
Microdevices and 
Microsystems for 
Cell Manipulation

Aaron T. Ohta and Wenqi Hu

www.mdpi.com/journal/micromachines

Edited by

Printed Edition of the Special Issue Published in Micromachines



Microdevices and 
Microsystems for  
Cell Manipulation 

Special Issue Editors 
Aaron T. Ohta 
Wenqi Hu 

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade 



Special Issue Editors 
Aaron T. Ohta Wenqi Hu 
University of Hawaii at Manoa Max-Planck-Institut für Intelligente Systeme 
USA Germany 

Editorial Office 
MDPI AG 
St. Alban-Anlage 66 
Basel, Switzerland 

This edition is a reprint of the Special Issue published online in the open access journal 
Micromachines (ISSN 2072-666X) from 2016–2017 (available at: http://www.mdpi.com/ 
journal/micromachines/special_issues/cell_manipulation). 

For citation purposes, cite each article independently as indicated on the article 
page online and as indicated below: 

Author 1; Author 2. Article title. Journal Name Year, Article number, page range. 

First Edition 2017 

ISBN 978-3-03842-618-9 (Pbk) 
ISBN 978-3-03842-619-6 (PDF) 

Articles in this volume are Open Access and distributed under the Creative Commons Attribution 
license (CC BY), which allows users to download, copy and build upon published articles even for 
commercial purposes, as long as the author and publisher are properly credited, which ensures 
maximum dissemination and a wider impact of our publications. The book taken as a whole is 
© 2017 MDPI, Basel, Switzerland, distributed under the terms and conditions of the 
Creative Commons license CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/). 



 

iii 

 

Table of Contents 
About the Special Issue Editors ................................................................................................................... v 

Preface to “Microdevices and Microsystems for Cell Manipulation” ................................................... vii 

 
Caffiyar Mohamed Yousuff, Eric Tatt Wei Ho, Ismail Hussain K. and Nor Hisham B. Hamid 

Microfluidic Platform for Cell Isolation and Manipulation Based on Cell Properties 
Reprinted from: Micromachines 2017, 8(1), 15; doi: 10.3390/mi8010015 ................................................. 1 
 
Bo Wang, Wenxue Wang, Yuechao Wang, Bin Liu and Lianqing Liu 

Dynamical Modeling and Analysis of Viscoelastic Properties of Single Cells 
Reprinted from: Micromachines 2017, 8(6), 171; doi: 10.3390/mi8060171 ............................................... 27 
 
Qihui Fan, Wenqi Hu and Aaron T. Ohta 

Localized Single-Cell Lysis and Manipulation Using Optothermally-Induced Bubbles 
Reprinted from: Micromachines 2017, 8(4), 121; doi: 10.3390/mi8040121 ............................................... 38 
 
Liguo Dai, Niandong Jiao, Xiaodong Wang and Lianqing Liu 

A Micromanipulator and Transporter Based on Vibrating Bubbles in an Open Chip Environment 
Reprinted from: Micromachines 2017, 8(4), 130; doi: 10.3390/mi8040130 ............................................... 51 
 
Florence Hiu Ling Chan, Runhuai Yang and King Wai Chiu Lai 

Development of the Electric Equivalent Model for the Cytoplasmic Microinjection of Small  
Adherent Cells 
Reprinted from: Micromachines 2017, 8(7), 216; doi: 10.3390/mi8070216 ............................................... 64 
 
Yu Xie, Feng Zeng, Wenming Xi, Yunlei Zhou, Houde Liu and Mingliang Chen 

A Robot-Assisted Cell Manipulation System with an Adaptive Visual Servoing Method 
Reprinted from: Micromachines 2016, 7(6), 104; doi: 10.3390/mi7060104 ............................................... 77 
 
Yu Xie, Yunlei Zhou, Wenming Xi, Feng Zeng and Songyue Chen 

Fabrication of a Cell Fixation Device for Robotic Cell Microinjection 
Reprinted from: Micromachines 2016, 7(8), 131; doi: 10.3390/mi7080131 ............................................... 92 
 
Mohammed Shehadul Islam, Aditya Aryasomayajula and Ponnambalam Ravi Selvaganapathy 

A Review on Macroscale and Microscale Cell Lysis Methods 
Reprinted from: Micromachines 2017, 8(3), 83; doi: 10.3390/mi8030083 ................................................. 98 
 
Sung Eun Kim, Min Sung Kim, Yong Cheol Shin, Seong Un Eom, Jong Ho Lee,  
Dong-Myeong Shin, Suck Won Hong, Bongju Kim, Jong-Chul Park, Bo Sung Shin,  
Dohyung Lim and Dong-Wook Han 

Cell Migration According to Shape of Graphene Oxide Micropatterns 
Reprinted from: Micromachines 2016, 7(10), 186; doi: 10.3390/mi7100186 ............................................. 125 
 
  



 

iv 

 

Yang Liu, Cong Wu, Hok Sum Sam Lai, Yan Ting Liu, Wen Jung Li and Ya Jing Shen 

Three-Dimensional Calcium Alginate Hydrogel Assembly via TiOPc-Based Light-Induced  
Controllable Electrodeposition 
Reprinted from: Micromachines 2017, 8(6), 192; doi: 10.3390/mi8060192 ............................................... 135 
 
Raja K. Vadivelu, Harshad Kamble, Muhammad J. A. Shiddiky and Nam-Trung Nguyen 

Microfluidic Technology for the Generation of Cell Spheroids and Their Applications 
Reprinted from: Micromachines 2017, 8(4), 94; doi: 10.3390/mi8040094 ................................................. 146 

  



 

v 

 

About the Special Issue Editors 

Aaron T. Ohta received his B.S. degree from the University of Hawai‘i at Manoa, Honolulu, in 2003, his 
M.S. degree  from  the University of California at Los Angeles,  in  2004, and his Ph.D. degree  from  the 
University of California, Berkeley, in 2008, all in electrical engineering. In 2009, he joined the University of 
Hawaii at Manoa, where he  is  currently a Professor of Electrical Engineering. He has authored or  co‐
authored over 100 publications  in  the areas of microelectromechanical  systems  (MEMS), microfluidics, 
and reconfigurable electronics. Dr. Ohta was the recipient of the 2012 University of Hawaii (UH) Regent’s 
Medal for Excellence in Research, the ten‐campus UH System’s most prestigious research award, as well 
as the 2015 UH Regent’s Medal for Excellence in Teaching. 
 

Wenqi Hu  received his B.S. degree  from  the University of Electronic Sci. & Tech. of China, Chengdu,                
in 2009 and his Ph.D. degree from the University of Hawaii at Manoa in 2014, all in electrical engineering. 
In  2014,  he  joined  the Max‐Planck‐Institut  für  Intelligente  Systeme, where  he  is  currently  a  postdoc 
researcher. He has authored or co‐authored 28 publications  in  the areas of microrobotics, microfluidics, 
and reconfigurable electronics. Dr. Hu is currently a fellow of Alexander von Humboldt Foundation and 
working in the field of biomedical microrobotics. 

 



 

 



 

vii 

 

Preface to “Microdevices and Microsystems for Cell 
Manipulation” 

Microfabricated devices and systems capable of micromanipulation are well-suited for the 
manipulation of cells. These technologies are capable of a variety of functions, including cell trapping, 
cell sorting, cell surgery, and cell culturing, often at single-cell or sub-cellular resolution. The functionalities 
enabled by these microdevices and microsystems are relevant to many areas of biomedical research, 
including tissue engineering, cellular therapeutics, drug discovery, and diagnostics. This Special Issue of 
Micromachines, entitled “Microdevices and Microsystems for Cell Manipulation”, contains 11 papers 
(seven articles, three reviews, and one letter) highlighting recent advances in the field of cellular 
manipulation.  

In the areas of cell trapping, cell sorting, and cell characterization, Yousuff et al. review many types 
of microfluidic systems that are capable of sorting cells based on various characteristics [1]. This review 
includes cell sorters that use labels or surface markers, as well as the cell’s size, shape, deformability, 
density, compressibility, electrical properties, and magnetic properties to distinguish between cells within 
a sample. Work by Wang et al. also aimed at characterizing cells. An atomic force microscope was used to 
mechanically deform cells, and the authors use this information to develop a dynamic model of the cell’s 
viscoelastic properties [2]. This information can also be used to distinguish between various cell types. 
The trapping and transportation of single cells using optically controlled microbubbles was demonstrated 
by Fan et al. [3]. This system uses an optically generated thermocapillary force to trap the cells. Dai et al. 
also used opto-thermally generated bubbles, but vibrated the bubbles to enhance the trapping force [4]. 
The trapping and transportation of multiple micro-objects using a single bubble was demonstrated, as 
well as the transportation of mammalian cells and small multicellular algae.  

This issue has five papers in the field of cell surgery. Chan et al. used electrical current as feedback 
to improve the automated microinjection of cells [5]. The effectiveness of the method on neuronal cells 
was verified by monitoring the injection process and studying the ion channel activities. Another two 
works on automated cell surgery are from Xie et al. Their first article discusses a visual-servo microrobotic 
system with both cell autofocusing and an adaptive visual processing algorithm [6], and achieved a 100% 
microinjection success rate on zebrafish embryos. Their second letter focuses on the challenge of cell 
fixation during automated cell injection [7]. They used a PDMS microarray cylinder to control the contact 
force between cells and the material, achieving a microinjection success rate of over 80%. Cell lysis is also 
a crucial process to extract useful information from the cell interior. In the work of Fan et al. [3], laser-
induced microbubbles and their associated microstreams were used to rupture targeted cell membranes 
and perform single-cell lysis. Other various cell lysis techniques, from macro- to microscale, are reviewed 
by Islam et al. [8]. This review paper describes the advantages and disadvantages of each technique and 
compares cell lysis methods applicable to microfluidic platforms. 

This issue also contains two papers in the field of cell culturing. Graphene oxide (GO) is suitable for 
cell growth due to its feature of high hydrophilicity and protein absorption. Kim et al. used meniscus-
dragging deposition to fabricate GO micropatterns that affect the distance, speed, and directionality of cell 
migration [9]. Cell culturing in three-dimensional (3D) scaffolds is expected to significantly impact the 
fields of drug-screening and tissue engineering. In the work of Liu et al., electrodeposition was used to 
synthesize alginate hydrogel microstructures in arbitrary shapes, and the assembly of 3D hydrogel blocks 
was achieved [10]. This platform offers a way for researchers to synthesize complex 3D hydrogel 
structures for use in tissue engineering. Finally, in the review paper by Vadivelu et al., the use of cell 
spheroids to culture 3D tissue is surveyed and discussed, along with directions for future development in 
this area [11]. 

We would like to thank all the authors for their submissions to this Special Issue. We also thank all 
the reviewers for dedicating their time and helping to ensure the quality of the submitted papers. 
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Abstract: In molecular and cellular biological research, cell isolation and sorting are required for
accurate investigation of a specific cell types. By employing unique cell properties to distinguish
between cell types, rapid and accurate sorting with high efficiency is possible. Though conventional
methods can provide high efficiency sorting using the specific properties of cell, microfluidics systems
pave the way to utilize multiple cell properties in a single pass. This improves the selectivity of
target cells from multiple cell types with increased purity and recovery rate while maintaining higher
throughput comparable to conventional systems. This review covers the breadth of microfluidic
platforms for isolation of cellular subtypes based on their intrinsic (e.g., electrical, magnetic, and
compressibility) and extrinsic properties (e.g., size, shape, morphology and surface markers).
The review concludes by highlighting the advantages and limitations of the reviewed techniques
which then suggests future research directions. Addressing these challenges will lead to improved
purity, throughput, viability and recovery of cells and be an enabler for novel downstream analysis
of cells.

Keywords: microfluidics; cell isolation; cell manipulation; cell properties; lab on chip

1. Introduction

The human body has abundant cells of different types circulating in bodily fluids. Researchers
are discovering a wealth of information about an individual’s state of health by analyzing the quantity,
quality and type of cells present in these fluids. Selective isolation of cells by property or type from
a heterogeneous mixture is the key enabler for a range of useful analysis, i.e., clinical diagnostics,
monitoring, therapeutics or as a precursor to biomolecular analysis to understand complex functional
interactions between tissues, organs and systems. For example, isolation of rare cells such as circulating
tumor cells (CTCs) enriches cellular concentrations to an accurately measureable quantity thereby
enhancing accuracy to stratify cancer patients or monitor treatment efficacy [1,2]. Isolation of circulating
fetal cells contains genetic information of the fetus, which is useful to identify fetal autosomal
abnormalities [3]. Isolation of sperm cells permits manipulations for in vitro fertilization [4] or forensic
investigation [5]. Isolation of stem cells permits controlled differentiation of cells to repair or replace
injured or diseased tissue [6] in stem cell-based therapies and research. Isolated red blood cells (RBC)
and white blood cells (WBC, leukocytes) are required for haematological tests to diagnose a range of
illnesses, including anaemia, infection, leukaemia, myeloma and lymphoma. Cancer biomarkers can be
analyzed from clean plasma separated from blood for early cancer detection [7]. As isolation accuracy
and throughput continues to improve, we anticipate that cellular level therapies will become feasible,
i.e., the removal or rehabilitation of dysfunctional or diseased cells such as Human Immunodeficiency
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Virus (HIV)-infected T cells or malaria infected RBCs or the removal of pathogenic bacteria circulating
in poisoned blood.

To move beyond proof of concept prototypes, these diverse applications of selective cell
isolation require high accuracy and reproducibility [8]. Conventional cell isolation systems such
as fluorescence-activated cell sorter (FACS), magnetic activated cell sorting (MACS) and centrifugation
systems have demonstrated high robustness, accuracy and throughput and have high utility in
industrial and lab settings. However, several limitations hinder deployment in more novel applications,
such as the requirement for large sample volumes, high reagent consumptions, cross contamination of
samples and expensive equipment cost. These systems achieve high throughput cell separation by
labelling cells with surface markers or by separating cells based only on density property. To overcome
these limitations, researchers devised various cell sorting technologies in miniaturized microfluidic
platforms [9–12]. These new technologies enable selective isolation of cells using various other
properties like size, shape, deformability, morphology, electrical properties, magnetic properties,
compressibility, and also novel surface markers.

Thus far, there is no clear and superior technique to be universally adopted for selectively
separating cells. This motivates our review of the different microfluidic mechanisms so that researchers
could identify the most suitable technique for their application. We classify the microfluidic techniques
by the cellular property employed to distinguish between cells. We believe this grouping is useful
because we anticipate that future systems will utilize a suite of cellular features, in tandem or in
succession, to achieve greater specificity and reproducibility of separation. Indeed, we discuss several
recent innovations towards the paper that have demonstrated this concept. In each group, we highlight
the advantages and disadvantages of each technique with respect to device performance and cell
viability, throughput, cell recovery rate (yield) and output purity. Recovery rate or capture efficiency
expresses the yield of target cells at the outlet compared to all target cells that entered the device.
Cell purity expresses the sorting accuracy of sorting and is measured by the percentage of target cells
over all cells present at the collection outlet. Cell viability at the most basic level are defined to those
cells that are not dead. Throughput (flow rate) determines the number of processed cell per unit time.

2. Based on Induced Cell Properties by Labelled Antibody

2.1. Fluorescence-Activated Cell Sorting

The commercial FACS has become important for biomedical researchers and clinicians for
purifying, sorting, counting and analyzing cells which cannot be easily cultured [13–16] such as stem
cells, circulating tumor cells and rare bacterial species. The target cells are labelled with antibody-linked
fluorescent dye. FACS systems separate target cells via a two-step process. An optical detection system
first identifies the presence of fluorescent markers (which have been tagged to target cells only)
in a stream of cells. Whenever a target cell is identified, the cell is electrostatically deflected to a
collection reservoir by charging the individual cell encapsulated in a droplet. State-of-art FACS
perform single-cell separations at rates of 50,000–100,000 cells/s and are capable of distinguishing
between 14 and 17 different fluorescent markers [17,18]. There are many commercially available FACS
systems which have been reviewed in detail by Picot et al. [19]. FACS systems require high capital
investment, high reagent consumption, are only capable of binary separation, require lysing of red
blood cells to enhance capture efficiency and may have cross contamination [20].

Microfluidic lab-on-chip devices circumvent these limitations through miniaturization. Instead of
electrostatic charging and deflection, a variety of switching mechanisms employing different physics
is used to manipulate and sort individual cells. Fu et al. [21] developed the first micro-fabricated FACS
device using microfluidic valves for sorting and achieved a throughput of 20 cells/s. Grad et al. [22]
designed an X-type junction device powered by two micro solenoid valves at the sheath inlets to
separate labelled and unlabeled Fibroblasts at a throughput of 10 cells/min. Chen et al. [23] used
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a hydrodynamically gated valve. The target cells are separated by gating one outlet with negative
pressure and achieved a throughput of 1.4 cells/s.

Sugino et al. [24] invented a novel switch which reversibly transitions from liquid to gel (solid) at
elevated temperatures. A thermo-reversible gelation polymer (TGP) solution is mixed into the sample
fluid containing cells. When a targeted cell is detected, the liquid mixture is heated to transition the
TGP into a gel and deflect the target cell to a different outlet at a throughput of 2.8 cells/s. Target cells
may be separated from other cells, but cannot be isolated from the sol-gel solution.

Perroud et al. [25] separated macrophages and Wang et al. [26] to sorted mammalian cells using
an optical force based manipulation. A high-power infrared laser deflects target cells into a collection
channel and achieved throughput of 20 cells/s. Chen et al. [27,28] used forces from an expanding vapor
bubble to push targeted cells into a collection channel at throughput of 10,000 cells/s. The system
creates an explosive laser bubble by tightly focusing a pulsed laser beam through a high NA objective
lens to heat the liquid medium, as shown in Figure 1A. The system of Nawaz et al. [29], shown in
Figure 1B, utilized acoustic force from 150 μs burst of acoustic wave to deflect targeted cells and
achieved a throughput of 1200 events/s.

 

Figure 1. (A) Pulsed Laser beam induced bubble to push target cells, Reference [28], Reproduced
with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA; (B) Acoustic radiation force push
the cell to target outlet, Reprinted with permission from Reference [29]. Copyright (2015) American
Chemical Society; (C) Dielectrophoretic force attracts or repels the target cells, Reproduced from
Reference [30] with permission of The Royal Society of Chemistry.

Several researchers have encapsulated cells within droplets so that dieletrophoretic force
(see Section 6) may be used to push the target cells into the collection outlet [30–33]. The system
of Baret et al. [30], shown in Figure 1C, sorted two different strains of E. coli and achieved throughput
of 2000 cells/s. Target cells were encapsulated in a 12 pL emulsion droplet. Using a similar mechanism
but with larger droplet size to improve cell viability, Mazutis et al. [31] demonstrated separation of
antibody-secreting cells from non-secreting cells at a lower throughput of 200–400 cells/s.

Mechanically actuated microfluidic FACS systems have low throughput whereas systems
actuated by other forces such as acoustic force, bubble expansion and dielectrophoretic force have
10–100× more throughput.

2.2. Magnetic Activated Cell Sorting (MACS)

Magnetic-activated cell sorting (MACS) is another antibody labelled approach similar to FACS.
Cells of interest are tagged with marker-specific antibodies conjugated to magnetic labels. The fluid
mixture containing tagged and untagged cells is flowed through a strong magnetic field. The magnetically
tagged cells are directed into the collection channel by magnetic force. Many commercial extraction
kits such as AutoMACS Pro separator (Miltenyibiotec, Bergisch Gladbach, Germany), CELLSEARCH
(Janssen Diagnostics, LLC, Raritan, NJ, USA) are available on the market. These kits provide various
antibody-labelled magnetic tags for isolation of leukocytes, circulating tumor cells, stem cells, viable
cytokine secreting cells, to name a few. These commercial systems can isolate tagged cells with high
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throughput (109–1010 cells/h), high purity and high recovery rate but require large samples and labels
(magnetic particles), which is costly. Processing is done in batch mode and prolonged duration of
operation increases the chance of cross contamination by non-specific binding with the magnetic
particles. The review by Hejazian et al. [34] provides more insight into the fundamental physics and
important design considerations for MACS systems.

Microfluidics-based magnetic activated cell sorting (μMACS) overcomes these limitations and
provides a high purity and recovery rate while requiring fewer magnetic particles with continuous
flow. To reduce the volume of magnetic particles needed for cell labeling, microfluidic devices
create configurations that elicit stronger magnetic force by increasing the magnetic field gradients
crossing the cells, either by increasing magnetic field strength or increasing proximity between
magnetic source and tagged cells. However, there are limitations to the maximum allowable magnetic
field gradients imposed by joule heating which reduces cell viability. Various configurations have
been implemented using permanent magnets [35–38], electromagnets [39,40], and self-assembled
magnets [41]. Osman et al. [42] designed a micromagnet array of Neodymium (NdFeB) films which
act as permanent magnet with high magnetic field strength (106 T/m).

Many μMACS methods used the H channel structure to separate target cells from a mixture
with two inlets and two outlets [43–47], shown in Figure 2A. The mixture of magnetically labeled
and non-labeled cells are introduced into one of the inlets and sheath flow is introduced into the
other inlet at the same flow rate. Laminar flow in the micro channel keeps the streams distinct
and permanent magnets placed beside the streams attract magnetically tagged cells to cross the
stream into the collection channel. By optimizing the placement and distribution of magnetic force,
Del Giudice et al. [48] achieved up to 96% separation efficiency at flow rate of up to 4 μL/min, using the
concept illustrated in Figure 2B. Cells from multiple target groups can be tagged with differently sized
magnetic particles and experience different magnetic force and deviations into different outlets [35].

Among the efforts to improve the performance of magnetophoresis system, Forbes et al. [49]
developed a comprehensive numerical model as a tool to design magnetophoretic systems. With aid
from the tool, they demonstrated separation of magnetically labeled breast adenocarcinoma (MCF-7)
cells using lateral magnetophoresis with an angled permanent magnet configuration as shown in
Figure 2C. Lee et al. [50] isolated magnetically tagged E. coli bacteria from whole blood and improved
efficiency to almost 100% at throughput of 60 mL/h by cascading three similar separation stages in
series and parallel as shown in Figure 2D.

Kirby et al. [51] combined centrifugation with magnetophoresis to isolate magnetically labelled
cells in a device depicted in Figure 2E. Centrifugation forces push cells radially outward along the
microchannels as the device spins at high speeds. Magnets close to the channel pull the target cells into
a collection chamber while the remaining unlabeled cells are collected at the end of the microchannel.
They successfully demonstrated the isolation of MCF-7 cancer cells from whole blood and HIV/AIDS
relevant epitopes from the whole blood [52] with high sensitivity of 1 cell per mL at a capture rate of
88% and 92%, respectively.

As an alternative to focusing, Hoshino et al. [53] demonstrated capture of magnetically tagged
cancer cells from a continuous flow of blood using a microfluidic device with magnets arrayed at the
bottom of the channel. They achieved a sensitivity of 1000 cells down to 5 cells per mL with a capture
efficiency of ~86% for two cancer cell lines at a throughput of 10 mL/h. Similarly, Shields et al. [54]
created a device with patterned micromagnets over microwells to isolate magnetically labeled CD4+
lymphocytes from blood with 95% accuracy, shown in Figure 2F.

Magnetic-label sorting compares favorably against fluorescent-label sorting because identification
and actuation of target cells are performed at the same step. However, the throughput reported in the
literature is low (4 μL/min–60 mL/h) to allow sufficient duration for the magnetic force to displace
tagged cells into the collection channel. Also, antibodies and the attached magnetic labels are difficult
to remove from the surface and can alter the properties of target cells. It remains an open challenge to
detach magnetic beads from labelled cells after separation [17].
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Figure 2. (A) A schematic of H filter for magnetic based separation (B) Viscoelastic focusing of
magnetic particles Reproduced from Reference [48] with permission of The Royal Society of Chemistry;
(C) Angled permanent magnet configuration Reproduced from Reference [49] with permission of The
Royal Society of Chemistry; (D) Cascade magnetic separation stages, Adapted with permission from
Reference [50]. Copyright (2014) American Chemical Society; (E) Schematic of Lab on disc chip with
microfluidic channels, visible in green, and magnets as silver (E1) and Inset view of one of the channel
in E1, where simulation shows, blood cells, excess beads collected at waste, target cells at capture and
bead waste at gutter (E2), Reproduced with permission, Reference [52], Copyright Wiley-VCH Verlag
GmbH & Co. KGaA; (F) Patterned micromagnets over microwells to isolate magnetically labelled cells,
Reproduced from Reference [54], with the permission of AIP Publishing.

3. Separation Based on Cell Surface Markers Properties

Panning is a classical method to isolate cells where a surface is functionalized with antibodies
and target cells flowing through the surface are captured and tightly bound by antibody coupling.
This technique is frequently used but limited by low capture efficiency and purity levels.
To compensate, large number of cells (105–107) are required which makes panning unsuitable for
applications with a small volume of analytes such as small cell populations harvested from organs and
tissues or applications with high false positive rates from non-specific bindings [55].

To improve yield purity and capture rate over classical antibody treated surfaces, microfluidic
implementations have various innovations in the design of surfaces [56–65]. Conventionally, CTC
cells are selectively captured on surfaces functionalized with antigen Epithelial cell adhesion molecule
(anti-EpCAM) antibodies [56]. Although expressed in most CTCs, the surface antigen EpCAM is
notably absent on some non-epithelial and melanoma cells. Capture efficiency also decreases as flow
rate is increased. Gaskill et al. [59] increased capture efficiency up to 98% at a flow rate of 18.7 μL/min
by adding a second adhesion molecule, E-selectin, to the microchannel surface. Through rapid bonding
and bond-breaking of leukocytes to E-selectin, leukocytes accumulate near the capture surface and
impede CTC flow to maximize CTC cell contact with anti-EpCAM on the capture surface.
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Kurkuri et al. [60] achieved capture efficiency of cancer cells between 80% and 90% at throughput
of 48 μL/min by increasing the area of the capture surface. They created microposts on the
polydimethylsiloxane (PDMS) capture surface and functionalized with EpCAM. Mitchell et al. [61]
developed an alternative design to increase surface area. They immobilized nanostructured Halloysite
nanotubes (HNT)-coated with E-selectin on the capture surface to increase the surface area to capture
CTC from leukocytes. They achieved 90% purity at a throughput of 0.04 mL/min.

Captured cells can be released with aptamer functionalized surfaces. Zhu et al. [62] demonstrated
reversible capture and cell viability post-release on T-Lymphoblast human cell lines (CCRF-CEM) and
Zhang et al. [63] demonstrated selective capture of E. coli from a mixture with different bacterial species.
Target cells are captured via affinity binding and non-target cells are removed by washing. When the
surface temperature is increased (48 ◦C for 2 min) by micro-heaters arrayed on the functionalized
surface, aptamer binding is disrupted and the target cells are released. They were able to capture
the target cells of approx. 250 cells/mm2. Jeon [64] also developed a conductive nano surface to
electrically release and retrieve captured CTCs. The capture surface was first electrodeposited with
biotin-doped conductive polypyrrole and subsequently functionalized with biotinylated antibodies.
Up to six different cell lines of CTCs can be selectively captured by adhesions through the various
antibody types. Captured CTCs are successfully released through application of a voltage pattern to
the conductive polypyrrole, which liberates the biotin-CTC conjugate for collection. With this method,
they achieved capture and release efficiency of 97% and 95%, respectively, at a flow rate of 1.2 mL/h.

Instead of selectively immobilizing target cells, Bussonie et al. [65] demonstrate an alternative
principle of separating cell types according to differences in adhesion strength to the surface.
They captured HEK293 and A7R5 cells on a surface coated with LiNbO3 and using a surface acoustic
wave to detach the adherent cells, they achieved sorting purity of 97% and sorting efficiency of 95%.

Separation by surface marker properties has been popularly applied to isolating CTCs from a
heterogeneous mixture of whole blood. However, it remains challenging to improve the selectivity
for other cell types because many markers expressed on the cell surface are not unique to a particular
cell type.

4. Separation Based on Size, Shape, and Deformability

Cell separation by physical properties such as size, shape, and deformability are promising
avenues for real-time diagnostic and clinical applications. This label-free approach does not require
expensive chemical reagents or antibody labelling thus reducing sample preparation time while
improving throughput and cell viability. The various techniques that utilize these physical properties
to isolate cells are discussed below.

4.1. Membrane Filtration (Size)

Membrane filtration in microfluidic devices utilize thin membrane layers with micro-pores of
predefined size, geometry and spatial distribution. Target cells, predefined by size, are not permitted
to flow through the membrane whereas other cell types and the liquid may pass freely. The membrane
filter is made from various polymer material like thermoplastic material [66], parelyene material [67],
photo definable material [68], and PDMS membrane [69]. A schematic depicting membrane filtration
is shown in Figure 3A. Cell separation by membrane filtration has been demonstrated on numerous
cell types; for example, Fatanat et al. [66] isolated rare oligodendrocyte progenitor cells (OPCs) from
rat brain tissue, Zheng [67] isolated CTC from whole blood and Adams et al. [68] isolated MCF-7 cell
lines from whole blood.

Commercially available CTC separation systems like Parsortix system (ANGLE plc., Guildford,
UK) use size-based filtration and achieve a capture rate of 66% and a release rate of 61% at throughput
of 0.17 mL/min [70] and fewer depleted leukocytes (200–1000 cells) [71,72]. It outperforms commercial
labelled sorting systems like ScreenCell (ScreenCell, Sarcelles, France) [73], IsoFlux (Fluxion Biosciences,
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Inc., San Francisco, CA, USA) [74], CellSearch system, and AutoMACS. IsolFlux has a capture rate of
40% whereas CellSearch has a release rate of 19% [70].

Although conceptually simple, careful design of membrane filters is crucial for good performance.
To maximize throughput, accuracy and precision of cell separation, membranes must have good
uniformity of pore geometry, high porosity [67,75–77] and be thermally and mechanically stable.
Proper choice of through-hole diameter is the crucial design parameter to separate the target cells.
The membrane fabrication process must give uniform microstructures and researchers have endeavored
to reduce fabrication complexity [69,78] to improve quality. Membranes are also optically transparent
to facilitate further downstream analysis. Clogging of membrane pores by large particles is a frequent
problem which rapidly degrades capture efficiency. If cross-flow injectors are added, clogging can be
minimized because non-adherent cells are flushed away from the membrane surface.

Chen et al. [78] demonstrated an approach to control the size of filtrates artificially and separate
leukocytes from whole blood. In this system, shown in Figure 3B, leukocytes were conjugated
to microbeads and were readily trapped on the PDMS microfiltration membrane (PMM) whereas
other non-target cells could pass through the membrane freely. The diameter of through holes in
PMM was smaller than the microbeads but greater than unbound leukocytes. The device achieved
throughput of 20 mL/min with 97% capture purity. Furthermore, the leukocytes trapped on the PMM
could be analyzed with immunophenotyping assays like AlphaLISA [79], i.e., to determine cytokine
concentrations. Compared to conventional whole blood stimulation assays, like ELISA (enzyme-linked
immunosorbent assay) or ELISpot (Enzyme-Linked ImmunoSpot), this new process yielded a 10-fold
reduction in processing time.

 

Figure 3. (A) A schematic of membrane filtration; (B) polydimethylsiloxane (PDMS) membrane
filter, Reference [78] Reproduced with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA;
(C) Conical Membrane Filter, Adapted by permission from Macmillan Publishers Ltd.: [Nat. Commun.],
Reference [80], copyright (2014).

Similar work also reported recently by Fan et al. [69] for isolation of CTC with a capture rate of
>90% and relatively higher processing throughput at 10 mL/h. This method is found to be the best
choice for CTC separation and downstream analysis. Other than uniform circular pores, conical pores
designed by Tang et al. [80], as shown in Figure 3C, with cross flow components has shown promising
results in capturing CTCs, with a high efficiency of 96% and a high purity at flow rate of 0.2 mL/min.
In addition to this, captured CTCs can be cultured in the same device for further analyses and to clearly
understand the cell behavior, which is generally adopted.

Membrane filtration has disadvantages, i.e., cell proliferation and release from the filter pores
are restricted [81]. Also, cells are often washed with fixatives to prevent lysis during filtration [66–68].
Zhou et al. [82] attempted to overcome these limitations by designing a separable bilayer (SB)
microfilter to separate viable CTC cells from blood with efficiency of 83% and cell viability of 74% at
0.4 mL/min flow rate. The gap between the two layers and the pore alignment are designed to induce
less mechanical stress on CTCs, thus improving cell viability for further analysis downstream.
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4.2. Inertial Separation (Size)

Inertial separation utilizes inertial forces within flowing fluid to deflect cells. By careful design
of microchannel dimensions and geometry, cells of different sizes will migrate to different positions
along the micro-channel induced by various forces, i.e., smaller cells will be dominantly affected by
dean forces which are generated by a lateral, secondary-vortex flow along a spiral channel whereas the
larger cells will migrate under inertial lift forces. Inertial lift forces arise from two competing forces,
namely the shear induced lift, which pushes cells towards the channel wall due to the interaction with
the fluid velocity profile, and the wall induced lift, which pushes cells away from the channel wall
due to interactions at close proximity to the channel wall. To generate sufficient displacement force,
the cell–fluid mixture must flow at a sufficiently high velocity with Reynolds number, Re >> 1 [83].
Di Carlo first showed the utility of inertial forces by demonstrating cell focusing and cell deflection in
a variety of different channel geometries such as asymmetrically curved channels [84], straight high
aspect ratio channels and contraction-expansion arrays (CEA) [85].

Gregoratto [86] demonstrated separation using spirally shaped microchannels at a flow rate of
2 mL/min. Son [87] isolated non-spherical cells such as sperm cells from RBCs and successfully
recovered 81% of non-motile sperm at two outer wall outlets and 99% of RBCs are recovered at two
inner wall outlets at a flow rate of 0.52 mL/min with the system shown in Figure 4A. Other groups have
demonstrated successful sorting using variations of the spiral configuration for blood plasma, CTCs
and malaria-infected cells [88–91]. Jimenez et al. [92] demonstrated separation of viable waterborne
pathogens like Cryptosporidium parvum. Hong et al. [93] utilized two 90◦ curved channels to separate
viruses, bacteria and larger aerosols into three outlets, thus showing an improvement over traditional
bioaerosol sampling methods.

Following this, Papautsky and Bhagat invented several spiral architectures for continuous
multi-particle separation [83,94–98] operating at higher flow rates of up to 3 mL/min. They invented a
two-stage separation technique to separate a range of different cell types including blood and tumor
cell. The first stage utilizes inertial lift force in low aspect ratio channel to separate cells into two
equilibrium streams near the top and bottom walls of the microchannel. Streams from the first stage
enter the second stage where rotationally induced lift forces filter cells with enhanced efficiency.
The achieved 99% efficiency separating Human Prostate Epithelial (HPET) tumor cell from diluted
blood [97]. As shown in Figure 4B, Warkiani invented a multiplexed system with three stacked spiral
channels and achieved complete isolation of various blood components like plasma [99], CTCs [99–102],
Malaria infected cells [100] and CHO (Chinese Hamster Ovary) cells [99] with this design, achieving a
high throughput of 7.5 mL/5 min [88].

Instead of curved geometries, contraction-expansion channels, shown in Figure 4C, can also
be utilized for separation as demonstrated by Hur et al. [85]. At high flow rate, microscale vortices
develop in the expansion region of the channel to entrap the larger sized cancer cells while smaller
sized blood cells continue unhindered in a focused flow. Captured cells are later released by reducing
the flow rate through the channel. Cells can be processed at a throughput of upto 7.5 × 106 cells/s at
flow rate of 4.5 mL/min. The same group developed a high throughput vortex chip (Vortex HT) [103],
by adding two parallel channels and 1.5× more serial reservoirs for cell capture which improved the
capture efficiency from 20% to 83%. This design achieves high throughput of 8 mL/min and purity of
85% for separation of MCF-7 breast cancer cells from whole blood.
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Figure 4. (A) Spiral microchannel for sperm cell and RBC isolation, Reproduced from Reference [87]
with permission of The Royal Society of Chemistry; (B) Stacked spiral channel for high throughput
applications, Reproduced from Reference [102] with permission of The Royal Society of Chemistry;
(C) Contraction-Expansion with Vortex Aided Separation, to trap larger cells in expanded reservoir
region due to the difference in the lift forces on the cells Reproduced from Reference [85], with
the permission of AIP Publishing; (D) Contraction-Expansion array separation, Reprinted with
permission from Reference [104]. Copyright (2013) American Chemical Society; (E) Vortex-aided
inertial microfluidic with siphoning outlet, Reproduced from Reference [105], with the permission of
AIP Publishing; (F) Inertial force and Steric hindrance at the outlet for effective separation, Reproduced
from Reference [106] with permission of The Royal Society of Chemistry.

Lee et al. [104] achieved a high recovery rate of 99.1% and throughput of 1.1 × 108 cells/min using
a two-stage CEA channel, shown in Figure 4D. The design utilized a sequence of high-aspect-ratio
channels with alternating large and small widths which causes blood cells to focus close to the channel
sidewalls due to inertial lift forces. By selecting the width of the pinching or narrow regions to be on
the order of the largest cell size (cancer cells), CTCs are refocused along the channel axis while the
rest of the cells remain aligned around the sidewalls. A bifurcating outlet at the final stage funnels
the segregated CTCs, red blood cells and peripheral blood leukocytes to different outlet channels.
Using only a single CEA channel, Wang et al. [105] created siphoning outlets beside the entrapment
chambers, shown in Figure 4E, to continuously draw off 86% of the large cells trapped in the vortices
and achieved 99% purity when separating RBCs from large polystyrene particles at a flow rate of
0.5 mL/min. Shen et al. [106] also designed a multistage device by combining inertial microfluidics
with a size-based pre filtering with CEA and post filtering with steric hindrances to sort blood cells and
tumor cells MCF-7 and HeLa cells, shown in Figure 4F. This combined stage provides >90% recovery
rate at throughput of 2.24 × 107 cells/min with >92% viable cells were found.

Zhou et al. [107] studied the design parameters responsible for effective trapping and separation in
symmetric, rectangular expansion channel, i.e., dimensions of expansion region, sample concentration,
threshold Reynolds number designed for trapping particles at higher flow rate of Re = 180, and achieved
98% trapping efficiency.

High throughput and fine cutoff between sizes can be achieved but the challenge remains.
Flows populated densely with cells will destabilize the separation efficiency and this places upper
limit on maximum achievable throughput. Also, size alone may not be a sufficiently discriminative
feature between cell types.
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4.3. Deterministic Lateral Displacement (Size, Shape, and Deformability)

The deterministic lateral displacement (DLD) approach separates cells based on differences
between the combination of size, shape and deformability. Cells are flowed through an array of
micro-structures or micropillars, as shown in Figure 5A, and are differentially displaced when the flow
forces cells around the obstructing micro-structures. By carefully designing the positional offset of
successive rows of micropillars, cells larger than a designed critical radius will be gradually deviated
from the initial flow whereas small cells will flow along the streamline of the initial flow [108].

Researchers investigated the efficacy of different pillar shapes. Circular pillars were popularly
studied for separation of various cell types [108–111]. For instance, Holm et al. [108,109] successfully
isolated RBCs from diluted blood. Liu et al. [112] subsequently demonstrated that triangular pillars
are better suited for cell types with large deformations because cells deform minimally around the
pillar apex. They achieved separation efficiency between 80% and 99% for separation of various cancer
cell types (MCF-7 and MDAMB231) from blood at a throughput of 2 mL/min. Loutherback et al. [113]
achieved a higher throughput of 10 mL/min by a novel arrangement of triangular pillars shown
in Figure 5B, which isolates CTCs from blood with capture efficiency greater than 85% and no
impediments to cell viability. Zeming [114,115] studied the efficacy of various micropillar shapes
i.e., circular, square, I-shaped, T-shaped, L-shaped and anvil, as shown in Figure 5C. The I-shaped pillar
was most effective at separating non-spherical from spherical cells. The protrusion and groove structure
induces rotational motion on the non-spherical cells thus increasing its effective diameter. The net
effect of the I-shaped pillar is to enhance the disparity of sizes between the spherical and non-spherical
cells. Another recent innovation is to reduce the downstream gap size between micropillars [116].
This optimization does not restrict throughput but enhances the separation efficiency of RBC up to
100% at a flow rate of 0.2 μL/min from whole blood.

Figure 5. (A) Circular Pillar array for white blood cells (WBC) and red blood cells (RBC) separation,
Adapted by permission from Macmillan Publishers Ltd.: [Nat. Commun.], Reference [110], copyright
(2014); (B) Triangular Pillar array for Circulating Tumor Cell (CTC) Separation, Reproduced from
Reference [113], with the permission of AIP Publishing; (C) Circular, Square, and I-Shaped pillars
for RBCs separation, Adapted by permission from Macmillan Publishers Ltd.: [Nat. Commun.],
Reference [114], copyright (2013).

DLD devices suffer from several key limitations. Individual pillars are prone to defects in size,
shape and height [117] and any structural irregularities within the array tends to blur the streams,
degrade separability of cells and increase the possibly of stiction and blockages. Long channel lengths
are required to achieve significant lateral displacement [118].

5. Separation Based on Size, Density and Compressibility

5.1. Centrifugation and Pinched Flow Fractionation (Size and Density)

Fluids with a mixture of densities have the natural tendency to sediment into layers of increasing
density under the influence of gravitational forces. Centrifugation accelerates this separation process
by means of high magnitude centrifugal force generated from high speed rotation. Low et al. [119]
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recently reviewed commercial systems that employ centrifugation for CTC isolation. Commercial
centrifugation systems are designed with powerful motors to circulate large volumes of liquid.

In contrast, microfluidic implementations of centrifugation are designed to process small volume
of fluids between 5 and 2000 μL [120,121]. Several researchers have adapted the Compact Disc (CD)
systems to achieve high speed rotational motion with low cost commodity parts. The microfluidic
channels are created on the CD and rotated at very precise and consistent speeds on the audio playback
system. Li [122] achieved 92% separation efficiency of blood plasma from whole blood at 2000 rpm.
Burger [123] also demonstrated up to 80% of plasma extraction within a short, 2 min interval with the
system shown in Figure 6A. Lee et al. [124] used centrifugation to push cells in unprocessed whole
blood through a membrane filter, depicted in Figure 6B, and successfully isolated CTC with capture
efficiency of 61%.

In pinched flow fractionation (PFF), cells are focused in a narrow channel and abruptly enter an
expansion area and come under the influence of gravity, drag and buoyancy forces. Cells that are
less dense than the surrounding medium will be lifted to the upper regions of the expanded chamber.
Cells with higher density will experience greater gravity force and flow towards the bottom of the
chamber. This technique was demonstrated for isolation of spherical and non-spherical particle having
similar density [125], particles of different size [126], CTC from WBC [127]. Song et al. [128] observed
that the height differences between two cells of different densities could be amplified by decreasing the
flow rate, depicted in Figure 6C. Morijiri et al. [129] also demonstrated PFF separation but combined
with centrifugation to generate a larger and controllable sedimentation force to enhance the separation
between particles of different densities at a throughput of 2060 μL/h.

 

Figure 6. (A) The disc containing four identical plasma separation structure, Reproduced with
permission from Reference [123], © IOP Publishing. All rights reserved; (B) The top view of the
CTC-isolation disc showing detailed microfluidic features (B1) and the schematic illustration showing
the working principle of the CTC-isolation disc (B2), Reprinted with permission from Reference [124].
Copyright (2013) American Chemical Society; (C) Conceptual microfluidic design for density based
separation at different heights. Reprinted from Reference [128], with the permission of AIP Publishing.

Many cell types have similar density and size and centrifugation is not able to distinctly separate
between them. Though some literature reported the high throughput separation using a centrifugal
based approach, still this method is not sufficiently demonstrated for different cell types including rare
cells, white blood cells, and whole blood cell mixture.

5.2. Acoustophoresis (Density and Compressibility)

Acoustophoresis based cell isolation is a technique which uses the density and compressibility
properties of a cell to distinguish different cell types. For example, CTCs and WBCs have different
compressibility [130]. In acoustophoretic microdevices, high-intensity sound waves [131] interact
with the microchannel to generate pressure gradients that push cells into specific spatial locations.
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The acoustic waves reflect off the microchannel walls to establish a standing wave pattern within
the microchannel. Cells flowing through the standing wave are moved towards high pressure or
anti-pressure node by radiation forces. The magnitude of the radiation force depends on the volume,
density and compressibility of the cell, the surrounding medium and the amplitude and wavelength of
acoustic wave. Cells with greater density and compressibility than the surrounding fluid will migrate
towards the pressure node. Bands of cells, grouped by density and compressibility, form across the
microchannel. Since flow is laminar, cells will hold the position in the band even after crossing the
acoustic zone and conveniently collected at separate outlets [132], shown in Figure 7A.

Yang et al. [133] demonstrated separation of apoptotic cells from viable cells of the same type. They
achieved 94% recovery of viable cells with 91% purity at throughput of 5 mL/h. Burguillos et al. [134]
studied the impact of acoustophoretic separation on cell viability, proliferation and cell response to
subtle phenotypic changes. They demonstrated that acoustophoretic processing did not affect cell
viability of prostate cancer cells nor the respiratory functions for human thrombocytes and leukocytes.

Ding et al. [135] showed that particles could be displaced towards different outlets by modulating
the frequency of a standing surface acoustic wave (SSAW) using the prototype shown in Figure 7B.
To improve separation efficiency and increase separation distance between cell types, they tilted
the angle [136] of the standing surface acoustic waves (taSSAW) relative to the channel as shown
in Figure 7C to generate multiple pressure nodal lines. This configuration increases the likelihood
of capturing cells within one of the nodal lines and they achieved a recovery rate of 71% with a
purity of 84% when separating cancer cells from blood. By optimizing inclination angle, channel
dimension and SSAW input power, they improved the cancer cell recovery rate to 83% at throughput
of 20 μL/min [130]. Cell types are separated by displacements between 100 and 250 μm which
is significantly larger than the displacements achieved by inertial forces and dielectrophoresis
(DEP) [137,138].

 

Figure 7. (A) Illustration of a suspended particle crossing transducer is pushed to center channel
based on their acoustic properties, Adapted with permission from Reference [131]. Copyright (2007)
American Chemical Society; (B) standing surface acoustic wave (SSAW)-based cell-sorting device
with three inlets and five outlets and 15 μm fluorescent particle are directed to three different outlet
channels by adjusting the applied frequency (14.5 MHz, SAW off, and 13.9 MHz), Reproduced from
Reference [135] with permission of The Royal Society of Chemistry; (C) Schematic illustration of a
high-throughput the angle of the standing surface acoustic waves (taSSAW) device for cancer cell
separation, Reproduced with permission from Reference [130], Copyright (2015) National Academy
of Sciences.

Acoustic-based separation has a good recovery rate and high purity but lacks the limitations
of operating at low flow rates as discussed in the literature so far. Secondly, even though acoustic
based separation was applied to sort CTCs from other cells like WBCs, still compressibility properties
of clinical CTCs and other rare cells are largely undocumented and unknown. Therefore, it initiates
future studies to establish ideal physical property profiles from different cell populations to optimize
the device performance.
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6. Separation Based on Electrical Properties

Dielectrophoresis (DEP) is based on the principle that a force is induced on a dielectric particle
when it is placed in a non-uniform electric field. Cells are not charged but polarized in the
non-uniform field. Polarized cells experience a translational force, called DEP force, which either
deflects (negative DEP) or attracts (positive DEP) towards the region of maximum field strength.
The polarization acquired by cells depend on the cellular conductivity and permittivity, inherent
polarizability of the fluid and also the magnitude and frequency of the applied electric field. To enhance
the electric field gradient and the force induced on the cells, liquid solutions with free electrolytes are
frequently added to the cell mixture. DEP was applied to sort CTC [139–141], blood cells [142–144],
immune cells [145,146] and pathogens [147,148].

A common DEP strategy is to induce deflections of target cells to separate them from a flow.
The basic design comprises of a H channel with sample and sheath flow inlets, two outlets and
sidewall electrodes that generate the electric field gradient across the microchannel [136,140,144,146].
Thick metal electrodes are needed to generate uniform electric field gradients over the entire height of
the microchannel [144,149] but are challenging to fabricate by metal deposition. To overcome these
limitations, Lewpiriyawong et al. [137] developed three dimensional Ag-PDMS composite electrodes
in the sidewall of the microchannel, shown in Figure 8A. Piacentini et al. [142] demonstrated a design
with liquid electrodes, shown in Figure 8B, and successfully isolated RBCs and platelets with 98%
purity and recovery rate. To enhance separation distance without undue increases in the electric field
amplitude. Researchers also demonstrated optically induced DEP (ODEP) on a photoconductive sheet
of amorphous silicon. The ODEP or virtual electrode was created on the sheet by projecting a pattern
of light from a commercial projector as shown in Figure 8C. Different electrode geometries could be
created in ad hoc fashion by simply changing the pattern of projected light. Researchers have achieved
separation of prostate cancer cells (PC3) from leukocytes and viable sperm cells from non-motile
cells [150–152] with separation efficiency of >85% at a particle velocity of 150 μm/s.

Song [144] used an array of oblique interdigitated electrodes to separate hMSC cells from
osteoblasts and achieved separation efficiency of 92% at throughput of 5.4 μL/min with purity of
97%. The osteoblasts where polarized and deflected by DEP force (positive or negative) following a
zig-zag trajectory, shown in Figure 8D. Ling et al. [152] invented a novel method of deflecting target
cells from a flow using an array of triangular-shaped electrodes at the base of the microchannel. Due to
its geometry, the apex of each electrode has a strong electric field, which attracts target cells by positive
DEP. Target cells are incrementally deviated from the main flow by each peak it traverses while the
untargeted cells remain undisturbed in the flow. They separated live fibroblast cells (NIH-3T3) from
dead cells in Swiss mice, and osteosarcoma cells (MG-63) from erythrocytes with 82.8% separation
efficiency at a throughput of 1302 cells/min.

Instead of deflecting cells in a continuous flow, the system designed by Jen et al. [153,154] required
the cell fluid mixture to be dropped onto patterned planar electrodes. The electrodes form a concentric
circular pattern. By activating and deactivating the electric potential between adjacent electrode
pairs, the target cells are gradually moved to the center of the planar electrode by positive DEP force.
They separated HeLa cells from MCF-5 cells with separation efficiency above 80%.

An alternative DEP strategy is to trap target cells by DEP forces and later release them for collection.
Many researchers opted for array arrangements and novel electrode geometries surrounding the
microchannel. Microwell arrays attract and trap target cells inside the wells by DEP forces. The target
cells may be subsequently released into a separate collection reservoir by removing the voltage applied
to the microwells. The design is similar to microliter well plates but scaled down in size and fabricated
by drilling holes in a three-dimensional laminate made from stacked layers of graphene [155] or
copper [156] sheet (interleaved with insulating layers). The resulting microwell walls act as electrodes.
Another common design using extruded electrodes generate strong DEP forces, which improves
throughput and affords better trapping efficiency up to a flow rate of 12 μL/min. Targeted cells such
as HL-60 cell [157], polystyrene particles, drosophila cells [158], and viable yeast cells [155,159] are
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trapped by the electrodes in the microchannel with positive DEP while non-target cells are flushed to
the outlet via negative DEP. Arrays of extruded electrode posts have been fabricated from gold [157],
carbon [158] and highly doped silicon [160].

New electrode configurations are being invented and some have not yet been tested on live cells.
Yafouz et al. [161] demonstrated a novel electrode configuration combining positive and negative
DEP to trap polystyrene particles from 1 to 15 μm at separate locations around the electrode. Using a
ring-shaped microarray of dot electrodes, the larger size particles were repelled and concentrated in
the center of the ring shape by negative DEP while the smaller sized particles were attracted to the edge
of the dot by positive DEP. Lapizco et al. [162,163] trapped particles between an array of insulating
posts within a microchannel. When a direct current (DC) potential is applied between the inlet and
outlet of the microchannel, the insulating posts divert electric field lines through the spaces between
the posts, thereby increasing the local electric field strength there. As a result, a strong positive DEP
force attracts and traps target cells between the posts.

To generate sufficient forces for deflection or trapping, high electric fields are needed for DEP
but it inflicts membrane stress and induces joule heating on cells, which may eventually lead to cell
death. Devices with insulating hurdles, as shown in Figure 8E [138], were designed to minimize the
deleterious effects of high electric field exposure to cells. The hurdle is a constricted region joining
both sides of the channel. The constriction compresses the electric field lines thus creating a localized
region of high field strength. Cells experience high electric fields and deflection by DEP forces only
within this region, thus minimizing exposure to its dangerous influence. Variations on the hurdle
shape have been proposed, i.e., multiple rectangular insulating hurdles [164], triangular hurdles within
an H-shaped microchannel [165,166] and S-shaped hurdles [167]. Hurdle designs have been used to
separate biological cells [168] and DNA molecules [169].

 

Figure 8. (A) PDMS microdevice with 3D sidewall composite electrodes with separation mechanism in
the fabricated microdevice, Reference [137], Reproduced with permission, Copyright Wiley-VCH Verlag
GmbH & Co. KGaA; (B) Liquid Electrodes placed at the left side of the channel for dielectrophoresis
(DEP)-based platelets, RBCs and WBCs separation, Reproduced from Reference [142], with the
permission of AIP Publishing); (C) Cell Focusing using Virtual electrodes (ODEP) Reprint with
permission, from Reference [149], Copyright Elsevier (2008); (D) An oblique interdigitated electrodes
for the continuous flow DEP based microfluidic cell separation, Adapted from Reference [144]
with permission of The Royal Society of Chemistry; (E) Copper electrode with insulating PDMS
hurdles for 5 μm, 10 μm and yeast cell separation Reproduced from Reference [138] with permission,
Copyright Elsevier.
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However, DEP remains challenging to deploy in a reliable manner because dielectrophoretic
forces are highly sensitive to buffer conditions (e.g., salt concentration) and achieve low throughput
(typically <100 cells/s per microchannel) [133]. DEP based systems have thus far not demonstrated
separation of multiple target cells. Several review articles have recently enumerated the advantages of
DEP techniques [170,171].

7. Separation Based on Intrinsic Magnetic Properties of Cells

Unlike Section 2.2 whereby magnetic properties were induced in targeted cells by antibody
labelling or ingestion of magnetic nanoparticles, RBC and WBC have intrinsic magnetic properties
which can be utilized for separation. Deoxygenated RBCs are paramagnetic which means these cells
are attracted towards the source of a magnetic field. In contrast, oxygenated RBCs and WBCs are
diamagnetic and therefore deflected from magnetic field source [172,173].

Furlani et al. [172] demonstrated isolation of red blood cells and white blood cells from plasma by
embedding a microarray of Nickel-based soft magnetic material around the microchannel. When they
magnetized the microarray by bringing permanent magnets into proximity, deoxygenated RBCs were
attracted and WBCs deflected into two peripheral outlets and blood plasma exited the middle outlet.
Using a similar principle, Nam et al. [173] isolated malaria infected RBCs because the malarial parasite
produces the by-product hemozoin which makes the sick RBCs develop paramagnetic properties.
The achieved a recovery rate of 73% and 98.3% for early and late stage infections, respectively, and
a separation efficiency of 99% at 1.6 μL/min flow rate. Robert et al. [174] demonstrated isolation of
macrophages and monocytes based on endocytotic properties which have internalized with magnetic
nanoparticles. Monocytes are less endocytotic than macrophage and a permanent magnet placed on
top of the chamber deflects and sort the cells based on their iron loading. They were successfully
sorted with a purity of more than 88% and an efficiency of more than 60% at flow rate of 50 μL/h.

8. Multi-Target Separation Utilizing Multiple Cell Properties

As discussed so far, each cell sorting technique has its own advantages and limitations. To separate
cells with more nuanced differences, multiple cellular properties should be simultaneously employed
by combining techniques in order to improve sorting efficiency.

Mizuno et al. [175] demonstrated a hybrid technique to separate two different cell-types,
leukocytes (JM cells) and cancer cells (HeLa cells) and bin all cells from each type by size. In their
two stage process, they first used a sheath flow to push cells in a focused flow near the microchannel
wall. The stream of cells pass through a series of outlets branching out of the main channel with
progressively larger openings, as shown in Figure 9A. Cells exit the microchannel through the first
outlet that matches their size. At the end of every outlet, a magnet displaces the magnetically tagged JM
cells from the HeLa cells into different outlets to yield groups of leukocytes and cancer cells separated
into bins according to size. They achieved a sorting efficiency of 90% and throughput of 10 μL/min.

To separate three different strains of E. coli bacteria, Kim et al. [176] combined dielectrophoresis and
magnephoresis displacement technique, referred to as integrated dielectrophoretic-magnetic activated
cell sorter (iDMACS) as shown in Figure 9B. Bacteria from strain A were tagged with polystyrene beads
and deflected by DEP forces to one outlet. Strain B was tagged with streptavidin-coated magnetic
particles and captured by a magnet whereas Strain C was unlabeled and allowed to flow through
the 2nd outlet. They achieved ~98.9% efficiency for both tagged strains and 100% efficiency for the
unlabeled strain at throughput of 2.5 × 107 cells/hour in a single pass separation process.

Karabacak et al. [110] invented a three stage process to separate CTC from whole blood, as
shown in Figure 9C. In the first stage, WBCs and CTCs were isolated from other blood cells using
deterministic lateral displacement. DLD is a very efficient technique to separate the highly deformable
RBCs and small-sized platelets. At the next stage, the collected CTC and WBC cells are lined up by
inertial focusing and, subsequently, WBCs (which have been magnetically tagged) are separated from
CTCs by magnetophoresis. The WBCs were tagged instead of CTCs because antibody tagging may
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induce cytotoxicity on the CTCs and impede downstream analysis of the isolated cells. Furthermore,
some types of CTCs (of epithelial origin) do not express the binding antibody and thus cannot be
labeled. Inertial focusing of WBCs and CTCs prior to magnetophoretic separation improves separation
efficiency because all cells flowing in a single focused stream will experience very similar magnetic
forces. With this combination of techniques, the high throughput action of inertial and DLD separation
could be combined with the precision of magnetophoresis separation. Furthermore, viability of the
separated cells, namely CTC, is preserved for accurate downstream analysis. They achieved a 97%
yield of rare cells with a processing throughput of 8 mL/h of whole blood.

 

Figure 9. (A) Principle of a two-dimensional (2D) cell sorting system integrating hydrodynamic
filtration (HDF) and magnetophoresis, Reprinted with permission from Reference [175]. Copyright
(2013) American Chemical Society; (B) The integrated dielectrophoretic-magnetic activated cell
sorter (iDMACS) device architecture with DEP and MACS stage, Reproduced from Reference [176]
with permission of The Royal Society of Chemistry; (C) Hybrid deterministic lateral displacement
(DLD), Inertial and Magnetophoresis device, circulating tumor cells integrated Chip (CTC-iChip)
for cancer cell separation, Adapted by permission from Macmillan Publishers Ltd.: [Nat. Protoc.],
Reference [110], copyright (2014); (D) A schematic of Hybrid Inertial and adhesion based system for
leukocytes subtypes.

To separate immature RBCs from the blood of pregnant women, Huang et al. [177] also
demonstrated a DLD separation step followed by intrinsic magnetic separation. Immature or nucleated
RBCs (NRBCs) are indicators of fetal health and are less deformable than mature RBCs. DLD separates
the NRBCs and WBCs from mature RBCs and, at the subsequent stage, a magnetic column deflects the
WBCs and attracts the NRBCs into separate outlets. They achieved efficiency of 99% at a throughput
of 27 mL/h.

Huang et al. [178] demonstrated a hybrid DEP-immunocapture system to extract prostate cancer
cells (LNCaP line) from peripheral blood. They functionalized the device surface to capture antigens
expressed by the cancer cells. Through careful tuning of an applied AC electric field, negative DEP
forces were generated to repel the non-specific leukocytes while attracting the cancer cells for adhesion
through positive DEP forces. This combination of techniques yielded improvements in the capture
efficiency up to 85% and purity of <5% leukocytes with a modest throughput of 0.2 mL/h.
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Gupta et al. [179] demonstrated separation of multiple cell targets with a single round of separation
with increased purity, yield, and throughput. They integrated inertial separation with adhesion sorting
in two stages, as shown in Figure 9D, to separate various types of leukocytes from platelets. In the
first stage, they used a spiral device to separate leukocytes from platelets. In the second stage, the
leukocytes pass through a series of capture channels, each having different leukocyte binding moieties
to capture individual leukocyte types like monocytes, neutrophils, and lymphocytes. They achieved
purity of 91% and yield of 80% at throughput of 1.5 mL/min.

Hybrid techniques enable more selective and efficient separation of multiple cell targets from a
mixture of multiple cell types.

9. Challenges and Future Research Directions

Beyond proof of concept demonstrations, the microfluidic methods reviewed are promising
methods to implement new clinical applications. Individually, each method has limitations to be
overcome and we now briefly discuss the key challenges for future research.

The antibody labelled approach demonstrates good results in purity, recovery rate, and separation.
However, the antibodies remain attached to the labelled cells even after isolation, and are difficult to
remove from the surface of the cells. Properties and functions of target cells may be altered by the
antibodies and this is motivation to develop methods to detach the antibody, especially for applications
that require the target cells to be reintroduced into the human body after analysis, such as differentiated
stem cells and other healthy cells. In some designs, it is not clear if the limitations can be solved,
i.e., where joule heating from magnetic field switching may denature proteins and irrevocably damage
or destroy the cells.

Similar drawbacks also limit isolation based on cell surface marker properties. Target cells
captured by adhesion to a functionalized surface are difficult to detach. Further optimizations are
necessary to increase the low throughput and also to reduce non-specific binding of cells to fully realize
the potential for selecting cell targets accurately from a mixture of many cell types in a single pass.

Where cells have distinct intrinsic electrical properties, precise and selective isolation with high
recovery rate can be attained with DEP force by tuning the electric field frequency. However, many
cell types have similar dielectric properties and this technique cannot be used to efficiently separate
them [180]. Methods that separate cells by density and compressibility also permit selection of target
cells through tuning of the acoustic wave frequency. Separability becomes an issue when cell types
have a broad range or an overlap of size and densities. Both dielectrophoresis and acoustophoresis
systems operate with limited flow rate. Beyond a threshold speed, sorting purity degrades because the
induced forces are too briefly applied to the target cells.

In contrast, size-based separation with inertial forces requires higher flow rate. Membrane
filtration is another common approach to separate cells by size but the membrane is prone to pore
clogging by larger cells and this reduces the efficiency of cell sorting and coalescence of pores leads
to less capture efficiency as targeted cells may flow through the pores and not be captured. DLD
micro-devices do not require dilution of blood sample but these demonstrations either operate at low
flow rate or are susceptible to clogging between the micropillars.

All methods reviewed except inertial devices operate at low throughput. Also, all techniques
have demonstrated separation between only two different cell types with dilution. In contrast, the
commercial parsortix system® demonstrated successful isolation of CTCs from whole blood with
almost no dilution [73].

Utilizing several properties like size, shape and deformability simultaneously leads to improved
selectivity of target cells from the heterogeneous cell mixture, even when differences between cell types
are subtle. Hybrid techniques combining two or more principles for separating cells may be mutually
complementary and overcome limitations of individual techniques. In oncology research, microfluidics
plays a vital role to isolate rare cancer cells from the normal cells as a preparatory step for further
sequential and downstream analysis. High recovery rate with minimal background contamination
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(high purity) is critically important for downstream analysis to enable clear and reliable investigation
of specific cell types. In addition, high throughput is necessary to isolate a sufficient quantity of these
rare cells for processing, typically at least 1–10 mL of raw blood while maintaining the cell viability.

10. Conclusions

Microfluidic devices have numerous advantages over the traditional bench top methods and are
emerging as a new platform for enabling applications in clinical diagnostics and therapeutics such
as in oncology. Though the microfluidic device is sterile and disposable, the limitation lies in the
capability to process a large sample volume. Though there has been progressive improvement to the
methods reviewed, there is often competing tradeoffs between recovery rate, purity, throughput and
viability for approaches targeting a single cell property. Hybrid techniques utilizing several cellular
properties are a promising approach to isolate multiple cell types by exploiting the benefits of multiple
cellular properties in a single pass process.
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Abstract: A single cell can be regarded as a complex network that contains thousands of overlapping
signaling pathways. The traditional methods for describing the dynamics of this network are
extremely complicated. The mechanical properties of a cell reflect the cytoskeletal structure and
composition and are closely related to the cellular biological functions and physiological activities.
Therefore, modeling the mechanical properties of single cells provides the basis for analyzing
and controlling the cellular state. In this study, we developed a dynamical model with cellular
viscoelasticity properties as the system parameters to describe the stress-relaxation phenomenon of
a single cell indented by an atomic force microscope (AFM). The system order and parameters were
identified and analyzed. Our results demonstrated that the parameters identified using this model
represent the cellular mechanical elasticity and viscosity and can be used to classify cell types.

Keywords: dynamical modeling; mechanical properties; principal component analysis; atomic force
microscopy; viscoelasticity

1. Introduction

Cells are the basic component units of organisms and contain important and abundant biological
information. The complete genetic information of humans can be obtained from a single cell [1].
Furthermore, a cell is a complex network that contains thousands of overlapping signaling pathways.
Traditional methods for describing the dynamics of this network are extremely complicated. Zhang
et al. described the local dynamic behavior of a cellular signal network using 23 equations and 82
parameters [2]. Otte et al. used a 118-equation model with 177 parameters to describe the dynamics
of ion channels [3]. Moreover, it is difficult to measure variations in the chemical components of the
pathways of the network in a living cell. Therefore, it is difficult to analyze the global properties of
cells via their underlying mechanisms, let alone to determine how to control them.

The mechanical properties of a cell reflect the structure and composition of the cytoskeleton and
play a significant role in the regulation of cell physiology; therefore, they are closely related to the cell
behavior, such as that in cell growth, division, differentiation, proliferation, migration, and adhesion.
Recently, some studies showed that variation in the mechanical properties of cells is associated with the
emergence and development of human disease [4]. Many diseases—e.g., cancer—can drastically affect
the mechanical properties at the cellular level [4–6]. The development of nanotechnologies, including
the atomic force microscope (AFM), magnetic and optical tweezers [7], and micropipettes [8], has
enabled the measurement of the mechanical properties of single living cells. Thus, cellular mechanical
information can be utilized as a label-free biomarker for cell recognition [9], early diagnosis of disease,
and drug efficacy evaluation [10]. Additionally, studying the mechanical properties of single cells
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may provide a potential method for the detection of abnormal cells, early diagnosis of serious disease,
and drug screening. Therefore, it is important to measure and quantitatively describe the mechanical
properties of a single cell using a mathematical model.

The AFM has been widely used to measure and investigate the mechanical properties of living
cells. To determine cellular mechanical properties using an AFM, the AFM indentation process,
generally comprising three interaction phases—approach, stress-relaxation, and retraction—between
the AFM tip and sample cells, is usually implemented to obtain force-indentation curves, from which
the mechanical properties can be calculated using various theories and models. The Hertz model [11]
is a widely-used model to describe the relationship between the force and indentation depth—i.e.,
the deformation of cells—and has various mathematical expressions depending on the probe shape,
including pyramid [12], cone [13], and sphere [14,15]. Therefore, the Young’s modulus of cells can
be statistically calculated using the Hertz model for the approach phase of the force-indentation
curves. However, the Hertz model has some issues that need to be addressed. For example, the Hertz
model assumes that the measured materials are linearly elastic, isotropic, and lack adhesion and
friction [16], which does not hold for cells. Due to the assumption of linear elasticity for cells, the
Hertz model cannot explain the dynamic stress-relaxation behavior commonly observed in living
cells [17]. A.H.W. Ngan et al. developed a rate-jump approach to evaluate the elastic modulus of
viscoelastic materials, including polymethyl methacrylate and living cells, using AFM indentation by
applying a sudden step change in the loading rate on the sample, in which the viscous response is
ignored [18–21]. However, in this method, the elasticity of the sample materials is still assumed to
be linear and, considering the high complexity of the viscoelastic properties of cells, the analytical
solution of elasticity is not yet accurate enough to characterize the mechanics of living cells. Using a
three-element standard solid model, J. R. Dutcher et al. extracted the elastic and viscous properties
of the bacterial cell envelope separately from the time-dependent creep deformation curve, which
resulted from a constant force [22]. Similarly, A. Yango et al. applied a linear standard solid model to
calculate the elastic and viscous properties of soft materials from the creep response to the loading and
unloading steps during the stress-relaxation phase of AFM indentation [23]. In these two methods, the
elastic and viscous properties are decoupled from the indentation force curves with the standard linear
solid model; however, both methods assume that the soft materials are a first-order system, which
ignores the high orders of the complex viscoelasticity properties of living cells. Recently, Wei et al.
developed a rectification approach using finite element simulation with the assumption that the cell
material is viscoelastic and has acquired the viscosity and elasticity parameters that reflect the actual
dynamical mechanics of cells [24]. However, this finite element simulation-based approach does not
provide an analytical solution that describes the system dynamics of cells for further system analysis.

In general, the more complicated a system is, the harder it is to model based on the underlying
mechanisms. Furthermore, the mechanism-based models are extremely complicated with high order
and nonlinearities, especially for organisms, making the model analysis difficult. However, a system
can be dynamically modelled based on the system input and output without considering its activity
mechanism. In this work, a cell was considered a dynamical system, and a linear dynamical system
model with cellular viscoelastic properties as system parameters was established to describe the
stress-relaxation phenomenon of cells under the indentation of the AFM cantilever. The system
order was determined by system identification using the Hankel matrix method, and the system
parameters—i.e., the viscoelastic properties of cells—were identified using the least squares method.
The viscosity and elasticity parameters were then used for cell classification. In this work, the system
order of cells was not pre-assumed and was instead determined using the system identification method
and experimental data. In this model, the viscosity and elasticity properties of cells are decoupled, and
each is represented by multiple parameters.
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2. Materials and Methods

In this section, the experimental process of obtaining the input and output curves is first described.
The AFM indentation process consists of three interaction phases—approach, stress-relaxation, and
retraction. Next, a general Maxwell model to describe the indentation process is given, and the process
of modeling the mechanical properties of a single cell is described. After determining the general
form of the cellular system model, we used the Hankel matrix method to determine the order of the
general model and the least squares method to determine the parameter in the system model. Finally,
we performed mechanical parameter extraction under the viscoelastic assumption to describe the
mechanical properties of a single cell.

2.1. Cell Preparation

The cell lines used in this study were obtained from the Institute Pasteur of Shanghai, Chinese
Academy of Sciences (Shanghai). MCF-7 cells (human breast cancer cell line), L-929 cells (mouse
fibroblast cell line), Neuro-2a cells (Mus musculus brain neuroblastoma cell line), and HEK-293 cells
(human embryonic kidney cell line) were cultured in RPMI-1640 (Thermo Scientific HyClone, Logan,
UT, USA) containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37 ◦C (5% CO2).
These four types of cells were cultured in Petri dishes. The diameter of the Petri dishes we used was
60 mm, and the cell concentration was about 1.3 × 106 cm−2. The cells were cultured for 24 h before
experiments. The same experiments were performed with different batches of cells. All the AFM
experiments in this study were performed in culture medium. The experiments were conducted at
room temperature. In this study, twenty cells of each type were selected, and two complete indentation
processes were implemented independently for each cell. Therefore, 160 force curves were recorded,
and the system order identification and parameter estimation process was performed for all cells using
the experimental data.

2.2. Indentation Process

To determine the mechanical properties of cells using the stress-relaxation curve with an AFM,
an indentation process was implemented, and the schematic of the AFM indentation is shown in
Figure 1a,b. The entire process consists of three interaction phases—i.e., approach, stress-relaxation,
and retraction. During the approaching phase, the AFM probe tip is pressed on the sample cell, causing
a fast cell deformation and a rapidly increasing force on the cantilever. During the stress relaxation
phase, the piezoelectric (PZT) actuator is kept at a constant depth, but the cell continues to deform and
cause gradual decreases in the cantilever deflection. During the retraction phase, as the AFM probe tip
is retracted, the cell recovers and the cell deformation rapidly decreases. Notably, the distance that
the cell is indented is not equal to the distance u(t), that the PZT moves, and the difference between
these two distances is the cantilever deflection. Furthermore, during the stress-relaxation phase, the
deformation rate of cells becomes slower, and the cell gradually approaches constant deformation;
therefore, the force between the tip and cell become constant. In this study, we used a Bioscope
Catalyst AFM (Bruker, Billerica, MA, USA) and an inverted microscope (Nikon, Tokyo, Japan). The
type of AFM probe used in this study was MLCT (Bruker), and the nominal spring constant of the
cantilever used was 0.01 N/m. We used the thermal tune to calculate the spring constant of the
cantilever. And the actual value of the spring constant was about 0.2960 N/m. The width of the
cantilever was about 0.59–0.61 μm, and the aspect ratio of the AFM tip was about 3.78. In this study,
we used the same cantilever to probe all the cells in the experiment. The movement speed of the AFM
PZT in the indentation experiments was 4 μm/s during both the approach and retraction phases. The
stress-relaxation time was 6 s. In the experiment, the maximum distance of cantilever displacement
was 1 μm. As mentioned above, the indentation depth on the cells was not equal to the distance that
the PZT moved. The indentation depth of each cell was about 0.6–0.7 μm. The thicknesses of the cells
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were about 4–7 μm. For all of the AFM experiments we performed in this study, we measured the
stress-relaxation curves of the cells in the nuclear region.

(a) (b) 

Figure 1. Illustration of the atomic force microscope (AFM) indentation experiment and the
experimental curve from one entire indentation process. (a,b) Schematic diagram of indentation
applied using an AFM probe tip on a single cell.

2.3. Dynamical Modeling of the Viscoelastic Properties of a Single Cell

In this study, system sciences were used to model the dynamical mechanical behavior of a cell with
its viscoelastic properties as the system parameters, based on the input (stimuli) and corresponding
output (responses) instead of the interior structure of the cells. In this approach, as shown in Figure 2a,
a single cell is considered as a general system and generates an output response under a certain input
stimulus. The state variable x describes the internal dynamics of cell systems and constitutes the
system output response y under the input stimuli u. During the AFM indentation process, as the AFM
PZT moves down, the probe tip on the cantilever presses on the cell and causes the cell to deform.
On the other hand, the indentation depth is less than the PZT movement distance, which leads to the
deflection of cantilever. The cantilever deflection reflects the interaction force between the probe tip
and the sample cell, and therefore, the interaction force can be measured from the cantilever deflection
with the coefficients of the cantilever. Therefore, in this study, the AFM PZT z-position during the
indentation is used as the input signal u(t), and the measured force is used as the output response
y(t) of the cell system. In this study, the dynamic behaviors of a cell during the indentation process is
modelled using a system approach without pre-assumption of the system order. The system order is
determined with a system science approach. One of such approaches is the Hankel matrix method,
in which a Hankel matrix is constructed from the impulse response series. The signals during the
stress-relaxation phase can be regarded as the step response to the constant input (the PZT distance) to
the system, and we can obtain the impulse response series by calculating the difference between every
two adjacent points in the step response sequence. Therefore, for convenience, only the signals during
the stress-relaxation phase are used for modeling and further analysis. The output force curve during
the stress-relaxation phase showed the tendency for an exponential decay under a constant input for
the PZT z-position. Therefore, a general Maxwell model for viscoelastic materials containing a spring
and n parallel spring-damping paths, as shown in Figure 2b, was used to model the cell dynamics
of the cell system. Mathematically, the cell system can then be written using a state-space equation
as follows: { .

xi = − ki
bi

xi +
ki
bi

u , i = 1, 2, . . . , n

y = −∑n
i=1 kixi + (k0 + ∑n

i=1 ki)u
(1)

where u and y are the system input and output, respectively, the state variable xi represents the
movement distance of the point between the spring and damper in the ith path, and ki and bi are the
elastic and viscous parameters of the corresponding springs and dampers, respectively. The states xi
were closely related to the cell deformation.
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This model illustrates that the elasticity and viscosity of cells can be represented by the multiple
parameters ki and bi. Next, with the data collected in the indentation experiments, the order n of the
cell system and parameters can be determined by system identification methods.

(a) (b) 

Input OutputCell Systems 
U Y

 
 

Figure 2. (a) Schematic diagram showing the system sciences point of view of cell dynamics; (b) An
nth-order general Maxwell model of viscoelastic materials.

2.4. Order and Parameters Identification

The dynamical deformation behavior of a cell subjected to a constant indentation depth has been
modelled by a linear dynamical model based on the structure of the general Maxwell model. In this
section, the order and parameters of the cell system need to be determined from the input and output
data. In this study, we used the Hankel matrix method to determine the order of the linear system.
For linear systems, the Hankel matrix method is a classical approach for determining the order [25].
In this method, Hankel matrices are built from the impulse response sequence of the system, and the
order of the system is actually the rank of the Hankel matrices. The criterion for identifying a system
order using Hankel matrices is described in the following lemma.

Lemma 1. Let {g(i)|i = 1, 2, . . . , L} be the impulse response sequence of a linear system. Hankel matrices can
be constructed as follows:

H(l, k) =

⎡
⎢⎢⎢⎢⎣

g(k) g(k + 1)
g(k + 1) g(k + 2)

· · · g(k + l − 1)
g(k + l)

...
. . .

...
g(k + l − 1) g(k + l) · · · g(k + 2l − 1)

⎤
⎥⎥⎥⎥⎦

where l determines the dimension of the Hankel matrix, and k is any integer between 1 and L − 2l + 2. The order
of the system is equal to the rank n0 of the Hankel matrices if

rank[H(l, k)] = n0, f or all l ≥ n0, ∀k (2)

This criterion works perfectly for noise-free data. In general, the impulse response sequence
includes noise, so the rank of the Hankel matrix may be not equal to n0 exactly, even when l ≥ n0.
Therefore, an equivalent criterion using the average ratio of the determinant of Hankel matrix Dl is
used to evaluate the singularity of the Hankel matrices and the order of the dynamical systems, where

Dl =
1

L−2l+2 ∑L−2l+2
k=1 det[H(l, k)]

1
L−2l ∑L−2l

k=1 det[H(l, k)]
(3)

in which l is the dimension of the Hankel matrices and is not equal to 1. The determinant Dl grows as
l increases if l < n0 and then decays for l > n0, and reaches a maximum at l = n0. Therefore, the value
of l at which Dl reaches the maximum value can be considered to be the order of the system. In this
study, we used Dl to evaluate the order of the cell system.
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In practice, the impulse response sequence of a dynamical system can be obtained by calculating
the difference between every two adjacent points in the step response sequence of the system, i.e.,
g(i) = y(i + 1)− y(i), i = 1, 2, . . . , L, where g(i) is the ith element in the impulse response sequence,
and y(i) is the ith element in the step response sequence. In our study, the input stimulus is a constant
indentation depth during the stress-relaxation phase of the indentation process. Therefore, the output
of the cell system, the interaction force between the probe tip and the cell, is actually the step response.
Hence, we can obtain the impulse response sequence from the recorded force curves and construct the
Hankel matrices.

Once the order of the dynamic system of a single cell is determined, the parameters of the system
can be easily determined by the least squares method. In this method, the parameters are chosen to
minimize the error between the system model output and experimental data, i.e.;

θ∗ = argmin
θ∈Θ

‖yθ(t)− y(t)‖2 (4)

where yθ(t) is the model output with the parameter θ = [k0, k1, b1, k2, b2] in Equation (1), Θ is the
corresponding parameter space of θ, y(t) is the actual output of a single cell measured by AFM in the
experiments, and the parameter θ∗ represents the system parameter minimizing the error. The system
identification toolbox of MATLAB (R2016b, MathWorks, Natick, MA, USA) is used in this study to
identify the system parameters using the least squares method.

Now we have introduced approaches for identifying the system order and estimating the system
parameters of dynamical cell systems. Given the system order and parameters, the corresponding
dynamic equations can describe the dynamical behavior during the stress-relaxation process and the
mechanical properties of a single cell completely under the condition of viscoelastic assumptions.

3. Results and Discussion

To validate the dynamical model for cell deformation behaviors under a constant indentation
depth, we performed indentation experiments using four types of cells, namely MCF-7, HEK-293,
L-929, and Neuro-2a cells, and the corresponding stress-relaxation force curves were collected for
system order and parameter analysis. The cells responded with different dynamic behaviors at different
stages of the indentation experiment, as shown in Figure 3a. In this study, each indentation experiment
lasted about 8 s, including 1 s for the approaching phase, 6 s for the stress-relaxation phase, and
1 s for the retraction phase. During the approach phase, the AFM probe tip was pressed onto the
sample cells and moved down along with the constant movement of the PZT (blue curve in Figure 3a),
resulting in a fast cell deformation (green curve in Figure 3a) and a rapidly increasing force on the
AFM cantilever (red curve in Figure 3a). During the stress-relaxation phase, the PZT was kept at
a constant depth (z-position) which was equal to 1 μm, however, the cell continued to be further
deformed due to its viscosity and therefore the cantilever deflection and the interaction force between
the tip and cell gradually decreased. During the retraction phase, as the AFM probe tip was retracted,
the cell recovered, and therefore the cell deformation and the interaction force on the cantilever rapidly
decreased. The relaxation time of a cell during the stress-relaxation phase in the indentation process
depends on its mechanical properties, which were characterized by the time constants, that is to say,
by the ratio of the elasticity parameters to the viscosity parameters, as shown in Equation (5). Therefore,
for different types of cells, the relaxation times are different. In general, the stress-relaxation time
needs to last until the stress-relaxation curve remains steady after a decline. Darling et al. showed
that the stress-relaxation curves of the chondrosarcoma cells remained steady after 20 s [17]. Moreover,
the response time of cells is also related to the type of stimulus signal [16,26–28]. In our study, for each
type of cell, the stress-relaxation curve remained steady after 4 s. The indentation depth was about
0.6–0.7 μm, and the maximum interaction force between the tip and the cell was less than 5 nN. In this
study, only the force curves during the stress-relaxation phase were used to validate the dynamical
model and to identify the system parameters. To reduce the noisy effect in the measurement, a low-pass

32



Micromachines 2017, 8, 171

filter with a 10-Hz cut-off frequency was used to smooth the force curves for further analysis, as shown
in Figure 3b.

(a) (b) 

Figure 3. Illustration of the experimental curve from one entire indentation process. (a) The entire
indentation process showing the changes in the z-position of piezoelectric (PZT) (blue), cell deformation
(green), and interaction force (red) that the AFM measures during the three interaction phases;
(b) Original force curve (blue) in the stress-relaxation phase and smoothed curve using a low-pass filter.

As shown in Figure 4a, the determinant Dl for an MCF-7 cell reaches the maximum at l = 2;
therefore, the dynamical system for this cell is determined to be a second-order system with
five parameters, including three elasticity property parameters and two viscosity property parameters.
Additionally, the output solution describing the cell dynamics can be written as follows:

y(t) = k0u(t) + u(t)k1e−
k1
b1

t
+ u(t)k2e−

k2
b2

t (5)

Equation (5) indicates that the output of the system contains three components. If the system input
u(t) is a constant, then the system output y(t) consists of a constant component and two exponential
decay components. The five parameters were estimated using the least squares method, and then
the system output could be obtained accordingly. As shown in Figure 4b, the system model output
(red curve) of the deformation dynamics for the MCF-7 cell fits the experimental data (blue curve)
very well, and two exponential decay components were plotted, indicating that the cell deformation
dynamics is mainly dominated by a fast response at the very beginning of the stress-relaxation phase
and then by a slow response for the remaining time.

For all the cells, the dynamical system was determined to be second order. The system parameters
were averaged for each type of cell, as indicated in Table 1. The vectors of these five parameters
represent the elasticity (ki) and viscosity (bi) properties of a single cell; therefore, the vectors can be
used to classify the cell types. Before classifying the cell types, we first conducted dimension reduction
for the viscosity parameter vector to visualize the variations in the viscoelasticity parameters of cells
in 2D spaces. In this study, the principal component analysis (PCA) method was used to reduce
the dimension of the parameter vector. The main idea of PCA is to calculate the eigenvalue of the
covariance matrix of the sample matrix. The first principle component has the largest eigenvalue,
so it has the largest distinction degree. We calculated the sample matrix mentioned above, with the
dimension of 160 × 5, and found that the eigenvalues of the first two principle components were larger
than one, and the total contribution of the first three principle components was 96.35%. This finding
indicates that the first three principle components include approximately 96.35% of the information
of all five parameters (Table 2). The first three principle components of the four different types of
cells are shown in Figure 5. Figure 5 shows that different types of cells present different clustering
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patterns; MCF-7 and Neuro-2a cells have more concentrated cluster patterns than the other two types
of cells. This phenomenon may be attributed to the morphology variances of these four types of
cells. As shown in Figure 6, MCF-7 and Neuro-2a cells each showed great morphology similarity,
but HEK-293 and L-929 cells showed substantial variations in their shape and size. Multiple elasticity
and viscosity parameters can be used to classify cell types.

(a) (b) 

Figure 4. Determination of the system order and parameters of an MCF-7 cell. (a) Dl series of an
MCF-7 cell. As l increases, Dl reaches the maximum at l = 2 and then decays to 0; (b) The model output
of the cell system (red) of second order with estimated parameters fits the experimental force curve
(blue) very well. The two exponential decay components represent the fast response (yellow) and slow
response (purple) of the characteristics and the system dynamics of the MCF-7 cell.

In this study, we used a backpropagation (BP) neural network to classify the four types of cells.
The neural network has two hidden layers. The first hidden layer has 20 nodes and the second one has
40 nodes. The input of the neural network is the five parameters, k0, k1, b1, k2, b2, and the output of the
neural network is the type of cell, represented by 1 for MCF-7, 2 for L-929, 3 for Neuro-2a, and 4 for
HEK-293. The training data set contains 120 five-parameter tuples, 30 for each type of cells. The test
dataset contains 40 five-parameter tuples, 10 for each type of cell. The algorithm was implemented
with MATLAB. The classification result using the BP neural network is shown in Figure 7. Among all
40 test data for the four cell types, only two points of Neuro-2a were misclassified. The success rate
of the classification is 95%; this result further proves the validity of the model for characterizing the
mechanical properties of cells.

Table 1. Average parameters of cell four types.

Cellular Types
Elastic Parameters (N/m) Viscosity Parameters (N·s/m)

k0 k1 k2 b1 b2

MCF-7 2.984 ± 0.742 1.110 ± 0.372 1.385 ± 0.114 0.118 ± 0.306 3.108 ± 1.618
Neuro-2a 2.425 ± 0.589 1.519 ± 0.286 1.259 ± 0.121 0.242 ± 0.296 1.934 ± 0.891
Hek-293 1.099 ± 0.496 0.472 ± 0.203 0.609 ± 0.090 0.158 ± 0.244 1.956 ± 0.796

L-929 0.534 ± 0.096 0.195 ± 0.067 0.235 ± 0.009 0.0124 ± 0.049 0.374 ± 0.150

Table 2. Results of principle component analysis of cellular system parameters.

Principle Component Eigenvalue Difference Value Contribution on Rate (%) Total (%)

1st 3.3158 2.2298 66.3153 66.3153
2nd 1.0860 0.6685 21.7197 88.0351
3rd 0.4175 0.2631 8.3498 96.3849
4th 0.1544 0.1281 3.0884 99.4733
5th 0.0263 - 0.5267 100
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Figure 5. Principle components for four types of cells. These three plots show the first component vs.
the second component, the first component vs. the third component, and the second component vs. the
third component.

Figure 6. Morphology of four types of cells. (a) MCF-7 cells, (b) Neuro-2a cells, (c) HEK-293 cells and
(d) L-929 cells. MCF-7 and Neuro-2a cells each showed less variance in morphology than HEK-293 and
L-929 cells. The magnification is 10, 40, 40, and 20, respectively.

Figure 7. Classification result of the four types of cells by the backpropagation (BP) neural network.
In the testing set, each type of cell has 10 test data. Among all 40 test data for the four cell types, only
two points of Neuro-2a were misclassified. The success rate of the classification is 95%.

4. Conclusions

In this study, using system science approaches, we presented a dynamical model based on the
structure of a general Maxwell system to describe the cell deformation dynamics under conditions of
a constant indentation depth during the stress-relaxation phase of the indentation process. The system
order and parameters were identified using the Hankel matrix method and the least squares method,
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respectively. The proposed model was validated by AFM indentation experiments with different types
of cells. Four types of cells with 20 cells of each type were evaluated to collect the stress-relaxation data
to validate the proposed dynamical model; the dynamical system for all the cells used in this study
was determined to be second order. Therefore, the system model contained three elasticity parameters
and two viscosity parameters, which represent the elasticity and viscosity characteristics, respectively,
of cell dynamics. In other words, with the proposed model, the nonlinear elasticity and viscosity
properties of a single cell can be decoupled, and the nonlinearity characteristics of each property can
be described by multiple parameters in a linear system. PCA of the five viscoelasticity parameters
revealed different clustering patterns for the four types of cells, implying that the elasticity and viscosity
parameters can be used to recognize the cell type. Future work will be conducted to investigate the
effects of drugs on the elasticity and viscosity parameters of cells using the proposed model.
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Abstract: Localized single cells can be lysed precisely and selectively using microbubbles
optothermally generated by microsecond laser pulses. The shear stress from the microstreaming
surrounding laser-induced microbubbles and direct contact with the surface of expanding bubbles
cause the rupture of targeted cell membranes. High-resolution single-cell lysis is demonstrated: cells
adjacent to targeted cells are not lysed. It is also shown that only a portion of the cell membrane can
be punctured using this method. Both suspension and adherent cell types can be lysed in this system,
and cell manipulation can be integrated for cell–cell interaction studies.
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1. Introduction

Intracellular components provide crucial information for biomedical research. However, the lysis
of cells in bulk blends the intracellular components of all the cells, possibly resulting in misleading
data due to averaging [1]. In contrast, single-cell analysis can enable the precise study of intracellular
processes, like a cell’s response to stimuli, such as soluble factors, cell–cell contact, and mechanical
forces [1,2]. Part of many single-cell analysis procedures is the controlled lysis of specific single cells.
The single-cell lysis procedure directly affects the downstream analysis, and depends upon parameters
such as the cell lysing speed, throughput, selectivity, and compatibility with other processes.

There are various single-cell lysis techniques, each with its own advantages for downstream
analysis. Chemical lysis uses solutions containing surfactants to solubilize lipids and proteins in the
cell membrane, creating pores and eventually lysing the whole membrane. Microfluidic devices have
enabled the mixing of the surfactant solutions and single cells to enable single-cell chemical lysis [2,3].
However, chemical lysis takes 2–30 s depending on the lysis solution, and the chemical reagents in
the solution that need to be removed before subsequent cell analysis [2]. Electrical lysis is another
common single-cell lysis technique, in which the cell membrane is broken down by an electric field of
sufficient strength. Single-cell lysis can be realized with microelectrodes in a serial process [2,4], with
pre-patterned microfluidic chips in a parallel process [5–7], or with virtual microelectrodes induced
by light [8,9]. However, the working medium in electrical lysis is usually a sucrose solution with a
relatively low electrical conductivity to decrease joule heating and bubble formation [6,10]; this is a
significantly different environment from cell culture media. Cell lysis by sonication uses ultrasonic
waves to generate sufficient pressure to rupture cell membranes [11], while thermal lysis destroys the
cell membrane using heat [12]. These two methods have some limitations for single-cell lysis, since it is
difficult to focus ultrasonic or thermal energy to a micrometer-scale localized region, and the induced
temperatures may damage proteins [2,10,11]. Mechanical lysis directly uses mechanical force to rupture
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the cell membrane, as in the ‘nanoknives’ used in microfluidic devices [13,14]. Mechanical lysis can
minimize the damage to proteins as compared to chemical lysis, thermal heating, and electrical lysis,
although the proteins can be captured in the cell debris, increasing the difficulty of extraction [2,10,13].

Laser energy is promising for lysing localized single cells. Laser pulses are focused near the
targeted cells in the cell medium to produce a cavitation bubble [2,10]. The rapid expansion or collapse
of the induced cavitation bubble induces a hydrodynamic force that can lyse the cell membrane [15–19].
Laser lysis can be simply integrated into microfluidic chips, since it only requires an optical path to
the targeted cell regions, and there is no need for complex channels or microelectrodes. Laser lysis
can be a rapid, localized, and parallel process for targeted cells. Laser lysis has been demonstrated on
single cells using various microfluidic structures, like a polydimethylsiloxane (PDMS) microchannel to
confine the shock wave from laser-induced microbubble, or small holding structures to hold single cells
under lysis in position [10,19,20]. These microfluidic structures facilitate the focusing of hydrodynamic
force on the cells for lysis, but it limits the locations on the device where cell lysis can occur.

This paper reports on a more precise and flexible single-cell laser-lysis method, which does not
need complex microfluidic structures, and can also be combined with on-chip cell manipulation.
This single-cell laser lysis system utilizes microsecond laser pulses to generate size-oscillating vapor
microbubbles in a biocompatible medium via an optically-absorbent substrate. During the laser on and
off cycles, the microbubbles rapidly expand and collapse repeatedly, thus inducing microstreaming and
the accompanying hydrodynamic forces around the microbubble. The induced hydrodynamic force
can lyse a targeted single cell positioned above the microbubble. The position of the microbubble can
be controlled by manipulating the laser focus spot on the substrate, so each single cell can be selectively
and precisely lysed with high resolution. This system can also be used for single-cell manipulation
by changing the laser pulse width and the position of laser focus [21]. The single-cell manipulation
and patterning technique [22] is helpful for studying intercellular [23] and cell-environment [24]
interactions. The integration of cell-patterning with a single-cell lysis system is an important feature
for single-cell analysis.

2. Setup and Mechanism

2.1. Setup for Single-Cell Lysis System

The single-cell lysis system consists of a microsecond-laser-pulse-generation module (Figure 1a) and
a fluidic chamber above the laser module, in which cells are lysed (Figure 1b). The microsecond laser pulse
was generated by a 980-nm diode laser with a maximum power of 800 mW (Laserlands, 980MD-0.8W-BL,
Hengelo, The Netherlands), and then modulated using a function generator (Agilent 33220A, Keysight
Technologies, Santa Rosa, CA, USA) to control the on and off cycles via a transistor-transistor logic (TTL)
pulse signal. The pulse frequency is set at 50 Hz, while the pulse width can also be controlled precisely for
various cell lysis tests. A 10× objective lens was applied to focus the laser onto the bottom of the fluidic
chamber from beneath, as a 4.4 μm-diameter light spot, corresponding to a measured intensity of 508
kW/cm2. Since the diode laser was mounted on an X-Y stage, it can be freely moved to locate the laser
spot at any position on the bottom of the fluidic chamber bottom for targeting cells.

The fluidic chamber for cell lysis consists of a 1-mm-thick glass slide (top) and an optically-absorbent
substrate (bottom). The fluidic chamber was filled with biocompatible solutions as the working media,
in which the cells can be cultured and lysed. The optically-absorbent substrate is a 1-mm-thick glass
slide, with a 200-nm-thick layer of indium tin oxide (ITO), topped with a 1-μm-thick layer of amorphous
silicon (α-silicon). These absorbing materials help the bottom substrate absorb approximately 70% of the
incident light from the laser [25], which is converted into heat that induces the vapor microbubbles in the
fluidic chamber at the position of the laser spot on the substrate. The top and bottom of the chamber are
separated by uniform-sized polystyrene beads (Polysciences, Inc., Warrington, FL, USA) with desired
diameters, allowing discrete adjustment of the chamber height. Spacers were put on two opposite
sides of the chamber, leaving the other two sides open for the fluid exchange.
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Figure 1. Setup for the single-cell lysis system. (a) A 980-nm diode laser was mounted on an X-Y stage,
and modulated by a function generator to produce microsecond laser pulses. The laser light was focused
by an objective lens onto the optically-absorbent bottom of the fluidic chamber, creating microbubbles
that oscillated in size in the microfluidic chamber. (b) 3D structure of the microfluidic chamber filled
with biocompatible solutions and consisting of an optically-absorbent substrate, a chamber ceiling
made of a glass slide, and polystyrene beads acting as spacers. The cells can be cultured and lysed in
the fluidic chamber.

2.2. Mechanism

The light from the focused laser spot on the optically absorbent substrate was transformed into
heat, creating a microscale vapor bubble on the bottom of the fluidic chamber. The microbubble rapidly
expands when the laser is on, and collapses when the laser is off. This process occurs repeatedly
as the laser is pulsed. The size oscillation of the microbubble induced microstreaming around the
bubble, corresponding to a strong shear stress. As shown in the Figure 1b, there is a rapid flow in the
vertical direction caused by the microbubble oscillation [21,26]. Therefore, the targeted cell above the
bubble experiences sufficient shear stress to rupture the cell membrane [17,27]. Another important
factor for cell lysis is the direct contact of the cell membrane with the expanding microbubble [28,29].
The expanded bubble can be large enough (diameter of 7 to 14 μm) to contact the cell membrane
positioned above the bubble, rupturing the membrane. If the induced microbubble is not large enough
to touch the cell membrane, the lysis yield is dramatically decreased. The repeated expanding and
collapsing cycles of the microbubble help lyse the whole cell membrane, while one cycle is sufficient to
lyse the cell partially. The detailed cell lysis process was recorded with a high-speed camera at a frame
rate of 200 fps (Figure 2). The whole cell lysis process lasted 400 ms, during which the membrane of
the targeted cell was repeatedly ruptured by the bubble until the cell membrane was completely lysed.

 

Figure 2. Cell-bubble interaction in one single-cell lysis test. Optical images were taken over a period
of 400 ms, corresponding to the length of the cell lysis procedure, at a frame rate of 200 fps.
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3. Materials and Methods

3.1. Cell Culture

NIH/3T3 (murine fibroblasts, ATCC, Manassas, VA, USA) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, ATCC), containing 10% bovine serum (Gibco, Invitrogen, Carlsbad, CA,
USA), penicillin (100 U/mL), and streptomycin (100 μg/mL). Cells were maintained at 37 ◦C in a
humidified atmosphere of 5% CO2 in air. The medium was replaced every 2–3 days. Immediately
before cell lysis tests, 1 mL of 0.25% (w/v) Trypsin-0.53 mM EDTA solution was added to 25 cm2 cell
culture flask (Falcon, Corning Life Sciences, Corning, NY, USA) to detach the cell monolayer. Then cells
were aspirated by gentle pipetting to obtain a cell suspension. The acquired cell suspension was added
into microfluidic chamber for the single-cell lysis.

3.2. Cell Lysis

Prepared cell suspensions were added into the fluidic chamber, and cells dispersed on the bottom
of the fluidic chamber. The laser can be moved freely using the X-Y stage to target a specific single cell.
Once the position of laser and the targeted cell overlapped, the modulated laser pulses were triggered,
creating the rapidly expanding cavitation microbubble to lyse the targeted cell.

Calcein AM (Invitrogen) is a green fluorescent dye that can penetrate the membrane of live cell,
and emits a green fluorescence when it is hydrolyzed by live cells. If the membrane of a cell containing
Calcein AM is ruptured, the cell interior will diffuse into the surrounding medium, and this process
can be tracked by monitoring the green fluorescence of the Calcein AM dye. Therefore, prior to the
experiment, cells were stained with Calcein AM to indicate cell lysis performance and the distribution
of cell cytosol following lysis.

4. Characterization

The lysing efficiency can be affected by various experimental conditions, which were studied
to maximize the single-cell lysis rate. The parameters that were varied include: laser pulse width,
height of the microfluidic chamber, and the lysis duration for each cell. Thirty cells were tested for
each parameter in the following experiments.

4.1. Laser Pulse Width

A longer laser pulse width can induce larger microbubbles, which have higher cell lysis yields.
As shown in Figure 3a, the bubble size gradually grows from 7.4 μm ± 0.4 μm to 14.2 μm ± 1.0 μm
when the laser pulse width increases from 300 μs to 1.2 ms. With the increasing bubble size, the cell
lysis yield is also dramatically increased from 13.3% ± 13.3% to 97.0% ± 3.0% (Figure 3b). It can be
seen that, for the 1.2-ms laser pulse width, induced microbubbles with the diameter of approximately
14 μm result in a high cell lysis yield. The tests for various laser pulse widths were all conducted in
a 15-μm high microfluidic chamber, using a lysis duration of 400 ms. Thus, when the bubble size is
close to the chamber height, there is a higher lysis yield, since the bubble has more chances to contact
and rupture the cell membrane. The microstreaming around larger oscillating bubbles also induces
strong shear stresses that push the targeted cell against the ceiling of the chamber top, followed by
lysis. If the laser pulse is too short, the induced bubble is too small, and may not be able to reach the
cell membrane. If the laser pulse width is too long, the size of the induced microbubble will be too
large, making it difficult to lyse single cells precisely without damaging nearby cells.
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Figure 3. (a) The size of microbubbles induced with various laser pulse widths; (b) the cell lysis rate
as a function of the laser pulse width. More than 30 cells were tested in three parallel experiments.
Error bars show the standard error of the measurements.

4.2. Microfluidic Chamber Height

The cells can be vertically confined by the microfluidic chamber ceiling to keep them in place while
the oscillating microbubble applied shear stress to the cell. Various chamber heights result in different
cell lysis performances, depending on how tightly the chamber confines the targeted cells. As the
distance between the bubble and the cell membrane increased, the shear stress decreased dramatically.
Thus, a controlled chamber height can optimize the working distance between the microbubble and
the targeted cell, increasing cell lysis yield.

Empirical observations showed that the minimum chamber height that allowed cell movement
in the lateral direction in the fluidic chamber during lysis was 10 μm, which indicates that the cell
diameter in the vertical direction is approximately 10 μm. The diameter of NIH3T3 cells was measured
to be 16.6 μm ± 1.0 μm (averaged over 10 cells) from the top view when the cells rested on the substrate.
However, due to gravitational force, cells in the chamber should have a height less than the diameter,
which matches observations.

As described in the setup section, the chamber height can be controlled by the spacer thickness,
using polystyrene beads of 10, 15, and 20 μm, respectively (Figure 4). The chamber height of 10 μm
provides the highest cell lysis rate, and is similar to the lysis rate of 97.0% ± 3.0% for a 15-μm chamber
height. When the chamber height was increased further to 20 μm, the cell lysis yield dropped to less
than 20%, due to lack of vertical and lateral confinement of the cells, making it easy for the cells to
escape the microstreaming surrounding the bubble. Cells move more freely in the lateral direction in
the 15-μm-high fluidic chamber than in the 10-μm-high chamber, which facilitates cell transportation
and patterning. Thus, the chamber height of 15 μm was chosen as the optimal fluidic chamber height.
In these tests, the laser pulse width was 1.2 ms, and the lysis duration was 400 ms.

Heat produced from the laser absorption in the substrate has previously been characterized [21].
The laser focal point in this work was less than 1 μm in diameter, so even at the maximum laser power,
the temperature 14.5 μm away from the center of the laser focal point is less than 32 ◦C. Since the
optimal chamber height for cell lysis was 15 μm, the cells are at a safe temperature, even if the bubble
is directly contacting the cell.
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Figure 4. Cell lysis yield as a function of the chamber height. Thirty cells were tested in three parallel
experiments for each chamber height. Error bars show the standard error of the measurements.

4.3. Cell Lysis Duration

A longer duration for the cell lysis process enhances the cell lysis yield. However, some studies of
highly dynamic processes in cells, like the research on the activity of certain important cell signaling
kinases using enzyme-specific peptide reporters [30–32], require high temporal resolution, which
needs a shorter lysis duration. Therefore, an optimized cell lysis duration minimizes the lysis time
per cell while maintaining a high cell lysis yield. As shown in Figure 5, the cell lysis yield can
reach to 97.0% ± 3.0% as the cell lysis duration increases from 20 to 400 ms. The targeted cells
exposed to laser-pulse-induced microbubbles for 200 ms had thoroughly ruptured membranes at a
yield of 93.3% ± 3.3%. As the lysis duration increased to 400 ms, the cell lysis yield also increased,
to 97.0% ± 3.0%. Therefore, 200-ms to 400-ms lysis durations result in high cell lysis yields.
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Figure 5. Cell lysis yield as a function of the cell lysis duration. Thirty cells were tested in three parallel
experiments. Error bars show the standard error of the measurements.

5. Results and Discussion

5.1. High-Resolution Single-Cell Lysis

Localized single-cell lysis can be realized precisely using the optimized parameters for this
system. To demonstrate high-resolution single-cell lysis, the cell interior was stained with Calcein
AM prior to lysis. If the cell membrane was intact, the cell interior was confined, and showed an
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intense green fluorescence. Once the cell was lysed, the green fluorescence dissipated as the cell
interior diffuses out into the solution. As shown in Figure 6, the targeted cell (Figure 6a) was lysed
successfully, indicating by the ruptured cell membrane (Figure 6b), and subsequent decrease in the
green fluorescence (Figure 6d). The cell adjacent to the targeted cell was not affected.

 

Figure 6. Targeted single-cell lysis result. (a,b) Differential interference contrast (DIC) images of
cells before and after the targeted single-cell lysis. The targeted cell membrane was ruptured, while
the nearby cell was kept intact. (c,d) The corresponding fluorescent images before and after cell
lysis. The green fluorescence of the targeted cell dissipated, while the nearby cells maintained their
intense green fluorescence, indicating the successful lysis of targeted single cell with no effect on the
neighboring cells.

5.2. Dilution of Cell Content

To determine the cell content distribution change after the cell lysis, the cell contents were
stained with Calcein AM prior to the tests. The cell was placed in the center of an area encompassing
100 μm × 100 μm. The fluorescent images before cell lysis and 5 s after cell lysis were examined to
measure the change of the amount of fluorescent dye, represent the spatial distribution of the cell
content. The integrated fluorescence of the examined area was measured with the software ImageJ
after the background fluorescence was subtracted. The integrated fluorescence after the cell lysis was
compared with the one before cell lysis to quantify the dilution of the cellular contents (Figure 7).
After cell lysis, the Calcein AM diffuses, so the integrated fluorescent intensity decreased gradually.
However, there was still 85.3% of the fluorescent dye in the examined area surrounding the lysed cell 2 s
post-lysis, and 56.5% of the dye left after 5 s, indicating that with this single-cell lysis technique, there
is enough time left to collect or analyze the lysate before it disperses widely. Many useful components
of the lysate are larger than Calcein AM, like large proteins, genetic materials, or organelles, making
these even easier to collect after lysis.
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Figure 7. Dilution of cell content as the time passed after cell lysis. Relative fluorescence is measured
as the integrated fluorescent density compared with it before the cell lysis, in a 100 μm × 100 μm area
surrounding the targeted cell, with the background subtracted. Since the cell interior was stained with
Calcein AM, the fluorescence change represents the dilution of cell content. The data is from three
parallel tests, and error bars show the standard error of the measurements.

5.3. Lysis of a Subcellular Region

By controlling the laser pulse width and cell lysis duration, the cell membrane can be ruptured
only in a subcellular region. This high-resolution cell lysis can help biological studies, since many
biochemical reactions happen in spatially-discrete regions of cells, like the signaling proteins present at
the neuronal synapses and growth cone [33]. Thus, lysis in a localized region of the cell can help realize
subcellular analysis [33]. As shown in Figure 8a–g, when subcellular lysis occurs, the cell membrane
has a localized opening, causing the cell interior to gradually leak out. Figure 8a,b shows the cell
morphology change after the subcellular lysis. The membrane was partially ruptured, and a hole was
generated. The fluorescent images in Figure 8d–g show the Calcein-AM-stained cell interior gradually
leaked out in 12 s after the cell lysis. Figure 8c shows the relative fluorescence of the target lysed cell,
measured over a 100 μm by 100 μm area bounding the cell. This result shows the cell contents are
confined in the vicinity of the target cell within 5 s, similar to the results for complete lysis.

Cell lysis in a subcellular region can help with analyzing a specific area of a cell, but it will not
release all of the cellular contents completely and rapidly. Though longer laser pulse widths or cell
lysis durations can induce lysis over a larger area of the cell membrane, until the whole cell membrane
is ruptured, there is always a compromise between lysis resolution and lysis efficiency. Figure 9a,b
shows the effect of the laser pulse width and the cell lysis duration on lysis. The bottom portion
of each bar represents subcellular lysis, while the upper portion of each bar represents the lysis of
the entire cell membrane. The whole bar equals the total cell lysis yield. If the cell was significantly
disrupted (more than 50% of the cell shape is disrupted), it was categorized as whole cell lysis, while if
more than 50% of the cell shape was maintained, with only a hole appearing in the membrane, it was
categorized as subcellular cell lysis. The laser duration was kept at 400 ms to characterize the various
pulse width effects, as shown in Figure 9a. For a pulse width of 300 μs, the subcellular lysis approaches
96.7%. When the pulse width was increased to 600 μs, the entire membrane lysis dominates subcellular
lysis. Therefore, the pulse width of 300 μs was chosen for subcellular lysis. Another parameter, lysis
duration, was varied from 20 to 400 ms (Figure 9b), while keeping the laser pulse width at 1.2 ms.
Since the pulse frequency is 50 Hz, only a single laser pulse occurs in the minimum duration of 20 ms,
but this is sufficient to induce subcellular lysis. When the lysis duration was lengthened, cells were
more likely to be completely lysed. If only the total cell lysis yield is considered, without bias to
subcellular or entire cell membrane lysis, the 300-μs laser pulse width and 20-ms lysis duration have
the highest cell lysis yield of 100%.
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Figure 8. Lysis in a subcellular region. (a,b) DIC images before and after the subcellular lysis; (c) relative
fluorescence of the target cell after lysis; (d–g) fluorescent images before the lysis, and up to 12 s after
the lysis.

Figure 9. Cell lysis yield as a function of the laser pulse width (a); and cell lysis duration (b). Thirty
cells were tested in three parallel experiments. Error bars show the standard error of the measurements.
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5.4. Integration of Cell Manipulation and Cell Lysis

Integration of a cell lysis system to other devices is an important requirement for cell analysis [2,10].
In this single-cell lysis system, it is also possible to perform cell manipulation, cell poration, on-site
cell culture, and cell content analysis [21,34]. Cell manipulation prior to cell lysis is useful to studies
related to cell–cell interactions, like the influence of stem cells on surrounding fibroblasts [35]. Prior to
cell lysis, selected cells can be patterned and co-cultured on-chip for creating cell–cell interactions.
A targeted cell in the cell pattern can be lysed precisely, and the lysate can be collected by capillary
electrophoresis or analyzed on site via the fluorescent reactions in the medium for the single-cell
analysis [18,36].

The integration of the cell patterning and cell lysis in the same microfluidic device has been
demonstrated with this single-cell lysis system. As shown in Figure 10, three cells were randomly
located. The green fluorescence from Calcein AM in the cell interior indicates intact cell membranes and
cell activity. Laser pulse-induced microbubbles were used to manipulate the cells and pattern them into
a line via the “pulling mode” of the microbubbles [21] in less than 15 s. This pulling mode creates forces
that attracts the cells towards the laser focal point [21], and is achieved by setting the laser pulse width
to 7 μs. After cell patterning, the green fluorescence of the cells was maintained, indicating the cell
membrane was not affected during the patterning process. When the cell patterning was finished, the
left cell was chosen to be lysed. The result in Figure 10e,f shows that the targeted cell was successfully
lysed without affecting neighboring cells. This process of cell patterning and cell lysis was fulfilled
precisely in the same chip and same place, providing a practical method for biological studies.

 

Figure 10. Cell patterning and single cell lysis on the same chip. The left column of images shows the
brightfield images, while the right column shows the corresponding fluorescent images. (a,b) Cells
randomly positioned before patterning; (c,d) cells were patterned into a line with the laser-induced
microbubbles. The dashed arrows show the cell trajectories during the cell patterning. (e,f) The targeted
cell was lysed selectively, without affecting neighboring cells.
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5.5. Adherent Single-Cell Lysis

This single-cell lysis system works both for suspension cells and adherent cells. The cell lysis yield
for adherent cells can reach to 100.0% ± 0.0% using the previous optimized parameters, measured in
30 tests. Figure 11 shows a demonstration: after the precise single-cell lysis, the cell membrane was
ruptured, and the fluorescent-dye from the cell interior leaked into the medium, while the neighboring
cells were not affected.

 

Figure 11. Adherent single-cell lysis. Images in left column are brightfield images, while images in
the right column are the corresponding fluorescent images. (a,b) Before cell lysis, the cell membrane
was intact and showing green fluorescence; (c,d) after cell lysis, the targeted cell was successfully lysed
without affecting the neighboring cells.

6. Conclusions

A localized single-cell lysis system using microsecond laser pulses was demonstrated.
The microsecond-laser-induced size-oscillating microbubbles apply strong shear stress to the targeted
cell right above the bubble. In addition, the rapidly expanding and collapsing bubbles repeatedly
directly contact the cell membrane and rupture the membrane. These two factors cause the cell
membrane rupture, and complete lysis at a yield of up to 97.0% ± 3.0%. Various laser pulse widths,
chamber heights, and cell lysis durations were characterized to obtain higher cell lysis efficiency.
Localized single cells can be lysed completely and precisely without affecting the neighboring cells.
The lysis can achieve a subcellular spatial resolution. The lysis process takes 300 μs per cell for
subcellular membrane lysis and 200 to 400 ms per cell for lysis of the entire cell. After cell lysis, the
dilution rate of the of cell content enables subsequent cell lysate collection or on-site analysis, since
small molecules in the cell content, such as the fluorescent dye Calcein AM, still retain 85.3% of
the original concentration within the surrounding 100 μm × 100 μm area up to 2 s after lysis.
Cell manipulation functions can also be integrated into this system, so cells can be freely patterned
and co-cultured, and then be selectively lysed for cell analysis. This single-cell lysis system works with
suspension cells and adherent cells.

This single-cell lysis system can be adopted for many biomedical studies, since the experimental
setup is easy to acquire and use. There is no need to fabricate complex microfluidic structures on the
substrate, and all of the cells in the microfluidic chamber can be selectively lysed with high resolution.
Cell lysis and manipulation can occur in a chamber with no microstructures, providing a platform for
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tissue engineering applications. For example, specific cells can be patterned for tissue growth, followed
by the lysis of selected single target cells. This can be used to study cell–cell interaction within the
tissue. In the future, the parallel and automated control of microbubbles will be realized, enabling
the lysis of multiple target cells at the same time, thus further increasing the cell lysis throughput.
This can be realized by a laser scanning system that can project a single laser onto multiple areas of the
substrate within one period, as the laser pulse width of 300 μs to 1.2 ms is far smaller than the 20-ms
pulse period that was used [25].
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Abstract: A novel micromanipulation technique of multi-objectives based on vibrating bubbles in
an open chip environment is described in this paper. Bubbles were created in an aqueous medium
by the thermal energy converted from a laser. When the piezoelectric stack fixed under the chip
vibrated the bubbles, micro-objects (microparticles, cells, etc.) rapidly moved towards the bubbles.
Results from numerical simulation demonstrate that convective flow around the bubbles can provide
forces to capture objects. Since bubbles can be generated at arbitrary destinations in the open chip
environment, they can act as both micromanipulators and transporters. As a result, micro- and
bio-objects could be collected and transported effectively as masses in the open chip environment.
This makes it possible for scientific instruments, such as atomic force microscopy (AFM) and scanning
ion conductive microscopy (SICM), to operate the micro-objects directly in an open chip environment.

Keywords: vibrating bubble; micromanipulation; cell trapping; open chip environment

1. Introduction

The manipulation of individual micro-objects, which usually includes capture, transport, rotation,
and isolation, is becoming a critical technology for micro-assembly and biomedical applications. At the
micro-scale level, particles and cells can be moved and patterned by traditional methods, such as
optical traps [1–4], dielectrophoresis forces [5–7], acoustic waves [8–11], and magnetic fields [12–15].
Moreover, many new techniques and tools have drawn more attention because of their great potential
in lab on a chip applications, one of which being microbubbles. Many researchers have focused on the
novel and special function of bubbles in microfluidic systems, such as pumps [16,17], actuators [18,19],
mixers [20,21], and valves [22,23], as well as in other devices [24–27].

Bubbles have become a versatile tool for various lab on a chip and micromanipulation applications,
and many innovative devices have been explored in recent years [28]. Microbubbles can be used as
focusing agents when the acoustic streaming flow exerts a large enough shear force on vesicles in the
flow, so it is possible to be developed for cell manipulation, cell-wall permeation and microfluidic
devices [29]. Further, oscillating bubbles are capable of size- and density-based selective trapping of
particles [30]. With other on-chip manipulation methods, both millimeter- and micro-sized objects could
be captured, carried, and released by oscillating mobile bubbles [31]. Particle trapping and manipulation
can also be completed by optothermally-generated bubbles, rather than oscillating bubbles [32]. Bubbles
used for manipulation are generally controlled by the electrowetting-on-dielectric (EWOD) [31,33–35],
or optical methods [32,36–39]. In an aqueous medium, bubbles transported by AC-electrowetting, and
oscillated by piezo-actuator, are capable of capturing, carrying, and releasing objects [31,33]. Using
two arrays of EWOD electrodes, twin bubbles driven and transported simultaneously can attract and
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capture beads and fish eggs [34,35]. Because bubbles are actuated by alternating the EWOD chip, the
trajectory of bubbles and micro-objects is limited by design of the chip. Thus, another mechanism of
generation and control of bubbles is proposed. In fluidic oil chambers, micro bubbles act as microrobots
for manipulation and assembly, which are controlled by optically-induced heating and thermocapillary
effects [36]. Micro-object trapping and manipulation can be completed by an optothermal bubble, due
to the convective flow, surface tension, and pressure forces [32]. When a bubble is generated at the
top of a gold film, a convective flow was formed around the bubble, so that a particle can be moved
towards the bubble by the convective flow induced by a temperature gradient. After the particle
approaches the bubble, it is trapped on the bubble’s surface, because of the balance of pressure force
and surface tension force along the radial direction of the bubble. Micro-objects can be carried along
with the optically-controlled bubble to any desired location, while the closed fluidic chamber has
limited the cooperation with other scientific instruments and technology. In addition, manipulation of
the micro-particles and cells can also be completed with a non-contact method, where disk-shaped
hydrogel microrobots actuated by laser-induced cavitation bubbles are used to draw patterns of cells
and microgels [37]. Since the optothermally-induced fluid flow can trap and transport bio-objects,
a micromanipulation platform based on bubbles is capable of manipulation and patterning [38].
However, since each microrobot or manipulator can only pattern and manipulate a single cell at a time,
efficiency remains to be improved.

Here we present a novel manipulation method based on vibrating bubbles in an open chip
environment, by which micro-objects (microparticles, cells, etc.) could be collected and transported
efficiently as mass in the open chip environment. Both optothermally-generated bubbles [40] and
oscillating bubbles [41] are popularly used in lab on a chip community, and have been well-studied
for micromanipulator applications. However, using both techniques in one device is proposed for the
first time in this paper. Compared with the methods of micro-objects manipulation mentioned above,
this new technique can collect and move particles, as well as cells, in an open micro chamber without
top glass. This technology is expected to function as a transporter for particle manipulation and
transportation, collaboratively used in unclosed operating environments of other scientific equipment
(atomic force microscopy (AFM) and scanning ion conductive microscopy (SICM), etc.).

2. Materials and Methods

2.1. Materials

In our experiment, the chip consisted of polydimethylsiloxane (PDMS, SYLGARD184,
Dow Corning Holding Co., Ltd., Midland, MI, USA), glass substrate and gold layer, and the pre-polymer
of PDMS was a mixture of base and curing agent. Purified deionized water was filled in the reservoir
of chip when the manipulation objects were microballs. The balls with diameter of 50 to 100 μm were
made of barium titanate glass (BTG). In the experiment of manipulating cells, Human Embryonic
Kidney (HEK) 293 cells and pandorina morum cells acted as micro-objects. Experimental strains of
HEK 293 cells were obtained from China Center for Type Culture Collection (Wuhan, China), and the
strains of pandorina morum were provided by the Freshwater Algae Culture Collection at the Institute of
Hydrobiology (Wuhan, China). The fluid in the reservoir was replaced by culture medium (Eagle’s
Minimum Essential Medium and Tris-acetate-phosphate medium respectively) in the experiments of
manipulating cells with oscillating bubbles. The diameter of HEK 293 cells was about 20 μm, while the
diameter of morum cells was 30 μm.

2.2. Methods

The new method can manipulate and trap multi-objects and cells at an arbitrary destination from
relatively long distances away on the chip, and then transport them to a new location by another
optothermally-generated bubble. As shown in Figure 1, to manipulate the micro-objects, a bubble
is created on a chip coated with a gold layer. The diameter of the bubble is related to the intensity
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and irradiation time of the laser, for the bubble is produced by optically-induced heating. When the
bubble is vibrated by a piezoelectric stack, objects were attracted to the bubble by convective flow.
Using a high-voltage signal, the working distance of the micro bubbles may reach the millimeter scale.
Theoretical analysis and simulations were conducted in our studies that reveal that micro-objects are
driven towards the bubble vibrated by the piezo-actuator by heat-induced convective flow. If we turned
on the laser, the bubble would increase in size continuously and explode, causing the micro-objects
collected previously to disperse. When the frequency of the wave applied to the piezo-stack was
transformed to the bubble’s resonance frequency, the bubble could also be damaged. By changing
the position of the next bubble after the previous one has burst, the dispersed micro-objects could be
re-collected and moved to the new destination. Further, the moving distance of the particles could
be as long as the channel in the chip. Simultaneous manipulation and transportation of multitarget
objectors could be completed in an unclosed chip.

Figure 1. Collecting and transporting of micro-objects by oscillating vibrating bubbles: (a) micro-objects
distributed on the chip; (b) a bubble generates on the chip; (c) piezoelectric stack is turned on and the
particles are collected by the oscillated bubble; (d) the bubble bursts and the micro-objects disperse;
(e) another bubble appears on the chip; (f) the new bubble collects these objects again.

2.3. Experiment Setup

The experiment system is shown in Figure 2, where a semiconductor laser (405 nm wavelength,
0–400 mW power), and a lens (25X, NA = 0.40), were used to provide sufficient power for the generation
of a bubble. The laser and lens were fixed to a manual stage so that the position of the bubble generated
was controllable and variable. A piezoelectric stack (PK2FMP2, Thorlabs Inc., Newton, NJ, USA),
driven by an arbitrary waveform generator (ArbStudio 1102, Teledyne LeCroy Inc., Chestnut Ridge, NY,
USA), together with an amplifier (33502A, Keysight Technologies Inc., Palo Alto, CA, USA), vibrated
the micro bubble on the chip. The drive voltage of the piezo-actuator range was 0–75 V, and the
displacement at 75 V was 11.2 μm. The chip was made up of a 1.2-mm-thick slide glass, and a small
PDMS reservoir. A 50 nm thin-film layer gold layer was sputtered on the glass to absorb and transfer
the energy of the laser beam. Other devices in this system included an optical microscope (1-60191D,
Navitar Inc., Rochester, NY, USA), a camera (FL2G-13S2, Point Grey Research Inc., Richmond, BC,
Canada), a computer, and a long pass filter (FELH0450, Throlabs, Newton, NJ, USA) with a 450 nm
cut-on wavelength, which can reject the laser light into the microscope.
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Figure 2. Schematic of the system setup.

2.4. Fabrication of Chip

The microfluidic chip, consisting of a glass substrate, fluid reservoir, and gold layer, has a
simple design and can be fabricated rapidly. The reservoir was manufactured with PDMS,
an elastomeric material [42,43]. Because of its physical and chemical properties, such as transparency,
insulation, and nontoxicity, PDMS has become one of the most actively developed polymers for
microfluidics. In contrast to general microfluidic chips, the chips used in these experiments were
unclosed. The manufacturing process can be divided into five steps, as illustrated in Figure 3a–e.
First, an acrylic mold is designed in a computer-aided design program and produced with machine
tools. A pre-polymer of PDMS in the liquid state is then injected into the mold and cures gradually at
a temperature of 75 ◦C. In our experiments, the PDMS included two ingredients—a base and a curing
agent. An elastomeric and cross-linked solid was generated when the vinyl groups of the base reacted
with the silicon hydride groups of the curing agent. These two kinds of solution were mixed in a mass
ratio of 10:1 to produce a replica. Approximately four hours later, the liquid pre-polymer solidified and
conformed to the shape of the master. The solidified PDMS cast was then peeled away from the die.
Following this, the PDMS structure was oxidized for five minutes and sealed tightly and irreversibly
to the slide glass. Silanol groups formed on the surface of the PDMS by the oxidation of methyl groups
so that it could seal to a range of materials other than itself, including glass, silicon, and polyethylene.
Since the gold layer prevented the linkage of PDMS and glass, the last procedure is the sputtering of
gold on the chip. The diameter and depth of the reservoir on the fabricated chip, shown in Figure 3f,
is 3 mm and 2 mm, respectively.
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Figure 3. (a–e) Scheme of the fabrication process of the chip: (a) fabricating a mold; (b) pouring liquid
pre-polymer into the pattern die and heating; (c) removing the cured polydimethylsiloxane (PDMS)
copy; (d) combining the PDMS with a slide glass; (e) gold layer is sputtered on the glass; (f) schematic
top view of the chip; (g) actual picture of the chip without gold layer.

3. Results and Discussion

3.1. Simulation

To provide theoretical guidance for the object trapping and manipulation process, computational
fluid dynamics simulations were conducted using ANSYS Fluent software (Version 14.0, Pittsburgh,
PA, USA). The goal of the simulations was to reveal the convective flow pattern around the oscillated
bubble when the piezo-actuator was on. Micro-objects and cells could be moved by the force of the
fluidic streaming, which is studied by experiments and numerical analysis. According to Navier-Stokes
Equations [29,44], the motion of a viscous incompressible fluid can be described as:

∂ρ

∂t
+∇(ρv) = 0 (1)

where ρ is the mass density, t is time, and v is the fluid density. In the two-equation turbulence
model [45–47], the eddy viscosity is defined by:

μT = ρk/ω (2)

where μT is the velocity vector, k is the turbulence kinetic energy, and ω is the specific dissipation
rate. To fulfill the simulation, a simplified two-dimensional model is used in our calculation. The size
of the liquid zone was 2 mm × 1 mm, while the frequency of vibration was set as 10 kHz and the
displacement of vibration was 5 μm. We employed a microscope (KH-7700, Hirox Inc., Tokyo, Japan)
to obtain the radius of the bubble, and the height difference between the center of bubble and the
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interface of the chip. For a bubble with a radius of 118 μm, the height of the center from the chip was
58 μm, which indicates that the bubble is part spherical. The distribution of the X-velocity of flow
can be obtained from the simulation results, as shown in Figure 4a. The maximum absolute value of
velocity is approximately 400 μm/s. However, at the zone adjacent to the bubble, the rate of flow was
relatively low and approaches zero, which correlates well with the experimental results. Figure 4b
indicates that in the bottom area of the liquid, the direction of convective flow was towards the bubble,
such that micro-objects and cells could be attracted by the bubble.

Figure 4. (a) Contours of X-velocity of the flow; (b) vectors of the flow. The simulation is conducted
by ANSYS Fluent software. The diameter of the bubble is 236 μm, the size of the liquid zone is
2 mm × 1 mm, and the frequency and displacement of vibration is 10 kHz and 5 μm, respectively.

3.2. Generation of Bubble

The process of the generation and expansion of the microbubble is shown in Figure 5a–d. When the
laser was focused on the liquid-solid interface by the lens, the gold layer absorbed the energy of the
light and transferred it into thermal power, and thus the temperature of the liquid near the spot rose.
An opto-thermal bubble then generated and expanded continuously because the solubility of the gas
generally decreased with increased water temperature. In the initial 5 s, the diameter of the bubble
rose quickly. However, the increasing speed gradually then reduced. The diameter of the bubble was
determined predominantly by the irradiation time and the power of the laser, as shown in Figure 5e.
The greater the power transferred into thermal energy, the more gas separated from the water. Thus,
the volume of the bubble is in proportion to the quantity of heat generated. The radius of the bubble is
related to the working time and intensity of the laser beam. The growth process of gas in solution can
be described by the Lifshitz-Slyozov-Wagner theory [48]:

V − V0 = kIt (3)
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where V is the volume of the bubble, V0 is the initial volume of the bubble, I is the power of the laser,
k is the efficiency of energy conversion, and t is the irradiation time. The volume of a part-spherical
bubble is proportional to the third power of the radius (r) of the bubble:

r3 = r3
0 + c−1kIt (4)

where r0 is the initial radius of the bubble, and c is a constant representing the ratio of the volume and
radius. As shown in Figure 5f, the experimental results agree to the theoretical curve strongly.

Figure 5. (a–d) Generation and expansion of bubble, the time stamp format is minute:second; (e) growth
process of bubble under different conditions where the power of the laser differs; (f) comparison
between experimental data and theoretical analysis results, where power is 300 mW.

3.3. Manipulation of Microparticles

To manipulate micro-objects in a liquid reservoir, the function generator and amplifier were turned
on to output a sinusoidal voltage, so that the microbubble generated previously was piezo-actuated.
The microstreaming around the bubble then attracted objects to the surrounding area progressively,
such that micro-objects were collected by the oscillating bubble. Figure 6 demonstrates how the BTG
microparticles were captured individually. The diameter of these microballs ranges from 50 to 100 μm.
When the bubble is vibrated, a nearby object is trapped initially, and another two balls move towards
the bubble at a later stage. Provided the micureobjects were captured, the motion stopped before the
streaming became week, as demonstrated by the simulations. Simultaneously, more and more objects
were pulled to the bubble continually. The microballs moved quickly, with this manipulation process
taking only three seconds.
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Figure 6. Collection process of microparticles by a bubble; the time format unit is seconds.
The frequency and voltage of piezo-actuator is 8 kHz and 30 V; the diameter of bubble and micro glass
balls is about 150 μm and 50–100 μm. (a) 0.00 s, (b) 0.43 s, (c) 0.72 s, (d) 1.28 s, (e) 1.72 s and (f) 3.43 s.

To demonstrate the collection ability of the vibrated bubble, the number of micro-objects trapped
under different actuation conditions (for example, frequency and amplitude) was studied. Results are
shown in Figure 7. In this experiment, there were 30 micro-objects in the liquid reservoir. When the
signals were set at 30 V, a bubble could attract more microballs when the vibrating frequency was
4–8 kHz. When the frequency was lower than 500 Hz or higher than 15 kHz, no further objects could
be collected. By maintaining a constant frequency of 10 kHz, and gradually increasing the waveform
generation gradually, an increasing number of objects were trapped by the bubble. When the voltage
was lower than 3 V, the glass balls did not move. Moreover, when the voltage was turned up to 15 V,
the ability of the bubble reached its limit. Other conditions, such as the bubble diameter and waveform
of the actuation signal, did not affect the number of collected objects.

Figure 7. (a) Number of micro-objects collected by the bubble at different actuating frequencies;
(b) number of the microballs collected by the bubble at different actuating voltages.

3.4. Manipulation of Cells

Besides glass balls, the bubbles could also be used to trap bio-objects, including cells. HEK 293
cells are often used in biological and medical experiments, since they are easy to transfer and culture.
The process of collecting and manipulating HEK 293 cells using a piezo-actuated bubble is shown in
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Figure 8. To manipulate the HEK 293 cells, the opto-thermal bubble was generated in deionized water,
as the high viscosity of the culture solution prevented the generation of bubbles. Culture solution
and suspended HEK293 cells were then injected into the reservoir on the chip to replace water.
HEK 293 cells were usually cultured adherently, and could be suspended in the medium. When the
piezo-actuator was turned on, the cells moved towards the oscillated bubble. The diameter of bubble
was 70 μm, while the diameter of HEK 293 cells was approximately 20 μm. The two cells in the
picture were driven towards the bubble, with their moving distance being about 50 μm, and a speed
of 50 μm/s. The frequency and voltage was set at 8 kHz and 30 V, respectively. In our experiments,
the activity of the cells was not affected after collection.

Figure 8. Moving and collecting process of HEK 293 cells by a bubble. (a) The cells marked with red
and blue circles moves towards the bubble; (b) the two cells are collected by the oscillating bubble.
The frequency and amplitude of control signal is 8 kHz and 30 V. The diameter of bubble is about
70 μm, and the diameter of the cells is 20 μm. This moving process takes only one second.

In addition, the manipulation method can be used for trapping swimming pandorina morum cells.
It is a promising application in biology, chemistry, physics, and medicine to manipulate cells with
intrinsic motility, as the precise manipulation of the mobile microorganisms (such as bacterial and algal
cells) remains difficult [49]. The feasibility and effectiveness of utilizing this technology to manipulate
swimming pandorina morum cells was investigated, as shown in Figure 9. A bubble was generated on
the chip using optically-induced heating. Pandorina morums then moved toward the oscillating bubble,
and were trapped. Since cells with diameters of 30 μm were smaller than the bubble (whose diameter
is more than 100 μm), some of them in the shade of bubble are invisible in the figures. Because the
morum cells can be self-propelled, this manipulation process took about 5 s to collect these swimming
cells far from the bubble, and the moving speed went up to 100 μm/s. The driven voltage used was
8 kHz and 30 V. In our experiments, the activity of pandorina morum cells was not affected, and the
captured cells could swim away when the bubble was damaged.

Figure 9. Collection of pandorina morums by an oscillated bubble. (a) No morums around the bubble
when the piezo-actuator is off; (b) some morums are collected by the vibrating bubble. The frequency
and amplitude of control signal is 8 kHz and 30 V. The diameter of bubble is about 130 μm, and the
diameter of the cells is 30 μm. This collecting process takes five seconds.
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3.5. Transportation of Micro-Objects

In addition, we could collect micro-objects at different destinations by changing the position
of the bubble. Because the mobile stage was connected with a laser and lens, we could generate
bubbles at arbitrary locations, so that the transportation of microballs was complete. When a bubble
burst or was damaged, the micro-objects could be re-collected at a different destination where a new
bubble was generated. Figure 10 illustrates the procedures of the collection and transportation of the
micro-objects. The diameter of bubble in Figure 10b–d is more than 300 μm, while the diameter of
bubble in Figure 10f–h is about 200 μm, and the diameter of mciro balls is 50 to 100 μm. The moving
distance of the balls was more than 2 mm in the chip. The frequency and amplitude of the input
signal of the piezo-actuator was 8 kHz and 30 V, respectively. The first bubble was generated on the
chip and the particles were captured. Since a bubble disappeared at its natural frequency, it could
be damaged by changing the frequency of the piezoelectric stack, resulting in the collected objects
redispersing in the aqueous media. In addition, if we turned on the laser again, the bubble grew
continuously to its limit and broke. If we moved the laser spot to a new destination 1 mm away from the
original location and the second bubble is created, the microballs collected around this new oscillatory
bubble. This manipulation process was repeatable and micro-objects could be transported continuously.
The working distance of the vibrated bubble could cover the whole chip. Thus, the microballs can be
transported by the bubble over considerable distances.

Figure 10. Collection and transportation of micro-objects: (a) liquid reservoir; (b) first bubble generates
on the chip; (c,d) vibrated bubble attracts microballs—this manipulation takes about 3 s; (e) objects
spread after the first bubble is damaged; (f) a new bubble appears at new location 1 mm far from
the original position; (g,h) microballs are re-collected and transported by the oscillated bubble—the
collection process takes 4 s. Scale bars in (a–c), (e–g) are 1 mm, and are 200 μm in (d,h).

4. Conclusions

A novel micromanipulation and transportation technology using opto-thermally generated and
piezo-actuated bubbles is proposed in this paper. Although optothermal generation and acoustic
oscillation of microbubbles have been well studied and applied to micromanipulator and lab-on-a-chip,
using these techniques in one chip has not been realized so far. The ability of the bubble to capture
objects, which is demonstrated by the computational fluid dynamics simulation, is related to
characteristics of the control signal. Since the bubble can be generated at arbitrary locations in
the open chip environment, the microballs and cells can be collected and transported efficiently as a
mass. Manipulation in open chip environment, along with the function of collection and transportation
of micro-objects, make it a promising micromanipulation method. The method based on vibrated
bubbles is expected to cooperate with other scientific instruments, such as AFM and SICM, under
the open operating condition. The advantages of this manipulation technique, such as versatility
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and simplicity, makes it a good candidate for actuation of self-sufficient, stand-alone microfluidic
systems [50], if the laser and acoustic wave sources can be miniaturized further.
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Abstract: A novel approach utilizing current feedback for the cytoplasmic microinjection of biological
cells is proposed. In order to realize the cytoplasmic microinjection on small adherent cells (diameter
< 30 μm and thickness < 10 μm), an electrical model is built and analyzed according to the
electrochemical properties of target cells. In this study, we have verified the effectiveness of the
current measurement for monitoring the injection process and the study of ion channel activities for
verifying the cell viability of the cells after the microinjection.

Keywords: cell cytoplasmic microinjection; small adherent cells; equivalent-circuit model

1. Introduction

Cell injection is a promising micromanipulation method in the biological field [1]. Efficient tools for
precisely injecting drugs into cells are of significant value to the development of novel therapeutics [2],
and are also important for the study of cellular activity in biological fields [3]. Progresses in biological
engineering such as drug screening and transfection require the precise manipulation of single
biological cells [4]. Several methods, including drug delivery by either nano-vehicles or nanoparticles,
may be used to penetrate the cell membrane and perform intracellular delivery [5,6]. In addition, viral
vector-based methods are very effective for injecting the target nuclide acid into various kinds of cells,
ranging from the ex vivo transduction of hematopoietic cells to in vivo transgene expression through
the optimization of tissue-specific cells. However, safety remains a great concern for gene therapies
using the viral vector [7]. Besides, a nano-needle is very efficient for delivering different molecules and
materials including antibodies, quantum dots, and nanoparticles to primary hippocalmpus neuron
cells and NIH3T3 fibroblast cells, which both have a diameter of around 100 μm [8]. Unfortunately,
the injection performance on small adherent cells using the nano-needles is unknown at present.

A micro-pipette-based microinjection is a process for the delivery of target materials by penetrating
living cells using a micropipette. It has been proven to work effectively and has the advantages of a
precise control of the delivery dosage and a high transduction efficiency [9]. However, the drawback
of pipette-based methods is the need for a well-trained operator, thus requiring a lot of time and
money [10]. This led to the demand of an automatic pipette-based cell microinjection in order to
increase the success rate and reduce human errors [11]. Several automated cell injection approaches
with different kinds of feedbacks were reported, including force feedback, impedance feedback, and
visual feedback. The microNewton force feedback approach was reported to largely improve the
work efficiency and success rate of microRNA and DNA injections to suspended mouse embryos
(around 100 μm in diameter) and zebrafish cells (1.3 mm in diameter) [12]. For smaller cells, the
penetration force analysis of several cell lines, which are L929, HeLa, 4T1, and TA3 HA II cells, was
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demonstrated using atomic force microscopy (AFM) [2], which helps the researcher to understand
the cell mechanics. Impedance feedback for a robot-assisted cell microinjection system performed
on zebrafish fish embryos was introduced to enhance the accuracy of the system feedback [2,13].
A vision-based force measurement for cell microinjection was performed on mouse oocytes (around
100 μm in diameter) and drosophila embryos (around 500 μm in diameter) [14]. A visual-based
system with impedance control for cell injection was reported to perform successfully on Zebrafish
embryos [15]. Some researchers suggested that the visual feedback may be a possible solution for the
micro-injection of small cells with a diameter of less than 100 μm [16]. However, another challenge
which arises from visual feedback is the difficulty in observing the contact between the tip and the cell
to determine the penetration status. In recent years, more genetic research has driven the demand of
an automated cell microinjection system, and some in vitro cell microinjection systems were reported
in a review [17]. All of the microinjection systems mentioned are for suspending cells in an oval shape.
Nevertheless, some typical human cells are adherent and small, such as neuroblastoma cells and
human epithelia cells. Recently, an automated injection system for suspending small cells (diameter <
30 μm) was reported, which was operated with a microfluidic cell holder chip [11,18]. Small adherent
cells are of importance in cell biology because of the size of human cells, which usually ranges from
7 μm to 25 μm, and also cell transfection using human cells with the precise delivery of target materials
is challenging to operate, but there is great demand for it to be automated [11]. In the past, there have
been quite a number of researches about the automated injection of large and round cells such as the
zebra fish embryo [1,4,9,19,20]. In contrast, there are only a few number of researches talking about the
automated injection of small adherent cells [21]. For instance, SHSY-5Y cells (human neuroblastoma
cells) are used frequently for studying Alzheimer’s disease. HEK-293 cells (human embryonic kidney
cells) are used frequently for studying gene therapy. However, it is more difficult to implement either
the manual or automated injection on human cells due to their small size.

To overcome the challenges, a current feedback approach is proposed to work for automating the
micro-injection of the neuronal cell line (<30 μm). In this study, an equivalent electrical model was
established to monitor two situations. The real time current response during the microinjection was
studied for the effectiveness of the injection. In addition, the current trace under voltage stimulus was
recorded in order to verify the viability of the cells after microinjection.

2. The Electric Equivalent Model for Cytoplasmic Microinjection and Cell Viability Verification

In order to monitor the electrical signal of biological cells for microinjection, an electric equivalent
model of a cell cytoplasmic microinjection with a micro-pipette has been proposed, as illustrated in
Figure 1. A cell interacting with a micro-pipette can be regarded as an electrical circuit containing
several electrical components. ENa, EK, and EOther ions are the equilibrium (Nernst) potentials of Na+,
K+, and other ions between the cell membrane. In normal condition, EK and ENa are about −90 mV
and +60 mV [22] due to the concentration difference between the outer and inner fluid of living
cells. Naturally, the external fluid usually contains 0.44 M of Na+, and the internal fluid, which is the
cytoplasm, usually contains 0.5 M of K+ and a number of unspecified anions such as phosphates, amino
acids, and negatively charged proteins [23]. In this study, cells were bathed in the buffer solution as
the outer fluid of living cells, called extracellular solution. Meanwhile, another solution was prepared
as the inner fluid of living cells, called intracellular solution.

The capacitance (CM) of the cell membrane exists because of the different concentration of total
ions between the outer and inner fluid. The glass layer structure of the pipette acts as a capacitor, CPipette,
which gives the capacitance transient curve when the micropipette is immersed in the extracellular
solution. The capacitance transient curve can be neutralized by injecting the opposite capacitance
current via adjustment with observation of the electrical signal. RNa, RK, and ROther ions are the variable
resistances of the ionic currents contributed by Na+, K+, and other ions, respectively. Their resistances
vary because the various ions (Na+, K+, and other ions) pass through the cell members when the
corresponding ion channels are activated under a different stimulus [24]. RSeal is a resistance due to the
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formation of a tight and strong seal between the cell surface and the pipette before the microinjection.
Access resistance (RAccess) results from the geometry of the pipette plus any obstruction at the tip by
the adherent membrane [19].

Figure 1. The electric equivalent model of the cell ctoplasmic injection.

In the model, EInjection is hypothesized to exist when the intracellular solution is injected into a cell
using a micropipette. It is believed that the injection will cause a significant change of the membrane
potential because of the change of ion concentrations across the membrane. During the injection,
the injected intracellular solution immediately mixes with the cell cytoplasm leading to a change
of ion concentration in the cytoplasm, while the concentration of the extracellular solution remains
unchanged. EInjection can be expressed as shown in Equation (1). ECell Membrane can be calculated by the
Nernst Equation, as shown in Equation (2):

EInjection = New ECell Membrane − Old ECell Membrane (1)

where New ECell Membrane is the membrane potential after the injection, and Old ECell Membrance is the
membrane potential before the injection:

ECell Membrane =
n

∑
j=0

RT
ZF

ln

[
ionj

]
o[

ionj
]

i

(2)

where R is the ideal gas constant, R = 8.314472 J K−1·mol−1, T is the temperature in kelvins, F is
Faraday’s constant (coulombs per mole), F = 9.648533 × 104 C·mol−1, [ion]o is the extracellular
concentration of that particular ion (in moles per cubic meter), [ion]i is the intracellular concentration
of that particular ion (in moles per cubic meter), and Z is the number of moles of electrons transferred
in the cell reaction or half-reaction.

By taking into consideration all of the ions of the intracellular solution, as mentioned in Section 3,
EInjection can be expressed as shown in Equation (3).

Ecell membrane =
RT

(+1)F ln [
Na+]o
[Na+]i

+ RT
(+1)F ln [

K+]o
[K+]i

+ RT
(+2)F ln [

Mg2+]o
[Mg2+]i

+ RT
(−2)F ln [

Cl2−]o
[Cl2− ]i

+ RT
(Z)F ln [Other ions]o

[Other ions]i

(3)

where RT
(Z)F ln [Other ions]o

[Other ions]i
∼= 0 , since the concentration of ion is very small.
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Since the major injected ions are K+ and Na+, the equation of cell membrane potential can be
simplified in Equation (4).

Ecell membrane =
RT

(+1)F
ln
[Na+]o
[Na+]i

+
RT

(+1)F
ln
[K+]o
[K+]i

(4)

To study and verify this electrical model, the patch clamp technique was used with a low noise
operation amplifier that can apply voltage stimulus for controlling the voltage potential of the cell
membrane, called the membrane potential (Vm). It can also acquire the total current response of the
cell membrane, called the membrane current (Im).

When a cell is connected to the operational amplifier, the electric equivalent circuit of the cell
cytoplasmic microinjection is constructed as shown in Figure 2. The operation amplifier acts as a
voltage source (EOpAmp) in series with a resistor (ROpAmp) in order to apply the voltage stimulus which
can evolve the ion flow along the ion channels. There are five switches in the circuit, including the
switch (Sseal) for the sealing resistance and the switch (SInjection) for the microinjection of the cell. In this
circuit, Sseal is always open as RSeal is extremely large compared with other resistances, and hence the
connection to RSeal will act as an open circuit. The function of the switch (SInjection) for the microinjection
of the cell is to connect the EInjection when the intracellular solution is injected into the cell. SK, SNa, and
SOther ions act like the switches to connect RNa, RK, and ROther ions, which will be the maximum when
there is the least ion channel activity, and vice versa.

Figure 2. The equivalent circuit of the current feedback model for the cell cytoplasmic microinjection
and cell viability verification.

In the measurement, the membrane current (IM) can be recorded. According to the circuit model,
IM is composed of several components, as shown in Equation (5), including the current caused by
the pipette capacitance (IPipette), the current passing through the sealing resistance (ISeal), the current
passing through the access resistor (IAccess), and the current caused by the membrane capacitance (Ic).
IC is produced by the charge accumulation at the outer and inner membrane surface when Vm changes.

Im = Ipipette + ISeal + IC + IAccess (5)
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To simplify Equation (5), IPipette can be cancelled out using a setting of the patch clamp. In addition,
ISeal is usually small enough to be neglected when RSeal is very large. IC is nonzero only when Vm is
changing [23]. Throughout the microinjection, Vm is controlled at a constant level. When studying the
ion channel activities, the stimulus of a square voltage pulse is applied to the cell. Hence, IC will be
nearly zero because Vm is always constant and Vm only changes at the brief instants when the voltage
is stepped to a new value. In other word, IC = Cm

dV
dt

∼= 0 under the stimulus of a square voltage pulse.
IAccess is composed of the current passing through the sodium, potassium, and other ion channels
(INa, IK and IOther ions) [25], as well as the current drop due to the injection (IInjection) in Equation (6).

IAccess = INa + IK + IOther ions + IInjection (6)

By combining Equations (5) and (6), the membrane current (IM) will be directly equal to IAccess, as
shown in Equation (7).

Im = IAccess = INa + IK + IOther ions + IInjection (7)

Therefore, the electric equivalent circuit of the cell cytoplasmic microinjection can be simplified as
shown in Figure 3.

Figure 3. The simplified circuit of the current feedback model for the cell cytoplasmic microinjection
and cell viability verification.

2.1. The Equivalent Model for the Cell Cytoplasmic Microinjection

The microinjection was performed on a single living cell when it was at the resting state. SK, SNa,
and SOther ions are anticipated to be open because RNa, RK, and ROther ions are expected to be very large
since nearly none of the ion channels will be activated without the voltage stimulus. Hence, INa, IK,
and IOther ions will become zero. Subsequently, IM will only be equal to the current drop, as RAccess is
connected to EInjection, induced by the concentration difference of the ions in the cytoplasm of the living
cell due to the microinjection of the intracellular solution, as shown in Equation (8).

Im = IInjection =
EInjection

RAccess
(8)

2.2. The Electric Model for Cell Viability Verification

After the injection to a living cell, its vitality and viability are of great concern and can be verified
by the study of ion channel activities. When the cells are alive after the microinjection, the activities of
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the ion channels can be activated by applying the voltage stimulus. Under the voltage stimulus, the
cell membrane current IM of the normal cell can be calculated by Equation (9). In this situation, RK,
RNa, and ROther ions are very low, so those ions can easily pass through the cell membrane when the
Na+, K+, and other ion channels are activated. Moreover, IOther ions can be neglected when compared
with INa and IK because the activities of the Na+ and K+ ion channels are dominant. Therefore, the IM
of a normal cell is equal to the sum of INa and IK, as shown in Equation (10).

Im = INa + IK + IOther ions (9)

where IOther ions
∼= 0.

Im = INa + IK (10)

where the current response of IK and INa depends on RK and RNa, respectively, as shown in
Equations (11) and (12).

IK =
Vm − EK

RK
(11)

INa =
Vm − ENa

RNa
(12)

RK and RNa are variables based on the number of activated ion channels for passing Na+ and K+

ions across the membrane.

3. The Experimental Setup of Cell Cytoplasmic Microinjection

The experimental setup consists of several units (as shown in Figure 4), which are an extracellular
solution to bath the cell in order to provide cells with an in vitro environment like in vivo,
an intracellular solution to act as an electrolyte connected to a low-noise amplifier and to be injected
inside the cell during the microinjection process, a low-noise amplifier (Model: Axopatch 200B
from Molecular Device, Sunnyvale, CA, USA) to amplify the recording current signal from the cell,
a data digitalizer (Digidata 1440A from Molecular Devices) and computer for generating the voltage
stimulus waveform and data acquisition of the current signal from the cell membrane, and the
inverted microscope (Model: Eclipse Ti from Nikon, Tokyo, Japan) to monitor the cell cytoplasmic
microinjection. The adherent cells grown on cover slips were prepared. In each experiment, the cover
slip with adherent cells was placed inside a petri dish, filled with extracellular solution. When
implementing the microinjection, the force applied on the cell via the micropipette was vertical, which
would not lead to the sliding of the cover slip and movement of the cell. In addition, a Faraday cage is
used to reduce the background signal in the surrounding area since the patch clamp recording is very
sensitive to background noise.

Figure 4. The experimental setup of the current feedback injection: (a) the close-up view; (b) the
overal view.
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3.1. The Cell Cytoplasmic Microinjection Process

In this process, the cell cytoplasmic micro-injection process was divided into five main steps.
Firstly, a micropipette was made from borosilicate glass capillaries (BF120-69-7.5 from Sutter
Instrument, Novato, CA, USA). Each glass capillary was pulled by a CO2 laser-based micro-pipette
puller (Model: P-2000 from Sutter Instrument). As a result, the glass capillaries were divided into two
halves, which were the micropipettes with the tip size of 1 μm. From the literature, the common tip
size ranges from 0.05 μm to 1 μm [11,17,19,22]. Secondly, SHSY-5Y cells were weekly prepared by cell
passage and cell culture. Thirdly, the extracellular solution and the intracellular solution were prepared
with various ions. The details of the cell culture and the solution preparation will be shown in the
coming sections. Fourthly, the injection process was initiated by positioning the micro-pipette filled
with intracellular solution to approach the cell surface using the micro-manipulator. The electrode
placed inside the micropipette was connected to the headstage and hence to the operational amplifier.
A test square voltage pulse of 20 mV for 10 ms was applied to the cell from the operational amplifier.

When the pipette was immersed into the solution, a typical positive pressure was applied using
a 10 mL syringe by using a displacing plunger of about 1 mL to remove any contaminations at the
tip. The resistance value was around 4–8 MΩ at the bath position. Afterwards, the pipette tip slowly
approached the cell surface until there was an obvious increase of 3 to 5 MΩ in the total resistance and
a significant decrease in the test pulse amplitude. When the current signal became steady, the positive
pressure could be released rapidly. By applying suction through retracting air using a 5 mL syringe,
the plunger was retracted at 0.1 mL/s for a second. Consequently, a very tight seal between the
pipette and cell surface can be created with a GΩ formation where the total resistance of the electrical
model will be around 1 GΩ. Afterwards, the voltage potential of the cell membrane was controlled
at −70 mV and a stronger pressure was applied to the micropipette through retracting air using a
5 mL syringe. The plunger was retracted at 1 mL/s until a significant change of the current response
was observed with the existence of capacitive current trace from the cell membrane. In the circuit, the
membrane current was measured spontaneously and continuously while the voltage potential was
kept at −70 mV throughout the microinjection process. Before starting the microinjection experiment,
the baseline of the electric current response was always adjusted to zero. Consequently, the current
due to the microinjection can be acquired without the distortion from the original ion activities.

During the microinjection, the current signal of the cell membrane was monitored. The permanent
drop of current level was consistently observed right after each injection. In each injection, the injection
volume was estimated to be 19 pL. The estimation was based on recording the volume of the cell
cytoplasm before and after the injection using optical images. In another study, the injection volume
for cells (25 μm) was measured and ranged from 2 to 22 pL [11]. Moreover, the patch clamp technique
was used to compare the cell condition before and after the injection, and it can be done by applying a
series of voltage square pulses from the operational amplifier.

3.2. The Patch Clamp Technique

The principle of the patch clamp technique is to isolate a patch of membrane electrically from the
external solution and to record the current flowing into the patch. During each recording, a fire-polished
glass pipette filled with a suitable electrolyte solution was pressed against the surface of a cell whilst
applying light suction to create a seal whose electrical resistance is more than 1 GΩ, called the gigaseal
formation [25]. The patch clamp technique can be carried out under different kinds of configurations,
which can record the total current of ion channels on the cell membrane of the intact cell at the whole
cell mode [26]. The patch clamp allows an investigation of the change of the cell state from resting
potential to action potential and the functional properties of ion channels. The action potential is a
transient, regenerative electrical impulse in which the membrane potential (Vm) rapidly rises to a
positive voltage value from a negative voltage value, namely the resting potential where the cell is at
its resting state [27]. Under a voltage stimulus, the ion channels of the living cell normally respond
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to generate an electric impulse. The method is believed to be a more precise and accurate way to
determine the cell condition.

3.3. SHSY-5Y Cells and HEK-293 Cells

In this study, a SHSY-5Y cell, which is the human derived neuroblastoma cell, and a HEK-293 cell,
which is a human embryonic kidney cell, were used to study the performance of the microinjection.
The SHSY-5Y cell is often used as in vitro model to study Parkinson’s disease through studying the
ion channel activities. The HEK-293 cell is widely used in cell biology, including in the study of
gene therapy, and is also used as one mammalian expression system in the study of voltage-gated
K+ channels [28,29]. The cells were cultured in standard conditions (Dulbecco’s Modified Eagle’s
Medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin). The cells were
weekly passaged via detachment with trypsin-EDTA, 5-min centrifugation at 1900 rpm, resuspension
of the pellet in a 25 mL flask filled with 3 mL of medium, and seeding of a new flask with 100–200 μL
of suspension.

3.4. Intracellular and Extracellular Solution

During the micro-injection, the cell lines cultured on a cover slip were bathed in extracellular
solution containing 160 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5 mM of glucose, and
10 mM of HEPES with pH adjustment to pH 7.4 using NaOH. The intracellular solution was prepared
using 75 mM KCl, 10 mM NaCl, 70 mM KF, 2 mM MgCl2, 10 mM HEPES, and 10 mM EGTA with pH
adjustment to pH 7.2–7.4 using KOH.

4. The Current Response of the Cell Cytoplasmic Microinjection

4.1. The Current Drop of the Cell Cytoplasmic Injection

The cells were placed at the stage of the inverted microscope and optical images were obtained
during the injection process, as shown in Figure 5. In each injection, a single cell was selected and a
tight seal was formed between the micropipette and the cell surface. Then, the intracellular solution
was injected into the cell by injecting around 19 pL intracellular solution.

Figure 5. Photos of the micropipette and the cells: (a) SHSY-5Y cells before the microinjection;
(b) SHSY-5Y cells after the microinjection; (c) HEK-293 cells before the microinjection; (d) HEK-293
cells after the microinjection.
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In this work, different batches of SHSY-5Y cells and HEK-293 cells were employed in the
experiment. In each batch, one single cell was selected. To elucidate the current response of the
SHSY-5Y cells and the HEK-293 cells during the microinjection, current responses of the SHSY-5Y cell
and the HEK-293 were recorded as shown in Figure 6. Since the estimated injected volume was 19 μL,
the new concentration of [K+] and [Na+] were 150.5 μM and 15.1 μM, respectively, and the Einjection was
estimated at −0.3 mV, which was not sufficient to activate the ion pumps (<10 mV) after the injection.
As a result, EInjection would contribute a current drop during the injection. In this experiment, the
accumulated current drop is significant at −11.9 nA and −11.7 nA for the SHSY-5Y cells and HEK-293
cells, respectively.

Figure 6. The current response during the cell cytoplasmic microinjection of: (a) a SHSY-5Y cell and
(b) a HEK-293 cell.

4.2. The Current Response for Verifying the Cell Viability after the Cell Cytoplasmic Microinjection

Before and after the microinjection, electrical responses of SHSY-5Y cells were recorded as shown
in Figure 7a,b. Similarly, the electrical responses of HEK-293 cells were recorded as shown in Figure 7c,d.
The responses of both cells were observed under the voltage stimulus of a square pulse from −80 mV
to 100 mV with the epoch of 60 ms. The current responses can be studied through the direction and
the amplitude of the current trace.

Before the microinjection, the observation of the normal ion channel activities of both Na+ and K+

ion channels in SHSY-5Y cells were known with the inward current due to the hyperpolarization of
Na+ ion channels and the outward current due to the depolarization of K+ channels that occurred at
the same time, which was also reported by another research group [27]. Meanwhile, the normal ion
channel activities of the K+ ion channels were recorded in HEK-293 before the microinjection.

After the microinjection, the viability can be verified by the current response, due to the ion
channel activities evolved by the voltage stimulus of a square pulse from −80 mV to 100 mV with the
epoch of 60 ms, applied from the low noise amplifier. The ion channel activities of K+ ion channel were
found to be normal with the outward current due to the depolarization of K+ channels [27]. The current
responses were compared before and after the microinjection of SHSY-5Y cells and HEK-293 cells.
In SHSY-5Y cells, K+ ion channels can be activated in both circumstances, while Na+ ion channels can
only be activated before the microinjection. Due to the microinjection, Na+ ions were redistributed
across the cell membrane, while Na+ ions inside the cell membrane were consumed and hence Na+

ion channels could not be activated after the microinjection. However, the disappearance of Na+ ions
did not lead to the death of the cell, which can be proven by the sustainable activities of the K+ ion
channels. It is believed that we can re-activate the Na+ ion channels if we inject more Na+ into the cell.
In HEK-293 cells, K+ ion channels can be activated in both circumstances.
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Figure 7. The current traces of ion channels and the voltage stimulus of a SHSY-5Y cell: (a) before
the microinjection and (b) after the microinjection. The current traces of ion channels and the voltage
stimulus of a HEK-293 cell: (c) before the microinjection and (d) after the microinjection.

4.3. Reliability and Repeatability of the Microinjection

In the experiment, the reliability and repeatability are two important indicators. The reliability
can be found by the consistency of the total current drop after the injection, whilst the repeatability
can be demonstrated by the similar results of two different cells, as shown in Figure 8. We found
that the current response of SHSY-5Y cells and HEK-293 cells are (−11.9 ± 0.2) nA and
(−11.7 ± 0.4) nA, respectively.

Figure 8. The current response of the cell during the cell cytoplasmic microinjection: (a) the
microinjection process of the SHSY-5Y cell with 10 results; (b) the microinjection process of the HEK-293
cell with 10 results.
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Based on the electrical equivalent model, a conceptual control strategy for the microinjection
was considered, as shown in Figure 9. Firstly, the position of the cell and pipette were obtained via
the visual-based cell and pipette segmentation process, which was developed in our group [30].
Subsequently, the pipette was manipulated to a position on the boundary of the cells, and the
automated in vivo whole patch clamping process was then started, which was also developed in
our group [31].

Figure 9. Control strategy of the microinjection system.

Afterwards, the current response during the microinjection was recorded, and the current value
was compared with a threshold value. The threshold value is a current drop during the injection
(IInjection), which we always found during the cell injection. In our experiments, IInjection was found
to be at around −11 nA. A current response lower than the threshold can indicate a successful
microinjection. In the near future, we will focus on realizing the control strategy in order to build an
automated control system.

5. Conclusions

An electric model for a cytoplasmic microinjection with current feedback was designed especially
for small adherent cells. To elucidate the model for realizing the current feedback, the cytoplasmic
microinjection was performed on the SHSY-5Y cell and the HEK-293 cell. During the microinjection,
the consistent current drop (~12 nA) was found on both cells across the cell membrane with a prompt
response within several milliseconds for the SHSY-5Y cell and the HEK-293 cell, while the voltage
potential of the cell membrane was maintained at −70 mV. The viability of cells after the cytoplasmic
microinjection can be well proven by the sustainable activities of K+ ion channels. In the future, the
intracellular solution could act as a transporter of various drugs or other target materials for the
micro-injection of small adherent cells using this technique.
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Abstract: Robot-assisted cell manipulation is gaining attention for its ability in providing high
throughput and high precision cell manipulation for the biological industry. This paper presents a
visual servo microrobotic system for cell microinjection. We investigated the automatic cell autofocus
method that reduced the complexity of the system. Then, we produced an adaptive visual processing
algorithm to detect the location of the cell and micropipette toward the uneven illumination problem.
Fourteen microinjection experiments were conducted with zebrafish embryos. A 100% success rate
was achieved either in autofocus or embryo detection, which verified the robustness of the proposed
automatic cell manipulation system.

Keywords: cell manipulation; robotics; adaptive imaging processing; autofocusing

1. Introduction

Microinjecting microliters of genetic material into embryos of model animals is a standard method
used for analyzing vertebrate embryonic development and the pathogenic mechanisms of human
disease [1,2]. Cell micromanipulation procedure is currently being conducted manually by trained
personnel. This requires lengthy training and lack of reproducibility. However, this method cannot meet
the demands of the growing development of biological research and the need for testing materials [3].
The integration of robotic technology into biological cell manipulation is an emerging research area that
endeavors to improve efficiency, particularly in precision and high throughput aspects.

Recently, several robotic injection prototypes for cell microinjection were reported [4–9]. Wang et al.
used a position control strategy to inject zebrafish embryos, in which a visual servoing method was
used to detect the target position of the end-effector, and a PID (proportional-integral-derivative)
position control was used for micropipette movement [4]. Position control with force signal feedback
was used by Lu et al. to inject zebrafish embryos, where a piezoresistive microforce sensor was used to
monitor the injection process [5]. A homemade PVDF (Poly vinylidene fluoride) microforce sensor
was proposed in [6] to evaluate the haptic force in a cell injection process. Huang et al. used vision
and force information to determine three-dimensional cell microinjection, and adopted an impedance
control method to control the movement of the injector in the z-direction [7]. Xie et al. employed an
explicit force control method to regulate the cell injection force on zebrafish embryos [8,9]. However,
two problems remained unsolved. First, these studies focused on the motorized injection strategy and
control algorithm, even though vision feedback was adopted in every robotic prototype. Past studies
did not focus on visual feedback in these robotic injection systems. The segmentation of the embryo and
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injection pipette is relatively easy for a fixed image. Since invention of automatic microinjection used for
large-scale batch microinjections, one of the main challenges lies in the quality of the real-time images
that are affected by the environment (i.e., uneven illumination), cell culture medium or individual
cell morphology. Therefore, we focused on adaptive and robust image processing in our visual servo
system design.

Second, in addition to automating the embryo injection process, a smart visual servoing structure
is able to improve the automation level and simplify the whole manipulation system. For instance, a
microscope autofocusing system can bring the samples into focus by using the focus algorithm and
motion control. To date, no studies concentrated on the autofocusing method for a robot-assisted
zebrafish embryo microinjection.

Section 2 of this paper introduces the architecture of the visual servoing cell microinjection
robot system. Section 3 reports on the microscope automatic servoing method used to automate
the cell manipulation process. The suitability of different focus criteria was evaluated and a visual
servoing motion control method is described for a robotic embryo microinjection system. An adaptive
visual processing algorithm developed for real-time cell and micropipette location under different
illumination environments is discussed. Finally, Sections 4 and 5 report the experimental results and
discussion of zebrafish embryos microinjection.

2. The Automatic Microinjection System

2.1. System Configuration

The visual servo cell microinjection system included: (a) a microscope vision processing part; (b)
a micromanipulation part; and (c) an integrated interface software platform for visual servoing. The
block diagram of the system is shown in Figure 1. The photograph of the microinjection system is
shown in Figure 2.

Figure 1. Block diagram of the automatic cell microinjection system.

The visual processing part was responsible for the management of the camera, image acquisition
and processing. It included an inverted microscope (model: AE-31, Motic Inc., Wetzlar, Germany)
and a CMOS (complementary metal-oxide-semiconductor) camera (model: uEye UI-1540M, IDS
Inc., Obersulm, Germany). The microscope had a working distance of 70 mm with a minimum
step of 0.2 mm. A CCD (charge-coupled device) adapter of 0.65ˆ and an objective of 4ˆ (N.A. 0.1)
were selected to observe the zebrafish embryos. The microscope was working under the bright-field
observation mode that provided the necessary optical magnification and illumination levels for proper
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imaging of the injection area. The CMOS camera was mounted on the microscope with a resolution
of 1280 ˆ 1024 pixel, and a 25 fps frame rate was used to acquire the video.

 

Figure 2. The photograph of the automatic microinjection system.

The micromanipulation part managed the motion controlling instructions from the host computer
by handling all processing and signal generation to drive the motion devices using the serial and
parallel ports. A three-degrees-of-freedom (3-DOF) robotic arm with a 0.04 μm positioning resolution
(model: MP-285, Sutter Inc., Novato, CA, USA) was used to conduct the automatic microinjection task.

To determine the visual servoing automatic microinjection, an integrated software platform
was necessary to confirm communications among function modules of the image acquisition, image
processing, automatic focusing and automatic microinjection. Because the microinjection system was
manipulated from a host computer, a graphical user interface (GUI) was also required to enable the
interaction between the user and cell micro-world. More details about the software platform are
introduced in the next subsection.

2.2. Integrated Interface Software Platform for Visual Servoing

The integrated interface software platform for visual servoing control was developed under
the Microsoft Visual C++ (6.0) environment to ensure the compatibility and portability among the
software modulus and hardware. For image acquisition, the camera Software Development Kit (SDK)
used C and a small amount of C++ programming, which is compatible with Microsoft Visual C++.
For the image processing algorithm, the Intel OpenCV image processing library was used, which also
is compatible with Microsoft Visual C++. The 3-DOF manipulator was controlled by a commercial
motion controller and was connected to the host computer by an RS-232 serial port. The Windows
API (Application Programming Interface) was used to send and receive the position information of
the manipulator.

A GUI was designed to provide an interactive way to conduct the robot-assisted microinjection
procedure. Figure 3 shows the designed visual servoing microinjection interactive interface developed
with the MFC (Microsoft Foundation Classes) framework. The functions of the buttons are described
in Table 1.

79



Micromachines 2016, 7, 104

Figure 3. Visual servoing microinjection interactive interface.

Table 1. The button functions of the user interface.

Buttons Functions

Start Live Open the camera, and display live video in the picture box
Stop Live Stop video and display current image in the picture box

Save Image Save an image to the specified location
Cell Autofocus Begin automatic cell autofocusing manipulation

Image Process Begin to search the cell and micropipette by visual processing algorithm and show
results in the picture box and corresponding info blocks

Cell Auto Microinject Begin to automatically move the micropipette and conduct microinjection
Exit Save and exit the program

3. Visual Servoing Algorithm for Automatic Cell Microinjection

3.1. Visual Servoing Algorithm for Automatic Cell Autofocusing

3.1.1. Selection of the Criterion Function

Since the system was used for a large-scale microinjection, speed and reliability were our primary
considerations in the development of the autofocus algorithm because they enhance the efficiency and
level of automation for the entire system. Criterion functions were studied for the autofocusing of
the microscopes and other optical instruments in prior works [10]. Eighteen focus algorithms were
compared in [11,12], where variance based focus algorithms were more sensitive to noise while the
gradient-based focus algorithms had better performance in sub-sample cases. In our cell injection
system, the image for processing is shown in Figure 3. The zebrafish embryo had a symmetric spherical
shape and a clear background, with some dampness from the culture liquid. As such, we narrowed
the candidate criterion functions to the following: the Brenner gradient, the Tenenbaum gradient and
normalized variance algorithms.
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The Brenner gradient [13] measured the differences between a pixel value and its neighbor pixel
with a vertical or horizontal distance of two pixel positions. The horizontal direction is used in
this paper:

f pIq “
ÿ
x

ÿ
y

!
rIpx ` 2, yq ´ Ipx, yqs2

)
, (1)

where Ipx, yq was a gray-level intensity of the pixel at px, yq.
The Tenenbaum gradient (Tenengrad) [14] was a gradient magnitude maximization algorithm

that calculated the sum of the squared values of the horizontal and vertical Sobel operators:

f pIq “
ÿ
x

ÿ
y

!
Sxpx, yq2 ` Sypx, yq2

)
, (2)

where Sxpx, yq and Sypx, yq were the horizontal and vertical Sobel operators.
The normalized variance quantified the differences in the pixel values and the mean pixel value:

f pIq “ 1
μ

ÿ
x,y

p fx,y ´ μq2, (3)

where μ was the mean pixel value of the image defined in Equation (4).

μ “ 1
N

ÿ
x

ÿ
y

Ipx, yq. (4)

With a selected focus function, the corresponding focus curve was obtained for the captured
images along the complete focus interval. Figure 4 shows the normalized focus curves of each image,
of which the step length is 200 μm. Different curves arrived at their global peak at the same z-position.
All three curves correctly represented the focal plane. Some local maxima were observed with the
normalized gradient function. This may prevent the autofocusing algorithm from finding the focal
plane or increasing the computational complexity. When compared to the Tenengrade gradient and
the normalized variance function, the Brenner function exhibited a more narrow peak, which meant
good reproducibility and better searching for the focus plane.
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Figure 4. Focus curves after normalization.
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Another evaluation criterion for the real-time visual processing system is the computational
time of the focus function. A summary of the computational time required to process 23 images is
presented in Table 2. The Brenner gradient function took the least time when compared to the other
two functions.

Table 2. Computational time for three selected focus functions.

Functions
Tenengrade Gradient

Function
Brenner Gradient

Function
Normalized Variance

Function

Computational Times (s) 1.2794 0.69279 1.0831

Therefore, the Brenner function was chosen as the criteria function for the zebrafish embryos
autofocus algorithm.

3.1.2. Implementation of the Automatic Focusing Method

We used an eyepiece with a magnifying power of 10ˆ, the objective of 4ˆ, and a numerical
aperture of 0.1. The following equation was used to calculate the depth of field:

DF “ 10´3

7AM
` λ

2A2 , (5)

where DF was the depth of field, A was the numerical aperture, M was the total magnification, λ was
the light wavelength and the depth of field was DF = 63.2 μm.

 

Figure 5. Control method schematic of the entire automatic focusing process.
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If the automatic step length was larger than the depth of field, then the cells may move out of the
depth of microscope field. Therefore, the step length must be smaller than DF. To increase the speed
of the focusing time, a two-phase automatic focusing method was developed, where a step length
of 200 μm was used for coarse focus and 50 μm was used for fine focus. In the coarse focusing phase,
the immediate sharpness evaluation value was compared with the previous two images to determine
if value was incremental, which would indicate that the manipulator was moving towards the focal
plane. If the sharpness evaluation value was not incremental, then it was compared with the previous
two images to see if it diminished, which would indicate that the image was out-of-focus. If it was
diminished, we began the fine tuning phase, in which the manipulator moved back with a step of
fine tuning, similar to the coarse tuning. The control flow of the whole automatic focusing is depicted
in Figure 5.

With the Brenner focus function, the corresponding sharpness evaluation value was obtained
for the captured images along the complete focus interval. Figure 6a is the coarse focusing curve
with a length of 200 μm after normalization. The curve peaked at step 28, which meant it was close
to the focal plane. Next, we used a fine focus at step 30 that was also marked as step 0 in the fine
focusing stage. The fine focusing curve arrived at a global peak at step 6 that indicated the location of
the focal plane, as shown in Figure 6b. The computational time for the Brenner gradient function to
process the 31 images in coarse focusing was 0.92786 s, while the time for nine images in fine focusing
was 0.23155 s.
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Figure 6. Focusing curves with Brenner gradient function: (a) coarse focusing with a step length
of 200 μm; and (b) fine focusing with a step length of 50 μm.

3.2. Adaptive Image Processing Algorithm for Automatic Cell and Pipette Detection

This section provides real-time location information about the embryo and the injection pipette
for the automatic microinjection system. The tasks include (a) detecting and locating the embryo;
(b) detecting and locating the injection pipette; and (c) automatically moving the injection pipette to the
center of yolk under visual servo. In a real-time automatic cell microinjecting system, one of the primary
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challenges is the quality of the images affected by the environment (i.e., uneven illumination), cell
culture medium or cell morphology. Our algorithm focused on adaptive and robust image processing.

3.2.1. Real Time Adaptive-Threshold Detection for Automatic Cell Detection

The binary operation is a classical threshold segmentation method to separate objects of interest
from the background. A conventional binary operation method uses a constant threshold T throughout
the whole image. Some methods have been proposed to automatically calculate the value, such as
the Mean Technique [15], the P-Tile Method [16], the Iterative Threshold Selection [17] and Otsu’s
method [18]. Figure 7 illustrates the binary operation results using Otsu’s method. The conventional
threshold was efficient for the uniform illumination images but was not ideal when the illumination
was uneven.

 
(a) (b) (c) (d) 

Figure 7. Results of conventional threshold: even illumination (left); uneven illumination (right).
(a) Original image (even illumination); (b) Binary image with Otsu’s method (even illumination);
(c) Original image (uneven illumination); (d) Binary image with Otsu’s method (uneven illumination).

The images were real-time video images in the automatic injection experiments, so the shadows or
the direction of illumination may cause uneven illumination. Non-adaptive methods that analyze the
histogram of the entire image are unsuitable. An adaptive threshold calculating method is proposed to
specify an adaptive threshold for every pixel in an image. We defined the adaptive threshold as:

Tij “ Aij ´ param1, (6)

where A was the weighted average gray value of pixels in the region around a particular pixel. The
block size of the region was represented by parameters of b and param1.

In this algorithm, pixels with gray value Sij larger than their threshold Tij were set to 255, and
all others were set to 0. A circulation for the two parameters was used to adjust the threshold Tij
to segment the cell membrane, yolk and background from uneven illumination images. The flow
diagram of the circulation to optimize the two parameters is shown in Figure 8. After the adaptive
threshold obtained, a regular least squared based ellipse fitting method [19] was used to find the
embryo. The contours of the image are detected and every contour is saved in the form of pixel
coordinates’ vectors of the points. Then, the points in every contour are fitted to the ellipse, which
is computed by minimizing the sum of the squares of the distances of the given points to an ellipse.
Then, the length of the major axis of the fitted ellipse, L, was used to tell if the identified threshold Tij
is suitable.

The adaptive-threshold detection method processed different video images in real-time and had
good adaptability in both images with uniform illumination and uneven illumination, as shown in
Table 3. If the image has more uneven illumination, a bigger block size is required to determine the
ellipse (embryo). A green oval was used to mark the embryonic membrane, and a red dot was used
to mark the embryo center. The results of our experiments showed that the proposed method can
effectively detect edge of the embryo and adaptively locate the embryo center.
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Figure 8. Flow diagram of parameter circulation.

Table 3. Image processing of real-time video images.

Adaptive Threshold Cell Detection an Location Center of Embryo (b, param1) Characteristic

(445, 589) (7, 7) even illumination

(583, 538) (15, 5) uneven illumination

(594, 429) (13, 5)
uneven illumination,
with interference of the
image of glass slice

(549, 556) (19, 5)

uneven illumination,
with interference of the
image of another
embryo
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3.2.2. Detection of Injection Pipette Tip

For a robotic microinjection system, the pipette is fixed on the robot arm. The orientation of
the pipette is consequently fixed. The cell microinjection pipette has rigid-bodies with insignificant
changes in size and shape along with its movement under the camera. However, the injection pipettes
are usually fabricated by a micropipette puller. Even with the same setting parameters as the puller,
the size of the pipette may change in a very small scale (i.e., less than 1 μm). We therefore developed an
optimized cross-correlation template matching algorithm to track the location of the injection pipette.

First, the tip of the injection pipette was selected as a template grk, ls, and its instance containing
the object of interest was detected in a real image f ri, js. We then measured the dissimilarity
between the intensity values of the two pictures e as defined by a Sum-of-Squared-Deviations (SSD)
template matching:

e “
ÿ

ri,jsPR

p f ´ gq2. (7)

In order to reduce computational cost, Equation (7) was simplified as:

ÿ
ri,jsPR

p f ´ gq2 “
ÿ

ri,jsPR

f 2 `
ÿ

ri,jsPR

g2 ´ 2
ÿ

ri,jsPR

f ˆ g. (8)

If f and g are fixed,
ř

f ˆ g measures a mismatch. Therefore, for an m ˆ n template, we used

Mri, js “
mÿ

k“1

nÿ
l“1

grk, ls f ri ` k, j ` ls. (9)

where k and l were the displacements with respect to the templates in the image. For the automatic
cell injection, the value f was acquired from the real-time image, which varied from the illumination
environment change. To solve this problem, match measure M was optimized as:

Mri, js “

mř
k“1

nř
l“1

grk, ls f ri ` k, j ` ls

tř m
k“1

ř n
l“1 f 2ri ` k, j ` lsu1{2

. (10)

We calculated the beginning of the image coordinate [1, 1] to find the value of M1, and then
calculated the value of the next coordinate [1, 2] as M2. We compare these two values, and recorded
the larger value in M1 and recorded the coordinate of the larger value in T1[i, j]. The entire image
was searched to find the largest M value. The corresponding coordinate T[i, j] was the location of
successful matching.

The coordinate [1, 1] in the template maps to the coordinate T[i, j] in the object image using this
template matching algorithm, but the location of the needle tip was still unknown. Therefore, we
developed a special template including the relative location of the needle tip, as shown in Figure 9.
Then, we could calculate the coordinate of needle tip [x, y], where x = i + L, y = j + H. Thus, the precise
position of the tip in a real-time image was located.

The results of the image processing are shown in Figure 10. A red rectangle was drawn to mark
the region of pipette template, and a green dot was used to mark the tip of the injection pipette.
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Figure 9. Template structure.

  
(a) (b) (c)

Figure 10. The results of image processing. (a) Embryo 1; (b) Embryo 2; (c) Embryo 3.

4. Experiments

4.1. Materials

The zebrafish embryos were used in the visual servoing cell microinjection experiments, which
were grown and collected according to the procedures described in [20]. As shown in Figure 11, the
zebrafish embryo was 600–700 μm (without chorion) or 1.15–1.25 mm (with chorion) in diameter,
with the cytoplasm and nucleus at the animal pole sitting upon a large mass of yolk. Various
chemical substances were released during fertilization, which formed an extracellular space called
the perivitelline space (PVS). The injection pipettes were fabricated by a micropipette puller (P2000,
Sutter Inc.). The different diameters of the pipette tip were obtained by setting the parameters of laser
heating time. Here, the pipettes with tip diameters of 20 μm were selected.

Figure 11. Structure of zebrafish embryo.
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4.2. Experiments

Fourteen visual servoed microinjection experiments were conducted to verify the effectiveness of
our developed methods. For each embryo, the injection process was as follows:

1. the petri dish containing the embryos and culture medium was placed under the microscope;
2. the embryo was autofocused by using the autofocusing algorithm;
3. the injection pipette was moved to the focus plane;
4. the adaptive image processing was used to get the location and dimension information of

the embryo;
5. the template matching algorithm was used to obtain the location of the pipette tip;
6. the distance between the center of the cell and pipette tip along the x-axis and y-axis was calculated;
7. the injection pipette was automatically moved into center of the embryo;
8. the sample was deposited into the yolk section of the embryo;
9. the pipette out moved of the embryo.

Figure 12 and Video S1 show the typical visual servoing procedures of the microinjection
experiments toward the zebrafish embryo. Figure 12a is the image of an embryo after autofocus;
Figure 12b shows the successful detection of the embryo and the pipette tip, and Figure 12c is the
image of the embryo after automatic injection.

 
(a) (b) (c) 

Figure 12. Images of automatic microinjection procedure: (a) embryo after autofocus; (b) detection of
the embryo and pipette tip; and (c) embryo after injection.

Table 4 shows the results of the automatic microinjection experiments. Every embryo was
successfully autofocused using the autofocus algorithm. The major and minor axis lengths show
the morphology of the embryo. The second column shows parameters b and param1 for embryo
detection and location. The number of block sizes affects the image processing time since more
circulation is needed. With visual processing, the position information was provided for the robotic
arm. All fourteen embryos were successfully injected.
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5. Conclusions

In conventional cell injection, a manual micromanipulation procedure is conducted, which is
time-consuming for high throughput and lacks reproducibility. Recently, some semi-automated cell
microinjection systems were reported, but they lack robustness and partly rely on human involvement.
In our research experiment, we proposed the reduction of human involvement by developing an
efficient and adaptive image processing algorithm. Fourteen zebrafish embryos were injected in our
experiment, which demonstrated that our system was capable of automatically injecting embryos with
a success embryo recognition rate of 100%, and all of the embryos were successfully injected. However,
one issue worth noting is that the computational time for the algorithm of adaptively detecting and
locating embryos is a bit high. Since the parameters in the adaptive image processing algorithm
can be optimized by setting more suitable initial values and developing a more time-saving looping
mechanism, the manipulation time can be further reduced.

We designed and used a microrobotic cell manipulation system with an adaptive visual servoing
method. We used the Brenner focus algorithm as a criteria function for cell autofocusing manipulation.
We also developed an adaptive threshold tuning algorithm for automatic cell microinjection. The cell
microinjection system had a 100% success rate using our adaptive imaging processing and microrobotic
manipulation control. Future research will develop a knowledge-based automatic cell manipulation
method in a complex environment by using deep learning.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/6/104/s1,
Video S1: Automatic microinjection.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(No. 61403322) and partly from the Natural Science Foundation of Guangdong Province (2014A030310318).

Author Contributions: X.Y. and H.L. designed the system; F.Z., Y.Z. and M.C. performed the experiments; F.Z.
and W.X. designed the algorithms; X.Y. and F.Z. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zon, L.I.; Peterson, R.T. In vivo drug discovery in the zebrafish. Nat. Rev. Drug Discov. 2005, 4, 35–44.
[CrossRef] [PubMed]

2. Lin, C.Y.; Chiang, C.Y.; Tsai, H.J. Zebrafish and medaka: New model organisms for modern biomedical
research. J. Biomed. Sci. 2016, 23, 19. [CrossRef] [PubMed]

3. Kari, G.; Rodeck, U.; Dicker, A.P. Zebrafish: An emerging model system for human disease and drug
discovery. Clin. Pharmacol. Ther. 2007, 82, 70–80. [CrossRef] [PubMed]

4. Wang, W.H.; Liu, X.Y.; Gelinas, D.; Ciruna, B.; Sun, Y. A fully automated robotic system for microinjection of
zebrafish embryos. PLoS ONE 2007, 2, e862. [CrossRef] [PubMed]

5. Lu, Z.; Chen, P.C.Y.; Nam, J.; Ge, R.W.; Lin, W. A micromanipulation system with dynamic force-feedback
for automatic batch microinjection. J. Micromech. Microeng. 2007, 17, 314–321. [CrossRef]

6. Pillarisetti, A.; Anjum, W.; Desai, J.P.; Friedman, G.; Brooks, A.D. Force feedback interface for cell injection.
In Proceedings of the 1st Joint Eurohaptics Conference and Symposium on Haptic Interfaces for Virtual
Environment and Teleoperator Systems—World Haptics Conference, WHC 2005, Pisa, Italy, 18–20 March
2005; pp. 391–400.

7. Huang, H.B.; Sun, D.; Mills, J.K.; Cheng, S.H. Robotic cell injection system with position and force control:
Toward automatic batch biomanipulation. IEEE Trans. Robot. 2009, 25, 727–737. [CrossRef]

8. Xie, Y.; Sun, D.; Liu, C.; Tse, H.Y.; Cheng, S.H. A force control approach to a robot-assisted cell microinjection
system. Int. J. Robot. Res. 2010, 29, 1222–1232. [CrossRef]

9. Xie, Y.; Sun, D.; Tse, H.Y.G.; Liu, C.; Cheng, S.H. Force sensing and manipulation strategy in robot-assisted
microinjection on zebrafish embryos. IEEE/ASME Trans. Mechatron. 2011, 16, 1002–1010. [CrossRef]

10. Groen, F.C.A.; Young, I.T.; Ligthart, G. A comparison of different focus functions for use in autofocus
algorithms. Cytometry 1985, 6, 81–91. [CrossRef] [PubMed]

90



Micromachines 2016, 7, 104

11. Sun, Y.; Duthaler, S.; Nelson, B.J. Autofocusing in computer microscopy: Selecting the optimal focus
algorithm. Microsc. Res. Tech. 2004, 65, 139–149. [CrossRef] [PubMed]

12. Liu, X.Y.; Wang, W.H.; Sun, Y. Autofocusing for automated microscopic evaluation of blood smear and pap
smear. In Proceedings of the 2006 28th Annual International Conference of the IEEE on Engineering in
Medicine and Biology Society, New York, NY, USA, 30 August–3 September 2006; pp. 3010–3013.

13. Brenner, J.F.; Dew, B.S.; Horton, J.B.; King, T.; Neurath, P.W.; Selles, W.D. An automated microscope for
cytologic research a preliminary evaluation. J. Histochem. Cytochem. 1976, 24, 100–111. [CrossRef] [PubMed]

14. Krotkov, E. Focusing. Int. J. Comput. Vision 1988, 1, 223–237. [CrossRef]
15. Al-Amri, S.S.; Kalyankar, N.V.; Khamitkar, S.D. Image segmentation by using threshold techniques.

2010. arXiv:1005.4020.
16. Doyle, W. Operations useful for similarity-invariant pattern recognition. J. ACM 1962, 9, 259–267. [CrossRef]
17. Jain, R.; Kasturi, R.; Schunck, B.G. Machine Vision; McGraw-Hill, Inc.: New York, NY, USA, 1995; pp. 219–6131.
18. Otsu, N. A threshold selection method from gray-level histograms. Automatica 1975, 11, 23–27.
19. Fitzgibbon, A.; Pilu, M.; Fisher, R.B. Direct least square fitting of ellipses. IEEE Trans. Pattern Anal.

Mach. Intell. 1999, 21, 476–480. [CrossRef]
20. Westerfield, M. A guide for the laboratory use of zebrafish (danio rerio). In The Zebrafish Book, 4th ed.;

University of Oregon Press: Eugene, OR, USA, 2000.

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

91



micromachines

Letter

Fabrication of a Cell Fixation Device for Robotic
Cell Microinjection

Yu Xie *, Yunlei Zhou, Wenming Xi, Feng Zeng and Songyue Chen

School of Aerospace Engineering, Xiamen University, Xiamen 361005, China;
19920141152932@stu.xmu.edu.cn (Y.Z.); wmxi@xmu.edu.cn (W.X.);
19920141152946@stu.xmu.edu.cn (F.Z.); s.chen@xmu.edu.cn (S.C.)
* Correspondence: xieyu@xmu.edu.cn; Tel.: +86-151-6006-1679

Academic Editors: Aaron T. Ohta and Wenqi Hu
Received: 21 June 2016; Accepted: 29 July 2016; Published: 4 August 2016

Abstract: Automation of cell microinjection greatly reduces operational difficulty, but cell fixation
remains a challenge. Here, we describe an innovative device that solves the fixation problem without
single-cell operation. The microarray cylinder is designed with a polydimethylsiloxane (PDMS)
material surface to control the contact force between cells and the material. Data show that when the
injection velocity exceeds 1.5 mm/s, microinjection success rate is over 80%. The maximum value
of the adhesion force between the PDMS plate and the cell is 0.0138 N, and the need can be met in
practical use of the robotic microinjection.

Keywords: PDMS; microinjection; robotic; contact force

1. Introduction

Microinjection allows the administration of a foreign target gene directly into the nucleus of a
fertilized egg using a glass needle under a microscope to integrate the foreign gene into the recipient
cell genome. This is a common biological procedure, used in in vitro fertilization and transgenic
technology [1]. Historically, the traditional technique involved transferring cells with a microsuction
tube under a microscope and microinjecting with a needle smaller than 10 μm in diameter [2]. However,
this required specific skills and time and effort. Recently, Sun and Dong’s groups reported successful
automation of this technique [3–6]. Specifically, a motor drives the needle to completely inject the cell,
and the cell injection force or microscope vision serves as feedback. Robot-assisted microinjection
is an emerging area of research that is capable of improving efficiency, particularly in precision and
high-throughput aspects.

Current research into automated cell microinjection has been significant, but challenges remain
such as cell fixation during injection. Liu et al. made six symmetrical cylinders to fix the cell, and cell
force is calculated according to the displacement of the column during the injection process [7]. Lu et al.
adopted a gel cell holder with parallel V-grooves and a machine vision algorithm to identify the
number of embryos in a batch and then locate the centerline of each embryo [8]. Xie et al. fabricated
continuous and transparent V-shape cell structures on piezoelectric sensors, which can be used for
cell injection as well as the detection of injection force in the force control system [9]. Liu et al. used
microfluid technology to make some cell holding cavities to patch the cells by the differential pressure
between the layer above and below. It is a fabulous solution, but the whole system appears to be quite
complicated [10]. In Huang et al., suspended cells were fixed by a specially-designed cell holding
device that enabled automatic injection of a batch of suspended cells. To facilitate the pick-and-place
process of embryos, holes were embedded in circular profile grooves centered around the geometric
center of the holder [11]. In sum, the overall fixing methods are based on negative pressure or the
fixation structure. However, most of the methods have a common disadvantage—they all need to
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move the cell to a fixed position. However, it is quite difficult to transfer a single cell into a tiny cell
device by manual operation.

To solve the problem, this paper introduced a device based on the adhesive effect of the cell and
material surface to make cells fixed without a single cell transfer. Polydimethylsiloxane PDMS has been
widely used in the biomedical field as a transparent and nontoxic material [12,13]. Recent research has
shown that the contact force between PDMS and an object can be modified by improving the chemical
property and surface pattern [14–16]. Wang et al. illustrated the relativity of the friction between the
PDMS surface array and a PDMS sphere [17]. This result inspiringly offers us new thought into solving
the fixation problem of automatic microinjection. Thus, we fixed a single zebrafish embryo cell using
an array. We fashioned microcylinders (1700 ˆ 1700) on a PDMS surface (3.5 cm ˆ 3.5 cm). Cylinders
were 10 μm apart. By modifying surface topography, the adhesion force between cells and materials
was controlled, and during microinjection, liquid drops containing embryonic cells are placed on the
PDMS material using a microsuction tube. In comparison with the traditional fixing methods, a single
cell transfer operation is not required, and thus the procedure is simplified to a large extent, which
benefits the operator significantly.

2. Experimental Methods

2.1. Surface Texturing

To make the PDMS surface array cylinder, craters (1700 ˆ 1700) are created as a mold on the
surface of a silicon wafer. After spin-coating photoresistance onto the wafer and setting the pattern,
a wafer mold is etched using an Inductively Coupled Plasma (ICP) deep etching system (AMS200,
Alcatel, Annecy, France). The corrosion gas is SF6 (LinDe Gas, Xiamen, China), the protective gas is
C4H8 (LinDe Gas). Two kinds of gases act on the silicon wafer, and the etching and passivation are
carried out. The etching depth is 5 μm.

PDMS was prepared using a Sylgard 184 (Dow Corning Corp., Midland, MI, USA), and a curing
agent was made in a ratio of 12:1 w/w. The mixture was placed in a desiccator and degassed for 20 min
and then poured into a Petri dish and degassed in a vacuum heating furnace at 70 ˝C for 12 h. A scalpel
was used to evenly cut around the pattern, and the PDMS was removed from the silicon mold. Figure 1
depicts the optical microscope image of PDMS.

 

Figure 1. Top-view microscope image of polydimethylsiloxane (PDMS).

2.2. Experimental Setup

We tested the fixed performance of the PDMS. Zebrafish embryo cells have different features that
are elastic and require different puncture forces for each developmental stage. So, the 32-cell-stage
was selected for the microinjection. PDMS was placed in a culture dish submerged in deionized water
5 mm below the water surface. This was to exclude the interference of fluid and surface tension.
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A zebrafish embryonic cell mixture was pulled into a microsuction tube and then dripped on the
PDMS. After the cell fell on the PDMS surface, the culture dish was then moved to the microscope
(AE31, Motic, Xiamen, China) platform to microinject the targeted embryos. To detect the force of
the injection, a force sensor (Nano17, ATI, Apex, NC, USA) was applied between it and the motor.
A three-degrees-of-freedom (3-DOF) robotic arm with a 0.04 μm positioning resolution (model: MP-285,
Sutter Inc., Novato, CA, USA) drives the injection needle to puncture the cell, and cell injection success
or failure was recorded. The experimental injection system appears in Figure 2. The whole procedure
is shown in Figure 3; the cell was dripped onto the PDMS surface for the microinjection and transferred
away by a suction tube.

Figure 2. Experimental set-up for zebrafish embryo injection.

 
Figure 3. The whole procedure process.

The micropipettes are made from a glass tube with an outer diameter of 1.0 mm and an inner
diameter of 0.5 mm (TW100F-4, World Precision Instruments, Sarasota, FL, USA), heated and pulled
with the use of a micropipette puller (PC-10, Narishige, New York, NY, USA). The micropipette with
a tip diameter of 25 μm after grinding is connected to an automatic pressure microinjector (IM-300,
Narishige) via a pressure tube.

In the experiment, the cell was injected from the horizontal direction and tested the fixation
effect. The angle was chosen because the cell was most prone to move in this condition. Taking the
acceleration process into consideration, the injection needle was set 1 mm away from the cell, and the
total travel distance during the injection was 1.7 mm.

3. Results

Different injection velocities were tested 20 times. Video S1 shows the robot-assisted microinjection
experiment with the zebrafish embryo at 1.5 mm/s. From Figure 4, we can find that the success rate
of puncture obviously rises as the injection speed increases. This was the result of the increasing

94



Micromachines 2016, 7, 131

acceleration between the embryo and the needle, as well as the interaction force. Injection success
was low when the velocity was less than 1 mm/s, and reached 80% at 1.5 mm/s, which meets the
application standard of microinjection. A velocity faster than 1.5 mm/s is feasible, so this method has
broad application for automated microinjection processes.

Figure 4. Puncture success rate at different velocities.

A puncture force analysis has been conducted when the velocity is 1.5 mm/s, both in successful
and failed cases. Figure 5 shows the case of the contact force between the injection needle and the
embryo with a 1.5 mm/s velocity in a failed puncture. The contact force fluctuated when the embryo
was exposed to the injection needle and its first movement. This was mainly caused by vibrations of
contact and rigid motions. As the injection needle entered the embryo, the embryo membrane was
pulled into the embryo, and the contact force between the embryo and the injection needle gradually
increased at the same time. When the contact force between the embryo and needle exceeded the
contact force between the embryo and the PDMS, the embryo and needle moved together. In this case,
the contact force between the embryo and the injection needle was unchanged and both moved
together at the same speed.

Figure 5. Contact force of failed injection.

Figure 6 shows the classical case of the contact force between the injection needle and the embryo
with a 1.5 mm/s velocity in a successful puncture. The contact force gradually increased as the injection
needle moved before punctuation and then diminished to indicate successful puncture.
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Figure 6. Contact force of successful injection.

From Figures 5 and 6, the key to a successful puncture lies in the embryo puncture force at a
certain velocity. In Figure 4, the injection failed, whereas the injection force reached as large as 0.014 N
at 1.5 mm/s. However, the embryo was successfully punctured even when the force was 0.009 N at the
same velocity. It is normal for a specific zebrafish embryonic embryo to require a large puncture force
to penetrate. It is obvious that the adhesion force between the modified PDMS and embryo is limited,
and microinjection fails when the injection force exceeds the maximum value of the adhesion force.
From the failed group, we calculate 0.0138 N as the maximum value. The diameter of the injection
needle also counts in a successful puncture. Less force is needed in the same embryo when the injection
needle is thinner. The diameter in usual biomedical experiments is 20 μm, and a size of 25μm is used
in this paper; so, the basic standard can be met in practical use. In terms of puncture force, the device
we fabricated was again proven to be feasible in robotic microinjection.

4. Conclusions

We fabricated an array cylinder on the light transmitting PDMS material to regulate the
force between the material and fixed embryos during automatic zebrafish embryo microinjection.
The success rate was 80% when the injection velocity was 1.5 mm/s. The maximum value between
the PDMS surface and the cell is 0.0138 N, which meets the requirements in the practical use of
robotic microinjection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/7/8/131/s1,
Video S1: Successful injection at 1.5 mm/s.
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Abstract: The lysis of cells in order to extract the nucleic acids or proteins inside it is a crucial unit
operation in biomolecular analysis. This paper presents a critical evaluation of the various methods
that are available both in the macro and micro scale for cell lysis. Various types of cells, the structure
of their membranes are discussed initially. Then, various methods that are currently used to lyse cells
in the macroscale are discussed and compared. Subsequently, popular methods for micro scale cell
lysis and different microfluidic devices used are detailed with their advantages and disadvantages.
Finally, a comparison of different techniques used in microfluidics platform has been presented which
will be helpful to select method for a particular application.
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1. Introduction

Cell lysis or cellular disruption is a method in which the outer boundary or cell membrane is
broken down or destroyed in order to release inter-cellular materials such as DNA, RNA, protein or
organelles from a cell. Cell lysis is an important unit operation for molecular diagnostics of pathogens,
immunoassays for point of care diagnostics, down streaming processes such as protein purification for
studying protein function and structure, cancer diagnostics, drug screening, mRNA transcriptome
determination and analysis of the composition of specific proteins, lipids, and nucleic acids individually
or as complexes.

Based on the application, cell lysis can be classified as complete or partial. Partial cell lysis
is performed in techniques such as patch clamping, which is used for drug testing and studying
intracellular ionic currents [1]. In this technique, a glass micropipette is inserted into the cell, rupturing
the cell membrane partially. Complete cell lysis is the full disintegration of cell membrane for analyzing
DNA, RNA and subcellular components [2].

Different methods have been developed in order to lyse the cell. The nature of lysis method
chosen is influenced by the ease of purification steps, the target molecules for analysis, and quality of
final products [3]. Laboratory and industrial scale cell lysis methods have been developed and used for
many years now. There are a few companies that have also developed equipment (e.g., sonicators and
homogenizers) and chemicals (reagents, enzymes and detergents) to lyse cells, which are commercially
available. The global market for cell lysis is estimated at 2.35 billion dollars in 2016 and is expected to
reach 3.84 billion dollars by 2021 [4].

In past 25 years, conventional laboratory-based, manually-operated bioanalytical processes have
been miniaturized and automated by exploiting the advances in microfabrication in the microelectronic
industry [5] leading to emergence of a new field known as Microfluidics. Microfluidic technology
involves the handling and manipulation of tiny volumes of fluids (nanoliter to picoliter) in the
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micrometer scale and offers various advantages which include low reagent volume, high surface to
volume ratio, low cost and easy handling of small volumes of fluids which are suited for cell analysis.
Microfluidic devices have shown great promise in cell lysis and in general cell analysis due to the
similar operating size scale [6]. Various researchers have developed microfluidic devices to lyse cells [7].
Researchers have also developed single cell lysis techniques for single cell analysis [8]. This paper
reviews several methods of cell lysis techniques that have been used in both macro and micro scale.
Finally, a competitive analysis has been performed, which might be helpful to select a process to lyse
cell depending on the application and motivation of lysis.

2. Overview of Cell Lysis

Cells are the fundamental unit of all living organisms. Similar to the human body, cells also have
a set of organs known as organelles, which are responsible for the cell’s ability to perform various
kinds of functions. Additionally, the genetic information for the development and functioning of any
organism is encoded in DNA or RNA sequences that are located inside the cell. The cell has an outer
boundary called cell membrane, which encloses all the contents. The cell membrane serves as a barrier
and regulates the transport of material between the inside and outside of the cell. The cell membrane
must be disrupted or destroyed in order to access the DNA from inside the cell for molecular diagnosis,
such as to identify pathogens [9]. A schematic representation of the cell lysis procedure is shown in
Figure 1 where a detergent is used to disrupt the membrane chemically. Detergents react with cell
membrane forming pores on the surface of membrane resulting in release of intracellular components
such as DNA, RNA, proteins, etc.

 
Figure 1. Cell lysis using detergent to open the cell membrane and release the intracellular components.
Reproduced with permission from Genomics education program.

2.1. Classification of Cell Types

Cells are of two types: eukaryotic (such as mammalian cells) and prokaryotic (such as bacteria).
The main difference between these two types is in their structure and organization.

Figure 2 illustrates the difference between mammalian cells and bacteria. Mammalian cells have a
boundary called cytoplasmic membrane that encloses the contents of the cell. In the case of bacteria,
there are multiple layers enclosing the cell content and the innermost and outermost of them are called
the plasma membrane and cell wall, respectively. Depending on the type of bacteria, the number of
these layers varies. In the case of gram-positive bacteria, the plasma membrane is surrounded by
another membrane known as cell wall or the peptidoglycan layer, whereas gram-negative bacteria,
such as E. coli, consist of a cytoplasmic membrane, cell wall and an outer membrane. The composition
of these cell layers such as structure and properties, have been extensively reviewed [10–12].
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(a) (b) 

Figure 2. Anatomy of: (a) mammalian cell; and (b) bacteria.

2.1.1. Cytoplasmic Membrane

Cytoplasmic membrane also known as plasma membrane is a thin structure which acts as a
barrier between internal and external environment of cell. This layer is typically 4-nm thick [13,14].
The plasma membrane is mainly made of a phospholipid bilayer that contains highly hydrophobic
(fatty acid) and hydrophilic (glycerol) moieties. Figure 3 shows the hydrophobic and hydrophilic
configurations of a cell membrane. When these phospholipids aggregate in an aqueous environment,
they try to form a bilayer structure where hydrophobic components point to each other and hydrophilic
glycerol remain exposed to the outside environment. Proteins are integrated on the surface of the lipid
bilayer. Due to the hydrophobic nature of cytoplasmic membrane, it forms a tight barrier; however,
some small hydrophobic molecules can pass through this barrier by diffusion.

 

Figure 3. Structure of cell membrane showing the arrangement of hydrophobic (non-polar) and
hydrophilic (polar) regions of phospholipid bilayer.

Eukaryotic cells have rigid and planar molecules called sterols (Figure 4a) in their membrane.
The association of sterols increases the stability of cells and makes them inflexible. On the other hand,
sterols are not present in prokaryotic cell. However, hopanoids (Figure 4b), molecules similar to sterols,
are present in membrane of various bacterial cells. Similar to sterols, hopanoids increase the stability
and rigidity of bacterial membrane.

 
(a) (b) 

Figure 4. Structure of: (a) Sterols; and (b) Hopanoids.
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2.1.2. Cell Wall

Osmotic pressure is developed inside the cell due to the concentration difference of solutes across
the membrane. For E. coli, this pressure is estimated around 2 atm [15]. To withstand these pressures,
bacteria contains a cell wall or peptidoglycan layer, which also contributes to the shape and rigidity of
the cell. This layer consists of two sugar derivatives named N-acetylglucosamine and N-acetylmuramic
acid as well as a small group of amino acids consisting of L-alanine, D-alanine and D-glutamic acid.

The basic structure of this peptidoglycan layer is a thin sheet where the aforementioned sugar
derivatives are connected to each other by glycosidic bond forming a glycan chain. These chains are
cross-linked by amino acid and the whole structure gives the cell rigidity in all directions. The strength
of this structure depends on the frequency of chains and their cross linking.

In gram-positive bacteria, peptidoglycan layer makes up 50%–80% of the cell envelope and 10% of
this layer is associated with teichoic acid which provides a greater structural resistance to breakage [16].
In contrast, 10%–20% of the cell envelope of gram-negative bacteria is composed of a 1.2 to 2.0 nm
thick peptidoglycan layer [16].

2.1.3. Outer Membrane

In addition to the peptidoglycan layer, there is another layer in the gram-negative bacteria known
as the outer membrane. This layer is made of lipopolysaccharide which contains polysaccharides,
lipids and proteins. It isolates the peptidoglycan layer from the outer environment and increases the
structural firmness of the bacteria. The outer membrane is not permeable to enzymes.

While the focus of the paper is the disruption of the cell boundary, this brief discussion regarding
types of cells and their bounding structures is critical in selecting the appropriate methods and
materials for lysis. In the next section, the different cell lysis techniques are explained.

3. Classification of Cell Lysis Methods

A number of methods, as depicted in Figure 5, have been established to lyse cells in the macro
and micro scale and these methods can be categorized mainly as mechanical and non-mechanical
techniques.

Figure 5. Classification of cell lysis methods.
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3.1. Mechanical Lysis

In mechanical lysis, cell membrane is physically broken down by using shear force. This method
is the most popular and is available commercially because of a combination of high throughput and
higher lysing efficiency. Different types of mechanical lysis techniques are discussed below.

3.1.1. High Pressure Homogenizer

High Pressure Homogenizer (HPH) is one of the most widely used equipment for large scale
microbial disruption. In this method, cells in media are forced through an orifice valve using high
pressure. Disruption of the membrane occurs due to high shear force at the orifice when the cell is
subjected to compression while entering the orifice and expansion upon discharge. Figure 6 shows an
example of a commercially available HPH system. In this system, two storage tanks are employed
which alternate the feed and allow for multiple passes of the homogenate. A positive displacement
pump is used to draw the cell suspension. Depending on the types of the cells, 15–150 MPa is
required [3,17].

 
Figure 6. Example of a high pressure homogenizer system. Reproduced with permission from [18].

Sauer et al. [19] proposed a model to relate the amount of protein released by homogenizer to the
applied pressure for E. coli.

ln
(

Rm

Rm − R

)
= KNPa (1)

where R is protein released, Rm is the maximum protein available for release, P is pressure in MPa,
N is the number of passes, K is the rate constant and a is the pressure exponent.

Since the release of protein is independent of biomass concentration, higher concentration of cell
can be disrupted at the same time. However, generation of heat is a problem in this method. Cooling
systems can be used to minimize the heat generated. Augenstein et al. [20] reported the degradation
of some enzymes during homogenization due to the high pressure. A combination of lysis methods,
for example chemical treatment along with homogenization, has shown better results [18].
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3.1.2. Bead Mill

Bead mill, also known as bead beating method, is a widely used laboratory scale mechanical cell
lysis method. The cells are disrupted by agitating tiny beads made of glass, steel or ceramic which are
mixed along with the cell suspension at high speeds. The beads collide with the cells breaking open the
cell membrane and releasing the intracellular components by shear force. This process is influenced
by many parameters such as bead diameter and density, cell concentration and speed of agitator.
Smaller beads with a range of 0.25–0.5 mm are more effective and recommended for lysis [3,21].
Using this technique, several kinds of cells can be lysed for example yeast and bacteria [22,23]. Cell
membrane can become totally disintegrated by this method confirming that the intracellular molecules
are released. Thus, the efficiency of this method of lysing cells is very high. However, complete
disintegration produces small cell debris and thereby separation and purification of sample becomes
harder. In addition, heat generation occurs in this process due to the collision between beads and cells.
This elevated heat may degrade proteins and RNA.

Ho et al. [24] have compared different cell lysis methods for extracting recombinant hepatitis B
core antigen from E. coli. They concluded that continuous recycling bead milling method is the most
effective method in terms of cost and time. They also report that the most effective method for cell
disruption was HPH. Table 1 lists the various commercially available mechanical cell lysis instruments
on the market.

Table 1. List of commercially available mechanical cell lysis instruments.

Technique Trade Names Website

High pressure homogenizer

DeBEE series www.beei.com
Microfluidizer www.microfluidicscorp.com
Homogenizers www.gea.com

French press G-M www.glenmills.com

Bead mill

Bead ruptor www.omni-inc.com
DYNO MILL www.glenmills.com
TissueLyser II www.qiagen.com

Beadmill www.beadsmill.com
Mixer mill www.retsch.com

Mini bead beater www.biospec.com

Goldberg [25] reviewed the different mechanical cell lysis methods available at both laboratory
and industrial scale. Some other mechanical techniques such as rotor/stator shear homogenizer, solid
pressure shear, impingement jet and colloid mills are also very efficient in rupturing various kinds
of cells [3]. In conclusion, mechanical method is a very efficient method to lyse a wide range of cells.
However, problems such as heating of sample volume, degradation of cellular products, cell debris
and higher cost limit the use of this method.

3.2. Non-Mechanical Lysis

Non-mechanical lysis can be categorized into three main groups, namely physical, chemical and
biological, where each group is further classified based on the specific techniques and methods used
for lysis. A detailed description of each type is presented below.

3.2.1. Physical Disruption

Physical disruption is a non-contact method which utilize external force to rupture the cell
membrane. The different forces include heat, pressure and sound energy. They can be classified as
thermal lysis, cavitation and osmotic shock.
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Thermal Lysis

Cell lysis can be conducted by repeated freezing and thawing cycles. This causes formation
of ice on the cell membrane which helps in breaking down the cell membrane. This method is
time consuming and cannot be used for extracting cellular components sensitive to temperature.
Johnson et al. [26] have shown that by using the freeze/thaw cycles they were able to separate highly
expressed recombinant proteins from E. coli. They submerged the sample solution in dry ice/ethanol
bath for 2 min and then thawed in ice/water bath for 8 min. This cycle was repeated three times in
total. They compared different cell lysis methods (French press, sonication and enzymatic lysis) and
found the freezing/thawing method to be most efficient for extracting these highly expressed proteins.
Elevated temperature has also been shown to be capable of cell lysis. High temperature damages the
membrane by denaturizing the membrane proteins and results in the release of intracellular organelles.
A significant amount of protein can be released from E. coli over the temperature range of 90 ◦C [2,27].
However, heating for a long period may damage the DNA. This method is expensive [28] and so it is
not widely used for macroscale industrial applications. In addition, damage of target materials such as
protein and enzymes due to higher temperature restricts the use of thermal lysis method. Zhu et al. [29]
have described a procedure by modifying the thermal lysis method to extract plasmid DNA from
E. coli in large quantities (100 mg) in about 2 h. In their method, the E. coli are pretreated with lysozyme
prior to passing through a heat exchange coil set at 70 ◦C to lyse the cells. They used peristaltic
pump and two heating coils at constant temperature and avoided the use of centrifugation step which
enabled them to develop a continuous and controllable flow through protocol for lysing the cells at
high throughput and obtaining large quantities of plasmid DNA. Thermal lysis is an attractive method
at the micro scale used in many microfluidic devices. The high surface to volume ratio in microfluidic
devices helps in cell lysis by quickly dissipating the heat and rupturing the cell membranes effectively.
These techniques are covered later in Section 5.

Cavitation

Cavitation is a technique which is used for the formation and subsequent rupture of cavities or
bubbles. These cavities can be formed by reducing the local pressure which can be done by increasing
the velocity, ultrasonic vibration, etc. Subsequently, reduction of pressure causes the collapse of the
cavity or bubble. This pressure fluctuation is of the order of 1000 MPa [3].

During the collapse of a bubble, a large amount of mechanical energy is released in the form of
a shockwave that propagates through the media. Since this shock wave has high energy, it has been
used to disintegrate the cell membrane. Ultrasonic and hydrodynamic methods have been used for
generating cavitation used to disrupt cells.

Ultrasonic Cavitation is a widely known laboratory based technique for disruption of the cells.
Ultrasonic vibration (15–20 kHz) can be used to generate a sonic pressure wave [5]. It has been
shown that disruption is independent of biomass concentration and proportional to power input. This
technique also produces very small cell debris which might be a problem for subsequent processes.
In addition, large amount of heat is generated which needs to be dissipated. Enzymes that come out
from cell after Ultrasonic Cavitation have also been reported to be degraded [30].

To overcome the problems associated with ultrasonic cavitation, such as high power requirement
and high energy to dissipate heat problem, hydrodynamic cavitation has been used to disrupt the cell
membrane [31]. Hydrodynamic cavitation is produced by pumping the cell suspension through a
constricted channel which results in an increase in velocity. Lee et al. [32] have demonstrated the use
of hydrodynamic cavitation as an efficient method to disrupt the cell membrane of cells to extract the
lipids. They report that the energy required for lipid extraction from cells using the hydrodynamic
cavitation technique was 3 MJ/kg which is 10 times more efficient compared to sonication in terms
of energy consumption. In another study by Capocellia et al. [33] the acoustic and hydrodynamic
cavitation methods were compared for microbial cell disruption. Their simulation results show that
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the hydrodynamic cavitation is an order of magnitude more efficient than acoustic cavitation method
for cell disruption.

Osmotic Shock

When the concentration of salt surrounding a cell is suddenly changed such that there is a
concentration difference between the inside and outside of the cell, the cell membrane becomes
permeable to water due to osmosis. If the concentration of salt is lower in the surrounding solution,
water enters the cell and the cell swells up and subsequently bursts. This technique is suitable
for mammalian cell due to the fragile structure of membrane; however, periplasmic proteins may
be released in the case of gram-negative bacteria [34]. Chen et al. [35] compared osmotic shock
method and sonication for recovery of recombinant creatinase from E. coli. They found osmotic
shock method resulted in a 60% creatinase recovery and 3.9 fold purification compared to sonication.
They also observed that when the cells were pretreated with divalent cation (Ca2+ or Mg2+) the
efficiency of osmotic shock method could be improved to 75% and 4.5 fold purification. Another
study by Byreddy et al. [36] showed that osmotic shock method resulted in the highest yield of lipids
from Thraustochytrid strains when compared to grinding with liquid nitrogen, bead vortexing and
sonication methods.

3.2.2. Chemical Cell Disruption

Chemical lysis methods use lysis buffers to disrupt the cell membrane. Lysis buffers break the
cell membrane by changing the pH. Detergents can also be added to cell lysis buffers to solubilize the
membrane proteins and to rupture the cell membrane to release its contents. Chemical lysis can be
classified as alkaline lysis and detergent lysis.

Alkaline Lysis

In alkaline lysis, OH− ions are the main component used for lysing cell membrane [37]. The lysis
buffer consists of sodium hydroxide and sodium dodecyl sulphate (SDS). The OH− ion reacts with
the cell membrane and breaks the fatty acid-glycerol ester bonds and subsequently makes the cell
membrane permeable and the SDS solubilizes the proteins and the membrane. The pH range of
11.5–12.5 is preferable for cell lysis [3,38]. Although this method is suitable for all kinds of cells, this
process is very slow and takes about 6 to 12 h. This method is mostly used for isolating plasmid DNA
from bacteria [39,40].

Detergent Lysis

Detergents also called surfactants have an ability to disrupt the hydrophobic-hydrophilic
interactions. Since the cell membrane is a bi-lipid layer made of both hydrophobic and hydrophilic
molecules, detergents can be used to disintegrate them. Detergents are capable of disrupting the
lipid–lipid, lipid–protein and protein-protein interactions. Based on their charge carrying capacity,
they can be divided into cationic, anionic and non-ionic detergents. Detergents are most widely
used for lysing mammalian cells. For lysing bacterial cells, first the cell wall has to be broken down
in order to access the cell membrane. Detergents are often used along with lysozymes for lysing
bacteria (e.g., yeast). Table 2 lists all the detergents according to their charge and properties. Out of the
three types of detergents, non-ionic detergents are mostly preferred as they cause the least amount
of damage to proteins and enzymes. 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) and 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO),
a zwitterionic detergent, is one of the most popular non-ionic detergents. Other non-ionic detergents
include Triton-X and Tween series. Ionic detergent such as SDS is widely used for lysing cells because
of its high affinity to bind to proteins and denature them quickly. It is used in gel electrophoresis
and western blotting techniques. The hydrophilic part of an anionic detergent is mostly a sulphate
or carboxylic group whereas for cationic detergent it is ammonium group. Apart from ionic and
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non-ionic detergents, chaotropic agents can also be used for cell lysis. These include urea, guanidine
and Ethylenediaminetetraacetic acid (EDTA) which can break the structure of water and make it less
hydrophilic and there by weakening the hydrophobic interactions. An additional purification step has
to be in cooperated into the cell lysis protocol when using detergents [41].

Table 2. List of some detergents and their properties. A comprehensive list of detergents can be found
here [42].

Detergent Charge Properties

Sodium dodecyl sulphate (SDS) Anionic Strong lysis agent. Good for most cells. Not suitable for
sensitive protein extraction.

Triton X (100, 114) Non-ionic Mild lysis agent. Good for protein analysis.

NP-40 Non-ionic Mild lysis agent. Good for isolating cytoplasmic proteins
but not nuclear proteins.

Tween (20, 80) Non-ionic Mild lysis agent. Good for cell lysis and protein isolation.

Cetyltrimethylammonium bromide (CTAB) Cationic Generally used for isolating plant DNA.

CHAPS, CHAPSO Zwitterionic Mild lysis agent. Good for protein isolation.

3.2.3. Enzymatic Cell Lysis

Enzymatic lysis is a biological cell lysis method in which enzymes such as lysozyme, lysostaphin,
zymolase, cellulose, protease or glycanase are used. Most of these enzymes are available commercially
and can be used for large scale lysis. One advantage of enzymatic lysis is its specificity. For example,
lysozymes are used for bacterial cell lysis whereas chitinase can be used for yeast cell lysis and
pectinases are used for plant cell lysis. Lysozyme reacts with peptidoglycan layer and breaks
the glycosidic bond. For that reason, gram-positive bacteria can be directly exposed to lysozyme,
however, outer membrane of the gram-negative bacteria needs to be removed before exposing the
peptidoglycan layer to the enzyme. Lysozyme treatment is generally conducted at pH 6–7 and at
35 ◦C [3]. For gram-negative bacteria, lysozyme is used in combination with detergents to break the
cell wall and membrane. Another example is proteinase K which is used for isolating genomic DNA.
Andrews et al. [43] and Salazar et al. [44] have reviewed about enzymatic lysis of microbial cells.

3.3. Combination of Mechanical and Non-Mechanical Methods

From the aforementioned discussion, it can be concluded that chemical methods make the
membrane permeable which is good for selective product release from cells such as protein or enzymes,
however complete cell disruption may not be achieved which may be required for release of other
products such as nucleic acid or cell debris. In order to overcome this problem, combinations of
non-mechanical and mechanical methods have been employed to increase the efficiency of lysis [3,31].
Anand et al. [45] have studied the effect of combination of mechanical and chemical cell lysis methods
on the extent of recovery of intracellular products. They used EDTA as a pretreatment method
combined with high pressure homogenizer. The pretreatment lowered the pressure from 34.5 to
13.8 MPa in high pressure homogenizer for recovery of proteins from E. coli. cells. They also
conclude that pretreatment with guanidium hydrochloride and Triton X-100 resulted in an increase in
intracellular release with decrease in usage of energy.

3.4. Overview and Comparison of Different Cell Lysis Methods

A comparison between different types of cell lysis techniques (mechanical and non-mechanical) is
summarized in Table 3. It also provides an overview of the major commercial as well as laboratory
based lysis techniques with advantages and disadvantages associated with each method.
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Table 3. Overview and comparison of cell lysis techniques.

Methods Equipment and Technique Used Advantages Disadvantages

Mechanical
- High pressure homogenizer
- Bead mills

- High efficiency
- Is not cell dependent

- Heat generated could damage
intracellular products

- Expensive method
- Difficult to purify the

lysed sample

Non-mechanical

Physical

Thermal lysis
- Independent of the cell type
- Easy to implement

- Expensive
- Damage to proteins and

intracellular components

Cavitation

- Independent of cell type
- Large scale integration possible
- Operates at a lower temperature

and energy level

- Expensive technology
- Can cause damage to

sensitive proteins
- Difficult to purify sample

from debris

Osmotic shock - Can be used for extracting
sensitive intracellular products

- Not suitable for all cell types

Chemical

Alkaline lysis

- Suitable for extraction of sensitive
intracellular components
(proteins, enzymes, DNA)

- Suitable for all kinds of cells

- Slow process (6–12 h)

Detergent lysis - Suitable for protein release

- Not suitable for isolating
sensitive enzyme and
proteins-Expensive reagents

- Removal of chemical reagent
from sample after lysis
is difficult

- Lower efficiency as complete
lysis is not possible

Biological

Enzymatic lysis
- Can be very specific for cell types
- Suitable for extracting proteins

- Complete lysis not possible
- Expensive reagents
- Has to be used in combination

of detergents for bacteria.

4. Microfabricated Platforms for Cell Lysis

Microfluidics is one of the emerging platforms for cell lysis on a micro scale. Microfluidics is the
manipulation and handling of small volumes (nano- to picoliters) of liquid in microchannels. Due
to the micro scale operation regime, microfluidics is well suited for application where the sample or
sample volume is small. This lowers the cost of the analysis due to low consumption of reagents [46].
Microfluidics also enables integration of different modules (or operations) into one device. For example,
cells can be lysed and the intracellular products can directly be post processed (PCR or DNA isolation
for diagnostics) inside the same device [47,48]. Although there have been a number of reviews on cell
lysis in the past 10 years [7,8,49], some of the recent developments in the field have not been reviewed.
This review will focus on the recent developments from 2014 onwards and will briefly cover the
developments from before, which have been extensively surveyed. Some of the macro scale techniques
have been implemented in microfabricated devices for cell lysis. Techniques such as electrical lysis
methods are applicable only in the micro scale. Microfluidic lysis technology can be broadly classified
into six types. They include mechanical lysis, thermal lysis, chemical lysis, optical lysis, acoustic lysis
and electrical lysis.
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4.1. Mechanical Lysis

Mechanical lysis in microfluidics involves physically disrupting the cell membrane using shear
or frictional forces and compressive stresses. Berasaluce et al. [50] developed a miniaturized bead
beating based method to lyse large cell volumes. Zirconium/silica beads were placed inside a cell
lysis chamber along with a permanent magnet and actuation of an external magnetic field caused the
motion of the beads inside the chamber. Figure 7 shows the various components and device assembled
for cell lysis. Staphylococcus epidermidis cells were used in this study and they studied the effect of
bead size, volume, flow rate and surfactant (Tween-20) on lysing efficiency. They found the optimum
parameters achieved a 43% higher yield efficiency at a flow rate of 60 μL/min compared to off chip
bead beating system.

 
(a) (b) 

Figure 7. Miniaturized bead beading cell lysis system: (a) various components: (1) inlet; (2) outlet;
(3) stirring magnet; (4) zirconia/silica beads; (5) bead weir; (6) rotating magnet; and (7) electric motor
coupling; and (b) image of the device for lysis. Reproduced with permission from [50].

Pham et al. [51] have recently used nanotechnology to fabricate black silicon nano pillars to lyse
erythrocytes in about 3 min. They fabricated these nanopillar with ~12 nm tip diameter and 600 nm
tall on silicon substrate using reactive ion etching technology. The authors showed that the interaction
of erythrocytes cultured on nanopillar arrays causes stress induced cell deformation, rupture and lysis
in about 3 min. Figure 8 shows the interaction of erythrocytes with the nanostructures.

Mechanical lysis has been demonstrated by using nano-scale barb [52]. When cells are forced
through small opening, high shear forces cause rupture of the cell membrane. Similar principle has
been used here where “nanoknives” were fabricated in the wall of microchannels by using modified
deep reactive ion etching (DRIE). Distance between these sharp edges was 0.35 μm and width of
the channel was 3 μm. The lysis section of this device consisted of an array of these “nanoknives”
patterned on a microchannel as shown in Figure 9b. Human promyelocytic leukemia cells (HL-60)
were used to pass through this section at sufficient velocity. The addition of this “nanoknives” pattern
increased the amount of lysis. This device was used to extract protein from inside the cell. It has been
estimated that as much as 99% of the cell was lysed but, only 6% protein was released.

Alternatively, mechanical impingement through collision has also been used to lyse in the
microscale [53–55]. Cells were suspended in solution with glass beads and placed on the microfluidic
compact disc (CD) device, which was then set to rotate at a very high velocity. The centrifugal force
generated by the rotation, causes collision and friction between cells and beads, which results in
cell lysis. Various kinds of cells including mammalian, bacteria and yeast have been lysed using
this technique.

Though the efficiency of the mechanical lysis is very high, these disruption methods have some
drawbacks in microscale application. Fabrication of these devices is complex as well as expensive and
collecting the target materials from a complex mixture is very difficult.
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Figure 8. Cell lysis using nano pillars: (a,b) top and side view of the cells interacting with the
nanopillars; and (c) confocal laser scanning microscopy pictures of intact, deformed and ruptured cells.
Reproduced with permission from [51].

 

Figure 9. Mechanical lysis using nanoscale barbs: (a) microfluidic device showing different inlets and
outlet channels; (b) schematic of the barbs; (c) deep reactive ion etching (DRIE) fabricated nano-knives;
(d) magnified image of nano-knives patterned using DRIE technique and (e) dimensions of the
nano-knives used for cell lysis. Reproduced with permission from [52].
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4.2. Thermal Lysis

In thermal lysis, heat is supplied to the cells to denature the membrane proteins and lyse the cells.
One advantage of thermal lysis is the easy integration of microfluidic devices such as polymerase chain
reaction (PCR). The thermal lysis can be performed in such devices with no additional modification.
The cells are generally heated above 90 ◦C and the intracellular products are cycled through different
temperatures for example in a PCR device. Tsougeni et al. [56] fabricated a microfluidic device which
can capture and lyse cells. They used thermal lysis at 95 ◦C for 10 min to capture and lyse bacteria.
Nanostructures were fabricated in poly(methyl methacrylate) using lithography and plasma etching
technique. Microfluidic PCR devices which have incorporated thermal cell lysis [57–59] consist of a
glass chamber and a resistive heater to heat the chamber.

In general, thermal lysis is effective in a microfluidic platform, 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 [29]. However, cells have to be treated with lysozyme in order to break the cell wall
and make bacteria protoplast. The addition of this lysozyme is time consuming and requires complex
structures. Moreover, preserving the enzyme within the device becomes problematic when the device
has to be used for a long period of time. Higher lysis time and elevated power consumption are other
drawbacks of this method.

4.3. Chemical Lysis

Chemical lysis methods use chemical reagents such as surfactants, lysis buffers and enzymes to
solubilize lipids and proteins in the cell membrane to create pores and lyse cells. Although chemical
and enzymatic methods are categorized separately in macro scale method, these two techniques are
incorporated in the same group for micro scale cell lysis techniques. Buser et al. [60] lysed gram-positive
bacteria (Staphylococcus aureus) and RNA virus (respiratory syncytial virus) using a dried enzyme
mixture (achromopeptidase). They were able to lyse in less than a minute and then used a disposable
chemical heater to deactivate the lysis enzyme. They were able to amplify (off-chip) the lysate without
purification and showed the proof of principle for a point of care device for diagnostics.

Kashyap et al. [61] developed a microfluidic probe for selective local lysis of adherent cells
(~300 cells) for nucleic acid analysis. Hall et al. [62] used a device for cell lysis experiment, which had
two supply wells and a pressure well. Mixing of cell and lysis solution was controlled by adjusting
the pressure of the wells. Three different types of solution were used—Solution A containing only
SDS (detergent based reagent), Solution B containing surfactant, Triton X-100, Tween-20 with enzyme
such as lysozyme, protease, proteinase K and Solution C containing an antibiotic named polymyxin B.
Gram-negative and gram-positive bacteria were used for lysis. It was concluded that detergent alone
was not suitable for lysis, while Solution B, a mixture of chemical surfactants and biological reagents,
can disintegrate the cell membrane and lyse various kinds of bacteria. However, polymyxin B can be
potentially used in microfluidic cell lysis platform only for gram-negative bacteria.

Kim et al. [63] also developed a microfluidic device with two inlets and outlets in order to develop
an optimal lysis reagent for gram-negative bacteria. Heo et al. [64] demonstrated a microfluidic based
bioreactor which was capable of entrapping E. coli by using hydrogel patches. Then the immobilized
E. coli was lysed by using SDS as it can penetrate hydrogel. Cell lysis was accomplished within 20 min.
This device was capable of cell lysis using only SDS, however, the previous one could not due to
lower exposure time in chemical environment. In another study, Sethu et al. [65] also developed a
microfluidic chip (Figure 10) to lyse Erythrocyte in order to isolate Leukocyte. One hundred-percent
recovery was possible within 40 s. The device consists of three inlet reservoirs and one outlet reservoir.
One inlet was used to flow the entire blood. Second inlet was used for lysis buffer containing mainly
aluminum oxide and two side channels were connected with this inlet which converged to direct the
entire blood into a narrow stream. This increases the surface contact between the lysis buffer and the
cells. The mixture of cells and lysis buffer was then run through a long channel with a number of “U”
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turns to enhance the buffer. Finally, third inlet was used to flow the phosphate buffer in order to dilute
the sample for restoring the physiological concentration [66,67].

 

Figure 10. Schematic of a simple chamber and serpentine microfluidic channel for chemical lysis.
Reproduced with permission from [65].

Even though chemical lysis method is widely used in many microfluidic devices, this method
requires an additional time consuming step for reagents delivery. Therefore, complex microfluidics
structures including injection channels and micro-mixers to homogenize the samples are needed [66,68].
After lysis, these reagents might interfere with downstream assay as it is very hard to separate the
target molecules [69]. In addition, storage of these reagents is a problem which is why the device
cannot be used for long time.

4.4. Optical Lysis

Optical lysis of cells involves the use of lasers and optically induced dielectrophoresis (ODEP)
techniques to break open the cell membrane. In laser lysis, a shock wave created by a cavitation bubble,
lysis the cell membrane. A focused laser pulse at the cell solution interface creates this cavitation
bubble. In ODEP, a conductive electrode and a photoconductive layer (for example amorphous silicon)
are formed on the top surface of glass slide. A non-uniform electric field is generated by shining
light on the photoconductive layer which then generates a transmembrane potential across the cell
membrane disrupting the cell membrane. Huang et al. [70] developed an optically induced cell lysis
microfluidic chip for lysing HEK293T cells and extracting intact nucleus. They report cell lysis and
nucleus separation efficiency as 78% and 80% respectively using this device.

Kremer et al. [71] lysed cells using an opto-electrical setup. They were able to lyse cells selected
based on shape of the cell. They used ODEP to lyse red blood cells in a mixture of red and white blood
cells. They developed a method that enabled shape-selectivity such that cells with a different geometry
will lyse in a mixture of cell types. The cell with a different shape induces a non-uniform electric
field which is used for lysis. Figure 11 shows the schematic of the lysis chip and lysis of differently
shaped cells.
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Figure 11. Optical cell lysis device: (a) cell lysis chip using optically induced dielectrophoresis (ODEP);
(b–d) cell lysis of red blood cells in a mixture of white and red blood cells; and (e–g) lysis of red blood
cells in a mixture of red blood cells and trypanosomes. Reproduced with permission from [71].

Use of laser light to induce lysis has also been attempted in microfluidic devices. In one instance,
optical lysis was induced by application of a nanosecond 532 nm laser pulse [72] which generates
a microplasma locally. The plasma collapses causing cavitation, bubble expansion and its collapse
as described in previous section are the main reason for a laser induced cell lysis. Various types of
cell lines such as rat basophilic leukemia (RBL) [73], rat-kangaroo (Potorous tridactylis) epithelial
kidney cells (PtK2) [74], and murine interleukin-3 dependent pro-B (BAF-3) [75] have been lysed
by using this laser induced method. However, all these experiments had been done for single cell
analysis. It has been found that when laser based lysis was incorporated with polydimethylsiloxane
(PDMS) microchannel efficiency of lysis decreased [75]. It was suggested that this may be due to the
deformation of PDMS walls which dissipates the mechanical energy from the bubble collapse. For that
reason, high energy was required.

Ultraviolet (UV) light array combined with titanium oxide has been used to lyse the cell [76].
Titanium oxide possesses photolytic properties and excitation energy that falls within UV range. When
titanium oxides are excited with UV light array, electrons in the valence band are excited to conduct
ion band which results in electron–hole pairs. In aqueous environment, these electron–hole pairs react
with surrounding molecules and generate free radicals such as OH, O and O2

−. These react with cell
membrane and lyse the cell. E. coli cells were lysed with the above technique. A primary disadvantage
of ultraviolet lysis was that the time required to lyse the cell was very high (45 min).

4.5. Acoustic Lysis

In acoustic lysis, a high energy sound wave is generated which is used for cell lysis. This surface
acoustic wave (SAW) is produced on a piezoelectric substrate. An inter-digitated transducer (IDT)
can be used to produce a SAW electrically with the wave propagating on the surface away from it.
Taller et al. [77] have used on chip surface acoustic wave lysis for detecting exosomal RNA for
pancreatic cancer study. They achieved a lysis rate of 38% using this technique. Figure 12 shows the
fabricated device with the SAW transducer.
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Figure 12. Surface acoustic wave (SAW) lysis microfluidic device: (a) assembly of device; and (b,c) as
fabricated device with liquid inlet and outlet for exosome lysis. Reproduced with permission from [77].

They report that the lysis of exosomes is possible due to the effects of acoustic radiation force
and dielectric force acting on small particles [78,79]. The SAW device was fabricated using standard
photolithography technology. Twenty pairs of titanium aluminum electrodes were patterned on top
of piezoelectric lithium niobate substrate to form a single phase unidirectional SAW transducer. This
transducer can generate SAW in only one direction. Raw media was exposed to SAW for 30 s at 1 W of
power for lysing. The authors report that a lysis efficiency of 38% achieved using this method was
sufficient for obtaining enough exosome RNA for detection.

Marentis et al. [80] lysed the eukaryotic cell as well as bacteria by using sonication. This device
consists of a microfluidic channel with integrated transducer. The channel was made on glass
substrate and piezoelectric transducer was made by depositing zinc-oxide and gold on quartz substrate.
The transducers were driven by a sinusoidal source in the 360-MHz range. Eighty-percent lysis of
HL-60 and 50% lysis of Bacillus Subtilis spores were obtained by using this device. The temperature
rise due to sonication was moderated by using ice pack and cold finger. Ultrasonic horn tip and
liquid region are coupled in a microfluidic chip by increasing fluidic pressure in order to increase the
efficiency of lysis [81].

Reboud et al. [82] have developed a disposable microfluidic chip to detect the rodent malaria
parasite Plasmodium berghei in blood. They used SAW to lyse the red blood cells and parasitic
cells in a drop of blood. They report a cell lysis efficiency of more than 99.8% using their device.
Xueyong et al. [83] have fabricated a SAW microfluidic device which can lyse red blood cells with high
efficiency (95%).

However, sonication has limitations such as generation of heat, complex mechanism as well
as expensive fabrication process. Due to this excessive heat generation denaturation of protein and
excessive diffusion of the cell contents have been observed [8,84]. To reduce the operation time,
cells were first treated with some weak detergent such as digitonin [8,85] before ultrasonic exposure.
Digitonin weakened the cell membrane and facilitated lysis.

4.6. Electrical Lysis

In electrical method, cells are lysed by exposing them to a strong electric field. An electric field is
applied across the cell membrane which creates a transmembrane potential. A potential higher than
the threshold potential is required to form pores in the cell membrane. If the value of the potential is
lower than the threshold potential, the pores can be resealed by the cell. On the other hand, a high
enough potential can completely disintegrate the cell. At such high voltages, it is found that the
electric field does not have any effect on the intracellular components [86]. Electric field is the critical
parameter to lyse the cell. As higher electric field is required for cell lysis, high voltage generator is
required in order to generate this high electric field in macroscale. Thus, this method is not common
in macroscale. However, in microscale due to small size of the devices, higher electric field can be
obtained at lower voltage. For this reason and as a method for fast and reagentless procedure of lysis,
electrical lysis has achieved substantial popularity in microfluidic community.
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Ameri et al. [87] used a direct current (DC) source to lyse cells in a microfluidic chip. Figure 13
shows the fabrication and working principle of their chip. Their device consists of a glass slide coated
with indium tin oxide coating patterned for electrodes. The 6400-Microwell arrays are fabricated
using SU-8 polymer by photolithography technique. Inlet and outlet channels are created using PDMS
polymer and is sealed using a glass slide with ITO electrode for impedance measurement. Red blood
cells (107 cells/mL) are flown through the device at 20 μL/min and dielectrophoresis (DEP) is used to
immobilize the cells into the microarray. A DC voltage of 2 V for 10 s was applied to the cell for lysis.
The lysis process was monitored using impedance measurement before and after lysis and a decrease
in impedance suggested a complete lysis of cells. They report a lysis efficiency of 87% in their device.
The authors proposed a device for cell lysis by electric fields and optical free monitoring of the lysis
process on a microfluidic platform which could have potential use in the medical diagnostic field.

Jiang et al. [88] developed a low cost microfluidic device for cell lysis using electric fields. They
applied a 10 V square pulse to lyse cells at 50% efficiency. They report a device which had the capability
to lyse cells at a much lower voltage compared to a commercially available electropolator device which
operated at 1000 V to lyse 200 μL of PK15 cells. They observed bubble formation in their device during
cell lysis due to joule heating effect. De Lange et al. [89] have lysed cells in droplets using electric fields.
They demonstrated a robust new technique for detergent free cell lysis in droplets. In their device,
electric field was applied to lyse bacteria immediately before merging the cell stream with lysozyme
and encapsulating the mixture in droplets. They report that with lysozyme alone the lysis efficiency is
poor (less than 50%) but when combined with electric fields they were able to obtain up to 90% cell
lysis efficiency. Figure 14 shows their microfluidic device for cell lysis in droplets. The authors suggest
that their device could be used in applications where use of cell lysis detergents could hinder the cell
analysis such as binding assays or studying the chemical activity of proteins and in mass spectroscopy
studies where chemical lysis agents can hamper the results.

Figure 13. Electrical cell lysis device: (a) fabrication protocol of the device; (b) working principle of
the device; and (c) microfluidic device used in the study for lysing red blood cells. Reproduced with
permission from [87].
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Escobedo et al. [90] showed electrical lysis of cells inside a microfluidic chip using a hand held
corona device. They were able to lyse baby hamster kidney cells (BHK), enhanced green fluorescent
protein human-CP cells (eGFP HCP) 116 and non-adherent K562 leukemia cells completely inside a
microfluidic channel. A metal electrode was embedded inside the channel which was used to discharge
10 to 30 kV to lyse the cells in less than 300 ms. Lysis was assessed by observing before and after
images of cells using bright field and high speed microscope and also by cell-viability fluorescence
probes. They also report no bubble formation during lysis indicating no joule heating effect thereby
making this method suitable for analyzing sensitive proteins and intracellular components. Figure 15
shows the setup and results of the study.

 

Figure 14. Electrical cell lysis microfluidic device: (A) schematic of the electrical lysis and coflow
droplet generation microfluidic chip; (B) actual image of the droplet generation part; and (C) complete
electrical lysis with electroporation channels. Reproduced with permission from [89].

Besant et al. [91] detected mRNA molecules of E. coli by electrochemical lysis technique. They
applied a potential of 20 V, which initiated the cell lysis by producing hydroxide ions from water at
cathode to break down bacterial membranes. The sensor electrodes were placed 50 μm away which
was enough to detect the mRNA molecules in 10 min. They reported lysis and detection of E. coli
mRNA at concentrations as low as 0.4 CFU/μL in 2 min which was relevant for clinical application in
both sensitivity and time.

 

Figure 15. Electrical lysis through handheld plasma device: (a) schematic of the device. Cells were
lysed using a hand held corona device by applying electric field at the inlet of the device; (b) bright
field and fluorescent images of before and after of lysis of K562 cells. Reproduced with permission
from [90].
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Gabardo et al. [92] developed a low cost and easy method to fabricate multi-scale 3D electrodes
that could be used for bacterial lysis using a combination of electrical and electrochemical means. These
micron-sized electrodes can be rapidly prototyped using craft cutting, polymer induced wrinkling and
electro-deposition techniques. They report that these tunable electrodes performed better as compared
to lithographically prepared electrodes. They were able to successfully extract nucleic acids extracted
from lysed bacteria on a microfluidic platform. They reported 95% lysis efficiency at 4 V using their
electrodes. Figure 16 shows the device and electrode structures.

Li et al. [93] developed a double nano-electrode electrical cell lysis device to lyse single neuronal
cells. Similarly, Wassermann et al. [94] showed cell specific lysis of up to 75% of the total human
blood cells using SiO2 passivated electrical cell lysis electrodes at an applied voltage of 8–20 V.
Ma et al. [95] reported a 10–20-fold increase in mRNA extracted from M. smegmatis using electrical
lysis in a microfluidic platform as compared to a commercial bead beading instrument. They used a
4000–8000 V/cm field intensity to lyse the bacteria with long pulses (5 s). They report that their device
can be effective for mRNA release from hard to lyse cells.

Islam et al. [96] showed the proof of concept of a simple microfluidic device for electrical lysis of
larger volumes of sample. They used a nanoporous membrane sandwiched between two microfluidic
channels to trap and lyse E. coli bacteria by applying 300 V. They report a lysis efficiency of 90% in less
than 3 min. Figure 17 shows the schematic of the device used for lysis in their study.

 
Figure 16. Bacterial lysis device: (a) schematic of the lysis device; (b) scanning electron micrographs
of: (i) planar; (ii) wrinkled; and (iii) electrodeposited electrodes; (c) cyclic voltammetry scan of the
electrodes. Reproduced with permission from [92].

Different types of voltages such as alternating current (AC) [97,98], DC pulses [99–101] and
continuous DC voltages [102] have been used in order to lyse the cells. Along with electric field,
exposure time of cells within that electric field is also an important parameter for cell lysis. It has
been found that cells can be lysed by using higher electric field for short period of time as well as
lower electric field for long period of time [103]. For that reason, AC and DC pulses of a higher electric
field are needed as compared to a continuous DC electric field. As the electric field depends on the
distance between the electrodes, microfabricated electrodes have been used during AC or DC pulses.
An overview of different electrical lysis devices and the characteristics of the designed system is
presented in Table 4.
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(a) (b) 

Figure 17. Electrical cell lysis microfluidic device: (a) schematic of cell lysis device; and (b) experimental
setup. Reproduced with permission from [96].

Table 4. Different electrical lysis devices used for cell lysis.

Reference Species Type of Cell
Cell Size

(μm)
Electrode

Type of Voltage
(AC/DC)

Lysing
Voltage (V)

[104] Human HT-29 10 Gold AC 8.5
[97] Human A431 10 Gold AC 20
[98] - FITC-BSA laden vesicle 50 ITO AC 5
[99] - Leukocytes - 3D DC pulse 10

[100] Human Red blood cells 6–8 Pt wire DC/AC 30–170
[105] Bacteria E. coli - Gold DC pulse 50
[106] Hamster CHO 10–16 Pt wire DC pulse 1200
[106] Bacteria E. coli Pt wire DC 930
[102] Human Red blood cells 6–8 Pt wire DC 50
[87] Human Red blood cells 6–8 ITO DC 2
[96] Bacteria E. coli - Pt wire DC 300

Lu et al. [104] developed a microfluidic electroporation platform in order to lyse human HT-29 cell.
Microfabricated saw-tooth electrode array was used in order to intensify the electric field periodically
along the channel. Seventy-four-percent efficiency was obtained for an operational voltage of 8.5 V.
However, this mode of lysis is not suitable for bacteria due their sizes and shapes. Compared
to mammalian cell, high electric field and longer exposure is needed to lyse bacteria. Rosa [105]
developed a chip to lyse bacteria consisting of an array of circular gold electrodes. DC pulses were
used and lysis with 17% efficiency was achieved by using an operational voltage 300 V. This efficiency
was increased up to 80% after adding enzyme with cell solution. In 2006, Wang et al. [107] proposed
application of continuous DC voltage along the channel for cell lysis. The device consists of a single
channel with uniform depth and variable width. Since the electric field is inversely proportional to
width of the channel, high electric field can be obtained at the narrow section of the channel. Thus, lysis
occurs into a predetermined portion of the device. Exposure time of the cell to the electric field can be
tuned by changing the length of this narrow section. The configuration of the device was optimized
and lysis of complete E. coli bacteria was possible at 930 V. Complete disintegration of cell membrane
was observed when the electric field was higher than 1500 V/cm. This device was very simple and did
not need any microfabricated electrodes. Pt wires were used as electrodes. Only a power generator
was needed to operate it. However, bubble generation and Joule heating issue could not be completely
eliminated. Similar kind of device was used by Lee [102] where the length and width of the narrow
section was modified in order to lyse mammalian cell. Bao et al. [108] also developed a device to lyse
E. coli by using DC pulses. Release of intracellular materials was observed when the electric field was
higher than 1000 V/cm.
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In conclusion, electrical method offers a simple, fast and reagent less lysis procedure to lyse
various kinds of cells. This method is also suitable for selective lysis and is compatible with other
downstream assays such as amplification and separation. Although requirement of high voltage is
a problem in this procedure, it can be overcome by decreasing the gap between electrodes through
microfabrication. However, heat generation and formation of bubble is a major problem for electric
lysis method.

4.7. Comparison of Different Microfluidic Technologies for Cell Lysis

Various microfluidic technologies for cell lysis are compared in Table 5. The advantages and
disadvantages of different methods are listed for each technique.

Table 5. Comparison of different microfluidic lysis methods. Cell lysis efficiency was determined by
averaging the lysis efficiencies from the references cited. Low: 0%–50%; Medium: 50%–80%; High:
80%–100%.

Lysis Method Lysis Time Efficiency Pros and Cons

Mechanical 30 s–10 min Medium

- Can lyse any type of cell
- Robust and can be used for tough cells
- Complex device fabrication
- Expensive method

Thermal 2–5 min High

- Easy to integrate into device
- Low cell lysis time-High

power consumption
- Cannot be used for extracting sensitive

intracellular components.

Chemical 30 s–20 min High
- Low cost and lysis time
- Additional step of adding the chemical
- Expensive lysis reagents

Optical 30 s–10 min High

- Single cell lysis is possible
- Cell specific lysis
- Expensive and complex

instrumentation required
- Slow lysis time

Acoustic 3 s–1 min Medium

- Easy integration of electrodes into
microfluidic device

- Fast cell lysis time
- Expensive technology
- Heat generation during lysis

Electrical 50 ms–10 min High

- Fast lysis time
- Easy integration of electrodes in device
- Joule heating
- Expensive equipment for lysis

5. Single Cell Lysis

Single cell analysis has gained much popularity in the recent years owing to the development
of new technology. Single cell analysis can be used to understand the cellular heterogeneity in a cell
culture as well as used in popular areas of genomics, transcriptomics, proteomics and metabolomics.
Single lysis is one of the first steps involved in single cell analysis of intracellular components (proteins,
enzymes, DNA, etc.). Many different platforms have been used to study single cell lysis including
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microfluidics, high speed imaging, capillary electrophoresis and PCR. Cell lysis methods such as laser
pulse, nanoscale barbs, acoustic, electrical and chemical (detergents and enzymes) have been utilized
to lyse cells. Brown et al. [8] have reviewed single cell lysis methods extensively.

Single cell lysis buffers offered commercially are optimized for single cell RNA extraction. These
buffers are designed to reduce sample loss and are compatible with enzymatic reactions such as reverse
transcription. Single cell lysis buffers are commercially available from companies such as Thermo
Fisher Scientific Inc. (Runcorn, UK), Takara Bio Company (Otsu, Japan), Bio-Rad Laboratories Inc.
(Hercules, CA, USA), Signosis (Santa Clara, CA, USA), etc. Companies such as Fluidigm, Dolomite Bio
and Molecular Machines and Industries (MMI) specialize in single cell lysis equipment for genomics
studies. Svec et al. [109] compared 17 different direct cell lysis protocols for transcript yield and
compatibility using quantitative real time PCR method. They concluded that bovine serum albumin
(BSA) resulted in the best lysis reagent which resulted in the maximum lysis efficiency and high
RNA stability. Kemmerling et al. [110] designed a microcapillary electrode to lyse single cells using
electrical pulses. The cell lysates were aspirated into the microcapillary to be later analyzed directly
in a transmission electron microscope for protein analysis. Developments in single cell analysis
technologies have opened up new possibilities and discoveries in the area of genomics and proteomics.

6. Summary

This review provides an overview of cell lysis techniques in the macro and micro scale.
The macroscale cell lysis techniques are well established and commercialized by many companies.
These techniques include mechanical, chemical, physical and biological techniques. On the other
hand, microscale and single cell lysis techniques have recently evolved and use the same macroscale
principles for lysis in a miniaturized device. The choice of cell lysis method depends on the type of
cells, concentration, application (post processing) and efficiency required. It is difficult to choose one
technology, since each method has its own advantages and disadvantages. This review provides a
guideline for researchers to choose the cell lysis technology specific for their application. As novel
fabrication techniques are introduced in the microfluidics field, we will see better cell lysis techniques
with higher efficiency and faster lysis times at reduced cost.
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Abstract: Photolithography is a unique process that can effectively manufacture micro/nano-sized
patterns on various substrates. On the other hand, the meniscus-dragging deposition (MDD) process
can produce a uniform surface of the substrate. Graphene oxide (GO) is the oxidized form of
graphene that has high hydrophilicity and protein absorption. It is widely used in biomedical
fields such as drug delivery, regenerative medicine, and tissue engineering. Herein, we fabricated
uniform GO micropatterns via MDD and photolithography. The physicochemical properties of
the GO micropatterns were characterized by atomic force microscopy (AFM), scanning electron
microscopy (SEM), and Raman spectroscopy. Furthermore, cell migration on the GO micropatterns
was investigated, and the difference in cell migration on triangle and square GO micropatterns was
examined for their effects on cell migration. Our results demonstrated that the GO micropatterns
with a desired shape can be finely fabricated via MDD and photolithography. Moreover, it was
revealed that the shape of GO micropatterns plays a crucial role in cell migration distance, speed,
and directionality. Therefore, our findings suggest that the GO micropatterns can serve as a promising
biofunctional platform and cell-guiding substrate for applications to bioelectric devices, cell-on-a-chip,
and tissue engineering scaffolds.

Keywords: photolithography; meniscus-dragging deposition; graphene oxide; micropatterns;
cell migration

1. Introduction

Photolithography is a unique process that can facilitate the manufacturing of micro-sized
patterns on various substrates. This process has significantly higher resolution than other patterning
methods as well as good reproducibility and efficiency from an economical and temporal perspective.
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Therefore, photolithography has been widely used as a patterning process to fabricate semi-conductors,
stretchable devices, and medical devices [1,2].

Graphene oxide (GO), the oxidized form of graphene, is a carbon-based hexagonal structure with
oxygen containing groups such as carboxyl, hydroxyl, and epoxy groups [3–5]. GO has good dispersion
in aqueous solutions, which is useful for uniformly coating GO [6]. In addition, GO presents an open
surface for noncovalent interactions with biomolecules. Recent research has shown that GO can enhance
cellular behaviors including attachment, proliferation, and differentiation due to various functional
groups on its surface that can promote cellular behaviors through interactions with cells [7–10]. Based
on this reason, it is inferred that GO-coated substrates can induce aligned array of cells. GO-coated
substrates can be fabricated by various coating techniques, including filtration/transfer-based film
formation, spin coating, air-spraying, dip coating, Langmuir–Blodgett deposition, and wire-wound
rod coating, for electrical devices and medical applications. Some of these methods produce relatively
non-uniform thin films because of the aggregation of GO particles. In addition, the majority of
these techniques for the production of GO is not easy to scale over a large area. Recently, the
meniscus-dragging deposition (MDD) technique, which is a microliter-scale solution process for
fabricating thin film-coated substrates with a significant decrease of the solution consumption, has
been spotlighted because the process can easily and uniformly fabricate GO-coated substrates. The
MDD technique can develop highly uniform GO films on substrates by dragging the meniscus of a GO
suspension trapped between a deposition plate and a coating substrate in an alternating back-and-forth
motion [11–14]. Therefore, in this study, we fabricated GO micropatterns on a glass substrate via MDD
and photolithography techniques and investigated their effects on cell migration.

Directional cell migration is critical for many important biological processes, including angiogenesis,
tumor metastasis, wound healing, and nerve regeneration. Most work on the directional control of cell
motility has focused on the role of gradients of motility factors such as platelet-derived growth factor,
fibroblast growth factor, and epidermal growth factor, with the general concept that cells physically
move up the gradient of a soluble attractant. These factors promote cell migration by activating
members of the Rho family of GTPases-Rac and CDC43, which induce the formation of actin-based
lamellipodia, filopodia, and fascin-containing microspikes that drive cell extension. On the other
hand, recently, many studies have been concerned on the development of micropatterns that can
induce cell migration to a desired direction. The specific micropatterns can induce and guide the cell
migration by providing physical and topographical cues. In addition, the micropatterned substrates
are effectively and consistently able to provide guidance cues [15–17]. Therefore, we speculated that
the GO micropatterns might guide the cell migration [18–21].

Herein, we fabricated the GO micropatterns on a slide glass evenly using MDD and
photolithography techniques. In addition, L-929 fibroblasts were cultured on the GO micropatterns
to explore the effects of the GO micropatterns on cell migration. Furthermore, the difference in cell
migration according to the pattern shape was investigated to explore the potential of GO micropatterns
as a biofunctional platform for bioelectric devices and tissue engineering applications.

2. Materials and Methods

2.1. Preparation of GO-Coated Substrates and GO Micropatterns

A GO solution was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). To prevent the
defects of GO during photolithography, 25 mm × 75 mm slide glass was pre-treated by placing it into
a piranha solution (H2SO4:H2O2 = 3:1) for 30 min. The deposition plate was placed on the coating
substrate at an angle of 30◦. The 120-μL GO solution (4 mg/mL in distilled water) was injected into the
wedge between the plate and slide glass. The deposition plate was moved linearly in a back-and-forth
motion at a constant speed of 15 mm/s in a 35% humidified atmosphere to deposit the GO on the
substrate. After the coating process, GO-coated slide glass was dried in a vacuum oven at 80 ◦C
for 30 min.
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Positive photoresists (PRs, az5214e) were spin-coated on the GO-coated slide glass and soft baked
at 95 ◦C for 5 min. Next, the substrates were exposed to 20 mW of ultra-violet (UV) lights for 6 s
through a micropatterned chrome mask. During the developing step, the exposed PRs were dissolved
by a developer (AZ 300 MIF, AZ Electronic Materials, Branchburg, NJ, USA). Then, 100 sccm of O2

plasma was applied to the remaining GO between the PRs and the slide glass for 6 min. After all of
these steps, the substrates were washed with acetone and dried under N2 gas to remove the PRs.

2.2. Physicochemical Characterization of GO Micropatterns

The topography of the GO-coated slide glass using the MDD method was characterized by
atomic force microscopy (AFM, NX10, Park Systems Co., Suwon, Korea) in air at room temperature
(RT). Imaging was performed in non-contact mode with a Multi 75 silicon scanning probe at
a resonant frequency of ~300 kHz. Image analysis was performed using XEI Software (version 1.7.1,
Park Systems Co.). To examine the morphology of GO micropatterns, the GO micropatterns on
substrates were observed with a field emission scanning electron microscope (FESEM, Hitachi S-4700,
Tokyo, Japan) at an accelerating voltage of 5 kV. Compositional analysis of the GO micropatterns was
performed via Raman spectroscopy (Micro Raman PL Mapping System, Dongwoo Optron Co., Ltd.,
Kwangju-si, Korea) with excitation at 532 nm using an Ar-ion laser with a radiant power of 5 mW at RT.

2.3. Time-Lapse Imaging and Analysis of Cell Migration on GO Micropatterns

L-929 fibroblasts were purchased from the American Type Culture Collection (ATCC, Rockville,
MD, USA) and routinely maintained in Dulbecco’s modified Eagle’s medium (Welgene, Daegu,
Korea) supplemented with 10% fetal bovine serum (Welgene) and 1% antibiotic–antimycotic solution
(including 10,000 units of penicillin, 10 mg of streptomycin, and 25 μg of amphotericin B per mL,
Sigma-Aldrich Co.) at 37 ◦C in a humidified atmosphere containing 5% CO2.

Cell migration images were captured with an Olympus IX81 inverted fluorescence microscope
(Olympus Optical Co., Osaka, Japan). Captured images were imported into ImageJ (ImageJ,
version 1.37 by Wayne Rasband, National Institutes of Health, Bethesda, MD, USA), and image analysis
was carried out with the manual tracking and chemotaxis tool plug-in (version 1.01, distributed by
ibidi GmbH, Munchen, Germany) [22–25]. The XY coordinates of each cell were obtained using the
manual tracking plug-in in the ImageJ program. Only one cell of each group was tracked and the
center of each cell was tracked 3 times to obtain accuracy. The tracked data were imported into the
chemotaxis plug-in. The cell migration speed was computed automatically, and the cell migration
pathway was plotted with the chemotaxis tool. The migration speed indicates how fast cells move in
response to the stimulation, calculated using the total length of the migration path divided by the total
observation time. The distance is the total length of the cell migration path during the observation
time. Cells undergoing division, death, or migration outside the field of view were excluded from
the analysis.

2.4. Statistical Analysis

All variables were tested in three independent cultures for each in vitro experiment, which was
repeated twice (n = 6). The quantitative data are given as the mean ± standard deviation (SD).
A one-way analysis of variance (ANOVA, SAS Institute Inc., Cary, NC, USA) was performed to
analyze the difference in cell migration according to the pattern shape by a Tukey’s honestly significant
difference (HSD) test. A value of p < 0.05 was considered statistically significant.
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3. Results and Discussion

3.1. Preparation of GO-Coated Substrates and GO Micropatterns

The procedures of fabrication of GO micropatterns on a slide glass are divided into two main steps
(Figure 1). First, to produce uniform GO layers on the substrate, the MDD method was used. Figure 2a
displays a schematic illustration of the MDD process, which can allow GO particles to be uniformly
coated on the substrate. In brief, the deposition plate was moved at a constant angle and speed to
deposit the GO solution on the substrate. Then, there were differences in evaporation ratio because of
the meniscus phenomena, and the GO particles were evenly coated on the surface of substrate.

Figure 2b displays digital photographs of GO-coated slide glass with different pre-treatments.
The piranha-treated slide glass was coated uniformly. However, when the slide glass was pre-treated
with octadecyltrichlorosilane (OTS), GO was coated non-uniformly. This could be in part due to the
hydrophobicity of OTS. This result confirmed that the hydrophilic surface of slide glass is more suitable
for GO coating than a hydrophobic surface [26,27]. We chose the piranha-treated slide glass for the
manufacturing of uniform GO micropatterns. Figure 2c displays the AFM images of GO-coated slide
glass surface with different methods of GO coating. The surface of the GO-coated slide glass using
the MDD method was formed uniformly on slide glass and had a lower average of surface roughness
than the GO-coated slide glass using drop-casting. Lower roughness means that the GO was highly
uniformly coated on the slide glass without an aggregation of GO particles. Therefore, it is indicated
that the MDD method with proper conditions is a suitable procedure for manufacturing uniformly
GO-coated slide glass.

The second step of photolithography is PR coating and the developing process (Figure 1). A PR
is a photopolymer resin that can regulate the cross-linking between the molecules via light energy.
After PR coating, the light source was passed through a chrome mask that carved specific micropatterns.
Then, the cross-linked bonds between PRs became weak, and the PRs could be dissolved in the
developer solution.

Finally, the substrate containing the GO layers and the micropatterned PR was exposed to O2

plasma to form GO micropatterns because the GO layers under the micropatterned PR did not react
with the plasma due to the protection of the PR. After washing with acetone and drying under N2 gas,
the uniform GO micropatterns were obtained.

Figure 1. Schematic illustration for the preparation of graphene oxide (GO)-coated slide glass and GO
micropatterns. PR: positive photoresists; MDD: meniscus-dragging deposition; UV: ultra-violet.
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Figure 2. Preparation of GO-coated slide glass using the MDD method. (a) Schematic illustration of
MDD technique; (b) Digital photographs of GO-coated slide glass in different pre-treatments; (c) Atomic
force microscope (AFM) images and surface roughness (Ra) of GO-coated slide glass according to GO
coating methods. OTS: octadecyltrichlorosilane.

3.2. Physicochemical Characeristics of GO Micropattenrs

Figure 3a showed the surface morphologies from FESEM. In this study, two types of GO
micropatterns—square and triangle shapes—were designed on slide glass. The gaps between the
square and triangle patterns were 25.7 ± 1.4 μm and 16.7 ± 0.3 μm, respectively. They were close
enough for extended lamellipodia to reach into adjacent micropatterns, but far enough to momentarily
confine individual cells. The side length of the square pattern was shorter than that of the triangle
pattern. Although side lengths of two type patterns are different, the area of GO micropatterns is highly
similar because it is important that the same quantity of GO is coated on each pattern to investigate
the effects of GO.

Figure 3b displays the Raman spectra of the GO micropatterns. It was demonstrated that
the spectrum of the GO micropatterns included characteristic bands of GO: the D and G bands.
These characteristic peaks of GO were not shifted in the GO micropatterns. The D and G bands were
observed at approximately 1390 and 1600 cm−1, which were assigned to the vibration of sp3 carbon
atoms and the structural defects of the sp2 carbon domains, respectively. In addition, in general,
the intensity ratio of the D and G bands (ID/IG value) of GO is less than 1 because the GO has many
defects on its surface [28–30]. As shown in Figure 3b, the ID/IG value of GO was less than 1, which is
in accordance with previous studies. Therefore, it was demonstrated that the GO micropatterns were
successfully formed on the slide glass.
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Figure 3. Physicochemical characteristics of GO micropatterns. (a) Field emission scanning electron
microscopy (FESEM) images and (b) Raman spectra of GO micropatterns. Characteristic bands of GO
including D and G bands were observed in GO micropatterns.

3.3. Effects of GO Micropatterns on Cell Migration

The migration of L-929 fibroblasts on GO micropatterns was investigated via optical microscopy
(Figure 4). We found that, firstly, L-929 fibroblasts moved on micropatterns rather than the unpatterned
slide glass region due to the GO. This can be attributed the fact that the functional groups of the GO
surface can provide a favorable environment for cell attachment and growth. In a previous study,
it was found that GO can regulate cellular responses and attract the cells because GO has many
hydrophilic functional groups including hydroxyl, carboxyl, and epoxy groups [3,4,7,9]. As a result,
the interactions between GO and cells can be promoted via the hydrophilic functional groups of the
GO surface, which results in successful cell adhesion on the GO micropatterns.

The cells on GO micropatterns gradually migrated following the GO micropatterns. As shown
in Figure 4a, the L-929 fibroblasts on the triangle micropatterns migrated from left to right initially,
and then moved backwards to the left hand side. In addition, interestingly, the cells moved along
an oblique side of the triangle micropatterns, toward the vertex of the triangle patterns continuously.
It has been revealed that the asymmetric relative positioning of the micropatterns can provide both path
and directionality. A previous study has demonstrated that lamellipodia attachment has an influence
on the shape of substrate [31,32]. It was found that the migration distance of the cells on the symmetric
square micropatterns was significantly (p < 0.05) shorter than that on the triangle micropatterns
(Figure 4b), although the cells on the square micropatterns also migrated to the next micropattern
(Videos S1 and S2).
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Figure 4. Time-lapse images of L-929 fibroblasts on (a) triangle and (b) square GO micropatterns
for 12 h. Scale bars are 50 μm. (a) L-929 fibroblasts on triangle GO micropatterns moved from left to
right initially (a1–a8), and then moved backwards to the left hand side (a9–a16); (b) The migration
distance of L-929 fibroblasts on square GO micropatterns was significantly shorter than that on the
triangle GO micropatterns (b1–b16).

To quantitatively analyze the migration of the L-929 fibroblasts on the GO micropatterns,
trajectories, migration distance, and average migration speed were calculated. Figure 5a presents the
trajectories of the cells on each micropattern for 12 h. It is demonstrated that cells on the triangle
micropatterns tended to move along an oblique side of the triangle GO micropatterns. This can be
partly explained by the fact that the lamellipodia of cells tends to reach the edge of the shape or
the sharp part [33,34]. Furthermore, as shown in Figure 5b,c, both migration distance and speed of
the cells on the triangle micropatterns were significantly (p < 0.05) higher than those on the square
micropatterns. In addition, it is related to a change of cell morphology depending on the topography
of the patterns [31,32]. In Figure 4, the cell morphologies on the triangle and square patterns are
apparently different. The cell morphology on the square patterns was more spread on the GO
micropatterns than that on the triangle patterns. This could also affect the slower speed and shorter
distance of the cell migration on the square patterns.

Taken together, our results demonstrated that the cell migration was strongly dependent on the
shape of the GO micropatterns, and the triangle GO micropatterns were more suitable for enhancing
cell migration in terms of migration distance, speed, and directionality. Consequently, it is suggested
that the GO micropatterns with specific geometrical cues can consistently regulate and guide cell
migration without any chemical factors.
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Figure 5. Quantitative analysis of cell migration. (a) Trajectories of L-929 fibroblasts on triangle and
square GO micropatterns. (b) Migration distance and (c) average migration speed of L-929 fibroblasts
on GO micropatterns. An asterisk (*) denotes a significant difference compared to the square GO
micropatterns (p < 0.05).

4. Conclusions

The aim of the present study was to develop uniform GO micropatterns and to explore their
effects on cell migration. The triangle and square GO micropatterns were finely fabricated using MDD
and photolithography techniques. In addition, our findings revealed that the cell migration can be
guided by the GO micropatterns having specific geometrical cues, and the triangle GO micropatterns
can enhance the cell migration distance, speed, and directionality compared with the square GO
micropatterns. Therefore, it is suggested that the GO micropatterns can be employed as a promising
biofunctional platform and cell-guiding substrate for applications to bioelectric devices, cell-on-a-chip,
and tissue engineering scaffolds.

Supplementary Materials: The following are available online at www.mdpi.com/2072-666X/7/10/186/s1:
Video S1: Time-lapse video of L-929 fibroblasts on triangle GO micropatterns for 12 h; Video S2: Time-lapse video
of L-929 fibroblasts on square GO micropatterns for 12 h.
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Abstract: Artificial reconstruction of three-dimensional (3D) hydrogel microstructures would greatly
contribute to tissue assembly in vitro, and has been widely applied in tissue engineering and drug
screening. Recent technological advances in the assembly of functional hydrogel microstructures such
as microfluidic, 3D bioprinting, and micromold-based 3D hydrogel fabrication methods have enabled
the formation of 3D tissue constructs. However, they still lack flexibility and high efficiency, which
restrict their application in 3D tissue constructs. Alternatively, we report a feasible method for the
fabrication and reconstruction of customized 3D hydrogel blocks. Arbitrary hydrogel microstructures
were fabricated in situ via flexible and rapid light-addressable electrodeposition. To demonstrate
the versatility of this method, the higher-order assembly of 3D hydrogel blocks was investigated
using a constant direct current (DC) voltage (6 V) applied between two electrodes for 20–120 s.
In addition to the plane-based two-dimensional (2D) assembly, hierarchical structures—including
multi-layer 3D hydrogel structures and vessel-shaped structures—could be assembled using the
proposed method. Overall, we developed a platform that enables researchers to construct complex
3D hydrogel microstructures efficiently and simply, which has the potential to facilitate research on
drug screening and 3D tissue constructs.

Keywords: three-dimensional (3D) hydrogel assembly; TiOPc; alginate hydrogel; light-induced
electrodeposition

1. Introduction

The construction of a cell-friendly three-dimensional (3D) extracellular matrix (ECM) is a major
challenge in the fields of biomedical and tissue engineering [1]. The 3D hydrogel-based tissue
constructs, such as cellular microarrays and engineered tissue analogues, have been introduced as an
alternative to animal experiments for advanced biomedical studies in vitro, pharmacological assays,
observation of dynamic cellular process, and tissue morphogenesis using smaller sample volumes [2–4].
In order to generate geometry-controllable 3D hydrogel constructs, microfluidic technologies and 3D
printing tools are widely applied. Currently, a variety of hydrogel shapes of particles, fibers, and sheets
are used to reconstruct complex 3D tissue scaffolds in a bottom-up approach [5–11].

Artificial reconstruction is a very important strategy to achieve a higher-order assembly of several
functional 3D tissue constructs. To implement this strategy, a number of emerging methods related to
3D hydrogel construction are available [12–14]. The micromold-based 3D hydrogel fabrication has
high reproducibility due to the simple fabrication process. A number of 3D hydrogel constructs are
easily formed in a 3D mold for use in high-throughput drug screening. Nevertheless, one substantial
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drawback of this method is a lack of flexibility of mold structure [15]. The microfluidic and 3D
bioprinting technologies are efficient ways to fabricate 3D hydrogel constructs without the use of
a mold. By using a combination of microfluidic and 3D bioprinting technologies, hydrogel blocks,
capsules, and microfibers can be fabricated rapidly [5–9,11,16]. However, after the basic hydrogel
blocks are constructed, it may be more difficult to reconstruct them into complex 3D tissues or
multi-tissue architectures (e.g., blood vessels-shaped).

Recently, a shape control technique of 3D hydrogel construction based on electrodeposition
was reported [17–19]. Because of its good biocompatibility and in situ cross-link with the calcium
ions (Ca2+), Ca-alginate hydrogel has been widely applied to entrap and immobilize cells for the
construction of 3D cellular tissue [3,20–22]. By means of electrodeposition, the 3D hydrogel patterns are
generated on a 2D microelectrode surface, based on which in-situ 3D gel structures are fabricated with
controllable size and shape. It is promising to fabricate the 3D gel structures rapidly independent of the
3D mold. Nevertheless, the electrode patterns still require pre-fabrication via mask microfabrication
methods, such as photolithography and wet etching techniques [23]. Once a given geometry is
fabricated, the resulting pattern is fixed as well. Hence, a more flexible and simple 3D gel fabrication
strategy is essential for efficient 3D tissue reconstruction.

In this paper, we report an easy-to-use and universal approach for the flexible and rapid
fabrication of 3D hydrogel blocks of Ca-alginate and readily assemble them into multi-layer or planar
welding tissue constructs. In contrast to our previous efforts [12–15], a mold-free light-addressable
electrodeposition method was adopted for this work. The method enables the formation of complex 3D
hydrogel constructs via organic photoconduction-based controllable 3D hydrogel patterning. Herein,
a photoconductive chip was developed based on titanium oxide phthalocyanine (TiOPc) due to its
broad absorption from visible to infrared regions [24]. The TiOPc layer allows the impedance to be
tuned by illumination. Therefore, coating TiOPc on indium tin oxide (ITO) glass yields a virtual
electrode. Consequently, the electrode pattern is controlled via a visible-light projection onto the TiOPc
chip. In this work, a Ca-alginate solution—a biocompatible hydrogel—was used to format the 3D
tissue constructs. A programmable 3D hydrogel micropattern was fabricated using custom-designed
optical patterns and a direct current (DC) electric field, which enabled Ca2+ cross-linking with alginate
to form a 3D hydrogel microstructure in situ. The method provides a more effective fabrication
platform for the 3D tissue constructs’ assembly into multi-layer or planar welding 3D bioconstructs,
which has the potential to promote research into cell interaction mechanisms, single cell culture, and
tissue reconstruction.

2. Materials and Methods

2.1. Chip Design and Fabrication

First, 500 μL TiOPc solution was dropped onto the top surface of a 30 mm × 30 mm indium tin
oxide (ITO) glass, which was spun at a speed 500 rpm for 15 s and accelerated at a speed 1200 rpm
for 60 s, resulting in a layer of approximately 10 μm. Next, the coated plate was baked at 120 ◦C for
30 min to harden the TiOPc layer. The fabrication process is illustrated in Figure 1c.

The photoconductive chip was composed of three parts: a top ITO glass served as one of the
electrodes, a bottom ITO glass surface coated with a thin layer of TiOPc as a light-addressable electrode,
and a Ca-alginate hydrogel as an electrically-induced deposition solution. It represented a sandwich
structure, as shown in Figure 1b. The distance between the two electrodes was adjusted according to
the height of the fabricated 3D hydrogel structures from 40 μm to 1500 μm.

136



Micromachines 2017, 8, 192

 

Figure 1. Schematic of the rapid light-addressable system and preparation process of the titanium
oxide phthalocyanine (TiOPc) plate. (a) The programmable light patterns are projected onto the
photoconductive chip through contraction lenses L1 and L2. The 3D hydrogel fabrication processes was
observed under an optical microscope with a 10× objective lens and a charge-coupled device (CCD)
camera. (b) The top indium tin oxide (ITO) glass and bottom TiOPc plate represent the two electrodes of
the photoconductive chip. During the electrodeposition process, a Ca-alginate solution was introduced
between the two electrodes. A DC electric field and an optical pattern triggered Ca-alginate solution
cross-linking to generate 3D hydrogel constructs based on the virtual electrode pattern. (c) A TiOPc
layer was generated by spin-coating at a certain spinning speed. Its thickness can be modified by
adjusting the spinning speed.

2.2. Preparation of Deposition Solution

Sodium alginate powder (Sigma Inc., Marlborough, MA, USA) was dissolved in distilled water at
1% (w/v). Then, insoluble CaCO3 powder (diameter 30–50 nm; Haofu Chemistry Limited Company,
Shanghai, China) was dispersed into the solution at 0.5% (w/v) followed by magnetic stirring at
1200 rpm for 12 h.

2.3. Fluorescent Imaging

To obtain the fluorescent images of 3D hydrogel structures, 1% (w/v) suspension of the fluorescent
microspheres (10 μm in diameter, Aladdin Inc., Shanghai, China) was mixed with the deposition
solution and sonicated for 10 min. A fluorescence microscope (Eclipse Ni, Nikon, Tokyo, Japan) was
used to observe the stained hydrogel at 4× magnification.

2.4. Formation of the 3D Hydrogel Microcapsule

To prevent the breaking of the hydrogel during reconstruction, the alginate-PLL (Poly-L-
Lysine)microcapsule was fabricated as a shell. After the fabrication of the 3D hydrogel structures, the
TiOPc plate was immersed into a 10 cm petri dish to flush away extra deposition solution. Then, the 3D
hydrogel structures were detached from the TiOPc plate surface and transferred into another petri
dish filled with 0.05% (w/v) PLL solution by gentle pipetting. The Ca-alginate hydrogel structures
reacted with the PLL solution for 5 min, and the alginate–PLL membrane was formed. Next, 1.1%
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(w/v) CaCl2 solution was used to harden the alginate–PLL gel structures. The hardened 3D hydrogel
structures were then treated with 0.03% (w/v) sodium alginate solution for 4 min to obtain the final
microcapsule shell.

3. Results

For electrodeposition of Ca-alginate hydrogel, a rapid light-addressable system was used as
shown in Figure 1a. The illumination source was provided by a projector. Then, the optical patterns
programmed via a commercial computer were projected onto the TiOPc light-addressable electrode.
The optical image contraction system consisted of two lenses of focal lengths (L1 and L2) 200 mm and
20 mm, respectively, and a dichroic mirror (L3), which served to minimize the optical pattern 1/10×.
A DC potential applied between two electrodes was supplied by a signal generator (2601B, Keithley,
Cleveland, OH, USA). The photoconductive chip was placed on a 3D translation platform, and the 3D
hydrogel microstructures fabrication processes were monitored under an optical microscope with 10×
objective lens and a charge-coupled device (CCD) camera.

The procedure of optically-induced 3D Ca-alginate hydrogel electrodeposition is illustrated in
Figure 2. As mentioned earlier, the impedance of TiOPc could be tuned by illumination. Hence, the
TiOPc layer was insulated when no light was projected on it, even when the DC source was applied
between the two electrodes. As a consequence, electrically-induced deposition could not be triggered,
as shown in Figure 2a. Whereas, after the optical pattern was projected on the TiOPc electrode, the
impedance was adjusted by the projected area and the TiOPc electrode was conductive immediately.
The photoconductive chip formed into a circuit, and the Ca-alginate hydrogel electrodeposition
triggered on the positive electrode. Herein, a DC voltage of constant potential (6 V) was applied
between the two electrodes for 20–120 s. The electric field across the solution generated H+ by
electrolysis of water and formed a pH gradient around the anode surface (TiOPc layer), as shown in
Figure 2b.

 

Figure 2. Schematic of light-induced electrodeposition. (a) The Ca-alginate solution was introduced
between the cathodic ITO glass and the anodic TiOPc plate. (b) Light and DC voltage triggered the
production of H+ nearby the anode, leading to a decreased pH gradient. (c) H+ reacted with CaCO3

nanoparticles in the solution to release Ca2+. After that, alginate cross-linking with the release of Ca2+

formed the 3D hydrogel structures based on the virtual electrode patterns.

2H2O → O2 + 4H+ + 4e− (1)
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After that, the nano CaCO3 particles in the solution reacted with H+ to release calcium ions (Ca2+).

2H++CaCO3 → H2O + Ca2++CO2 (2)

Finally, alginate in the solution cross-linked with the released Ca2+ to form the 3D Ca-alginate
hydrogel structure onto the TiOPc plate corresponding to the virtual electrode pattern (Figure 2c).

Ca2++2Alg-COO− → Alg-COO-Ca-OOC-Alg (3)

During the growth of the Ca-alginate hydrogel by electrodeposition, the density of Ca2+ was
increased near the anode surface during the electrodeposition process as the time increased. Likewise,
the gel’s height and hardness increased with time, and eventually reached a steady state. Thus,
the formation of the Ca-alginate hydrogel is related to current density and period of illumination.
The relationship between them has been exhibited in Figure 3. The dependence of deposition time on
the height of gel growth is illustrated in Figure 3a. The trend of the gel growth increased linearly in
time and finally reached approximately 400 μm at the constant current density of 3 Am−2. The effect
of current density on hydrogel growth at the constant deposition time of 90 s was measured, which is
shown in Figure 3b. The fit curve clearly confirms the relationship between the current density and the
height of gel growth; i.e., the hydrogel grew faster under a higher current density.

Figure 3. (a) The dependence of the deposition time on the height of the gel growth at constant current
density 3 Am−2. The root mean squared error (RMSE) between experiment and model is 5.9 μm.
(b) The effect of the current density on the hydrogel growth. The RMSE between experiment and model
is 0.1 μm.

To demonstrate the capability of the 3D hydrogel microstructures assembly achieved by this
method, the three main types of 3D hydrogel construction assembly strategies were investigated
systematically. The plane-based two-dimensional (2D) assembly is the common artificial construction
strategy. The process of reconstructing two squared 3D hydrogel blocks into a full rectangular 3D
hydrogel structure by planar welding is depicted in Figure 4. Red and green fluorescent microspheres
were mixed into the Ca-alginate solution respectively for distinguishing the different 3D hydrogel
blocks. A square optical pattern was projected on the TiOPc plate, and a red, squared 3D hydrogel block
was fabricated via the light-addressable electrodeposition firstly, as shown in Figure 4a. After 50 s,
the TiOPc plate was immersed into a petri dish (50 cm diameter) containing deionized water to gently
flush away the extra alginate, and the boundary of the squared 3D hydrogel structure was defined
clearly (Figure 4b). Again, a Ca-alginate solution mixed with green fluorescent microspheres was
dropped on the TiOPc plate and joint with the red-square 3D hydrogel block. A squared optical pattern
was projected on the TiOPc plate close to or slightly overlying the area of the red-squared 3D hydrogel
block (Figure 4c). The same 3D hydrogel block fabrication process was carried out for the green-squared
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3D hydrogel block, and a full rectangular 3D hydrogel structure was obtained via planar welding of
two 3D squared hydrogel blocks (Figure 4d). Figure 4e–g show the assembly of the two 3D squared
hydrogel blocks successfully. To avoid breaking the fragile hydrogels, an alginate–PLL membrane was
formed as a shell to wrap the 3D hydrogel structure, sequentially forming a hydrogel microcapsule.

 

Figure 4. Reconstruction of 3D hydrogel blocks via planar welding. (a) The 3D hydrogel microstructure
(red-square) was fabricated via a light-addressable electrodeposition system. (b) The 3D hydrogel
structure came out after the deionized water gently flushed away the extra solution. (c) The Ca-alginate
solution mixed with green fluorescent microspheres was dropped on the TiOPc layer adjacent next to
the red-square 3D hydrogel structure, and the same hydrogel fabrication procedure was applied on it
again. (d) After 50 s, the full-rectangle 3D hydrogel structure was achieved via planar welding of the
green-square 3D hydrogel block with the red one. (e–g) The fluorescence images of the planar-weld
3D hydrogel structure. All scale bars are 250 μm. (h) The designed patterns of the virtual electrode.
(i) Size distribution of designed pattern and 3D hydrogel microstructure.

The photoconductive electrodes allowed the Ca-alginate hydrogel to form into a desired pattern at
a specific address. To demonstrate the flexibility and reliability of this 3D gel microstructure fabrication
strategy, various 3D hydrogel blocks were fabricated according to the virtual electrode patterns at will
and were then assembled into the desired 3D tissue constructions in the condition of constant potential
voltage 6 V and deposition time 20–120 s. The method of reconstructing 3D hydrogel blocks into new
3D hydrogel architecture was developed by the light-addressable electrodeposition. Consequently,
it is suggested that the present method will allow researchers to fabricate more complex 3D tissues
in vitro (e.g., blood vessels, muscle fibers, and neural pathways). It is noteworthy that they are the
hierarchical structures of the human body.
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Besides the planar welding, the hierarchical structures can be also assembled by the flexible
and rapidly light-addressable electrodeposition method, which are useful for the creation of various
complex functional objects, such as multi-layer 3D hydrogel structures and vessel-shaped structures.
Figure 5 shows the building process of the multi-layer 3D hydrogel structures. A red-hexagonal 3D
hydrogel structure was fabricated via light-addressable electrodeposition as the first layer, as shown in
Figure 5a,b, and a 3D hydrogel structure based on a desired optical pattern was obtained, as shown in
Figure 5e. For the second layer, green fluorescent microspheres were mixed with 1% (w/v) sodium
alginate solution and dropped on the anode to overlay the area of the first layer, which serves as the
feeder layer for the provision of free Ca2+. The first feeder layer contacts with the sodium alginate
solution, then the anode current and optical pattern together trigger the Ca2+, which is released
from the excess CaCO3 nanoparticles in the feeder layer to form the second layer of the Ca-alginate
cross-linking hydrogel structures (Figure 5c,d). Herein, a circular optical pattern was projected on the
overlying area as the second layer. After 60 s, a green-circular 3D hydrogel structure was generated
on the first layer, and later the multi-layered structure was assembled successfully. The experimental
results are shown in Figure 5f,g, respectively.

 

Figure 5. Formation of multi-layer 3D hydrogel microstructure. (a) A hexagonal optical pattern was
projected on the TiOPc plate, and a red 3D hydrogel structure formed in the anode as the first layer.
(b) After deposition, the deionized water was used to flush away the excess hydrogel solution. (c) Based
on the first layer, the hydrogel solution without CaCO3 nanoparticles was dropped on it, and a circular
optical pattern was projected on the overlying area to form a second layer. (d) A multi-layer 3D
hydrogel microstructure assembled with the red hexagonal 3D hydrogel block and the green circular
3D hydrogel block. (e–g) The fluorescence images of the multi-layer 3D hydrogel structure. All scale
bars are 250 μm. (h) The designed patterns of the virtual electrode. (i) Size distribution of designed
pattern and 3D hydrogel microstructure.
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The assembly process of the vessel-shaped structure is shown in Figure 6. To achieve a long and
thin vessel-shaped 3D hydrogel structure, the optical pattern was projected on the TiOPc plate and
moved along the Ca-alginate solution to cover the area step by step, with a deposition time of 50 s
in each step. The consecutive electrodeposition was achieved as the designed length, the inner layer
of the vessel-shaped structure was obtained as shown in Figure 6a. The fabricated inner layer can be
clearly present via the deionized water flush away the extra Ca-alginate solution (Figure 6b). Herein,
a squared optical pattern was used as the electrodeposition unit, and the length of the inner layer
was approximately 2000 μm, while its width was approximately 400 μm. The fluorescence images
of the vessel-shaped hydrogel structure are shown in Figure 6e. The fabrication process of the outer
layer of the vessel-shaped structure is shown in Figure 6c,d. After flushing away the excess deposition
solution, the inner layer 3D hydrogel structure was detached from the TiOPc plate by gentle pipetting
and transferred into another 10 cm petri dish filled with the sodium alginate solution mixed green
fluorescent microspheres. After treatment with the sodium alginate solution for 5 min, the fabricated
inner layer was wrapped sufficiently. The wrapped inner layer was transferred to the TiOPc plate by
pipetting gently. The same procedure as followed for the inner layer was used for the fabrication of
the outer layer. After 50 s, an outer layer was fabricated with a length of approximately 2000 μm and
width of approximately 450 μm. The results of the experiment are shown in Figure 6f. Figure 6g shows
the successful assembly of the 3D vessel-shaped hydrogel microstructure.

For this study, we fabricated various 3D hydrogel microstructures using this method. Figure 3
shows two square-shaped 3D hydrogel microstructures with length approximately 500 μm, while
the length of the designed micro-pattern was 450 μm. The results indicate that the 3D hydrogel
microstructures might be slightly larger than their corresponding designed micro-pattern because of
the diffusion of calcium ions during the electrodeposition processes. We investigated the relationship
between the designed optical pattern and the 3D hydrogel microstructures quantitatively. Three
different micro-patterns were designed—squared with length 500 μm (Figure 4h), circular with
diameter 1000 μm (Figure 5h), and rectangular with length 2000 μm and width 400 μm (Figure 6h),
respectively. After light-induced electrodeposition, the length of the 2D square hydrogel microstructure
was approximately 637 μm ± 78 μm (Figure 4i). The diameter of the 2D circular hydrogel
microstructure was approxim0ately 1279 μm ± 67 μm (Figure 5i). The length and width of the
2D rectangular hydrogel microstructure were approximately 2430 μm ± 39 μm and 479 μm ± 45 μm
(Figure 6i), respectively.

Consequently, the proposed method realized various 3D hydrogel blocks and the highly-efficient
reconstruction of complex 3D microstructures. The advantage of this method is the capability to
fabricate both plane-based 2D assembly and spatial assembly. Moreover, the structure and the shape
of the 3D hydrogel constructs can be fabricated controllably (i.e., the length, width, thickness, and the
layer numbers of hierarchical structures). The high flexibility and controllability of this method could
have the potential to improve fabrication efficiency and the application of 3D hydrogel architectures.
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Figure 6. Assembly processes of the vessel-shaped structure. (a) The inner layer was fabricated
via light-addressable electrodeposition step by step via optical pattern moved along the deposition
solution cover area. (b) The TiOPc plate was immersed into the deionized water to flush away the
extra deposition solution. (c) The formed inner layer was detached by pipetting gently and transferred
into the sodium alginate solution mixed with green fluorescent microspheres. (d) The same fabrication
steps were used to form the outer layer. (e–g) The fluorescence images of the vessel-shaped hydrogel
structure. All scale bars are 400 μm. (h) The designed patterns of the virtual electrode. (i) Size
distribution of designed pattern and 3D hydrogel microstructure.

4. Conclusions

In summary, we described a system for the study of the highly-efficient fabrication and flexible
reconstruction of 3D hydrogel microstructures. The 3D hydrogel blocks can be fabricated readily and
rapidly via mold-free light-addressable electrodeposition. The simple fabrication method presented
herein allows the generation of desired hydrogel structures at a specific address. Furthermore,
the method requiring only general electrodeposition and hydrogel fabrication processes can produce
the construction of complex 3D hydrogel architectures without sophisticated techniques. Conclusively,
the versa tile method holds metapromise as a universal platform for artificial and functional
architectures applicable to drug screening and tissue transplantation.

Supplementary Materials: The following are available online at www.mdpi.com/2072-666X/8/6/192/s1,
Figure S1: The confocal fluorescence image of the 3D hydrogel microstructure. The scale bar is 200 μm.
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Abstract: A three-dimensional (3D) tissue model has significant advantages over the conventional
two-dimensional (2D) model. A 3D model mimics the relevant in-vivo physiological conditions,
allowing a cell culture to serve as an effective tool for drug discovery, tissue engineering, and
the investigation of disease pathology. The present reviews highlight the recent advances and
the development of microfluidics based methods for the generation of cell spheroids. The paper
emphasizes on the application of microfluidic technology for tissue engineering including the
formation of multicellular spheroids (MCS). Further, the paper discusses the recent technical advances
in the integration of microfluidic devices for MCS-based high-throughput drug screening. The review
compares the various microfluidic techniques and finally provides a perspective for the future
opportunities in this research area.

Keywords: microfluidics; bioMEMS; cell spheroids; three-dimensional cell culture; tissue engineering

1. Introduction

In the past decade, cell-based assays have undergone a noticeable transition from two-dimensional
(2D) to three-dimensional (3D) cell culture. A cell culture is the basic tool for drug discovery,
investigation of the mechanism of diseases, and tissue engineering. A 3D cell culture maintains the
significant physiological relevance of cell-based assays [1]. A 3D cell culture mimics the sophisticated
in-vivo environment which is crucial for efficiently predicting the mechanisms of drug action before
clinical trials. Traditionally, 2D cell cultures on a flat substrate are employed as in-vitro models, because
they are inexpensive and more accessible than animal models. However, 2D culture models may
not be able to mimic the in-vivo systems in terms of cellular physiology, metabolism and protein
expression (e.g., membrane proteins). Current literature indicates that the spatially confined 2D
cultures attribute to the forced inhabitation of cells grown on a flat and rigid surface [2]. The flat
surface requires cytoskeleton to establish contact between neighbouring cells and exert artificial
polarity [3]. Thus, 2D cultures cannot provide adequate extracellular matrix (ECM) formation and
promote cell–cell and cell–matrix interaction to form a complex communication network within a
tissue-specific architecture [4]. ECM is a critical cellular factor for structural support and biochemical
cues that regulate cell proliferation, adhesion and migration. Furthermore, cells in a monolayer are
exposed to the bulk of media with sufficient oxygen and nutrients, whereas the response of cells in a 3D
tissue to nutrient and soluble factors depends on their diffusion and the corresponding concentration
distribution [5,6].
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The limitations of 2D culture systems motivate the development of 3D culture. In contrast to the
flat 2D culture, a 3D culture consists of multi-cellular layers, which are critical for both biochemical and
mechanical characteristics of a tissue. Thus, a 3D construct allows for the optimal transport of nutrient,
gas, growth factors and cellular waste similar to in-vivo processes. To date, countless efforts have been
reported on the production of more biologically relevant 3D tissue models using both scaffold-based
and scaffold-free strategies. Microtissues constructed with scaffold rely on supporting materials, which
raises issues of biocompatibility and cell–material biorecognition. Biodegradable scaffold substitutes a
large amount ECM, resulting in tissue that is composed of less densely packed cells [7]. Furthermore,
biodegradable scaffolds exert sensitivity to standard sterilization method when used as an implant in
the surgical site. In contrast, scaffold-free approaches initiate interactions between cells and substrate
to maximize cell–cell interaction by self-generated ECM. In recent years, scaffold-free methods have
been developed to enable the self-assembly of cells into multi-planar cell sheets or spherical cell
colonies, often referred to as multicellular spheroids (MCS). These two scaffold-free 3D constructs can
potentially generate their own ECM components.

Holtfreter and Moscona demonstrated the first formation of MCS using self-assembled cells
suspension without external forced interaction with a biomaterial [8]. With this technology, MCS
became an important 3D model for tissue engineering and drug testing. A multicellular model
is attractive because of its simplicity and ability to mimic the native tissue with a closely packed
heterogeneous cell population. Compared to a 2D cell culture, MCS poses improved growth kinetics,
better biochemical signalling and enhanced physiochemical gradient. Typical MCS generation methods
are cell culture on non-adherent surfaces, spinner flasks, rotating reactor and microwell arrays.
Despite the advantages mentioned above, conventional methods for growing MCSs have limited
performance in terms of standardized reproducibility and size uniformity. Spheroids produced from
conventional methods are usually transferred to another platform for functional characterization and
drug testing. This process is often laborious and affects the quality of the spheroids. A microfluidic
device can provide a solution for this bottleneck, allowing for high-throughput generation and handling
of spheroids. The high-throughput platform is an extremely attractive approach for the clinical
applications such as preclinical and therapeutic drug testing.

Since the 1990s, the cutting-edge technology of microfluidics has been adopted for cell culture and
producing reliable 3D tissue models that are highly complex, reproducible and tuneable [9]. The small
liquid volume, as a key advantage of microfluidics, has been utilized for generating MCSs and the
associated cell-based assays. A microfluidic platform is robust and provides several vital features for
maintaining in-vivo physiology, such as: (i) integrated components for supplying nutrient and removing
waste [10]; (ii) concentration gradient generators suitable for drug delivery and efficacy investigation [11];
(iii) integration of multiple cell-handling tasks such as cell positioning [12], trapping [13] and mixing [14];
(iv) low-cost assays for bioanalysis and high-throughput drug screening [15]; and (v) automated processing
to replace tedious manual and robotic handling [16]. Droplet-based microfluidics is an emerging branch
of microfluidics that enables the production of highly uniform droplets. This technology allows mixing
and encapsulating of cells in a single droplet, which is protected by an immiscible liquid phase. With a
high surface area to volume ratio, the microdroplets serve as a unique microbioreactors for a high-yield
formation of spheroids [17]. Biomaterials such as polymers and colloid particles were used as the
supporting substrate [18]. In addition, droplets containing MCS can be precisely positioned in an array
for applications such as cytotoxic testing [19]. Such a droplet array is feasible to control administration
of a drug and suitable for high-throughput image-based drug screening.

The present review highlights the recent advances in the development of microfluidics-based
3D spheroid culture. The review focuses on: (i) the formation of MCS in a microfluidic system;
(ii) optimization of a microfluidic system for 3D culture; and (iii) integrated systems for high-throughput
drug screening. Furthermore, the review also compares and discusses the advantages and limitations of
various microfluidic techniques and proposes the future research opportunities, especially to address
the current challenges in the field of health care.
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2. Multicellular Spheroids

2.1. Formation of Multicellular Spheroids

Tissue compaction and cohesion are essential for the spontaneous formation of cell constructs.
An engineered spherical tissue should possess viable cells, organized matrix and biomechanical
properties to achieve the ultimate biomimicry. Scaffold-free approaches produce tissues by mimicking
natural processes that occur during embryogenesis, morphogenesis and organogenesis. If cells are
seeded on a planar surface without exogenous material, they inhibit surface adhesion and form
clumps in suspension. The two distinct assembly categories are the organization of extracellular
matrix and the self-assembly of cells aggregation. The self-assembly process is spontaneous and more
pronounced to intrinsic sorting. The process initiates the self-arrangement and cell–cell interactions
to organize aggregates in the form of the spheroids or other shapes. Initially, cells aggregate and
undergo self-sorting in response to the signal they generate. The cells subsequently form loose clusters.
In addition, the self-sorting mechanism allows cells to selectively form a discrete population and
segregate from other populations. A number of intercellular adhesion models have been formulated to
describe the formation and compaction of MCS. These models mainly consider the three-step process
shown in Figure 1: (i) interaction between ECM and integrin to promote cell attachment (Figure 1A);
(ii) up-regulation of cadherin upon cell aggregation (Figure 1B); and (iii) homophilic interaction of
type-1 transmembrane proteins (E-cadherins) to initiate strong cell adhesion (Figure 1C).

 

A B C

D

Profilerating zone

Quiescent zone

Necrotic core

Figure 1. Structure and formation of a multicellular spheroid: (A–C) formation; and (D) structure.

The interaction between ECM and integrin plays an important role as physical linkers to mediate
the cells merging process. A long-chain polymerized fibronectin matrix is the major ECM component
that links the cells [20]. Mono-dispersed cells make cell–cell contact and enhance ECM generation with
multiple tripeptide arginyl-glycyl-aspartic (RGD) motifs. The RGD motifs then bind with integrins to
form integrin/ECM fiber-mediated composition on the cell membrane surface [21]. The integrin–ECM
interaction is the base for cell binding that eventually promotes a stronger cell–cell adhesion which
is essential for the acceleration of cell aggregation (Figure 1A). Subsequently, clusters of the cell
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aggregates fuse and assemble into a loosely assembled spherical cell structure. This loose aggregate is
highly permeable to nutrient and soluble factors. The next process is known as delayed process in
which cells establish the cohesion activity. The integration of the integrin–ECM facilitates this process
to increase the cell aggregation. Cells in the aggregates are healthy and possess higher survivability [22].
The regulation of cell–cell recognition and interaction at the delayed phase is initiated by E-cadherin
(Figure 1B) [23]. The classical role of cadherins is to increase the adhesiveness of the cell–cell contact
and provide a structural support.

E-cadherin expression is established to initiate the cell compaction and it is auto regulated until
a specific threshold [24]. Furthermore, cadherin molecules bind with each other by homophilic
interaction to generate a strong cell cohesion which is connected by adherent junctions [25,26]. Finally,
the loose aggregates compact and condense into a spherical tissue, forming a multicellular spheroid.
E-cadherin mediated adhesion is an essential factor for the plasticity of cells which allows the cells
shape to change upon contraction (Figure 1C). In brief, co-localisation between the E-cadherin and
cytoskeleton facilitates the actin filament rearrangement to form a bundles and networks [27].

2.2. Properties of Multicellular Spheroid

The cells within a MCS are heterogeneously exposed to the nutrient, growth factors and oxygen
supply due to MCS structure. Thus, it is meaningful to engineer MCSs with a pre-defined size to be
able to predict and regulate the self-sufficiency of MCSs for survival and homeostasis. The metabolic
activities within the MCSs are heavily depended on their ability to maintain a sufficient degree of
mass transport. [28]. A relatively thick MCSs with diameters ranging between 150 and 200 μm is
typically composed of diffusion-restricted tissue. Oxygen diffusivity in a MCS is one of the critical
factor which is commonly measured using O2-sensitive microelectrodes [29]. It is important to note
that the zone next to the core of a MCS is most likely to have insufficient oxygen supply and therefore
it is more susceptible to the decrease in metabolic rate. Moreover, diffusion of nutrient is another
hurdle. Alvarez-Perez et al. reported that proton magnetic resonance with pH-sensitive indicator
shows a poor diffusion of nutrients within the MCSs [30]. Furthermore, the cell barrier impedes the
elimination of waste, and therefore dumps them at the core of the spheroid. The cells at this region
lose their biological activity leads to the occurrence cell death and formation of necrotic core [31].
Figure 1D shows the three basic layers of the MCSs: (i) the outer layer containing proliferating cells
with active metabolic rate; (ii) the middle layer consisting of cells at quiescent state in which cells may
potentially attain higher metabolic rate and proliferate upon exposure to nutrient; and (iii) the inner
region containing cells underwent necrosis. Cells at this region suffer from insufficient nutrient and
lose their biological activity to excrete waste.

Considering their structure, MCSs seem to be replicating the architecture of a native tumour tissue.
In nature, tumour microenvironment in vivo is biologically heterogeneous, comprising of progressive
growth and induce metastasis by extensive neovascularization called “tumour angiogenesis” [32].
The angiogenesis in the tumour predominates the cells survival and proliferation by promoting the
biochemical mass transport. Unexpectedly, an increase in angiogenesis decreases the drugs response
to the therapy. Realizing this, it will be beneficial to generate co-cultured MCS tumour model by
using cancer cells and endothelial cells which will ensures heterotypic cell–cell interaction to form a
MSC with tumour vascularity [33]. The vascularized tumour spheroid closely resembles the cellular
heterogeneity of solid in vivo tumours.

3. Conventional Methods for Spheroid Generation

Recently, a wide range of basic and complex methods has been developed to generate MCSs.
The most important prerequisite is the ability to control the size and uniformity of MSC formation
to maintaining optimal biological functions of the MSCs. The grand challenge for MSC generation
is maximizing the cell density in a small volume and generating a spheroids with the size smaller
than 150 μm [34]. The small size facilitates the homogenous delivery of oxygen and nutrients from
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the exterior to the core. Furthermore, the culture method should enable the efficient drugs delivery
and ideally mimic the in-vivo efficacy [35]. On the other hand, it is crucial to establish methods with
standardization, automation, quality control and validation. Such initiatives will potentially accelerate
the large-scale production of well-defined MSC for drug screening purposes. In summary, adaptation
to high throughput formats will be cost effective. Some of the conventional methods for the production
of MSC are described as follow.

3.1. Pellet Culture

Pellet culture is a simple and rapid approach, which was first introduced by Kato et al. [36].
The method employs centrifugal forces to maximize the cell–cell contact and subsequent adhesion at the
bottom of a test tube (Figure 2A) with the typical centrifugation acceleration and time as 500 g and 5 min
respectively. However, the major drawback of the method is that the shear stress from centrifugation
may damage cells and thus provide unreliable results. Another drawback is that this method creates
relatively larger spheroids with the diameter of more than 500 μm. Larger MSCs with the diameter
range of 500 μm are not suitable for general bioassay development, because oxygen demand in
such a large MSC causes hypoxia in the core and thus may not reflect the treatment effectiveness [37].
However, this model is suitable for studying bone regeneration [38]. Typically, low oxygen environment
stimulates the differentiation of chondrocytes or chondrogenesis of mesenchymal stem cells [39,40].
Furthermore, this method is not scaled for mass production for high throughput screening and
image analysis.

 

A

Scaffold-free 3D cell culture methods
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Figure 2. Conventional methods for spheroid generation: (A) pellet culture; (B) liquid overlay;
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3.2. Liquid Overlay

The liquid overlay method allows the cell–cell aggregation instead of the cell adherence by coating
the cell culture plate with a non-adherence layer (Figure 2B). This technique was established by Ivascu
and Kubbies [41]. A low-adhesive surface was created by coating poly (2-hydroxethyl methacrylate)
(pHEMA) on commercially available plates designed with V-shaped or U-shaped bottoms [42].
After seeding cells, a low magnitude of mechanical vibration was applied to promote cell aggregation
leading to the MSCs formation. This method is straightforward and easy but suffers from the issues
such as reproducibility with sufficiently high yield [43] and non-uniform shape of the spheroids [44].
The usage of different types of culture plates is the main cause for the insufficient reproducibility in
size and shape. However, the utility of commercially available Cellstar®Cell-Repellent Surface well
plate had shown a high performance [45].

3.3. Hanging Drop

The conventional hanging drop culture was first described by Keller for initiating the development
of embryonic bodies [46]. This method is based on the sedimentation of the cells due to gravitational
force which promotes the cell–cell interaction. These interactions dominate over cell-substrate
interaction, leading to the formation of spheroids (Figure 2C). A small droplet containing cell
suspension with volume ranging from 20 to 30 μL is seeded onto the lid of polystyrene microwell plate.
After turning the plate upside down, the droplets hang and gravity allows the cells to settle at the
bottom for self-assembly. This method simplifies the laborious liquid handling processes and has the
potential for high throughput. For instance, Tung et al. proposed a 384-well array to generate hanging
drops for high-throughput screening [47]. The droplet maintains the shape and rigidly attached to
the lid due to the surface tension. The liquid–air interface of the droplet allows gas exchange but is
subjected to extensive evaporation [48]. To prevent evaporation, a modified liquid bath reservoir was
used to maintain the humidity.

The hanging drop method is applicable for a volume of less than 50 μL because a large volume
reduces the role of surface tension against gravity, and the droplet may fall down [49]. Furthermore,
owing to the small volumes and the insufficient nutrient supply, a hanging drop cannot sustain
a long-term culture. Changing medium by multiple pipetting steps is susceptible to mechanical
perturbation which leads to the spreading or collapse of the droplet. Thus, it is not an easy task to
add drug or soluble factors to the droplets. However, Frey et al. developed a hanging drop method
incorporating a continuous liquid flow network which enables nutrient supply [50]. Hsiao et al.
modified the microwell plate with a lid containing ring structures to improve the structural integrity
of the hanging drop [51]. The plate is designed with an extra ring for holding more liquid and is more
robust against evaporation. Nonetheless, overall conventional hanging drop techniques do not allow
real-time imaging to track the formation process of the spheroids. To overcome this limitation, the
primary plate of hanging drops are transferred to a secondary plate using transfer and imaging (TRIM)
plates [52] or commercially available systems such as InSphero GravityTRAP system.

3.4. Spinning Flasks

Spinning flasks culture is a cell agitation approach based on stirred suspensions. An impeller
mixer in the reactor tank prevents cells sedimentation and also promotes cell–cell interaction in the
culture medium, Figure 2D. The spinning mechanism allows for sufficient supply of nutrients and
soluble factors to cells while facilitating the excretion of wastes [53]. This method is suitable for long
term culture. However, the major limitation is the production of non-uniform spheroids. Furthermore,
method needs the specialized equipment and consumes a large amount of medium (100–300 mL).
Finally, for drug screening purposes, this method requires manual selection of spheroids to obtain a
population with similar size [54].
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3.5. Rotating Vessels

Rotating cell culture bioreactors or rotating wall vessel (RWV) was developed by NASA in 1992
to study cell growth under simulated microgravity condition [55]. Instead of stirring, rotary bioreactor
rotates itself to maintain cells in a continuous suspension (Figure 2E). The culture chamber rotates along
the horizontal axis to prevent cells to adherence to the chamber wall. The speed of the rotation can be
adjusted to exert low shear force, and at the same time to promote the optimal cell–cell adherence for a
larger 3D structure. Once 3D aggregates are formed, continuous rotation at a desired speed prevents
coalescence of the spheroids. This method enables the development of spheroids with approximately
uniform sizes. Rotating vessel method ideally suits for long-term culture of 3D spheroids, because easy
replacement of medium allows for efficient supply of nutrient and removal of waste [56]. The main
disadvantage of this method is the requirement of specialized equipment.

3.6. External Forces

The application of external forces has long been employed to induce cell aggregation and compaction
to form 3D structure. Widely used actuation concepts are dielectrophoresis [57], magnetism [58] and
acoustic waves [59]. However, these methods are fairly complex, offer little access for visualization of
spheroid formation and require specialized equipment. Furthermore, cells are forced to aggregate into a
non-uniform geometry, which leads to a heterogeneous morphology and lower yield. These methods
can induce mechanical stress onto the cells and may lead to cell damage. Therefore, the formation
of spheroids with external forces is not well suited for drug screening. Nevertheless, this approach
can meet the demand for 3D culture particularly for cells with lower adherence properties. Recently,
magnetic levitation and surface-acoustic-wave have gained increasing attention for the formation and
manipulation of spheroids.

3.6.1. Magnetic Levitation

Magnetic levitation was successfully used to construct 3D in-vitro models. This method was
used to culture various cell types such as adipocytes, vascular smooth muscle cells and breast tumour
cells. Engineering the cell composition and density allows for the formation of the heterogeneous
spheroids (Figure 2F). Magnetic levitation was reported to enable tumour and fibroblast cells to interact
and form larger spheroids in a shorter time [60]. Moreover, larger spheroids with necrotic cores and
region of hypoxia are similar to the in-vivo tumour niche which makes them well suited for the cancer
studies. In the study reported by Haisler et al., magnetic nanoparticles were inserted into the layer of
2D confluent cells and then levitated them with an external magnetic field. [61] The magnetic force
promotes cell aggregates at the air-liquid interface. The aggregated cell clusters naturally trigger
cell–cell interactions. The magnetic nanoparticles are biocompatible and do not induce inflammation
or affect the cellular physiology [62]. With this method, cells exhibit improved growth condition,
followed by the formation of ECM and compaction. The cohesive multicellular assembly lasted 72 h
before forming a spherical shape with a maximum diameter of 1 mm [63]. However, the potential effect
of magnetic particles on cellular physiology and metabolism is still not clear and well understood.

3.6.2. Acoustic Wave

Ultrasonic manipulation can be used to concentrate and trap cells in suspension. Bazou et al.
observed the changes in the cytoskeleton and adhesion of molecules after cells were exposed to an
ultrasound standing wave trap (USWT) (Figure 2G) [64]. Further, a similar approach was employed
by Liu et al. to obtain the formation of 3D aggregates of hepatocarcinoma cells. This was followed
by the rapid changes in intracellular F-actin within just 30 min [65]. This method is a contactless
and can induce larger cell aggregates. The acoustic method provides excellent biocompatibility and
contamination-free conditions. This method can be further developed into a tuneable tool to generate
MCS. By altering the frequency of the standing wave, spheroids are dynamically assembled and fused
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into a larger organoids or a desired tissue without using a mould or a template [66]. Controlling
the standing surface acoustic wave enables the formation of an acoustic tweezer to precisely pick
and assemble cells into an organized 3D structure [67]. More recently, 3D acoustic tweezers were
utilized to control and adjust the geometry of spheroid production in only 30 min, achieving a high
throughput [68].

4. Microfluidic Methods

Microfluidic technology has rapidly evolved in biomedical research as a powerful tool for
various applications such as cell-based assay, tissue engineering, molecular diagnostics and drug
screening. The basic tasks of microfluidic technology are processing and manipulating small amounts
of liquid (10−9 to 10−18 litters); in a size scale that matches the size of cells and microtissue.
Microfluidics is categorized as continuous-flow and digital microfluidics (Figure 3). Continuous-flow
microfluidics can be further categorized as single-phase and multi-phase microfluidics. Multi-phase
microfluidics and digital microfluidics can accurately and efficiently produce micro droplets within
milliseconds enabling a high throughput [69] for cell-based analysis [70]. The implementation of
3D cultures in microscale potentially allows further reduction of the volume of nutrient, reagents,
soluble factors and drugs. 3D cell culture with microfluidics provides a higher controllability and
provides a cost-effective mean for biomanufacturing. Furthermore, droplet-based microfluidics offers
the advantages for cell compartmentalization with a high surface-to-volume ratio. This physical
characteristic is desirable in a wide range of molecular and cellular analysis [71]. As the viability of
cells during the generation of MCS is critical, a microfluidic platform typically applies a low shear
stress and thus minimizes cell damage [72]. Furthermore, an integrated microfluidic device provides
a high degree of programmability and configurability. For instance, advance cell-based assays are
scalable as an array. This feature allows microfluidics not only to engineer microscale 3D tissues but
also more complex tissue system such as artificial organs on a chip. In the following sections, we
discuss the state of the art of microfluidic technology for MCS generation and analysis including:
(i) platform configuration and applicability; (ii) integrated microfluidics; and (iii) technical limitations
and improvement.

4.1. Continous-Flow Microfluidics

A continuous flow in microchannels is either delivered by a flow-rate-driven or pressure-driven
pumping system. Fluid flow in this small scale is inlaminar regime as surface effects such as friction
dominate over volume effects such as inertia. Continuous-flow microfluidics either handles a
single-phase or multi-phase segmented flow. Multi-phase flow microfluidics is also often called
a droplet-based microfluidics, which generates and manipulates monodispersed microdroplets.

In single-phase continuous-flow microfluidics, the microchannels are coated or filled with hydrogel
for trapping and providing a scaffold for cell growth. The technology provides a precise concentration
gradient of soluble molecules, nutrients and drugs [73]. Thus, an artificial microenvironment can be
created to facilitate spheroid growth (Figure 3A) [74]. In multi-phase continuous-flow microfluidics,
liquid droplets are formed and manipulated in a continuous manner. The two established methods for
droplet formation are flow-focusing and T-junction configurations (Figure 3B–D). The flow-focusing
configuration forms microdroplets by squeezing the liquid stream with two immiscible sheath streams
to generate highly monodisperse droplets [75]. The T-junction configuration uses a single sheath flow
to break up the dispersed phase into droplets [76]. In both configurations, scaffold materials such as
hydrogel can be added into the droplets to support cell growth.
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4.1.1. Single-Phase Microfluidics

Single-phase microfluidic synergies the 3D cell growth and allow the exchange of media by
perfusion system. In principle, fluid is continuously flown within a microchannels similar to in-vivo
vascularization effect [77]. Conventional systems for spheroid formation and growth is confined to a
reactor and isolated from the surrounding. Consequently, spheroid cultivation is limited to short-term
culture and is detrimental to the cell viability. This drawback also exists in droplet-based microfluidics,
which insufficiently regulates the environment for spheroid growth. To circumvent these limitations,
Agastin et al. attempt to grow multiple tumour spheroids using polydimethylsiloxane (PDMS)
microbubbles. A physiological flow was established inside the microbubble by media perfusion [78].
This model mimics an in vivo avascular tumour condition.

Ideally, perfusion method is regarded as a promising platform for anti-cancer drug testing
simply because it enhances drug exposure as well as the exchange of nutrients and wastes. In this
microfluidic system, media is flown continuously through microchannels and perfuse trapped cells or
spheroids. [74]. Thus, the formation and growth of spheroid can be carried out over a long time period
(e.g., two weeks) without significant decrease in the cell viability [79]. Moreover, the method allows the
possibility of device fabrication with integrated concentration gradient generator for high-throughput
applications. [80]. Perfusion flow can be generated simply by gravity and surface tension. In order
to increase the throughput, the assay can be scaled up to the 96 wells format. The initial attempt
was carried out by Chen et al. developing an integrated micro-capillary network that is connected
with supply chambers of culture medium [81]. Following these advances, Sakai et al. designed an
improved microwell array with perfused flows to carry out spheroid-based high-throughput drug
testing [82]. Another interesting approach was to combine multi-phase and single-phase microfluidics.
Spheroids are initially generated in an emulsified droplet, then by displacement of surfactants droplets
lead to coalescence and spheroids are exposed to perfusion [83]. Data acquisition and analysis
from chemotherapeutic studies showed perfusion-based format showed higher chemoresistivity as
compared to the static fluidic environment [84]. Interestingly, this system also allows miniaturizing
the combination of both physiologic and pathologic networks such as angiogenesis and thrombosis in
a 3D capillary network [85]. For instance, the platform could serve as a model for pathophysiological
conditions such as tumour angiogenesis and tissue ischemic model.
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4.1.2. Multi-Phase Microfluidics

In the past five years, several reviews presented a comprehensive overview of methods to form,
sort, and merge and manipulate microdroplets for experiments in chemistry and biology [86–88].
Recently, droplet-based microfluidics becomes an attractive approach as a microbioreactor to grow
and characterize living cells [89] and protocells [90]. Water-in-oil droplets serve as vessels for cell
culture. A continuous aqueous flow breaks into droplets and encapsulated by an immiscible phase
such as mineral oil with biocompatible surfactants [91]. The immiscible oil phase (W/O), droplets
are not optimal for the generation of MCS because they impedes the supply of nutrient and gas
exchange [92]. Thus, droplet-based systems only allow for a short-term cell culture. To circumvent these
problems, a water-in-oil-in-water (W/O/W) double emulsions (DE) format was used to encapsulate
cells. These droplets function as selective barrier to regulate the transport of soluble factors and nutrient.
Moreover, the outer aqueous phase ensures the adequate permeability of the oxygen. However,
conventional DE generates highly polydisperse droplets which are easily breakable. [93]. The precise
control of the surface wettability in the device is critical for the stability of the droplets [94]. The droplet
also improves heat and mass transfer and increases the reaction rate. These advantages accelerate the
diagnostic results as it allows the molecular or enzymatic reaction to occur in a shorter period of time.
Further in the next section, the use of single-phase and multi-phase microfluidics for 3D cell culture is
discussed in detail.

The two main challenges of droplet-based microfluidics are: (i) the formation of biocompatible,
monodisperse (<1%–3% dispersity) and stable droplets; and (ii) the real-time observation of cell activity.
The size and stability of droplet is critical to sustain long term culture of MCSs as well as drug testing.
The hydrodynamic properties such as type of flow, laminar or turbulent, are crucial for scaling of
the size of the droplets during emulsification process [95]. The emulsion quality also depends on the
viscous shear stress and interfacial tension. The breakup of droplets occurs when viscous shear stress
dominates and overcomes the interfacial tension. Further, when generated in bulk, shear force and
inertia cause the droplet to coalesce or break [96]. To overcome these limitations, a biocompatible
amphiphilic molecule called “surfactant” is absorbed at the interface. Surfactants reduce the interfacial
tension between the dispersed and continuous phases, which is critical to maintain the droplet stability
and prevent coalescence [97].

The outer oil layer of a droplet serves as a selectively permeable barrier and allows the transport
of small molecule across this barrier, which is essential to provide a discrete microenvironment for
cell culture. To further enhance cell growth the droplets can be formulated by encapsulating cells
with biological additives. Tumarkin et al. demonstrated the possibility of using microgel-based
biomaterials, which potentially promoted the cell functionality in terms of enhanced proliferation
and adhesiveness for the formation of MCS [98]. For instance, a continuous-flow microfluidic system
can be configured to co-encapsulate cells into hydrogel. The gelation process forms the cell-laden
microcapsules. Hydrogels are crosslinked with chemical residues by chemical stimuli and also with
physical process such as radical reactions, temperature and photon energy [99]. Hydrogel gel particles
provide structural support for spheroid growth and function [100,101]. The hydrogel capsules can be
scaled up as spheroid carriers to serve as immunoisolation barrier for the cell transplantation [102].
A variety of chemically modified hydrogels have been used to make microcapsules such as alginate-PLL
(poly-Llysine)-alginate (APA), thermally responsive hydrogels (agarose, NIPAM based hydrogel and
gelatin) and photosensitive hydrogels such as polyethylene glycol (PEG). The precise mechanism of
the various types of the encapsulation including cells types, functional outcomes and limitations are
summarized is Table 1.
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Table 1. Encapsulation types for 3D cell culture in droplets.

Polymer Gelation Method Advantage Disadvantage

Agarose Temperature Shift Improved nutrient diffusion [103]
Biocompatible [104]

The gelling temperate must be conducive
for optimal cell viability

Gelatin UV irradiation Formation cell–matrix interactions
with hydrogel [105]

Combination with hydrogel liquefies [106]

Poly(ethylene glycol) (PEG) UV irradiation Biodegradable [107] Poor drug release [107]

lactic-co-glycolic acid (PLGA) UV irradiation Release hydrophobic drugs [108] Poor drug encapsulation [109]

PEG-PLA incorporation UV irradiation Ideal for drug delivery [110] Poor stability [110]

Alginate Ion reaction Highly permeable structure and
allows long term culture [111]

Rapid gelation process can from
non-spherical particles [112]

Pura matrix Hydrogel Ion reaction Increase cell attachment,
proliferation and differentiation [99]

Decrease the cell viability [113]

Gelatin + Matrigel Ion reaction Facilitate cell-assembly [114,115]
The matrigel can induce morphology

alteration of the cells [114]

Biomimetic or biodegradable material based microcarriers are useful for cell culture and drug
delivery. Shi et al. modified the method of double emulsion solvent evaporation to fabricate a
biodegradable Poly(D,L-lactide) porous microspheres [116]. These microspheres act as a microcarrier
to deliver cells which could be used for cell-based therapies. In another study, a double emulsion
template was used to encapsulate droplet carrying multiple biomimetic scaffold. The scaffolds consist
of the porous cores which acted as a microcarrier and provided a confine environment for growing
spheroids. [117]. More recently, a reusable device was developed to customize monodisperse droplets
and perform multiple droplet encapsulations [118]. Collectively, it can be concluded that, multiple
encapsulation technique holds wider application in a 3D cell based assay.

4.2. Digital Microfluidics

A simple platform with easy liquid-handling is critical for lab-on-chip technology.
Continuous-flow microfluidics platforms require pumps and tubing for fluid delivery. Thus, handling
discrete droplets has advantages over the continuous flow microfluidics. Furthermore, actuation
techniques such as magnetic or electric forces are widely used for handling droplets. The digital
microfluidics (DMF) is a branch of microfluidics, which integrates the microfluidic devices and
electrical forces to manipulate discrete droplets [119,120]. There are two common configurations of
DMF for culturing: (i) closed format with droplets sandwiched between two plates (Figure 3E); and
(ii) open format with droplets positioned on top of a planar surface (Figure 3F) [121]. The bottom
plate usually has an array of actuation electrodes. The top plate made of transparent conductive
material allows the optical imaging. For droplet movement with low friction, the surfaces of both
plates are coated with hydrophobic material. Droplet manipulation tasks such as dispensing, splitting,
merging and coalescence are carried out with electrostatic force by tuning the electric potential of the
electrodes [122]. The mobility of the droplet is controlled through a combination of electro wetting
(wetting behaviour of liquid) and liquid dielectrophoretic forces (effect of non-uniform electric field
on liquid). Thus, DMF offers several advantages over conventional microfluidics such as low cost,
portability and low reagent usage, yet provides faster test result. The most significant advantage is the
ability to perform multiple biochemical assays simultaneously using a planar array of electrodes [123].
This technology enables the evaluation of several test results in real time.

However, common fluid operation using DMF is restricted to a 2D platform, and therefore it has
limitations such as cross contamination, solute adsorption and degradation of soluble factors [124].
Interestingly, the transition from 2D to 3D DMF was demonstrated by submerging droplet in oil
between two electrodes. The droplet can be manipulated by moving horizontally and vertically, thus
serving as a programmable hanging droplet inside the oil. This platform was successfully used to
grow mouse fibroblast [125]. Apart from that, a 3D scaffold based DMF platform was employed by
Fiddes et al. to culture NIH-3T3 cells in hydrogel discs [126]. Subsequently, Au et al. improved the
scaffold based-DMF to grow HepG2 and NIH-3T3 co-cultured spheroids (organoids) using collagen
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hydrogels. This method was applied for to hepatotoxicity screening [127]. Recently Aijian et al.
demonstrated the adoption of the digital microfluidic in a hanging drop based platform for the
generation of spheroids [128]. This method permits automation of liquid handling by dispensing
liquid through connected wells to form hanging droplets. This platform is automatable and flexible for
liquid handling which enables the formation of hanging drop. These sequential and reconfigurable
operations increase throughput for spheroid based assays.

Our recent approach for multiple spheroids of olfactory ensheathing cells was carried out using
floating liquid marble (LM) [129]. A drop of liquid was coated with hydrophobic powder to form an
elastic hydrophobic shell with fine pores allowing the exchange of gas. LM also has a low evaporation
rate and regulates humidity in floating condition. Moreover, the floating mechanism eases the cell
interaction inside the LM due to the internal fluid flow. Additionally, the liquid marble suits as
a microbioreactor to generate and to differentiate embroid bodies [130]. Given its advantage of
miniaturization, the LM platform allows for the adoption for high-throughput drug screening [131].
Recently, Ooi et al. reported that LM containing ethanol exert self-propelling caused by Marangoni
solutocapillary effect [132]. It is also possible to control the locomotion of floating LM by using magnetic
actuation (Figure 3G). In the study by Khaw et al., magnetic particles were added to the LM and a
moving permanent magnet was used to drag the LM [133]. The actuation of LM is crucial and brilliant
for engineering controllable and tuneable functions. LM composed with magnetic nanoparticles can
generate centrifugal force to function as microcentrifuge [134]. Additionally, another study addresses
the usage of magnetism to split LM with lycopodium−iron oxide [135]. In summary, it is evident that
LM can be utilized to support a digital microfluidic platform for 3D cell-based application.

The combination of microfluidics and optics results in a unique technology called optofluidics.
The initial optical applications in microfluidic domain were optical tweezers [136] and optical
vortex [137]. Photoconductivity can be applied to conventional (DMF) to actuate droplets [138,139]
using opto-electro-wetting (OEW) [140]. The technology has shown potential for achieving higher
control accuracy by combining photosensitive surfactants and the laser. More recently, 3D droplet
manipulations was demonstrated by fabricating a single-sided continuous opto-electro-wetting
(SCOEW) platform, which is supposed to have advantage over conventional EWOD and OEW [141].
Further, digitalizing and integrating of the microfluidics with optofluidics offers a powerful imaging
solution for biomedical imaging. For instance, the digital holographic microscope is lens free
and facilitates real-time imaging three-dimensional tomography imaging of transparent PDMS
opto-microfluidic channel [142]. Efforts to utilize this technology with microfluidic include 3D sensing
of microorganism [143] and automated cell viability detector [144]. However, application for 3D cell
culture has not been yet explored.

5. Application of Spheroids in Microfluidic

5.1. Organ Printing

Organ printing is promising to transform tissue engineering into customized organ biofabrication.
Spheroids make an excellent candidate for organ bioassembly. A spheroid has an ideal geometry and
may serve as “bioink” for bioprinting. Printing the spheroids layer-by-layer for tissue constructions
is a common approach in biopriniting. With the advance computer-aided robotic bioprinting
technology, the predefined structure can be precisely printed to achieve desired organ/tissue assembly.
The positioning and the placement of the dispersed spheroids are critical factors to achieve a
controllable fusion in a 3D tissue. Most recently, Moldovan et al. reported a latest invention called
the “Kenzan” method, which utilises microneedles for the spheroids assembly [145]. This technique
holds the precision up to micron-level and is able to link the spheroid closely. Further, the array of
tightly aligned spheroid undergoes a fusion process to form a complex tissue and syntheses their
own ECMs. Tissue construction using spheroid requires a large quantity of uniformly sized spheroids
which is required to achieve bio printing with satisfactory resolution. Importantly, a scalable spheroid

157



Micromachines 2017, 8, 94

fabrication method is crucial for producing large quantity of homogenous spheroids. Ultimately, a
precise 3D tissue print is achievable by the use of microfluidic based spheroid bio fabricator. Further,
application of droplet based digital microfluidic may offer a scalable production of the spheroids at
high yield [146]. Figure 4 describes the integration of microfluidic technology for spheroid based
3D printing.

A B C D

 

Figure 4. Schematic presentations of principles of 3D tissue spheroids printing: (A) microfludic based
fabrication of spheroid; (B) nozzle is used to dispense spheroids; (C) continuous dispensing form
layer-by-layer tissue spheroid; and (D) layer-by-layer tissue spheroid fusion and bio-assembly of
tubular tissue construct.

Many other technologies can be considered to improve the use of spheroids for bioprinting as well
as tissue fabrication. For instance, a bioprintable scaffold such as electrospun matrix can accurately
pattern printed spheroids into desired tissue construct [147]. Furthermore, magnetic 3D printing has
the potential to achieve a precise and rapid construction of 3D tissue. For example, a recent study
reported a spheroid patterning technique using superparamagnetic iron oxide nanoparticles (SPIONs)
for bioprinting [148]. Another approach is using magnetic levitation to construct tumour spheroids
which closely mimic native microenvironment [149]. The mechanism of spheroid fusion involves
3D cell–cell interaction and critical for the formation of larger tissue. To date, only a few studies
revealed the mechanism of spheroid fusion. Quantification of fusion kinetics, accounting the time
lapse for the coalesce of two spheroids is necessary [150]. Recently, Munaz et al. demonstrated a
microfluidic platform which can be used to study spheroid fusion as well as drug screening to promote
fusion [151]. However, more sophisticated platforms are needed to quantify the cellular parameters
such as mechanical strength of fused spheroids.

5.2. Organ-On-Chip

To date, the microfluidics-based lab-on-a-chip technologies are facing challenges to reduce
the costs and increase the efficiency for drug screening and development. However, with further
development it may potentially serve as a tool for preclinical models for human efficacy and safety.
Prominently, this technology contributes towards an alternative step to reduce the extensive use of
animal testing. Further, the technology allows for mimicking the complexity of animal-based testing
models. The combination of fluid physics with 3D cell compartmentalization has gained popularity
as organ-on-chip devices. Interestingly, the organ-on-chip concept simplifies clinical bioanalysis by
integrating realistic organ models in a single device [152,153].

Initially, the organ-on-a-chip concept was established by combining the cultures of the liver
spheroid and neurospheres in a separate chamber and connecting them by a microfluidic circuit [154].
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Subsequently, a scaled-up organ-on-chip device was fabricated by combining spheroids grown in
arrays and perfused with culture media, which resulted in spheroids fusion and tissue formation [152].
These tissues may potentially serve as a model to simplify physiological function of an organ.
The advanced organs-on-a-chip models are integrated with microsensors, which can detect cells and
environmental cues. For instance, to measure the transmembrane electrical resistance across cell barrier
and detecting the cell migration [155]. In the near future, this technology can be used for biochemical
analysis and biophysical analysis (i.e., tissue mechanics, invasions and fusion). Furthermore, it may
also facilitate the testing on molecular diagnostic (i.e., protein, nucleic acid detection).

Many biological processes involve the interaction between multiple organs. Thus, a futuristic
organ-on-a-chip model will incorporate multiple organ interactions in physiologically relevant orders.
This technology is likely to have a higher accuracy for testing drug metabolism and toxicity for
translating basic bench research to clinical practice. This device can be fabricated by using spheroids
to further mimic the in-vivo conations of cells and enhance the results [156]. This approach mimics
the multiple organ systems in a single device which is termed as a “body-on-a-chip”. Furthermore,
the model is designed with a fluid stream, which acts as a network of a surrogate blood vessel to
interconnect all tissue compartments biochemically. Thus, the model allows for testing drug effect
based on multiple physiological interactions. In the context of drug testing applications, this platform
is promising and may increase the screening throughput and facilitate the development of new drug
candidates. Further, it allows bioanalysis to identify the pharmacokinetic and pharmacodynamic
consequences to predict the safety of the drugs. Since microfluidic cartridges are translucent, they
are also useful for time-lapse imaging to identify drug induced pathophysiological changes. Figure 5
shows a schematic presentation the possible use of spheroids to fabricate multi-organ-on-a-chip.
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Figure 5. Schematic example of spheroid integration with microfluidic based multiple organ-on-a-chip
models.

Organoids on Chip

Both spheroids based “organ-on-a-chip” and even a “body-on-a-chip” is still in infancy to
accurately reproduce and mimic the in vivo niche. Although spheroids consist of organized tissues,
the quality of tissues function is limited. Thus, the developments towards the use of organoid cultures
have gained attention in the recent years. Organoid can be grown onto a microfluidic platform to
model organ features such as development, homeostasis and diseases. These cultures form a higher
order tissue organization such as hollow spherical tissue. The organoids are generated using stems
cells or embryonic stem. The organoids exclusively represent development system of the embryonic
tissue. The stem cells potentially aggregate and assemble into a spatially patterned structure that
supports organogenesis. Moreover, organoids also can be developed using induced pluripotent stem
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(IPS) derived from a patient who represent a personalized cell system that functions as a disease model
for an individual.

The organoids are “near physiological” models for drug metabolism and toxicity testing.
The development of organoids of the gastrointestinal system also represents an important resource
for drug development programs. Initially, intestinal organoids were developed by using stem cells
expressing leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) [157]. Furthermore, these
Lgr5+ stem cells can be differentiated and develop organoids of gastrointestinal system (GI) including
hepatic system. The organoids of the hepatic system enable the acquisition of biotransformation drugs
and toxins to predict drug safety. Recent advances in a microfluidic system can potentially help to
miniaturize the hepatic organoids in a single chip for high-throughput screening. For instance, digital
microfluidic system was developed for drug testing using arrays of liver organoids [127]. The platform
is known as organoid droplet exchange procedure (GODEP), which allows fluid manipulation, e.g.
reagent exchange. A continuous media circulation in microfluidic devices is critical for generating
growth factor, signaling and drug gradients. However, it is difficult to maintain organoid position
in a continuous-flow microfluidic system. Thus a stationary organoid placement could be beneficial
for stabilizing tissue position. Recently, liver organoids were encapsulated and loaded in a perfused
C-shaped trap arrays. This approach sustains hepatic tissue position during exposure of various fluid
flow rates [158].

Organoids are promising candidates for cellular therapeutics. Microfluidics-assisted encapsulation
of organoids provides a prominent role in therapeutic delivery systems. For instance, LSFM4LIFE
project is an ongoing EU Horizon 2020 program seeks to achieve cellular therapy for type 1 diabetes
by using Human Pancreas Organoids (hPOs). Further, alginate-poly-L-lysine is used to encapsulate
cells for secreting antibody and therapeutic protein. These microcapsules are called immunotherapeutic
organoids. These organoids can be implanted in vivo to deliver therapeutics. They are alternative to
drug based treatment for cancer [159] and immunological disorders [160].

The integration of biomaterial supports the further development of organoid-based platforms.
For instance, patterning of hyaluronic acid (HA) as substrate was used to fabricate 3D contractile
cardiac organoids [161]. Recently, researchers at Wake Forest School of Medicine have generated
functional cardiac tissue by 3D printing spheroids of cardiac organoids. In another study, hepatic
organoids were engineered by assembling thousands of spheroids into a predefined pattern using
acoustic nodes [66]. Additionally, Shen et al. demonstrated the construction of human airway epithelial
by using epithelial organoids in response to cues from an ECM nano patterned substrate [162].
The applications of IPS-derived organoids are summarized in Figure 6.

iPSCs Spheroid formations
Organoid

Organoid printing

Organoid-on-a-chip

Drug screening

 

Figure 6. Organoid development and integration with microfluidic technology for drug screening,
development organoid-on-a chip model and organoid-based bioprinting.
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6. Conclusions

In line with the current trend, 3D cell cultures are cost effective and easy-to-use solutions
for various applications. The microfluidic technology evidently demonstrated its suitability for
the translation of 3D cell spheroid technology into commercial products. In fact, advances in
microfluidics-based spheroid culturing techniques made substantial progress in biomedical ventures
including drug screening, tissue engineering, disease modelling and cellular therapeutics. However,
further optimization is needed to accurately mimic the in-vivo environment. Ideally, physiologically
relevant models will help in overcoming the animal testing and animal based assays. Nonetheless,
heed should be given to ensure that these microfluidic tools do not interfere or manipulate the ideal
cellular behaviour. Ultimately, the usefulness of iPSC, organoids technology and microfluidic system
may serve as a breakthrough for featuring next generation human models. Organoids potentially
enhance the similarity of 3D tissue organization to that of real organs. Another interesting direction
is the utility of 3D-bioprinted organoids for tissue construct. It is also critical to improve efficacy
of drug testing by using this technology. In that regard, an advance look on coupling digitalized
organ-on-a-chip systems with mass spectrometry analysis will widen the pipeline of future of drug
development. Furthermore, it is crucial to integrate new biosensors technology into multi-organ
systems. This is particularly important for feedback and molecular diagnostics. Collectively, the
future challenges will be scaling up this technology towards the target for personalized medicine.
By this, individualized therapeutic methods can be established as more precise medical approaches for
intracellular delivery, cell transplantation and personalized tissue engineering.
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