequency of 1 kHz Although two-dimensional (2D) planar electrodes are widely utilized
in the vast majority of micro-electroporation chips, they suffer from some major limitations.
For example, since the cell size (1020 um) is typically much larger than the depth of the
surface electrodes (<1 pm), the cell membrane tends to be exposed to a non-uniform electric
field during the electroporation process. Three-dimensional (3D) electrodes have been
used to address these challenges despite their complexity in manufacturing [74]. Lu et al.
compared 3D electrodes to a 2D electrode pair of similar size [75]. The results revealed that
3D cylindrical Figure 20 electrodes had higher electroporation efficiency than 2D planar
electrodes. Multiple pores could be generated in the cell membrane with 3D electroporation
while only a single pore is generated with 2D electrodes.

In [76], a microfluidic device for the electroporation of mammalian cells was developed
utilizing 3D electrodes. Figure 21 shows a schematic of the device. With the help of an
AC-field (8.5 V, 10 kHz) the microdevice was effective in lysing cells while operating at
more advantageous conditions such as small voltages, continuous flow, small sample
volume, and negligible heating in comparison to 2D-electrodes. An efficiency rate of 83%
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was achieved. Similar results, showing the better lysing efficiency of 3D electrodes were
shown in [77-80].

Figure 20. Three-dimensional cylindrical electrodes utilized in [75]. (a) Sketch of leukocytes ap-
proaching a singe row of electrode. The height of each electrode is 50 m. (b) The diameter of each
electrode is 50 um with spacing between them 20 um. The height of each electrode is 50 pm. Adapted
with permission from [75]. Copyright 2006 Elsevier.

SEWIO0M jososvismsenianiiienin

" Electrical
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Figure 21. Schematics of a micro electroporation device with only one set of electrodes for cell lysis
utilized in [76]. Adapted with permission from [76]. Copyright 2006 Royal Society of Chemistry.

Similar to chemical lysis techniques, droplets are also utilized with electrical lysis
methods for higher efficiency of the process. Delange et al. proposed a microfluidic
device, where cells were exposed to an electric field immediately before encapsulation in
droplets [74]. The group included lysozyme, an enzyme that digests bacterial cell walls, via
a second channel. As a cell passed through the device, as shown in Figure 22, it first flowed
through the electric field channel, where the lysis was accomplished. Besides, the Péclet
number (Pe) relating the ratio of advective to diffusive transport [81] was about 10,000,
indicating that cells remained localized in their streamlines, as they traveled through the
electrification channel. To investigate the ability of the device to lyse bacterial cells, E. coli
cells were also utilized. When no field was applied, 99% of the cells remained unlysed.
By contrast, when increasing the electric field to 22. 4 - 104 V/m roughly half the cells
were lysed, while, 70% were lysed. Other studies combining droplet-microfluidics with the
electroporation method are described in [82-86].
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Figure 22. Schematic of the electrical lysis part and co-flow droplet generation part of the microfluidic device utilized in [74].
Adapted with permission from [74]. Copyright 2016 AIP Publishing.

In contrast to conventional electrical techniques, where larger cells always lyse pref-
erentially to smaller cells, Kremer et al. developed a novel method that enables shape-
selectivity in such a way that cells with a different geometry will preferentially lyse from
within a mixture of cell types [87]. To achieve this, the authors utilized the form of the cell
to enhance a non-uniformity in the electric field. One of the electrodes in the system was a
semiconductor, thus allowing cells close to this to affect the amount of the field within this
semiconductor, and therefore changing the electrical potential at the liquid interface. This
“electrical shadow” cast by a cell onto a semiconductor surface created a locally enhanced
transmembrane field gradient, thus leading to poration and subsequent lysis. This effect
was influenced also by the shape of the cell, providing a method for selectively lysing
different types of cells.

2.4. Laser Lysis

Laser microsurgery has demonstrated that cell membranes could be locally destroyed
while keeping the interior of the cell undamaged [88]. Laser lysis involves the utilization of
the fluid motion produced by a focused laser to rupture the cell membrane. When the laser
pulse is focused at the buffer interface of a cell solution, it produces a localized cavitation
bubble. The rupture of the cell membrane occurs after the expansion and the subsequent
collapse of the bubble together with the induced fluid dynamic forces [6]. Figure 23 shows
this mechanism.

Laser beam
Sample inlet Outlet
@) 5 »,
Expanding cavitation
bubble Cell

Figure 23. Schematic representation of the working mechanism of the laser lysis in microfluidics.

By utilizing a time-resolved imaging technique and mechanical analysis, Rau et al.
analyzed the lysis physics and kinetics behind this mechanism, the relationship between
cell lysis and deformation of the created bubble [89]. After observation of the whole process
and calculation of the hydrodynamic forces, it was found that the site of bubble formation
determines the starting point of the lysis. Fluid flow during the bubble expansion is
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responsible for the cell lysis when the formation point is close to the cells. However, when
the laser is away from cells (about 30 pm or above), cell lysis will start due to the shock
wave induced by the bubble collapse (over 30 us after the pulse). Similar results were
shown in [90] and [91].

Wan et al. utilized an ultraviolet (UV) light array combined with titanium oxide
particles [92]. When the titanium oxides were excited with the UV light array, electrons in
the valence band were excited to conduction band, which results in electron-hole pairs. In
an aqueous environment, these electron-hole pairs react with the surrounding molecules
and generate free radicals such (OH, O, or O, 7). These reacted with the cell membrane
and lysed the cells (E. coli). The main disadvantage of this technique was that the high time
required to lyse the cells (45 min). Huang et al. presented a microfluidic platform featuring
optically-induced cell lysis (OICL) for nucleus extraction and collection [93]. The efficiency
of cell membrane lysis and the nucleus separation were measured to be around 80.9%,
respectively, leading to an overall nucleus extraction efficiency of about 60%. In the cell lysis
zone, multiple light spots were projected from a digital projector a non-uniform electrical
field was generated accordingly to create a required transmembrane potential across the
cell membrane. The light intensity of these virtual electrodes was 3.2 Wem ™2 (white
light), which allowed the membranes to be lysed without disruption of the nuclei. It has
been also found that when laser lysis is incorporated with polydimethylsiloxane (PDMS)
microchannel, the efficiency of the lysis process decreased [89]. A possible explanation
may be the deformation of PDMS walls, which dissipates the mechanical energy from the
bubble collapse; therefore, higher energy was required for the whole process.

2.5. Thermal Lysis

Thermal lysis involves the usage of high temperature to denature the proteins within
cell membranes, thus damaging the cells to access intracellular components. Typically,
temperature sensors should be integrated into the channels to control the local temperature
precisely, not to damage the cell proteins. Figure 24 shows a schematic generalization of
the method. Most of the utilized thermal lysis methods are performed by ohmic heating,
which consumes low power and is easily miniaturized for microfluidics chips [94].
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Figure 24. Thermal lysis in a microfluidic device.

Chia-Yen Lee et al. reported, for example, an automated microfluidic device for
DNA amplification, using micro heaters and temperature sensors to regulate and measure
the temperature inside the lysis chamber, as shown in Figure 25 (5) [95]. Based on this
configuration, cells could be lysed within 2 min at a constant temperature of 95 °C. Extracted
DNA samples, primers, and reagents are then driven electroosmotically into a micromixer
(9) where they are mixed. The homogeneous mixture is then thermally cycled in a micro-
PCR (10) (polymerase chain reaction) chamber to perform the DNA amplification. Micro-
heaters (2), micro temperature sensors (3), and microelectrodes are deposited on the lower
glass (1) substrate. The sensors and micro-heaters were located within the PCR reaction
chamber itself in order to improve the temperature measurement capabilities. For this
reason, it is showed that the proposed device can automate the sample pretreatment
operation for DNA amplification.
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Figure 25. Schematic representation of the integrated microfluidic system (adopted from [95]). The
microelectrodes deposited on the lower substrate act as driving elements, while the ones on the
shielding channel are for the mixing of samples. 1-glass substrate, 2-micro heater, 3—integrated
temperature sensor, 4—cover slide, 5-micro lysis reactor, 6-PCR reagent injection, 7—primer injection,
8—mixture reservoir, 9-mixer, 10-micro PCR camber.

Packard et al. demonstrated detergent-free, heat-only lysis in a single-step flow-
through manner, on a microfluidic chip [96]. E. coli cells were utilized; the results of the
lysis process were assessed by measurement of membrane compromise, protein release,
and DNA release. Cells were lysed via a multi-turn serpentine microchannel. The channels
were sealed by anodic bonding (350 °C, constant voltage —900 V, 5 min) to borosilicate
glass. Significant cell membrane permeabilization, as indicated by increased ratios of red
to green signal, (summed over the entire image area) was measured at 90 °C for residence
times as short as 3.75 s. Results comparable to standard lysis techniques were achievable
at temperatures greater than 65 °C and heating durations between 1 and 60 s. To further
perform localized thermal lysis, Natalya Privorotskaya et al. developed a microcantilever
device for heating cells [97]. The microcantilever heaters were coated with a layer of 100
nm thick electrically insulating ultrananocrystalline diamond (UNCD). When cells were
immobilized on the microcantilever, the heaters provided local resistive heating to high
temperatures, thus completing lysis within 30 s in a localized region. The device could
effectively lyse mammalian and bacteria cells, but it does not rupture the cell walls of
some intractable microorganisms, according to the results. Burklund et al. demonstrated
a microfluidic device, which enabled highly controlled, on-chip heating for the lysis of
bacteria cells [98]. The presented chip utilized an AC external magnetic field (AMF). Due
to their specific absorption rate (SAR), approaching the theoretical limit when exposed to a
clinically relevant alternating magnetic field (AMF), iron oxide nanoparticles were selected
as a magnetic component of the polymeric material. These magnetic nanoparticles were
spiked into a polydimethylsiloxane (PDMS), increasing the heat efficiency of the system.
Following exposure to an AME, bacteria were thermally lysed, enabling additional on-chip
and/or downstream nucleic acid amplification and analysis. Reaching temperatures of
up to 110 °C, the device showed a lysis efficiency of 90% for 60 s exposure time. Similar
devices, utilizing the heat properties of nanoparticles for the thermal lysis of cells are
described in [99,100].

Another device making use of an alternating magnetic field for cell lysis was presented
by Baek et al. [101]. After comparing the thermal responses of nickel, iron, and copper
heating, a nickel structure was selected as a heating element, because of its faster thermal
response and relatively small geometric influence. Wireless induction of heating from the
magnetic field on the hexagonal-shaped metal was embedded in the bottom layer of the
microchannel, as shown in Figure 26. The amount of protein extracted was proportional to
the applied magnetic field (ranging from 110 to 170 mT for all metals), with almost 80% for
the nickel element. It was shown that the device represented a reasonable alternative to
commercial RNA extraction methods.
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(a)

Figure 26. Representation (a) and a photograph (b) of the integrated microfluidic system utilized
in [101]. A metal heating unit with a hexagonal shape was embedded in a bottom layer of poly-
dimethylsiloxane and a hexagonal metal heating unit was heated at a specified magnetic field.
Adapted with permission from [101]. Copyright 2010 Royal Society of Chemistry.

2.6. Acoustic and Electrochemical Methods

The spectrum of existing methods for cell lysis does not summarize in just five cate-
gories. In addition to all the devices presented above, there are still some lysis methods that
are hard to categorize. For example, a surface acoustic wave (SAW) is a nanometer-order
amplitude-traveling wave that propagates on the surface of a piezoelectric crystal sub-
strate [102,103]. When supplied with an electrical signal, the interdigital transducer (IDT)
produces a periodic strain on the surface resulting in an acoustic wave propagating away
from it. This device can effectively lyse cells without the use of lysis buffer or complex
operations, so it has good potential for further integration into on-chip technologies. This
technique was utilized by Lu et al. [104]. The team characterized the effects of the SAW
on E. coli by measuring the viability of cells exposed to the acoustic waves Figure 27 and
find that about 90% are dead, about 20% of the intracellular material (nucleic acids and
proteins) were successfully recovered.

Reboud et al. [105] developed a microfluidic chip to detect the rodent malaria parasite
Plasmodium berghei in blood. They used the SAW method to lyse red blood cells and
parasitic cells in a drop of blood. The reported lysis efficiency was more than 99.8%. Other
papers describing this technique are shown in [106-108]. Lee et al. presented an on-chip
device for the electrochemical lysis of cells (E. coli, Pseudomonas putida, Staphylococcus
epidermidis, and Streptococcus mutans) [109]. It utilizes the electrolysis of saline solution to
generate hydroxide ions (OH™) at the cathode as alkaline lytic agents. Cathode and anode
chambers were separated by a negatively charged ion exchangeable polymer diaphragm
to maintain the high pH level for efficient cell lysis in the cathode chamber, as shown in
Figure 28. Real-time PCR analysis showed that the device could lyse both Gram-positive
and Gram-negative bacterial cells with higher efficiency than other common methods. The
same technique was utilized in [110].

If the salt concentration in the surrounding of a cell is changed so that there is a
concentration difference between the inside and outside of the cell, the cell membrane
becomes permeable to water due to osmosis [2,111]. If the concentration of salt is lower
in the surrounding solution, water enters the cell and the cell swells up and subsequently
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bursts. It was shown that when the cells were pretreated with divalent cation (Ca* or Mg™)
the efficiency of the osmotic shock method could be improved to 75%.
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Figure 27. Overview of the TSAW lysis device utilized in [104]. The lysis chip consists of a PDMS mi-
crochannel plasma-bonded to a lithium niobate (LiNbO3) substrate with an interdigitated transducer
(IDT) adjacent to the microchannel to generate traveling surface acoustic waves. Bacteria suspension
was flown through the microchannel (a) the bacteria suspension was exposed to a TSAW field (b)
and the lysate for further analysis were collected (c). Adapted with permission from [104]. Copyright
2019 Royal Society of Chemistry.
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Figure 28. Design of the electrochemical cell lysis devices utilized in [109]. (a) Cross-sectional and top-down views of the
micro-devices. Cathode and anode chambers were separated by an ion exchangeable polymer diaphragm. (b) Photographs
of the same microdevice. Adapted with permission from [109]. Copyright 2010 Royal Society of Chemistry.

3. Discussion and Conclusions

This paper reviews applications of microfluidics devices for cell lysis and categorizes
them into six major groups. It expands upon the approaches from the last couple of years
and adds more details to the techniques than other review papers. Most of these existing
microfluidic devices for cell lysis are developed as standalone units. Integrating the cell
lysis microfluidic part with other function blocks, to make a complete diagnostic system is
no doubt of great importance and challenge as well. Thus, it is crucial to understand the
advantages and disadvantages of every method. It is possible for example to make use of
general criteria for comparing the individual methods, such as cost, efficiency, lysis time,
and technical difficulty of the process. Chemical lysis being, for example, according to most
of the studies considered in this article, the cheapest method in terms of the price of the
required instruments, easiest at handling them, and very efficient (reflected by the number
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of broken cells). However, in most cases, this is compensated by the fact that much more
time is needed for the cells to lyse than the other methods. The effect of the buffers on the
cell proteins is in most cases not so harmless so that an additional step is needed to filter
out unwanted substances [97]. Chemistry needs also to be modified for different cell types.
Highly efficient but also complex and expensive systems, on the other hand, are the main
characteristics of laser lysis. For this reason, this method is utilized mainly for research
purposes today. Thermal lysis is reported to be one of the earliest methods for cell lysis [1].
In general, thermal lysis is effective in a microfluidic platform, according to [112] however,
these devices are not suitable for sample preparation where the sample is of a large volume,
and cells have to be lysed from a continuous flow. The method requires also very precise
handling to avoid lateral effects such as high-temperature development, which could
change the consistency of the needed cell materials. Mechanical lysis, as discussed, covers
a wide range of physical effects (from centrifugal effects, magnetization lysis to pressure-
based membranes) and, thus, offers a universal possibility for the lysis of different cell
types. On the other hand, the fabrication of these mechanical devices may be very complex
as well as expensive. Collecting the target materials from a complex mixture may also bring
some problems. Electrical methods offer a simple, fast, and reagent-less lysis procedure to
lyse various kinds of cells being also suitable for selective lysis. The requirement of high
voltages is in some cases a problem, due to heat generation and formation of a bubble, it can
be however overcome by decreasing the gap between electrodes and a suitable design [62].
Future works could also concentrate on the development of cheap and reliable electrodes,
similar to the one described in [113]. Summarized comparison of these five methods is
presented in Table 1.

Table 1. Summarized comparison of the described methods.

Lysis Type Efficiency Lysis Time Technical Difficulty Cost
Chemical High Slow /Moderate Low Low
Mechanical Medium Moderate Medium Medium
Electrical methods High Fast High High
Thermal Medium Moderate Medium Medium
Laser High Very Fast Very High Very High
Acoustic High Very Fast High High
Electrochemical Medium Moderate High Moderate

The dream scenario for the microfluidic world would be the effective integration and
total on-chip single-cell analysis. For this reason, it is important, that cell lysis, being an
important part of the workflow, does not undermine the performance of other steps [114].
The design simplicity of the lysis unit is desirable. There should be no additional treatments
to enable downstream reactions. Techniques with high lysis speed are favored to minimize
sample dilution and ensuring an effective coupling between functional units. On the other
hand, the effectiveness of the lysis process should be the same for different cell types.
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CFD  Computational fluid dynamics
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PCR  Polymerase chain reaction

CCO  Cell Crossover

E.coli  Escherichia coli

References

1. Nguyen, N.; Wereley, S. Fundamentals and Applications of Microfluidics; Artech House Publishing: Norwood, MA, USA, 2007.

2. Islam, M.S.; Aryasomayajula, T.A.; Selvaganapathy, PR. A Review on Macroscale and Microscale Cell Lysis Methods.
Micromachines 2017, 8, 83. [CrossRef]

3. Gao, D,; Jin, E; Zhou, M.; Jiang, M. Recent advances in single-cell manipulation and biochemical analysis on microfluidics.
Analyst 2019, 17, 1533-1547. [CrossRef] [PubMed]

4. Nandagopal, M.S.G.; Nakkeeran, E.; Prasanna, V.R.; Selvaraju, N.N. Advance Microfluidic Approach over Conventional Batch
and CTR for Improving the Efficiency of E-coli Cell Lysis by CuO Nanoparticles. Int. J. Chem. React. Eng. 2016, 15, 20160105.
[CrossRef]

5. Yu, F; Hunziker, WW.; Choudhury, D. Engineering Microfluidic Organoid-on-a-Chip Platforms. Micromachines 2019, 10, 165.
[CrossRef] [PubMed]

6. Nan, L,; Jiang, Z.; Wei, X. Emerging microfluidic devices for cell lysis: A review. Lab Chip 2014, 14, 83. [CrossRef] [PubMed]

7. Kotlowski, R.; Martin, A.; Ablordey, A.; Chemlal, K.; Fonteyne, P.A.; Portaels, F. One-tube cell lysis and DNA extraction procedure
for PCR-based detection of Mycobacterium ulcerans in aquatic insects, mollusks, and fish. |. Med. Microbiol. 2004, 53, 927-933.
[CrossRef]

8.  Sharma, R.; Dill, B.D.; Chourey, K.; Shah, M.; VerBerkmoes, N.C.; Hettich, R.L. Coupling a Detergent Lysis/Cleanup Methodology
with Intact Protein Fractionation for Enhanced Proteome Characterization. J. Proteome Res. 2012, 11, 6008-6018. [CrossRef]

9.  Brown, R.B.; Audet, ]. Current techniques for single-cell lysis. J. R. Soc. Interface 2008, 5, 131-138. [CrossRef]

10. Ward, K,; Fan, Z.H. Mixing in microfluidic devices and enhancement methods. ]. Micromech. Microeng 2015, 76925, 094001.
[CrossRef]

11.  Chen, X;; Dafu, C.; Changchun, L.; Haoyuan, C. Microfluidic Biochip for Blood Cell Lysis. Chin. ]. Anal. Chem. 2006, 34, 1656-1660.
[CrossRef]

12.  Chen, X,; Cui, D; Liu, C; Li, H.; Chen, J. Continuous flow microfluidic device for cell separation, cell lysis, and DNA purification.
Anal. Chim. Acta 2007, 584, 237-243. [CrossRef]

13.  Erickson, D.; Li, D. Influence of Surface Heterogeneity on Electrokinetically-driven Microfluidic Mixing. Langmuir 2002, 18,
1883-1892. [CrossRef]

14. Santillo, M.F; Heien, M.L.; Ewing, A.G. Temporal analysis of protozoan lysis in a microfluidic device. Lab Chip 2009, 9, 2796-2802.
[CrossRef]

15. Greenleaf, J. Orthostatic Intolerance after Artificial Heat Acclimatization in Physically fit subjects. Nature 1969, 222, 891-892.
[CrossRef]

16. PanReac AppliChem. Detergents-More than Foam! Available online: https://www.applichem.com/en/literature /brochures/
brochures-biochemical-support/detergents/ (accessed on 27 March 2021).

17.  Shamloo, A.; Hassani-Gangaraj, M. Investigating the effect of reagent parameters on the efficiency of cell lysis within droplets.
Anal. Chim. Acta 2020, 32, 062002.

18. Fradique, R.; Azevedo, A.M.; Chu, V.; Conde, ].P,; Aires-Barros, M.R. Microfluidic platform for rapid screening of bacterial cell
lysis. J. Chromatogr. A 2019, 14, 55. [CrossRef] [PubMed]

19. Su, W.; Yu, H; Jiang, L.; Chen, W.; Li, H.; Qin, J. Integrated Microfluidic Device for Enrichment and Identification of Circulating
Tumor Cells from the Blood of Patients with Colorectal Cancer. Hindawi 2019, 6, 8945974. [CrossRef] [PubMed]

20. Ocvirk, G.; Moosavi, H.S.; Szarka, R.J. Arriaga Beta-Galactosidase Assays of Single-Cell Lysates on a Microchip: A Complementary
Method for Enzymatic Analysis of Single Cells. Proc. 2004, 53792, 115-125.

21. Mahalanabis, M.; Al-Muayad, H.; Kulinski, M.D.; Altmanb, D.; Klapperich, C.M. Cell lysis and DNA extraction of gram-positive
and gram-negative bacteria from whole blood in a disposable microfluidic chip. Lab Chip 2009, 19, 2811-2817. [CrossRef]
[PubMed]

22. Sauer-Budge, A.F,; Mirer, P; Chatterjee, A.; Klapperich, C.M.; Chargina, D.; Sharon, A. Low cost and manufacturable complete

microTAS for detecting bacteria. Lab Chip 2009, 9, 2803-2811. [CrossRef]


http://doi.org/10.3390/mi8030083
http://doi.org/10.1039/C8AN01186A
http://www.ncbi.nlm.nih.gov/pubmed/30298867
http://doi.org/10.1515/ijcre-2016-0105
http://doi.org/10.3390/mi10030165
http://www.ncbi.nlm.nih.gov/pubmed/30818801
http://doi.org/10.1039/c3lc51133b
http://www.ncbi.nlm.nih.gov/pubmed/24480982
http://doi.org/10.1099/jmm.0.45593-0
http://doi.org/10.1021/pr300709k
http://doi.org/10.1098/rsif.2008.0009.focus
http://doi.org/10.1088/0960-1317/25/9/094001
http://doi.org/10.1016/S1872-2040(07)60017-6
http://doi.org/10.1016/j.aca.2006.11.057
http://doi.org/10.1021/la015646z
http://doi.org/10.1039/b907942d
http://doi.org/10.1038/222891a0
https://www.applichem.com/en/literature/brochures/brochures-biochemical-support/detergents/
https://www.applichem.com/en/literature/brochures/brochures-biochemical-support/detergents/
http://doi.org/10.1016/j.chroma.2019.460539
http://www.ncbi.nlm.nih.gov/pubmed/31543341
http://doi.org/10.1155/2019/8945974
http://www.ncbi.nlm.nih.gov/pubmed/31354892
http://doi.org/10.1039/b905065p
http://www.ncbi.nlm.nih.gov/pubmed/19967118
http://doi.org/10.1039/b904854e

Micromachines 2021, 12, 498 24 of 27

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Liu, Y,; Schulze-Makuch, D.; Vera, ].P,; Cockell, C.; Leya, T.; Baqué, M.; Walther-Antonio, M. The Development of an Effective
Bacterial Single-Cell Lysis Method Suitable for Whole Genome Amplification in Microfluidic Platforms. Micromachines 2018, 9,
367. [CrossRef] [PubMed]

Wu, X.; Zarka, A.; Boussiba, S. A Simplified Protocol for Preparing DNA from Filamentous Cyanobacteria. J. Biol. Eng. 2000, 18,
385-392. [CrossRef]

Mehta, K.; Evitt, N.; Swartz, ].R. Chemical lysis of cyanobacteria. J. Biol. Eng. 2015, 9, 26110017. [CrossRef]

Mun, B.P; Jung, S.M.; Yoon, S.Y.; Kim, S.H.; Lee, ].H.; Yang, S. Continuous cell cross over and lysis in a microfluidic device.
Microfluid. Nanofluid. 2010, 8, 695-701. [CrossRef]

Irimia, D.; Tompkins, R.G.; Toner, M. Single-cell chemical lysis in picoliter-scale closed volumes using a microfabricated device.
Anal. Chem. 2004, 76, 6137-6143. [CrossRef]

Jen, C.; Hsiao, ].H.; Maslov, N.A. Single-Cell Chemical Lysis on Microfluidic Chips with Arrays of Microwells. Rev. Sci. Instrum.
2012, 12, 347-358. [CrossRef]

Sasuga, Y.; Iwasawa, T.; Terada, K; Oe, Y.; Sorimachi, H.; Ohara, O.; Harada, Y. Single-Cell Chemical Lysis Method for Analyses
of Intracellular Molecules Using an Array of Picoliter-Scale Microwells. Anal. Chem. 2008, 80, 9141-9149. [CrossRef]

SooHoo, J.; Herr, J.; Ramsey, ].M.; Walker, G.M. Microfluidic Cytometer for the Characterization of Cell Lysis. Anal. Chem. 2012,
84,21952201. [CrossRef] [PubMed]

Shinde, P.; Mohan, L.; Kumar, A.; Dey, K.; Maddi, A.; Patananan, A.N.; Tseng, F.G.; Chang, H.Y.; Nagai, M.; Santra, T.S. Current
Trends of Microfluidic Single-Cell Technologies. Int. J. Sci. 2018, 222, 3143. [CrossRef]

Ramji, R.; Xiang, A.C.; Ying, N.J.; Teck, L.C.; Hung, C.C. Microfluidic Single Mammalian Cell Lysis in Picolitre Droplets.
J. Biosens. Bioelectron. 2013, 222, S1:001. [CrossRef]

Klein, A.; Mazutis, L.; Weitz, D.A; Kirschner, M.W. Droplet Barcoding for Single-Cell Transcriptomics Applied to Embryonic
Stem Cells. Cell. 2015, 161, 1187-1201. [CrossRef]

Kim, S.; Clark, I.C.; Shahi, P.; Abate, A.R. Single-cell RT-PCR in microfluidic droplets with integrated chemicallysis. Anal. Chem.
2018, 90, 1273-1279. [CrossRef] [PubMed]

Matuta, K,; Rivello, E; Huck, T.S. Single-Cell Analysis Using Droplet Microfluidics. Cell 2020, 4, 1900188. [CrossRef] [PubMed]
Hosokawa, M.; Nishikawa, Y.; Kogawa, M.; Takeyama, H. Massively parallel whole genome amplification for single-cell
sequencing using droplet microfluidics. Nature 2017, 7, 5199. [CrossRef]

Olanrewaju, A.; Beaugrand, M.; Yafia, M.; Juncker, D. Capillary microfluidics in microchannels: From microfluidic networks to
capillaric circuit. Lab Chip 2018, 18, 2323-2347. [CrossRef] [PubMed]

Carlo, D.; Jeong, K.H.; Lee, L.P. Reagentless mechanical cell lysis by nanoscale barbs in microchannels for sample preparation.
Lab Chip 2003, 3, 287-291. [CrossRef] [PubMed]

Han, J.Y.; Wiederoder, M.; DeVoe, D.L. Isolation of intact bacteria from the blood by selective cell lysis in a microfluidic porous
silica monolith. Microsyst. Nanoeng. 2019, 5, 30. [CrossRef] [PubMed]

Yun, S.S.; Yoon, S.Y,; Song, MK,; Im, S.M.; Kim, S.; Lee, ]. H.; Yang, S. Handheld mechanical cell lysis chip with ultra-sharp silicon
nano-blade arrays for rapid intracellular protein extraction. Lab Chip 2010, 3, 1442-1446. [CrossRef] [PubMed]

Huang, X.; Xing, X.; Ng, C.N.; Yobas, L. Single-Cell Point Constrictions for Reagent-Free High-Throughput Mechanical Lysis and
Intact Nuclei Isolation. Micromachines 2019, 10, 488. [CrossRef] [PubMed]

Yasui, T.; Yanagida, T.; Shimada, T.; Otsuka, K.; Takeuchi, M.; Nagashima, K.; Rahong, S.; Naito, T.; Takeshita, D.; Yonese, A.; et al.
Massively parallel whole genome amplification for single-cell sequencing using droplet microfluidics. ACS Nano 2019, 13,
2262-2273.

So, H.; Lee, K,; Seo, Y.H.; Murthy, N.; Pisano, A.P. Hierarchical Silicon Nanospikes Membrane for Rapid and High-Throughput
Mechanical Cell Lysis. ACS Appl. Mater. Interfaces 2014, 6, 6993—6997. [CrossRef] [PubMed]

So, H.; Lee, K.; Seo, Y.H.; Murthy, N.; Pisano, A.P. All-in-One Nanowire-Decorated Multifunctional Membrane for Rapid Cell
Lysis and Direct DNA Isolation. ACS Appl. Mater. Interfaces 2014, 6, 20693-20699. [CrossRef] [PubMed]

Tavakoli, H.; Zhou, W.; Ma, L.; Perez, S.; Ibarra, A.; Xu, E; Zhan, S.; Li, X. Recent advances in microfluidic platforms for single-cell
analysis in cancer biology, diagnosis and therapy. Trends Anal. Chem. 2019, 117, 13-26. [CrossRef]

Kim, Y.; Kang, J.; Park, S.J.; Yoon, E.S.; Park, ].K. Microfluidic biomechanical device for compressive cell stimulation and lysis.
Sens. Actuators B 2007, 128, 108-116. [CrossRef]

Kido, H.; Micic, M.; Smith, D.; Zoval, J.; Norton, ].; Madou, M. A novel, compact disk-like centrifugal microfluidic system for cell
lysis and sample homogenization. Colloids Surf. B Biointerfaces 2007, 58, 44-51. [CrossRef] [PubMed]

Siergist, J.; Gorkin, R.; Bastien, M.; Stewart, G.; Peytavi, R.; Kido, H.; Bergeronb, M. Validation of a centrifugal microfluidic sample
lysis and homogenization platform for nucleic acid extraction with clinical samples. Lab Chip 2010, 58, 363-371.

Vandeventer, P.E.; Weigel, K.M.; Salazar, ].; Erwin, B.; Irvine, B.; Doebler, R.; Nadim, A.; Cangelosi, G.A.; Niemz, A. Disruption
of Lysis-Resistant Bacterial Cells by Use of a Miniature, Low-Power, Disposable Device. J. Clin. Microbiol. 2011, 49, 2533-2539.
[CrossRef] [PubMed]

Cheng, Y.; Wang, Y.; Wang, Z.; Huang, L.; Bi, M.; Xu, W.; Wang, W.; Ye, X. A mechanical cell disruption microfluidic platform
based on an on-chip micropump. Biomicrofluidics 2017, 11, 024112. [CrossRef]

Berasaluce, A.; Matthys, L.; Mujika, J.; Antonana-Diez, M.; Valeroa, A.; Agirregabiria, M. Bead beating-based continuous flow cell
lysis in a microfluidic device. RSC Adv. 2015, 5, 22350. [CrossRef]


http://doi.org/10.3390/mi9080367
http://www.ncbi.nlm.nih.gov/pubmed/30424300
http://doi.org/10.1007/BF02825067
http://doi.org/10.1186/s13036-015-0007-y
http://doi.org/10.1007/s10404-009-0541-3
http://doi.org/10.1021/ac0497508
http://doi.org/10.3390/s120100347
http://doi.org/10.1021/ac8016423
http://doi.org/10.1021/ac202461h
http://www.ncbi.nlm.nih.gov/pubmed/22242682
http://doi.org/10.3390/ijms19103143
http://doi.org/10.4172/2155-6210.S12-001
http://doi.org/10.1016/j.cell.2015.04.044
http://doi.org/10.1021/acs.analchem.7b04050
http://www.ncbi.nlm.nih.gov/pubmed/29256243
http://doi.org/10.1002/adbi.201900188
http://www.ncbi.nlm.nih.gov/pubmed/32293129
http://doi.org/10.1038/s41598-017-05436-4
http://doi.org/10.1039/C8LC00458G
http://www.ncbi.nlm.nih.gov/pubmed/30010168
http://doi.org/10.1039/b305162e
http://www.ncbi.nlm.nih.gov/pubmed/15007460
http://doi.org/10.1038/s41378-019-0063-4
http://www.ncbi.nlm.nih.gov/pubmed/31240109
http://doi.org/10.1039/b925244d
http://www.ncbi.nlm.nih.gov/pubmed/20480109
http://doi.org/10.3390/mi10070488
http://www.ncbi.nlm.nih.gov/pubmed/31331049
http://doi.org/10.1021/am501221b
http://www.ncbi.nlm.nih.gov/pubmed/24805909
http://doi.org/10.1021/am506153y
http://www.ncbi.nlm.nih.gov/pubmed/25420232
http://doi.org/10.1016/j.trac.2019.05.010
http://doi.org/10.1016/j.snb.2007.05.050
http://doi.org/10.1016/j.colsurfb.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17499489
http://doi.org/10.1128/JCM.02171-10
http://www.ncbi.nlm.nih.gov/pubmed/21543569
http://doi.org/10.1063/1.4979100
http://doi.org/10.1039/C5RA01251A

Micromachines 2021, 12, 498 25 of 27

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lee, D.J.; Mai, J.; Huang, T.].; Agirregabiria, M. Microfluidic approaches for cell-based molecular diagnosis. Biomicrofluidics 2018,
12, 051501. [CrossRef]

Baek, C.; Min, J. Microvalve-assisted Bead-beating System for Selective Nucleic Acid Preparation from Bacteria and Viruses.
BioChip J. 2015, 9, 332-338. [CrossRef]

Hwang, KW.; Kwon, S.H.; Jung, S.0.; Lim, HK,; Jung, W.J.; Park, C.S.; Kim, J.H.; Suh, K.Y.; Huh, N. Miniaturized bead-beating
device to automate full DNA sample preparation processes for Gram-positive bacteria. Lab Chip 2011, 11, 3649. [CrossRef]
[PubMed]

Flaender, M.; Dulk, R.; Ventosa, ].; Flegeau, V. Grinding Lysis (GL): A microfluidic device for sample enrichment and mechanical
lysis in one. Sens. Actuators B 2018, 258, 148-155. [CrossRef]

Wang, Z.; Huang, PH.; Chen, C.; Bachman, H.; Zhao, S.; Yang, S.; Huang, T.J. Cell lysis via acoustically oscillating sharp edges.
Lab Chip 2019, 19, 4021. [CrossRef]

Jiang, F; Chen, ].; Yu, J. Design and application of a microfluidic cell lysis microelectrode chip. Instrum. Sci. Technol. 2015. [CrossRef]
Geng, T.; Lu, C. Microfluidic Electroporation for Cellular Analysis and Delivery. Lab Chip 2013, 13, 3803-3821. [CrossRef]
[PubMed]

Sedgwick, H.; Caron, F.; Monaghan, P.B.; Kolch, W.; Cooper, ]. M. Lab-on-a-chip technologies for proteomic analysis from isolated
cells. J. R. Soc. Interface 2008, 5, S123. [CrossRef] [PubMed]

Islam, M.L; Kuryllo, K.; Selvaganapathy, P.R.; Li, Y.; Deen, M.J. A Microfluidic Sample Preparation device for Pre-Concentration
and Cell Lysis Using A Nanoporous Membrane. In Proceedings of the 17th International Conference on Miniaturized Systems for
Chemistry and Life Sciences, Freiburg, Germany, 27-31 October 2013.

Fox, M.B.; Esveld, D.C.; Valero, A.; Luttge, R.; Mastwijk, H.C.; Bartels, P.V.; Boom, R.M. Electroporation of cells in microfluidic
devices: A review. Anal. Bioanal. Chem. 2006, 385, 474-485. [CrossRef]

Jeon, H.; Kim, S.; Lim, G.M. Electrical force-based continuous cell lysis and sample separation techniques for development of
integrated microfluidic cell analysis system: A review, Microelectronic Engineering. Microelectron. Eng. 2018, 10, 55-72. [CrossRef]
Mernier, G.; Piacentini, N.; Braschler, T.; Demierre, N.; Renauda, P. Continuous-flow electrical lysis device with integrated control
by dielectrophoretic cell sorting. Lab Chip 2010, 10, 2077-2082. [CrossRef]

Ziv, R.; Steinhardt, R.; Pelled, G.; Gazit, D.; Rubinsky, B. Micro-electroporation of mesenchymal stem cells with alternating
electrical current pulses. Biomed Microdevices 2009, 11, 95-101. [CrossRef]

Kim, K.S.; Kim, J.H.; Kim, K.P.; Chung, T.D. Continuous Low-Voltage dc Electroporation on a Microfluidic Chip with Polyelec-
trolytic Salt Bridges. Anal. Chem. 2007, 79, 7761-7766. [CrossRef]

Wei, X,; Li, J.; Wang, L.; Yang, F. Low-voltage electrical cell lysis using a microfluidic device. Biomed. Microdevices 2019, 22, 1-9.
[CrossRef]

Lo, YJ.; Lei, U. A Continuous Flow-through Microfluidic Device for Electrical Lysis of Cells. Micromachines 2019, 10, 247.
[CrossRef]

Church, C.; Zhu, J.; Huang, G.; Tzeng, T. Integrated electrical concentration and lysis of cells in a microfluidic chip. Biomicrofluidics
2010, 4, 044101. [CrossRef]

Jen, C.P; Amstislavskaya, T.G.; Liu, Y.H.; Hsiao, J.H.; Chen, Y.H. Single-Cell Electric Lysis on an Electroosmotic-Driven
Microfluidic Chip with Arrays of Microwells. Sensors 2012, 12, 6967-6977. [CrossRef] [PubMed]

Ramadan, Q.; Samper, V.; Poenar, D.; Liang, Z.; Chen, Y.; Lim, T.D. Simultaneous cell lysis and bead trapping in a continuous
flow microfluidic device. Sens. Actuators B 2006, 113, 944-955. [CrossRef]

Bao, N.; Lu, C. A microfluidic device for physical trapping and electrical lysis of bacterial cells. Appl. Phys. Lett. 2008, 92, 214103.
[CrossRef]

Jokilaakso, N.; Salm, E.; Chen, A.; Millet, L.; Guevara, C.D.; Dorvel, B.; Reddy, B., Jr.; Karlstrom, A.E.; Chen, Y.; Ji, H.; et al.
Ultra-localized single-cell electroporation using silicon nanowires. Lab Chip 2013, 13, 336. [CrossRef] [PubMed]

Hung, M.S.; Chang, Y.T. Single-cell lysis and DNA extending using electroporation microfluidic device. BioChip J. 2012, 6, 84-90.
[CrossRef]

De Lange, N.; Tran, T.M.; Abate, A.R. Electrical lysis of cells for detergent-free droplet assays. Biomicrofluidics 2016, 10, 024114.
[CrossRef] [PubMed]

Lu, K;; Wo, A; Lo, Y.;; Chen, K.C,; Lin, CM.; Yang, C.R. Three dimensional electrode array for cell lysis via electroporation.
Biosens. Bioelectron. 2006, 22, 568-574. [CrossRef] [PubMed]

Lu, H.; Schmidt, M.A.; Jensen, K.F. A microfluidic electroporation device for cell lysis. Lab Chip 2005, 5, 23-29. [CrossRef]
[PubMed]

Thompson, A.; Paguirigan, A.L.; Kreutz, ].E.; Radich, ].P.; Chiu, D.T. Microfluidics for Single-Cell Genetic Analysis. Lab Chip 2013,
14, 3135-3142. [CrossRef]

Wang, S.; Zhang, X.; Wang, W.; Lee, L.J. Semicontinuous Flow Electroporation Chip for High-Throughput Transfection on
Mammalian Cells. Anal. Chem. 2009, 81, 4414-4421. [CrossRef] [PubMed]

Dalmay, C.; Villemejanea, J.; Joubert, V.; Silve, A.; Arnaud-Cormos, D.; Francais, O.; Mir, L.M.; Leveque, P; Le Pioufle, B.
A microfluidic biochip for the nanoporation of living cells. Biosens. Bioelectron. 2011, 26, 4649-4655. [CrossRef]

Zhou, Y,; Basu, S.; Laue, E.D.; Seshia, A.A. Dynamic monitoring of single-cell lysis in an impedance-based microfluidic device.
Biomed. Microdevices 2016, 18, 56. [CrossRef]


http://doi.org/10.1063/1.5030891
http://doi.org/10.1007/s13206-015-9409-7
http://doi.org/10.1039/c1lc20692c
http://www.ncbi.nlm.nih.gov/pubmed/21918771
http://doi.org/10.1016/j.snb.2017.11.082
http://doi.org/10.1039/C9LC00498J
http://doi.org/10.1080/10739149.2015.1076839
http://doi.org/10.1039/C3LC50566A
http://www.ncbi.nlm.nih.gov/pubmed/23917998
http://doi.org/10.1098/rsif.2008.0169.focus
http://www.ncbi.nlm.nih.gov/pubmed/18534931
http://doi.org/10.1007/s00216-006-0327-3
http://doi.org/10.1016/j.mee.2018.06.010
http://doi.org/10.1039/c000977f
http://doi.org/10.1007/s10544-008-9213-4
http://doi.org/10.1021/ac071197h
http://doi.org/10.1007/s10544-019-0369-x
http://doi.org/10.3390/mi10040247
http://doi.org/10.1063/1.3496358
http://doi.org/10.3390/s120606967
http://www.ncbi.nlm.nih.gov/pubmed/22969331
http://doi.org/10.1016/j.snb.2005.04.018
http://doi.org/10.1063/1.2937088
http://doi.org/10.1039/C2LC40837F
http://www.ncbi.nlm.nih.gov/pubmed/23179093
http://doi.org/10.1007/s13206-012-6111-x
http://doi.org/10.1063/1.4944742
http://www.ncbi.nlm.nih.gov/pubmed/27051471
http://doi.org/10.1016/j.bios.2006.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16997544
http://doi.org/10.1039/b406205a
http://www.ncbi.nlm.nih.gov/pubmed/15616736
http://doi.org/10.1039/C4LC00175C
http://doi.org/10.1021/ac9002672
http://www.ncbi.nlm.nih.gov/pubmed/19419195
http://doi.org/10.1016/j.bios.2011.03.020
http://doi.org/10.1007/s10544-016-0081-z

Micromachines 2021, 12, 498 26 of 27

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Hiramoto, K.; Ino, K.; Nashimoto, Y.; Ito, K.; Shiku, H. Electric and Electrochemical Microfluidic Devices for Cell Analysis.
Front. Chem. 2019, 7, 396. [CrossRef]

Zhou, Y.; Wang, ].; Bao, N.; Lu, C. Dynamic monitoring of single-cell lysis in an impedance-based microfluidic device. Anal. Chem.
2009, 81, 2027-2031. [CrossRef]

Qu, B; Eu, YJ.; Jeong, WJ.; Kim, D.P. Droplet electroporation in microfluidics for efficient cell transformation with or without cell
wall removal. Lab Chip. 2012, 81, 2027-2031. [CrossRef]

Yoo, B.S.; Im, D.J.; Ahn, M.M,; Park, S.J.; Kim, Y.H.; Kang, I.S. A continuous droplet electroporation system for high throughput
processing. Analyst 2018, 143, 57852. [CrossRef]

Movahed, S.; Li, D. Microfluidics cell electroporation. Microfluid. Nanofluid. 2011, 10, 703-734. [CrossRef]

Kurita, H.; Takahashi, S.; Asada, A.; Matsuo, M.; Kishikawa, K.; Mizuno, A.; Numano, R. Parallelized Electroporation by
Electrostatic Manipulation of a Water-in-Oil Droplet as a Microreactor. PLoS ONE 2015, 10, e0144254.

Kremer, C.; Witte, C.; Neale, S.L.; Reboud, J.; Barrett, M.P.; Cooper, ].M. Shape-Dependent Optoelectronic Cell Lysis. Angew. Chem.
Int. Ed. 2015, 53, 842-846. [CrossRef]

Magidson, V.; Loncarek, J.; Hergert, P.; Rieder, C.L.; Khodjakov, A. Laser Microsurgery in the GFP Era: A Cell Biologist’s
Perspective. Methods Cell Biol. 2007, 82, 239-266.

Rau, K.; Quinto-Su, P.A.; Hellman, A.N.; Venugopalan, V. Pulsed Laser Microbeam-Induced Cell Lysis: Time-Resolved Imaging
and Analysis of Hydrodynamic Effects. Biophys. J. 2007, 91, 317-329. [CrossRef]

Hellman, A.N.; Rau, K.R.; Yoon, H.H.; Venugopalan, V. Biophysical response to pulsed laser microbeam-induced cell lysis and
molecular delivery. J. Biophoton. 2008, 1, 24-35. [CrossRef] [PubMed]

Dhawan, M.D.; Wise, F.; Baeumner, A.]. Development of a laser-induced cell lysis system. Anal. Bioanal. Chem. 2002, 374, 421-426.
[CrossRef] [PubMed]

Wan, W.; Yeow, ].T.W. Study of a novel cell lysis method with titanium dioxide for Lab-on-a-Chip devices. Biomed. Microdevices
2011, 13, 527-532. [CrossRef]

Huang, S.H.; Hung, L.Y;; Lee, G.B. Continuous Nucleus Extraction by Optically-Induced Cell Lysis on a Batch-type Microfluidic
Platform. Lab Chip 2015, 16, 1447-1456. [CrossRef]

Gorgannezhad, L.; Stratton, H.; Nguyen, N.T. Microfluidic-Based Nucleic Acid Amplification Systems in Microbiology.
Micromachines 2019, 10, 408. [CrossRef]

Lee, C.Y,; Lee, G.B,; Lin, L.; Huang, E.C.; Liao, C.J. Integrated microfluidic systems for cell lysis, mixing/pumping, and DNA
amplification. J. Micromech. Microeng. 2005, 15, 1215-1223. [CrossRef]

Packard, M.M.; Wheeler, E.K.; Alocilja, E.C.; Shusteff, M. Performance Evaluation of Fast Microfluidic Thermal Lysis of Bacteria
for Diagnostic Sample Preparation. Diagnostics 2013, 3, 105-116. [CrossRef] [PubMed]

Privorotskaya, N.; Liu, Y.S,; Lee, J.; Zeng, Z.; Carlisle, ].A; Radadia, A.; Millet, L.; Bashir, R.; King, W.P. Rapid thermal lysis of
cells using silicon-diamond microcantilever heaters. Lab Chip 2010, 10, 1135-1141. [CrossRef] [PubMed]

Burklund, A.; Petryk, ].D.; Hoopes, PJ.; Zhang, ] X. Microfluidic enrichment of bacteria coupled to contact-free lysis on a magnetic
polymer surface for downstream molecular detection. Biomicrofluidics 2020, 3, 034115. [CrossRef] [PubMed]

Cheong, K.; Yi, D,; Lee, ].G.; Park, ] M.; Kim, M.].; Edel, ].B.; Ko, C. Gold nanoparticles for one-step DNA extraction and real-time
PCR of pathogens in a single chamber. Lab Chip 2008, 8, 810-813. [CrossRef] [PubMed]

Tsougeni, P; Papadakis, G.; Gianneli, M.; Grammoustianou, A.; Dupuy, B.; Petrou, PN.; Kakabakos, S.E.; Tserepi, A.; Gizeli, E.;
Gogolides, E. Plasma nanotextured polymeric lab-on-a-chip for 1 highly efficient bacteria capture and lysis. Lab Chip 2016, 16,
120-131. [CrossRef] [PubMed]

Baek, S.; Min, J.; Park, ].P. Wireless induction heating in a microfluidic device for cell lysis. Lab Chip 2010, 10, 909-917. [CrossRef]
[PubMed]

Wang, Z.; Zhe, ]. Recent advances in particle and droplet manipulation for lab-on-a-chip devices based on surface acoustic waves.
Lab Chip 2019, 19, 1280. [CrossRef]

Ding, X.; Li, P; Lin, S.; Huang, T.J.; Constanzo, F.; Shi, J.; Mao, X.; Slotcavage, D. Surface acoustic wave microfluidics. Lab Chip
2013, 13, 3626-3649. [CrossRef]

Lu, H.; Mutafopulos, K.; Heyman, J.A.; Spink, P,; Shen, L.; Wang, C.; Franke, T.; Weitz, D.A. Rapid additive-free bacteria lysis
using traveling surface acoustic waves in microfluidic channels. Lab Chip 2019, 19, 4064. [CrossRef]

Reboud, J.; Bourquin, Y.; Wilson, R; Pall, G.; Jiwaji, M.; Pitt, A.; Graham, A.; Waters, A.; Cooper, J. Shaping acoustic fields as a
toolset for microfluidic manipulations in diagnostic technologies. Proc. Natl. Acad. Sci. USA 2012, 109, 15162-15167. [CrossRef]
[PubMed]

Taller, D.; Richards, K.; Slouka, Z.; Senapati, S.; Hill, R.; Go, D.; Chang, H. On-Chip Surface Acoustic Wave Lysis and Ion-Exchange
Nanomembrane Detection of Exosomal RNA for Pancreatic Cancer Study and Diagnosis. Lab Chip 2015, 15, 1656-1666. [CrossRef]
[PubMed]

Tandiono, T.; Ow, D.; Driessen, L.; Chin, C.; Klaseboer, E.; Choo, A.; Ohl, S.; Ohla, C. Sonolysis of Escherichia coli and Pichia
pastoris in microfluidics. Lab Chip 2012, 12, 780. [CrossRef]

Marenits, T.; Kusler, B.; Yaralioglu, G.; Liu, S.; Yakub, E.; HZEggstrom, A.; Ohl, S.; Ohla, C. Microfluidic Sonicator for Real-Time
Disruption of Eukaryotic Cells and Bacterial Spores for DNA Analysis. Ultrasound Med. Biol. 2005, 31, 1265-1277. [CrossRef]


http://doi.org/10.3389/fchem.2019.00396
http://doi.org/10.1007/s10544-016-0081-z
http://doi.org/10.1039/c2lc40360a
http://doi.org/10.1039/C8AN01259H
http://doi.org/10.1007/s10404-010-0716-y
http://doi.org/10.1002/anie.201307751
http://doi.org/10.1529/biophysj.105.079921
http://doi.org/10.1002/jbio.200710010
http://www.ncbi.nlm.nih.gov/pubmed/19343632
http://doi.org/10.1007/s00216-002-1489-2
http://www.ncbi.nlm.nih.gov/pubmed/12373389
http://doi.org/10.1007/s10544-011-9521-y
http://doi.org/10.1039/C5LC01284H
http://doi.org/10.3390/mi10060408
http://doi.org/10.1088/0960-1317/15/6/011
http://doi.org/10.3390/diagnostics3010105
http://www.ncbi.nlm.nih.gov/pubmed/26835670
http://doi.org/10.1039/b923791g
http://www.ncbi.nlm.nih.gov/pubmed/20390131
http://doi.org/10.1063/5.0011908
http://www.ncbi.nlm.nih.gov/pubmed/32642021
http://doi.org/10.1039/b717382b
http://www.ncbi.nlm.nih.gov/pubmed/18432353
http://doi.org/10.1039/C5LC01217A
http://www.ncbi.nlm.nih.gov/pubmed/26556673
http://doi.org/10.1039/b921112h
http://www.ncbi.nlm.nih.gov/pubmed/20379569
http://doi.org/10.1039/c0lc00527d
http://doi.org/10.1039/c3lc50361e
http://doi.org/10.1039/C9LC00656G
http://doi.org/10.1073/pnas.1206055109
http://www.ncbi.nlm.nih.gov/pubmed/22949692
http://doi.org/10.1039/C5LC00036J
http://www.ncbi.nlm.nih.gov/pubmed/25690152
http://doi.org/10.1039/C2LC20861J
http://doi.org/10.1016/j.ultrasmedbio.2005.05.005

Micromachines 2021, 12, 498 27 of 27

109.

110.
111.

112.

113.

114.

Lee, H.; Kim, J.; Lim, H.; Cho, E.; Huh, N; Ko, C.; Park, J.; Choi, J.; Lee, S. Electrochemical cell lysis device for DNA extraction.
Lab Chip 2010, 10, 626-633. [CrossRef] [PubMed]

Di Carlo, D.; Zanetti, C.; Zhang, Y.; Hung, P.; Lee, L. On-chip cell lysis by local hydroxide generation. Lab Chip 2005, 10, 171-178.
Chen, Y.; Chen, L.; Chen, S.; Chang, M.; Chen, T. A modified osmotic shock for periplasmic release of a recombinant creatinase
from Escherichia coli. Biochem. Eng. ]. 2004, 19, 211-215. [CrossRef]

Zhu, K;; Jin, H.; He, Z.; Zhu, Q.; Wang, B. A continuous method for the large-scale extraction of plasmid DNA by modified
boiling lysis. Nat. Protoc. 2006, 1, 3089-3093. [CrossRef]

MclIntyre, D.; Lashkaripour, A.; Densmore, D. Rapid and Inexpensive Microfluidic Electrode Integration with Conductive Ink.
Lab Chip 2020, 20, 3690-3695. [CrossRef]

Funk, C.; Chan, S.; Wu, A. Microfluidic single-cell analysis—-Toward integration and total on-chip analysis. Biomicrofluidics 2020,
14, 021502. [CrossRef] [PubMed]


http://doi.org/10.1039/B916606H
http://www.ncbi.nlm.nih.gov/pubmed/20162238
http://doi.org/10.1016/j.bej.2004.03.001
http://doi.org/10.1038/nprot.2006.452
http://doi.org/10.1039/D0LC00763C
http://doi.org/10.1063/1.5131795
http://www.ncbi.nlm.nih.gov/pubmed/32161631

	Introduction 
	Cell Lysis Methods 
	Chemical Lysis 
	Mechanical Lysis 
	Electrical Methods 
	Laser Lysis 
	Thermal Lysis 
	Acoustic and Electrochemical Methods 

	Discussion and Conclusions 
	References

