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REVIEW
Advances in Microfluidics Applied to Single Cell
Operation
Xu-Dong Zhu, Ju Chu, and Yong-Hong Wang*
The field of microbiology have traditionally been concerned with and focused
on studies at the population level. Microfluidic platforms have emerged as
important tools for biology research at a small scale, even down to a single
cell level. The spatial and temporal control of cells and stimuli transported by
microfluidic channels in well-designed microsystems realized the studies of
specific cells in a controlled microenvironment. The true cellular physiology
responses, which are obtained mostly by inference from population-level
data, could be revealed in this way. Nowadays, significant applications like
cell culture, analysis, sorting, genomics, and proteomics at the single cell
level have been achieved in microfluidic chips. Highly integrated microfluidic
systems with complete bio-analytic functions are also coming forth and of
great promise for single cell related physiology, biomedical, and high
throughput screening research. Herein, the leads of technologies applied to
single cell operation are reviewed. Challenges and potentials of these works
are also summarized, to highlight fields for further research.
1. Introduction
As the smallest functional unit of life, single cell is an important
subject in the study of cell biology.[1] Appropriate techniques like
flow cytometry and capillary electrophoresis have promoted the
progress of single-cell research. However, neither the richness of
information nor the throughput could fulfil the intensive
research. Microfluidics are defined as systems based on micro-
channels (10–100mm) and used for manipulation of small
volume of the fluid (nL).[2–7] Crediting its perfectly matching
with single cell at the length-scale and its ultra-high throughput,
microfluidic systems have been widely used in cell biology,
especially in the field of single cell.

Here, as shown in Figure 1, advanced microfluidic techniques
and applications in aspect of single cell operation are reviewed.
Firstly, we summarize the new technologies related to single cell
operation, which include microdroplets operation, spatial
manipulation of microparticles, and detection technologies.
Then advanced applications of microfluidics for single cell
including cell culturing, analyzing, sorting, and omics study are
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reviewed and discussed. We hope this
review can stimulate more inspiration of
research at single cell level.
2. Advanced Microfluidic
Techniques

2.1. Microdroplet Operation Associated
With Single Cells

Microdroplet technique is an important
branch of microfluidic. It is of great
value in the use of single cell for three
major reasons: (1) In aspect of the length
scale, the diameter of microdroplet is
controllable and can easily match the
size of single cells (10–1000mm). (2)
Single-cell encapsulation is easy to
accomplish by a random encapsulation
method[8] or at very high efficiency by
ingenious design of microchannel[9] with
a little time and materials consumption. (3) Acting as
independent reactors, microdroplets are valuable in the
analysis of extracellular products at single cell level because
the extracellular products like proteins or metabolites are
restricted in the droplet. With these features, microdroplet is
very conducive to high-throughput analysis or screening.[10–
12] Furthermore, microdroplet has some superiority includ-
ing small volume, no cross-contamination and fast reaction
kinetics over other technologies.[13] Nowadays microdroplet
technique has developed multiple operating units, such as
single-cell encapsulation and reagents introduction. Relevant
innovations emerged are summarized below.[14]
2.1.1. Droplets Generation

T-junctions and flow-focusing[15,16] are the most commonly used
chip configurations as their high efficiencies in droplets
generation.[8,17] Both of them can reach a high droplets
generation rate up to 10 kHz.[18] However, under a continuous
flow mode, neither of them can change the composition of
droplet and droplet size flexibly. Recently, a variety of active
droplet generators have been constructed, which can achieve on
demand droplets generation with real time changeable compo-
sition or size. For example, Collins used surface acoustic wave
(SAW) to generate independent picoliter droplets whose volume
were defined by the applied power, duration of the force, and
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system geometry.[19] Here, several attractive droplets generation
methods are summarized in Table 1.

Including the electric, thermodynamics, photology, and
acoustics could directly or indirectly achieve real-time size
changing. The droplets size can reach a submicrons level, which
was hard to imagine in conventional droplet generation.
However, few of these methods can step into cell research
because the lack of biocompatibility of these methods.

When comes to increasing the flexibility of droplets
compositions, few methods were reported during the droplets
formation process.[20] The mainstream techniques are introduc-
ing reagents after the formation of the original droplets, which
will be discussed below.
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2.1.2. Single-Cell Encapsulation

For single-cell encapsulation, the most widely-used method is
the random encapsulation, which utilizes cells at the highest
droplet generation rates. The number of cells in droplets obeyed
the Poisson’s distribution. To avoid droplets with multiple cells,
the cell suspension is usually highly diluted. This process will
lead to lots of unwished empty droplets. In contrary, active
methods such as active optical trapping,[21] acoustic package,[22]

can precisely control the cell encapsulation. It is meaningful to
realize selective encapsulation of some rare cells or microorgan-
ism. But they worked at a very low speed. There is no doubt that a
method obtained both high throughput and efficiency is of great
meaning, but has yet to find.
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2.1.3. Reagents Introduction

When used as a micro-reactor, the droplets should be composed
of a variety of components. Therefore, a variety of technology for
reagents introduction has also developed in the microdroplet
system. Before the formation of droplets, multiple components
can be induced into droplets by converging[23] or drawing the
reagents in order.[24] If droplets have formed, reagent injec-
tion[25,26] or droplet fusion are preferred. As mentioned above,
the latter methods are more efficient because the former
methods are weak in throughput.
2.1.4. Droplets Fusion and Splitting

Fusion of droplets can greatly expand the application of
microfluidic chip. It enables the redistribution of the reagents,
dilution, or nutrition supply. Fusion occurs when the interface of
two adjacent droplets was instable. The velocity, the properties of
fluid and the collision angle of droplets have big influence on the
droplets fusion.[27,28]

The passive fusion is usually based on the special channel
structure, for example, extended channels are designed to
generate velocity gradient and allow droplet approaching and oil
film drainage between droplets.[29] Although the structures of
these chips are simple, the precise control of flow velocity is
required to prevent uncontrolled multi-droplet fusion. Yoon took
advantage of the elasticity of PDMS tomake two valves structure.
Biotechnol. J. 2018, 13, 1700416 1700416 (
By controlling the valves, integration of the different number of
droplets was achieved.[30] In respect of active fusion, new
techniques including electric fusion, optical trapping,[31,32] LED
(light-emitting diode),[33] magnetic induced[34] droplet fusion
were conducted. Electric fusion, for example, is based on the
balance of surface tension, the viscosity of liquid within
microchannel and the electric field.[35] Zagnoni showed us such
a chip implementing on-demand fusion. It solved the problem of
synchronization before droplet fusion. Pico-injection, injecting
the required components into passing droplet, is also an effective
way of droplet fusion.[26]

Splitting of the droplet can also be categorized into passive
and active methodologies. The passive one relies mainly on the
structure of chips. The size of the divided droplet is inversely
proportional to the flow resistance of branch channel.[36] In
Yoon’s work, two pneumatic micro valve were used to change the
flow resistance of two branch channels, so as to realize arbitrary
proportion of the split droplets size.[37] Although devices of active
split were more complex and difficult to operate, they could
control the droplets division more precisely. Link applied an
electric field in the T-shaped bifurcation of the chip. When the
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 9)
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Table 1. Different methods of droplet generation.

Principle of
generation Advantages Disadvantages

Generation
frequency

System
complexity Ref Application

Slotted-vial array

sample

i) High integrity, simple structure i) The slotted-vial is non-standard

accessories which has difficulty in

quality control

24Hz Medium [24] Protein crystallization conditions

screening

ii) High compositions flexibility

Deposit samples i) Generates a sequence of droplets

with compositions programmed by

the user

i) Low generation frequency 3Hz Medium [98] Determining the minimum inhibitory

concentration and pair-wise

interactions of ampicillin, tetracycline,

and chloramphenicol against E. coli

ii) Precise (<1% in standard

deviation) control of liquid volumes

ii) Need to precisely control the

flow rate of the four channels to

achieve droplet fusion

Electric i) Flexible size controlled by the

electric field in microchannels.

i) The liquid should be slightly

conducting to form a Taylor cone

1 kHz High [99] N/A

ii) Periodic formation of a Taylor cone

under an ac electric field, and the

droplet size produced by the Taylor

cone is less than 1mm.

ii) Due to the application of high

voltage, there is a doubt in the

biocompatibility

Thermodynamics i) Exploits the dependency on

temperature of viscosities and

interfacial tension to adjust the

droplets size.

i) Size changing is limited in a

small range

10 kHz Low [100] N/A

Photology i) Droplets with controllable volumes

in the range 1 pL and 150 pL with less

than 1% volume variation

i) The generation of the droplets is

based on a cavitation mechanism

that can be harmful for species

being encapsulated

10 kHz High [101] N/A

ii) High generation frequency ii) Absence of spatial selectivity

Acoustics i) Produce individual picoliter-scale

droplets on-demand

i) Low generation frequency N/A High [19] Particle concentration and

encapsulation

ii) Pre-concentrated particles

simultaneously with droplet

production

Figure 1. Microfluidics applied to single cell. Operation units of microfluidic for single cell: microdroplets, cell capture, cultivation, sensing, sorting,
lysis, and omics analysis.
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dropletarrivedat the fork,under theaffectionofelectricfield, itwas
polarized. Then the polarized droplet was pulled in opposite
directionby electricfield force andfinally split into twodroplets.[38]
2.2. “Micro-Particles” Spatial Manipulation

Both individual cells and microdroplets can be regarded as
“micro-particles.” To analyze the particles of this sort,
researchers need to immobilize particles or make particles
move by the set route. Present technology arose in the field of
manipulation including electric field, steric hindrance,[39,40] fluid
mechanics,[41] acoustic wave,[42] and so on.
2.2.1. Microfluidic Traps

Using advanced multilayer lithography technology, microfluidic
traps with various structures (like U type, comb type, and half
ring) can be designed and fabricated on microfluidic chip.[43–45]

When micro-particles come across these specially designed
traps, they are captured. The sizes of traps usually only
accommodate one single particle. The advantage of this
microfluidic trap has small influence in biological activity.
However, the capture is unselective. Various examples micro-
fluidic traps are listed in Figure 2A and B.[46–51]
2.2.2. Dielectrophoresis Capture

Dielectrophoresis occurs when a neutral particle is placed in a
non-uniform electric field and experiences a translational force
due to the polarization effect induced in the particle.[52] Micro
and nano particles suspended in the liquid can then be
manipulated using dielectrophoretic (DEP) and electrophoretic
Figure 2. A) Micro-traps with different structure; (B) A microfluidic-based h
Society of Chemistry; (C-a) The image of the fabricated microfluidic chip and
(right) microbead in trapping chamber. Reproduced with permission.[53] Cop
the cells drawing a circle and a line. Reproduced with permission.[57] Copyr
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forces which are produced upon the application of voltages to
these electrodes. Yun designed and manufactured a microfluidic
chip combined with dielectrophoresis to manipulate a cell and a
microbead. Combining with deflective dielectrophoretic bar-
riers, the controlled liquid flows allows the accurate control of a
cell or microbead in suspensions (Figure 2C).[53] For dielec-
trophoresis capture, its advantage is that it enables frequency-
selective capture of viable cells and microorganism due to
polarization based on their shape, distinguishing size, and sub-
cellular composition. However, its drawbacks in aspect of
throughput, and requiring of media with low conductivity
challenge the progress of this technique. A recent review from
Fernandez well summarized the microbial analysis in dielec-
trophoretic microfluidic systems.[54]
2.2.3. Optical Manipulation

Optical trapping have been widely used on microfluidic chips
because of its high resolution (�50 nm), and powerful trapping
(100–2000 pN).[55] Thus far, various optical trapping methods
have been evaluated for cell trapping from free-space beam-
based optical tweezers to near-field optical trapping.[56] For
example, Li demonstrated a microfluidic chip which utilized
optical tweezers to manipulate the behavior of Bacillus subtilis.
Besides the immobilizing ability, their system could also provide
control over the particle’s motion in the 2D focal plane of the
optical tweezers (Figure 2D).[57] Daly reviewed the advance in
optical trapping and manipulation which covered lots of
representative applications in cell research.[58]
2.3. Detection Technologies

Unlike the traditional detection techniques, sensors of micro-
fluidic chip should possess features of high sensitivity, fast
ydrodynamic trap. Reproduced with permission.[41] Copyright 2011, Royal
magnified view. C-b) Sequence of capturing (left) single-cell (MCF7) and
yright 2010, Elsevier; (D) Microfluidic chip utilizing optical tweezers drive
ight 2014, Elsevier.
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response, and low cost. Several techniques are highlighted
recently, which can be categorized into optical sensors,
electrochemical sensors, mass spectrometry sensors, and
Raman spectroscopy sensors. Several superior reviews of
microfluidic detection technology have been reported.[59,60]

Here, we pay a special attention to the development in recent
3 years. Evaluation of different detection techniques and their
characteristics are listed in Table 2.
3. Advanced Microfluidic Applications

3.1. Cell Culture and Living Cells Detection

With the help of micro-perfusion system, microfluidic chip can
realize dynamic cell culture as a chemostat. At present, dozens of
cells and microorganisms including stem cells,[61–63] cancer
cells,[64] bacteria, fungi,[65] and viruses[66] have been successfully
cultured within the microfluidic chip. Meanwhile, interactions
between cells also can be simulated. In recent years, microfluidic
cell culture equipment has been used in tissue engineering,[67,68]

diagnostics, drug screening,[69] immunology, cancer research,
and stem cells proliferation and differentiation.[61,70–72] Taylor
introduced the first microfluidic system for complete
Table 2. Different detection techniques.

Principle of
detection Characteristic

Fluorescence High sensitivity and high selectivity for cellular and molecular

sensing;

Analytes extended from synthetic dyes, fluorescent proteins,

DNA, and miRNA to nanoparticles

Absorbancy Lable free, generality and sensitivity;

Adequate detection limit.

Chemiluminiscence No need excitation light source;

Appropriate for miniaturization of the on-line detection

system;

Limited to some special reaction reagents

Raman spectrum Probing the fingerprint of molecules;

Molecular quantity is important for reliable and reproducible

results and precise quantitative measurement

Electrochemistry Low cost, small size, high sensitivity and high speed;

Ease of integrating with microchips

Mass spectrum Lable free, high selective, and sensitive;

Simultaneous detection of multiple analytes

Biotechnol. J. 2018, 13, 1700416 1700416 (
mammalian cell culture. It integrated all the necessary steps
for mammalian cell culture, including cell seeding, cell culture
and re-seeding to fresh surface. Several cell lines were seeded
and repeatedly subcultured for weeks in 150 nL droplets.
Moreover, the morphology and characteristics of growth was
comparable to standard tissue culture vessels[73] (Figure 3A1).
Quake built a fully automated cell culture and screening
microfluidic platform with 96 independent culture chambers
(Figure 3A2). Each chamber can be filled with arbitrary culture
media imaged by time-lapse microscopy independently. With
this device, they quantified the influence of transient stimulation
on the proliferation, osteogenic differentiation, and motility of
human primary mesenchymal stem cells.[74] Besides, using
serial microfluidic mass sensor arrays, Cermak presented an
approach to precisely and rapidly measure growth rates of many
individual cells simultaneously.[75]
3.2. Cell Separation and High-Throughput Cell-Based
Screening

In cell biology, highly efficient methods to separate components
from a mixture in fluid are always needed. A clinically and
Analyte(s) LOD (limit of detection) Ref

FFA uptake rates 3.5� 0.2� 10�15M cell�1 [102]

miR-21 DNA 10�9M [103]

miRNA210 0.03 fM [104]

Cy3-labeled DNA probes 0.2 nM [105]

H2O2, GSH, and Cys (Simultaneously) 0.492 aM, 12.4 fM, and

838 aM,

[106]

A formazan dye from coupled assay 10mM [107]

Methylene blue 13mM [108]

Bromophenol blue 29 fM [109]

Ractopamine (RCT) in swine urine 0.97 ngmL�1 [110]

Cancer biomarker proteins prostate specific

antigen (PSA) and platelet factor 4 (PF-4)

0.5 pgmL�1 [111]

Pseudoephedrine (PSE) 5.7 ngmL�1 [112]

Carcinoembryonic antigen (CEA) 10�12M [113]

Melamine in milk 203 ppm [114]

Borate capping agent for detecting drugs 4.5–13 ngmL�1 [115]

Reporter group p�aminophenol (p-AP) 1mM [116]

Nitric oxide 840 pM [117]

Nitrite and ascorbate 713.5 pAmM�1,

255.4 pAmM�1

[118]

Arginine vasopressin (AVP) 1 pM [119]

Dopamine (DA), serotonin (5-HT), Asp, Glu 42 nM, 49Nm, 38 nM,

32 nM

[120]

Cytochrome c 10mgmL�1 [121]

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 9)
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Figure 3. A)Twomicrofluidic based cell culture platforms. A1) the firstmicrofluidic system for completemammalian cell culture. It integrated all the necessary
steps for mammalian cell culture, including cell seeding, cell culture, and re-seeding to fresh surface. Reproduced with permission.[73] Copyright 2010, Royal
Society of Chemistry. A2) a fully automated PDMS-based microfluidic cell culture system consisting of 96 individually addressable cell culture chambers.
Reproducedwithpermission.[74] Copyright 2007, ACSPublications.B)Workingprinciple of cell size-basedsorter. C)Acousticmicrofluidic fluorescence-activated
cell sorter. Reproducedwith permission.[82] Copyright 2014, Royal Society of Chemistry. D and E)High throughputmicrofluidic cell sorters bymagnetic force. D)
Reproduced with permission.[86] Copyright 2013, Royal Society of Chemistry. E) Reproduced with permission.[87] Copyright 2011, Springer.
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common example is the isolation and capture of cells from whole
blood,[76,77] especially the separation of cancer cells and rare
bacteria.[78,79] Warkiani used a label-free spiral microfluidic device
to allow size-based isolation of viable cells by hydrodynamic forces
that are present in curvilinear microchannels.[80] Tan carefully
designed amicro-sieve to separate and sort cells by size, as shown
in Figure 3B.[81] The spatial manipulation technology using
microfluidic traps arrays or hydrodynamic are widely used in this
applicationmainlybecause thesechipsarecharacterizedbysimple
structure, low cost, and little damage to cell vitality.

Unlike cell separation, which usually means isolation one type
of cell from a mixture of different cells, cell based screening is
inclined to pick improved clones from isogeny library. The former
pays more attention to the purity of separation, but the latter
mainly focuses onhigh throughput screening. Implementation of
high-throughput screening (HTS) in lab-on-chip essentially needs
the cooperation of the manipulation and detection technology in
well-designed channel. For instance, thefluorescent-inducedHTS
is similar to flow cytometry theoretically. The fluorescence labeled
cells flows through the detection area, and the fluorescence signal
intensity can be used to trigger the follow-up manipulation mode
(like micro valve, electric field, etc.)[82,83] to complete the cell
sorting. Wang et al. built a flexible high-throughput screening
system based on the different fluorescence intensity of monodis-
perse nanoliter aqueous droplets to activate the high-voltage pulse
and made the cell migrated and separated.[84] Schmid designed a
fluorescence inducedacousticsHTSchip. It carriedout the sorting
of the droplets or other particles ignoring the size or physical
properties of objects.Here, the screening rate ofmicrodroplets can
reach 3000 events s�1 under 15 dBm acoustics energy. Further-
more, this system can also directly sort melanoma cells without
encapsulation[82] (Figure 3C).
Biotechnol. J. 2018, 13, 1700416 1700416 (
Theoretically all the detectionmeansmentioned in this review
(Table 2) can be used to trigger a downstream spatial
manipulation, as reviewed in preceding text. For instance,
dielectrophoresis based raman spectroscopy could implement
single-cell sorting on chip for carotenoid-producing yeast
concentration.[85] Meanwhile sorting methods are not limited
to what wementioned, other techniques includingmicro valve or
electromagnetic control (Figure 3D and E)[86,87] are also
meaningful. Nowadays, cell-based HTS is drastically increasing
in microfluidic chip for increasing rate of monodisperse
microdroplets generation up to � 10 kHz.
3.3. Cell Lysis and Omics Analysis

Inadditionto theoperationsapplied tocells,microfluidicchip isalso
applicable to cell lysis and subcellular structure analysis. Recently,
lots of reports have appeared on the analysis of the contents of
individual cells with microfluidics. In some specially designed
microfluidic devices, cells can be limited in a chamber individually.
Then, by introducing lysis and derivative reagent, researchers could
complete cell lysis and chemical derivatization.[88] Compared with
capillary electrophoresis, net-structure of microfluidic chip can
greatly speed up the rate of sample introduction and cell lysis.
Meanwhile, exerting a powerful electric field on the channel could
quickly and efficiently complete the electrophoresis separation. The
only limitation is the difficulty of chips fabrication.

There were also reports of cell lysis in microdroplet mode.[21]

But the derivative compounds after cell lysis are naturally limited
in the droplets. It is hard to separate different compounds after
cell lysis, and difficult to dock with analytical instruments. For
most bioresearch, the primary goal of cell lysis is to conduct a
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6 of 9)

http://www.advancedsciencenews.com
http://www.biotechnology-journal.com


www.advancedsciencenews.com www.biotechnology-journal.com
subsequent omics analysis, that is why we put these two topics in
the same section. Actually, microfluidic chip has had lots of
applications in genomics[89,90] and proteomics, here, we
illustrate a few representative examples.

In genomics, Tsuji constructed a phospholipid-coated water-
in-oil microdroplet (20–60mm in diameter), and successively
monitored the progress of transcription reaction by fluorescence
resonance energy transfer.[91] Ottesen used microfluidic digital
PCR to amplify multiple, various genes from bacterial cells and
used a gene involved in termites mutualistic symbiosis to
discover the unknown ribosomal RNA-based species identity of
several symbionts.[92] Enzyme-free detection of mRNA using
specific staining and immobilization of the target molecules via a
double hybridization approach thereby avoiding bias due to
enzymatic processes like reverse transcription and PCR
amplification from very few cells was also realized by Haider.[93]

Zhang reviewed the advances and challenges on continuous-
flow microfluidic PCR in droplets.[94] In the process of
commercialization, genes related microfluidic technic, such as
droplet digital PCR is developing rapidly. Examples from Bio-
Rad, RainDance, and Oxford Nanopore Technology could offer
the relative technologies.

In aspect of proteomics, protein analysis, especially quantitative
analysis in single cell, is difficult because of the vanishingly small
amount of protein and the enormous complexity of the proteome
in a single cell. And it is hard to be amplified like genes. But
microfluidics can provide the potential for extremely high
detection sensitivity and high-throughput screening. Recently,
an increasing number of related researches appeared. Four kinds
of microfluidic platforms including microfluidic fluorescent flow
cytometry, droplet based microfluidic flow cytometry, large-array
micro wells and large-array micro chambers were emerging to
enable the quantification of single-cell proteins. It was well
summarized by Fan[95] and Kannan.[96] With increasing feasibility
of the integration between high sensitivity analysis method and
microfluidic, we believe microfluidics will play an important role
in the single-cell proteomics research.
4. Conclusions

Herein, we reviewed advanced technology and application of
microfluidic chip applied to single cell in recent years. As we can
see, along with the maturity of key technologies associated with
microfluidic, the versatility of the microfluidic devices and the
control precision are highly improved. These progresses
naturally expand the application of microfluidic chip in cell
biology constantly. However, there still exist portions needs
further development: (1) The gap between the microfluidic
microenvironments and the in vivo situations. The micro-
environments of single cells trapped in microfluidic array or
droplets may be considerably different from in vivo situations,
such as nutrient supply and gas transfer. It will be doubtable
when directly use the results onto the normal metabolism status.
(2) Highly integrated microfluidic chip is valuable. But in most
cases, with the improvement of versatility of the integrated
microfluidic chip, the throughput of analysis usually decreases
because of the existence of rate-determining step. For instance, a
chip integrated with cell capture, culture, lysis, and analysis will
Biotechnol. J. 2018, 13, 1700416 1700416 (
no longer have the advantages of high throughput probably for
the time-consuming steps in cell lysis. So it is important to
improve the throughput of each operation units of an integrated
device. (3) The microfluidic chips with complex 3D structure are
of great value. However, the most commonly used soft
lithography are suitable for planar microfluidic device, or
limited non-planar devices by stacking. But it is unable to make
complex 3D structures. There is an urge of novel techniques like
3D printing with high-precision to easily construct 3D
devices.[97] (4) Another challenge for the microfluidics commu-
nity is to find ways of simplifying the use of microfluidic devices.
Although the utility of microfluidic devices is becoming
increasingly evident, such devices will not be adopted by
researchers unless they can be used off the shelf without the aid
of engineers. If all these requirements are achieved, it will be of
great meaning andmay carry forward the cell on chip to tissue or
organ on chip. At that time, the microfluidic technology will
bring more convenience to people’s daily life and health.
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