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Abstract

Microfluidics, featuring microfabricated structures, is a technology for manipulating fluids at the
micrometer scale. The small dimension and flexibility of microfluidic systems are ideal for
mimicking molecular and cellular microenvironment, and show great potential in translational
research and development. Here, the recent progress of microfluidics in biological and biomedical
applications, including molecular analysis, cellular analysis, and chip-based material delivery and
biomimetic design is presented. The potential future developments in the translational
microfluidics field are also discussed.

1. Introduction

Microfluidics, featuring microfabricated structures, is a technology for manipulating fluids
at the micrometer scale. It is developed from semiconductor industry and usually referred to
as micro-total-analytical (microTAS) system or lab-on-a-chip (LOC) device.ll The core
elements of microfluidics are channels, chambers, and valves, which can be integrated to
perform precise and complicated operations. Compared to conventional analytical tools,
microfluidics offer a number of unique merits, including reduced sample consumptions, high
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throughput, high speed analysis, and improved sensitivity.[2] Nowadays, it has shown the
potential to produce powerful and robust biomedical devices.

Microfluidics is characterized by the unique feature of small dimensions, which make it easy
to transfer mass and heat in microchannels, and thus enable faster reaction and detection.
Small dimensions also lead to reduced consumption of samples and reagents and greatly
decreases analysis cost. The reduced dimensions also make it possible to fabricate small
devices, such as point-of-care (POC) devices, to achieve on-site testing. Microfluidic
systems can also integrate multiple processes such as purification, separation, and detection
to miniaturize complex laboratory procedures onto a small device and to achieve multiplex
analysis with high throughput and high sensitivity. Due to the unique features and
advantages of microfluidic systems, microfluidics has impacted a range of applications,
including chemistry, engineering, biology, medicine, and other fields.[3]

In this review, we will not include the exciting applications in other fields such as chemistry
and engineering but focus on the biological and clinical applications of the microfluidic
systems. The small dimension and flexibility of microfluidic systems are eligible to control
molecular and cellular microenvironment and show great potential in translational research
and development. We highlight only the recent 5-year progress in molecular analysis
(protein and nucleic acids markers), cellular analysis (cell mechanics, cell migration, cell
separation and sorting, and single cell analysis), and material delivery and biomimetic
design (chip-based material delivery and organ-on-chip for drug discovery). The outputs of
these studies and their clinical implementations demonstrate that microfluidics is an
enabling technology for biological analysis and shows great translational potential in clinical
analysis and therapeutics. We will also discuss the translational challenges encountered in
current research. Finally, this is not a comprehensive review. Although we tried hard to
include all relevant articles, some interesting and important research may still be missing
due to limited space and our limited expertise in the field.

2. Molecular Analysis

In tissues and biological fluids, there are numerous proteins, functioning as enzymes,
hormones, signals, and materials.[] Nucleic acids, including DNA and RNA, function as a
storage medium of genetic information, which is necessary to synthesize proteins.>! In
clinical diagnosis, the levels of proteins and nucleic acids in biological fluids, such as blood,
can be used as biological markers of certain diseases.[®] Detection and analysis of these
biomarkers are defined as molecular diagnostics and many new platforms have been
developed and used to diagnose and monitor disease, assess risk, and decide therapy for
individual patients. Traditional technologies for the detection of biomarkers rely on
sophisticated equipment, highly trained operators, large sample size, and are generally time-
consuming and expensive, and thus are limited to laboratory use. It is critical to develop
small and portable devices that enable rapid, accurate, and sensitive analysis. The portable
devices may be useful for on-site detection. Microfluidic platforms have the potential to
overcome some of these limitations. The major advantages of microfluidics in molecular
diagnostics are that they can achieve more sensitive and faster detection due to the improved
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integration, improved automation, reduced contamination, reduced sample size, and reduced
consumed reagents.

2.1. Protein Detection

Enzyme-linked immunosorbent assay (ELISA) is currently the “gold standard” for protein
detection. It uses antibody and color change to identify specific protein markers, and has
been widely used as a diagnostic tool in clinical laboratories.[”] The traditional ELISA
requires several steps of washing and incubation with reagents. A recent study demonstrated
by Chin et al.[8] shows that it is possible to miniaturize these steps into a small microfluidic
chip (Figure 1a). The microfluidic chip (mChip) was loaded with a sequence of wash buffer
and reagents over antibody coated detection zone. The mChip was demonstrated to detect
human immunodeficiency virus (HIV) antigen in 1 pL of unprocessed whole blood, and the
reaction can be completed within 20 min. Compared to the benchtop ELISA, the mChip
requires minimal equipment. To further integrate the functions of readout, data processing
and data communication, the same research group next used a smartphone to achieve
these.[%] The microfluidic ELISA assay was coupled into a dongle that is attached to a
smartphone to perform triplexed detection of HIV and syphilis. The combination of
hardware, software, and microfluidic specifications in a smartphone generates a more
friendly user interface. Though these devices show potential for POC diagnosis, they have
limitations such as low throughput, semiquantitative detection.

Diseases often lead to the changes of multiprotein levels in biospecimens. Thus multiprotein
detection will provide better diagnostic results. Microfluidic devices feature fluid control in
multichannels, and have shown powerful applications in multiplex protein detection. The
reported integrated blood barcode chip (IBBC) provides a good approach for multiplex
protein analysis.[1%] The IBBC chip, designed with multiple DNA-encoded antibody barcode
arrays, can achieve the plasma separation from whole blood and the following rapid
measurement of a panel of protein markers over a broad concentration range. Recently,
another example for multiplexed protein detection is volumetric bar-chart chip (V-Chip),[11]
which is first developed by our group. The V-Chip converts protein concentrations into travel
distance of ink bar by ELISA reactions (Figure 1b)[11¢l and allows visual quantification of
multiplex protein markers. The sensitivity of V-Chip can be improved by using
nanoparticles.[22] The capability of V-Chip for multiplex and quantitative analysis of protein
biomarkers makes it a powerful POC platform in resource limited settings. However, the
sensitivity and analysis speed of V-Chip can be further improved. The mass production of V-
Chip should be also considered in the future.

Paper, or a flexible cellulose-based material, has recently been used to fabricate microfluidic
chips, which have the advantages of lightweight, ease-of-use, biocompatibility, and low cost.
These properties enable paper-based microfluidic chips appropriate for molecular analysis in
on-site detection and POC applications. ELISA assay has been demonstrated in paper-based
microfluidic chips with the combined advantages of sensitivity and specificity of ELISA,
and the low cost and ease-of-use of paper chips. Paper-based microfluidic chips have shown
powerful applications to detect a number of biomarkers, including HIV antigen, influenza
virus antigen and tumor markers.[23] Recently, Pollock et al. developed a paper-based
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microfluidic device, consisting of multilayered structures, to achieve plasma separation and
colorimetric measurement of liver disease markers aspartate aminotransferase and alanine
aminotransferase in a semiquantitative way (Figure 2).[13P]1 One possible disadvantage of
paper-based microfluidics is that the reaction, such as ELISA, is less sensitive than
conventional ELISA, which may possibly affect the detection limit. For a more detailed
description of paper microfluidics for molecular detection, we refer the reader to the
specialized review published by Xia et al.[14]

2.2. Nucleic Acids Detection

The detection of nucleic acids to obtain sequence-specific genetic information has broad
applications ranging from fundamental research to disease diagnosis. To date, it is still
challenging to achieve rapid and accurate detection of nucleic acids in biological samples.
Microfluidics technology, capable of integrating multiple biochemical processes in a single
device, offers a promising tool for such applications.

To minimize the adverse effect of complex background in biological samples, the isolation
and purification of nucleic acids is a crucial step and holds the key for most genetic
analysis.[3] Microfluidic technology has been combined with bead technology for the
isolation of nucleic acids.[23P] A recent study by Cao et al.[158] shows that the combination
of the two technologies can achieve high-efficiency collection of DNA for epigenomic
analysis (Figure 3). This study introduces a microfluidic oscillatory washing-based ChlIP-seq
to purify DNA in as few as 100 cells, compared to 107 cells needed in conventional ChIP-
seq technique. Using this technique, some new super enhancers were found in hematopoietic
stem and progenitor cells, and this indicates the powerful potential application in
epigenomic profiling. However, the use of beads for nucleic acids isolation usually has the
problem of instability.

The detection of nucleic acids is usually achieved using biomolecular techniques such as
polymerase chain reaction (PCR) and DNA hybridization,[16] which can be integrated with
sample preparation and target purification in a microfluidic chip. Ferguson et al.[162]
developed a magnetic integrated microfluidic electrochemical detector, which can perform
immunomagnetic target capture, concentration, purification, PCR amplification, and
electrochemical detection of influenza HIN1 from throat swab samples. Our group recently
reported a multistage propelled volumetric bar chart chip (MV-Chip) to detect DNA.[16€]
DNA hybridization in MV-Chip introduced catalase initiator to start propellant reaction.
After three-stage cascade amplification on platinum-deposited films, the detection sensitivity
can be improved by 1000 fold. The results can be read out by ink bar charts with naked eyes.
Digital PCR is a new approach for nucleic acids detection, and can also be performed in a
single microfluidic chip with the advantage of increasing detection sensitivity. Shen et
al.[16¢] has used slip chip technology-based digital PCR to detect Staphylococcus aureus
genomic DNA with the throughput of 1280 detection units. This technique provides a simple
strategy to count nucleic acids. Though these methods show improved sensitivity and
feasibility, the high cost still limits them as laboratory prototypes.
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3. Cellular Analysis

3.1. Biophysical Analysis

Quite a few human diseases, such as arthritis, asthma, cancer, malaria, and sickle cell
anemia, are not only related to the molecular alterations, but also associated with
abnormalities in the structural and physical characteristics of cells.[!] Studying mechanical
properties of cells associated with these diseases and their correlation with molecular
changes could provide better understanding of the disease occurring and progression.[18]
Physical properties of cells include cell morphology (cell and nuclear shape, nuclear
architecture, cell surface), cell mechanics (deformability, stiffness, and adhesion), and cell
migration.[19] Here we focus on the study of cell mechanics and cell migration as well as
how microfluidic techniques can contribute to these applications.

3.1.1. Cell Mechanics—Cell mechanical properties, including deformability, stiffness,
and adhesion, can be used as label-free biomarkers to indicate cytoskeletal and nuclear
changes in various diseases. For example, it has been reported that cancer cells are more
flexible than normal cells and that decreased cell stiffness is correlated with increased
metastatic potential.[2°] Compared to molecular markers, label-free mechanical markers may
have the potential to reduce analysis cost and time in diagnosis and disease treatment.

Traditionally, a variety of techniques, such as atomic force microscopy (AFM), micropipette
aspiration, magnetic tweezers, and optical stretching, have been used to probe cell
mechanical properties.[17:208] However, these techniques are usually time-consuming and
labor intensive. To overcome these disadvantages and improve the analysis throughput, a lot
of microfluidic systems have been developed. Gossett et al.[?] introduced a deformability
cytometry (DC) chip to characterize single cell mechanical property (Figure 4a). Single cells
were stretched by inertial force and then analyzed by a high-speed camera. A cytometry-like
map was next obtained by plotting cell diameter and deformability. The DC chip was used to
distinguish populations of cells within blood and pleural fluids in a total number of several
thousand.[?122] To further improve the throughput, Guck et al. developed a real-time
deformability cytometry (RT-DC),[23] which achieved measurement of more than 100 000
cells in one experiment. The RT-DC platform was used to study the effect of cell cycles on
deformability and differentiate blood cells and their precursors. In our group, we developed
a microfluidic cytometric (MC) platform to separate cells by size and the ability to pass
through small gaps (Figure 4b).[24] We found that decreased cell stiffness and cell-surface
frictional forces may help to cancer cells passing through narrow spaces in metastasis, which
was also reported in the study of Byun et al.[25]

These studies indicate that microfluidic techniques have powerful potential for the
measurement of cell mechanical properties. However, cells in vivo are frequently subjected
to various mechanical stimuli in the physiological environment. The devices should be
designed to mimic these stimuli in a more controllable way. Moreover, it is still difficult
using current methods to carry out downstream molecular analysis following
characterization of cell mechanics. Our group have used a microfluidic separation chip to
isolate flexible cells from a SUM 149 cell line, and found tumor-initiating cells are enriched
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in flexible cells.[26] Such studies are particularly important to explore the correlation
between biophysical markers and molecular markers.

3.1.2. Cell Migration—Cell migration plays an important role in various physiological
processes, such as embryogenesis, tissue repair, cancer metastasis, and inflammation. For
example, in cancer metastasis, cancer cells gain invasiveness at the primary site, migrate
through extracellular matrix, circulate in blood or lymphatic system, and interact with the
microenvironment at the secondary site.[27] So cancer cell migration is critical for
metastasis. Inflammation is also characterized by the migration of leucocytes into tissue.[28]
Migration of cells is usually regulated by chemical or physical cues. Microfluidics can be
used to produce microchamber or micropillar structures, which mimic the physiological cues
of cell migration in a more controlled way.

Chemotaxis is the phenomena that migration of cells is induced by the gradient of
extracellular chemicals, such as chemokines and growth factors. In our group, we have
developed a microfluidic chip to study the chemotaxis behavior of cancer cells.[2%] The
microfluidic chip is composed of 3120 microchambers, and used to screen antimetastatic
drugs for their inhibition of mesenchymal migration and prevention of metastatic
malignancy (Figure 5a). Our group further developed a high-throughput microdevice with
4000 microwells to monitor real-time, 3D cancer cell migration, and allow the chip to screen
drugs that inhibit cell migration.[39] Chemotaxis induced leucocyte migration plays an
important role in inflammation. Boneschansker et al. recently introduces a microfluidic
device using two microarrays of microchannels to simultaneously analyze four qualitative
migration patterns: chemo-attraction, -repulsion, -kinesis, and -inhibition.[31] This device
provides an avenue for precise characterization of leucocyte migration.

Cell migration is not only regulated by chemicals, but also affected by biophysical cues,
such as fluid flow. In solid tumors, there is interstitial flow (IF) from tumor core. Recently, a
microfluidic chip is developed to mimic this phenomena and study the effect of fluid
pressure on cell migration in collagen | type hydrogels.[32] The results show that IF induces
the activation of B1 integrin adhesion complexes localizing into the upstream side of the cell.
The same group also developed microfluidic-based assays to study cancer cell
intravasation,[33] which is a critical step in cancer metastasis. The microfluidic chip can
reproduce the tumor-vascular interface in three dimensions, allowing for precise simulation
of endothelial barrier function. In fertilization, sperm cells migrate against a gentle flow and
pass through uterotubal junction to reach the egg. The surface microgrooves and fluid flows
critically regulate sperm cell migration. A microfluidic chip was developed to mimic the
biophysical environment of female reproductive tract and to study the migration behavior of
sperms and pathogens in a paper published by Tung et al (Figure 5b).[34] The results indicate
that the fluid flow and microgrooves facilitate sperm migration, but prevent pathogen
migration.

These studies demonstrate that microfluidics is a powerful tool to study cell migration by
mimicking the biochemical and biophysical cues. However, current studies are mainly
focused on the characterization. It is challenging to collect large population of cells based on
the differences of migration potential and perform downstream molecular analysis.[3°]
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Besides microchambers, micropillar structures have also been used to study
mechanotransduction and cell migration. Micropillars can not only support cell adhesion and
spreading but also act as force sensors to map live-cell contractile forces. Recent studies
have reported the use of micropillar structures to direct cell differentiation, proliferation, and
migration.[36] Reffay et al.[36¢] used the traction forces exerted by micropillars to study
collective cell migration behavior. The results show that leader cells exert a large traction
force mediated by RhoA signaling.

3.2. Cell Separation and Sorting

Isolation and sorting of cells from complex mixtures is often used to enrich or purify well-
defined cell populations in biology, medicine, and clinical applications. For example,
patients with cancers or other disorders of blood and immune systems can be treated by
sorting and transplanting hematopoietic stem cells.[37] To date, the most widely used cell
sorter is fluorescence-activated cell sorting (FACS),[38] which can achieve multiplexed
analysis and a throughput of 50 000 cells per second. Microfluidic devices, which are
capable of precise spatial and temporal control of fluid flow and cell manipulation, have
been recently used for cell isolation and sorting,[3% such as circulating tumor cells, stem
cells, and lymphocytes.

Circulating tumor cells (CTCs) are tumor cells that disseminate from primary cancers and
spread through circulation system. Studies have indicated that CTC levels in blood are
indication of tumor progression and survival, and can be regarded as a noninvasive liquid
biopsy.[40] The detection of CTCs will provide valuable information for both basic and
clinical research. However, CTCs are extremely rare, at the level of 1-100 CTCs in over 1 x
109 blood cells, which makes the detection of CTCs challenging. The current gold standard
of CTCs detection is CellSearch, which uses magnetic particles functionalized with
antiepithelial cell adhesion molecule (EpCAM) for positive capture.l4l] To improve the
capture efficiency, EpCAM antibodies were modified onto microchannel surface in
microfluidic devices.[42] To further improve the capture efficiency and throughput, some
physical structures, including chaoticl43] and geometrically enhanced differential
immunocapture structures,!#4] were used.

One possible disadvantage of affinity-based CTCs capture is that CTCs may have undergone
epithelial-mesenchymal transition (EMT) and have downregulated expression of epithelial
markers.[43] And it is also difficult to recover the captured CTCs. Regarding that CTCs have
bigger cell diameter and are stiffer than leukocytes, many microfluidic devices have been
developed to capture CTCs based on the physical differences between CTCs and blood cells.
These microfluidic devices utilized filtration,[46] hydrodynamic force,[4”] and inertial
focusing[#8] for CTCs isolation, which often achieve high capture yield and high throughput.
Certain features inside microfluidics channel can significantly enhance the CTC capture
efficiency. A notable development of double spiral microchannel has contributed a
significant high CTC capture efficiency and made label free detection possible.[47d] In the
study of Liu et al., deterministic lateral displacement (DLD) structure was used for cancer
cell enrichment with the throughput up to 9.6 mL min~2.[470] Because the size of CTCs (15—

Adv Healthc Mater. Author manuscript; available in PMC 2016 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 8

25 pum) are overlapped with leukocytes (5-20 um), it is difficult to improve the capture
purity in physical separation techniques.

More recently, a lot of studies have been reported to use integrated microfluidic devices for
CTCs capture. In Toner’s recent study, they developed a microfluidic chip, composed of
DLD, inertial focusing and magnetic separation structures to capture CTCs (Figure 6a).[48]
Leukocytes were depleted in this device and the throughput was up to 107 cells per second.
The same group also reported that CTCs clusters captured in a microfluidic chip have
increased metastatic potential.[4%] These studies successfully demonstrate microfluidics is a
promising technique for CTCs isolation and sorting. Further studies should focus on the
downstream analysis of CTCs, such as gene expression, protein expression and drug
resistance, which may be then correlated with patient outcomes and demonstrate the
usefulness of CTCs detection in clinical. For a more comprehensive review of microfluidics
for CTCs isolation, we refer the reader to the reviews published by Green et al.[5%] and Hyun
et al.[bl]

Besides CTCs, microfluidic devices have also been used for other cells’ isolation and sorting
such as leukocytes and stem cells for biological research or clinical diagnostics. In HIV
disease, the absolute count of CD4" and CD8* leukocytes is routinely used for diagnostic
management. Microfluidic devices can be modified with these antibodies for the capture and
enumeration of HIV-related CD4* and CD8" leukocytes (Figure 6b).[52] Such approaches
have the potential to be developed as simple HIV diagnostic tools. Stem cells are
undifferentiated cells with the potential to differentiate into specialized cells, and can be
used to treat or prevent a disease or condition, which is called stem cell therapy and requires
high purity stem cells. Although FACS can purify undifferentiated populations using specific
surface markers, the survival rate of sorted cells is low due to single cell dissociation. Singh
et al. introduced a microfluidic chip to sort human pluripotent stem cells by exploiting the
adhesion strength differences of undifferentiated and differentiated stem cells.[3] The
human pluripotent stem cells were enriched to 95%—-99% purity with over 80% survival.
Cancer cells are highly heterogeneous. Our group developed a microfluidic cell separation
chip to isolate flexible cells from a cancer cell line by squeezing cells through micropost
arrays (Figure 6¢).[26] It was found cancer stem cells were enriched in the flexible
populations. These examples indicate that microfluidic sorting based on cellular biochemical
and biophysical signatures will provide novel biological techniques as well as new
diagnostic tools. However, the throughput, purity and viability of sorted cells should be
further improved.

3.3. Single Cell Analysis

Cells are heterogeneous even within small cell populations. Individual cells differ in size,
expressed RNA and protein levels, the variations of which play an important role in many
biological processes, including cancer progression, embryonic development, immune
responses, and neuron networking.[¥l Single cell analysis such as genome sequencing, RNA
sequencing, and protein expression, is required to better understand these biological
processes. Single cell analysis is also required for scarce samples with limited numbers of
cells, e.g., CTCs, embryo samples and primary neurons.
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To perform single cell analysis, the first and key step is the isolation of single cells. The
current single cell isolation approaches are serial dilution, micromanipulation, fluorescence-
activated sorting, and laser-capture microdissection.[>®] Recently, microfluidic chips have
been used for single cell isolation. Our group developed a hand-held single-cell pipet (hSCP)
that can achieve rapid, efficient, and unbiased isolation of single cells (Figure 7).156] A hook
is designed in the hSCP to capture and release single cells. The isolated single cells can be
easily transferred into standard 96-/384-well plates for downstream biochemical assays.
Microfluidic chips are not only capable of single cell isolation, but also have the ability to
perform molecular analysis, such as genomics, transcriptomics, and protein expression
assay. Because vast majority of genome sequence is considered to be relatively stable, it is
mainly introduced here how microfluidic technology contributes to the heterogeneity study
of transcriptomics and protein expressions. Transcriptomic analysis is usually performed by
first amplification of cDNA followed by high-throughput transcriptome sequencing (RNA-
Seq).[7] The single cell cDNA preparation and amplification can be achieved in
microfluidic chips. The Fluidigm has developed a C1 platform for such application. In this
platform, microchannels and microvalves are used to construct individual reaction chambers.
After single cells are isolated, cells are automatically lysed and template is quickly prepared
for gPCR or sequencing analysis. Wu et al. reported that the cDNA preparation and
amplification in C1 platform show improved detection sensitivity than conventional tube-
based approaches.[®8] Recently, Steets et al. used similar microfluidic chambers to perform
reverse transcription and cDNA amplification (single-cell RNA-Seq technology, developed
by Tang et al.[5°]) of embryonic stem cells with minimized contamination and improved
detection sensitivity (Figure 8a).[89] Besides microchambers, droplets have also been used to
capture single cells and perform RNA sequencing. Klein et al. (Figure 8b)[61] and Macosko
et al.[62] separately developed droplet microfluidic platforms to encapsulate single cells with
DNA encoded microhydrogels and microbeads. The encoded droplets make it possible to
analyze RNA transcripts from thousands of individual cells while remembering transcripts’
cell of origin, which can significantly decrease detection cost. With this technique, in the
analysis of mouse embryonic stem cells, single-cell heterogeneity revealed population
structure and gene regulatory linkages, while in the study of retina, 39 retinal cell
populations were identified.

Microchambers, microwells, and microdroplets have also been used to study single cell
protein expression or secreted proteins. Protein expression assays perform multiplex protein
measurements and connect genomic information to biological functions.[83] To achieve
multiplex protein detection, some approaches, e.g., single-cell barcode chips (SCBCs), have
been developed. The SCBCs features miniature antibody arrays, which can be encoded with
DNA oligomer. Barcoded antibody array in microchambers or microwells have been used to
detect secreted, cytoplasmic, and membrane proteins.[84] The small volume (nL) of solution
in microenvironment can enrich proteins to allow standard immunoassay detection. Ma et al.
reported the use of SCBCs to profile intracellular signaling pathways in single tumor cells
and measure secreted proteins from phenotypically single T cells, which may have potential
application in immune monitoring and clinical assessment (Figure 9a).[54c] Recently, Lu et
al. introduced a barcode platform with spatial and spectral encoding antibodies for detection
of 42 immune effector proteins secreted from single immune cells, representing the highest
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multiplexing recorded to date for a single-cell secretion assay.[84P] Droplet microfluidic
chips have also been used to encapsulate single cells into droplets for protein assay. Wang et
al. developed a droplet microfluidic chip to phenotype single cells based on the products
they secrete or consume.[%%] Individual cells were compartmentalized for growth and
analysis in nanoliter aqueous droplets to identify scarce xylose-overconsuming
Saccharomyces cerevisiae cells. Ng et al. developed a digital microfluidic platform for cell
culture, stimulation, and immunocytochemistry in single droplets, which can achieve high
time resolution for screening signaling responses of a heterogeneous cell population (Figure
9b).[%6] Protein assay sorting in droplets has also been achieved. Mazutis et al. presented a
droplet microfluidics chips to compartmentalize single cells in droplets enabling high
throughput analysis and sorting of single cells based on the proteins released from or
secreted by single cells.[67]

Microfluidic chips can also be used to study morphological phenotypes of single cells, such
as protrusion and cell aging. Our group has developed a unique live-cell printing technique,
termed “Block-Cell-Printing” (BloC-Printing), which employs hooks to capture and hold
cells at designated positions for functional assay of single cell biological behaviors (Figure
10a).18] With this technique, we studied single cell protrusion, which characterizes cells’
capability to extend the membrane and plays an important role in cell migration and
invasion. The results show that breast basal-like cancer cells had greater membrane
elongation ability than breast luminal-like cancer cells. Recently, our group also developed a
microfluidic platform to study aging of yeast cells.[6%] Aging and age-associated diseases
have shown global impacts on public health. In the previous aging study of yeast cells, it is
difficult to track the entire lifespan of mother cells, which are mixed with the daughter cells.
In our developed platform, the single mother cells were trapped in microstructures and it was
easy to observe the budding behavior of each mother cell because the daughter cells can be
washed away (Figure 10b). Thus our approach provides an efficient avenue for aging study
of yeast cells.

Due to the unique advantages of fluid handling and cell manipulation, microfluidics is
particularly suitable for studying single cell-cell communications. Traditionally, cell—cell
communication is studied in petri dish with random cell distribution. Skelley et al. developed
a microfluidic device to pair cells and study their fusion behavior.[7% The pairing efficiency
was up to 70%. The same group next used similar microfluidic design to pair lymphocytes
and study their activation dynamics (Figure 11a).[72] Recently, our group introduced a
vertical cell pairing system to study the dynamic synapses between cancer cells and NK cells
(Figure 11b).[72] The immunological synapse communication is critically important in
immune cells. Compared to the horizontal approaches, the vertical pairing allows high-
resolution imaging.

These studies indicate that microfluidics has provided an efficient avenue for single cell
heterogeneity analysis. However, the current microfluidic single-cell analysis is mainly
limited for fundamental research due to the low throughput and high analysis cost.
Therefore, further improvements including the increase of throughput, efficiency, and
accuracy and the decrease of analysis cost, are required for translational applications.
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4. Material Delivery and Biomimetic Design

4.1. Chip-Based Drug Testing and Material Delivery

Microfluidic technologies have advanced the drug delivery filed, including drug carrier
synthesis and screening platforms from cellular to organism level.[73] One such application
is the integration of a concentration gradient generator with a cell culture platform, which
makes drug testing more efficient and accurate. The most common designs are tree-like
gradient generators (TLGGs).[74] To enable high-throughput drug screening, combinatorial
gradient generators have also been developed. However, drug screening on cellular level is
not so efficient to discover drugs for treating patients. To better mimic in vivo drug effects,
tissue-on-a-chip devices are developed and can reflect more physiologically in vivo behavior
of the drug. Moreover, combined with micro particles and nanoparticle as drug carries, the
drug delivery has achieved targeting and releasing specifically and effectively in the tissue
and organism levels. Recently, more and more attentions have been paid on organ-on-a-chip
devices, which are more suitable models for drug delivery and screening.[5] In addition,
implanted microfluidic drug delivery devices have also been developed for many disease
models.[76]

Recently, a new mechanical delivery method has been developed utilizing microfluidic
technology.[’”] Through rapid mechanical deformation of cells to produce transient
membrane holes, the delivery materials can diffuse into cell cytosol. This method has
achieved delivery of almost any macromolecule of interest to almost any cell type in a high
throughput manner. Sharei et al. reported the delivery of a range of materials such as carbon
nanotubes, proteins, and SiRNA (Figure 12a).177P] They also achieved the delivery of
transcription factors for cell reprogramming. With the optimization of the microfluidic chip,
our group has achieved the delivery of new types of nucleic acids such as sSDNA, siRNAs,
and large-sized plasmids, which will enhance the applicability of this technology in both
research and therapeutics (Figure 12b).[778] Moreover, by combining CRISPR/Cas9
technologies with the unique membrane deformation delivery method, we have achieved
genome editing and gene disruption, which may provide an efficient platform for applying
gene editing in biomedical research and gene-targeting therapy.

This novel microfluidics based delivery method has the great potential in cell therapy
including therapeutic genome editing for blood disorders and cancer immunotherapy. One
biggest advantage of this mechanical delivery method is broad applicability across different
cell types, particularly hard-to-transfect cells. One important direction is to achieve efficient
and nontoxic delivery of Cas9 and sgRNAs to human hematopoietic stem cells. By
combining the CRISPR-Cas9 knockin system and the microfluidic delivery chip to correct
the disease gene mutation, it will be possible to correct disease mutation genes by gene
targeting therapy. Another application is cancer T-cell therapy. Generation of tumor-targeted
human T lymphocytes endowed with therapeutic properties is an important strategy toward
cancer therapy.[”8] CAR (chimeric antigen receptors) T-cell therapy has experienced three
generations to make the CAR-modified T cells more effective and therapeutic toward cancer.
However, a high level of virus-free CAR genes delivery into T cells is still a big challenge.
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Hence this microfluidics based delivery system provides a new strategy for delivering CARs
into T cells with high efficiency.

4.2. Biomimetic Design

Organs-on-chips are the most powerful biomimetic designs in microfluidics field.
Microfluidic devices are designed to culture living cells in continuously perfused,
micrometer sized chambers to mimic physiological functions of tissues and organs. By
recapitulating tissue and organ functions, organs-on-chips have been widely used in disease
modeling and drug screening. With the great potential in the investigation of organ
physiology and disease, this technology has been used to mimic functions of liver, kidney,
intestine, lung, heart, fat, bone, skin, cornea, nerve, marrow, blood vessels, and so on.[75.79]
Moreover, combined with conventional 3D culture systems such as hydrogel-based methods
and bioreactors, organs-on-chips have proved very useful for studying tissue- and organ-
level behaviors. Huh has developed a reconstituting organ-level human lung model on a chip
and reproduced complex integrated organ-level responses to bacteria and inflammatory
cytokines introduced into the alveolar space (Figure 13).179] Later on, they have developed
a human disease model of drug toxicity induced pulmonary edema in a lung-on-a-chip
device.[79¢] Another bone marrow-on-a-chip model has also been developed by the same
group to replicate hematopoietic niche physiology in vitro.[7%9] The engineered bone marrow
(eBM) retains hematopoietic stem and progenitor cells in normal in vivo-like proportions for
at least 1 week in culture.

Organs-on-chips can be used for drug screening and development. Shuler group made the
first microfluidic cell-culture analog of a mathematical pharmacokinetics (PK) model for
drug development and toxicology.[8%] The purpose of the microfluidic model is to study
adsorption, distribution, metabolism, elimination, and toxicity (ADMET) of chemicals
entirely in vitro rather than in animals. Other studies have also explored the organs-on-chips
models to study drug development like livers-on-chips for drug metabolism. Moreover, the
microfluidic organs-on-chips models are also suitable for cancer drug mentalism, drug
transport and toxicity analysis. Sophisticated human organs-on-chips may help to discover
new biomarkers of drug efficacy, toxicity, or disease response, which could benefit clinical
trials.

Biomaterial fabrication for tissue regeneration is another application in biomimetic
design.[81] By combining injecting ability and micro porosity, Griffin et al. have provided a
unique biomaterial scaffold for efficient cellular network formation in vitro and bulk tissue
integration in vivo, which would enable novel routes for tissue regeneration field.[82]

In recent years, the development of induced pluripotent stem (iPS) technology!®2] has given
microfluidic organs-on-chips researches unlimited potential. The iPS technology can
produce more kinds of cells which can be used in generation of organs-on-chips models.
What is more, CRISPR-Cas9 system based gene editing technologies have been proved a
strong method to introduce specific diseases mutations and generate diseases models, and if
it is combined with organs-on-chips platforms, it could be very useful to develop drug
screening toward diseases particular in human models. We also refer the readers to recent

Adv Healthc Mater. Author manuscript; available in PMC 2016 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 13

comprehensive reviews of organs-on-chips published by Polini et al.,[83] Esch et al.,[84] and
Bhatia et al.[79b]

5. Challenges and Perspectives

The unique features and advantages of microfluidics, such as small dimensions, faster
reaction, and reduced analysis cost, have led to a plethora of powerful and robust devices,
which impact biological and biomedical fields. Up to now, there are thousands of published
microfluidics papers every year. Though significant progress has been achieved, there are
still a lot of challenges facing the microfluidic field. Here, we will briefly discuss the three
challenges: microfluidics materials, integration, and in vivo-oriented simulation. Addressing
these challenges will promote the translational applications of microfluidic systems.
Regarding these challenges, we also refer the readers to the reviews published by Nge et
al.[2 and Sackmann et al.[10]

5.1. Microfluidics Materials

Microfluidic devices can be prepared from different materials, including silicon, glass,
PDMS, paper, and membrane. The first-generation microfluidics materials are silicon and
glass, which can be processed by standard machining or etching.[8] This process is usually
time-consuming and labor-intensive and requires expensive facilities. Though these
microfluidics materials can be used for some applications such as capillary electrophoresis,
slip-chip, and digital PCR, the lack of mass-production and high fabrication cost limit their
commercialization and translational applications.

Up to now, the most common microfluidics material is PDMS, which is optically
transparent, gas- and water-permeable. PDMS molds are elastomers fabricated by soft
lithography and can be reversibly or irreversibly bonded to glass, PDMS, and other
materials.[86] The optically transparent property enables ease of observation and imaging
while the gas- and water-permeable property can create suitable conditions for cell culture.
These properties together with the ease of fabrication and reasonable cost have led to a
plethora of microfluidic designs. Though PDMS devices have been extensively used for
academic research, there are only few commercialized products due to the lack of scalability.
It is also reported that PDMS devices are found to leach uncrosslinked agents, which are
harmful in the translational applications.[87]

To overcome the limitations of PDMS and facilitate the commercialization, microfluidics
community has explored to use thermoplastics for device fabrication. Thermoplastics, e.g.,
polystyrenel®8] and cyclic olefin copolymer,[8] are cheap materials with excellent light
transmission property. These plastics can be processed by laminate, embossing, and
injection molding, which make mass production possible. In translational applications,
thermoplastics like polystyrene may be more acceptable than PDMS by biologists due to the
long history as cell culture materials. Besides thermoplastics, cheap materials such as paper,
wax, and membranes have also been used as microfluidics materials for POC applications in
resource-limited settings.
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The selection of appropriate materials can not only reduce the analysis cost, but also helps to
improve stability and accuracy, which is another challenge for clinical use of microfluidic
devices. PDMS is a kind of widely used microfluidic materials. However, the
hydrophobicity results in easy protein adsorption and thus decreases detection limit and
stability. To overcome these disadvantages, it is often required to do surface modification or
use other materials, such as glass.

5.2. Integration

Though a variety of microfluidics devices were developed for the clinic or biological
research, only few of them have been widely used or commercialized. The major challenges
include the integration and automation of devices. Integration refers to the combination of
different components, e.g., pumps, valves, mixers, and detectors into a single device to
complete multiple processes such as sample pretreatment, reaction, and detection. Since
each component varies a lot in the design and function, it is extremely challenging to not
only connect them together but also make them compatible with each other. Integration
provides the advantages of miniaturization, automation, ease of use, and low-cost assay,
which are critical for translational applications.

Here, we introduce several excellent examples of microfluidics integration. In CTCs
isolation, preliminary enrichment is often required to improve the throughput due to the
extreme rarity of CTCs in blood cells. The enrichment and the following separation of CTCs
can be integrated into one chip. Ozkumur et al.[8] and Karabacak et al.[8%] reported a
microfluidic chip with three functional structures for CTCs isolation. The first structure
consisted of DLD arrays and was used to enrich large diameter cells that include CTCs and
leukocytes. The second structure was inertial focusing and used to focus the enriched cells to
the center of channel. In the third structure, there was a magnetic field, which was used to
separate magnetic beads-labeled leukocytes. The three-stage negative isolation technique
achieved high throughput, high recovery and high purity isolation of CTCs. Deformability
cytometry presents another example of integrated devices for automated analysis of cell
mechanics. Traditionally, cell mechanics can be studied using a number of analytic methods,
such as AFM, micropipette aspiration, magnetic tweezer, and optical stretching. These
methods are usually time-consuming and labor-cost. Gossett et al.[?1] and Otto et al.[23]
separately reported microfluidics-based deformability cytometers, which can not only
measure cell deformability but also integrate data acquisition for automated analysis. Similar
to fluorescence-based flow cytometer, the output results are easy to understand and interpret.
The demonstrated capability for diagnosing malignant pleural effusions and phenotyping
blood cells suggests the potential application in clinic.

The introduction of multiple steps can also improve stability and accuracy of the analysis.
For example, sample preparation usually involves separating and concentrating of targets.
The manual preparation of these processes depends on the skill level of each person, and
possibly decreases the stability, while the integration of these operations can easily achieve
automation and improves the stability. To further improve the accuracy and stability, the
integration of other technologies, such as nanotechnology, can be considered. V-Chip was
first developed by our group for protein or nucleic acid detection. To increase the detection
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limit and accuracy, nanoparticlesl12°] or nanoporous substrates14] have been used. In the
test of biomarkers of nonsmall cell lung cancer, the detection limit can be tenfold improved
over the original V-Chip.[11d] The high surface-to-volume ratios of nanomaterials can
efficiently increase the number of binding sites for antibodies and enable the low detection
limit.

Besides integration, simple operation should be also considered to develop robust devices.
Sometimes, the simplest may be the best. Our group has developed a handed single-cell
pipette[>] to isolate single cells. The device is composed of a microchannel and a hook and
can be connected to a pipette tip. This simple and user-friendly approach may be more
accepted by biologists or clinicians.

5.3. In-Vivo-Oriented Simulation

Many microfluidics devices have been developed to study the biological behaviors of cells,
tissues, and organs. These microfluidics models are required to more closely mimic the in
vivo environment or functions. Organ-on-chips provide excellent examples of using
microfluidics devices to recapitulate tissue and organ functions for disease modeling and
drug screening. Though a lot of in vitro models such as lung-on-a-chip and bone marrow-on-
a-chip have been developed, they can only recapsulate some of the physiological
architectures due to the complexity of human organs. Future work should focus on how to
improve in vivo-oriented simulation by optimizing microfluidic design, selecting biomimetic
materials and integrating more components.
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Figure 1.

Microfluidic devices for protein detection. a) Photo of microfluidic chip and schematic
illustration of loading of multiple reagents to detect HIV and syphilis antigens. Reproduced
with permission.[8] Copyright 2011, NPG. b) Schematic illustration of volumetric bar-chart
chip. Protein concentrations are converted into travel distance of ink bars by ELISA
reaction. Reproduced with permission.[t1¢] Copyright 2012, NPG.
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Paper-based microfluidic device for ALT and AST assays. a) The device consists of
multilayer papers and membranes. b) AST and ALT test zones are matched to color read
guide to obtain protein concentrations. Reproduced with permission.[132] Copyright 2012,

AAAS.
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Figure 3.
Microfluidic device for the collection of DNA in as few as 100 cells. a) Schematic

illustration of microfluidic oscillatory washing-based ChlIP-seq to purify DNA. The five
major steps are formation of a packed bed of beads, flowing of chromatin fragments,
oscillatory washing, removal of the unbound chromatin, and collection of beads. b)
Optimization of protocol including the amount of beads, concentration of antibody used for
coating and washing duration. Reproduced with permission.[158 Copyright 2015, NPG.
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Figure 4.

Microfluidic mechanical analysis of cells. a) Schematic illustration of deformability
cytometry. A high-speed camera is used to take images of stretched cells in microchannels.
Density scatter plot of size and deformability is then got. Reproduced with permission.[21]
Copyright 2012, National Academy of Sciences. b) Microfluidic cytometric analysis of
cancer cell transportability. The device is composed of deterministic lateral displacement
and trapping barrier structures. Cancer cells are separated by their size and transportability
through small gaps. Transportability and diameter of each cell is plotted. Reproduced with

permission.[24] Copyright 2015, NPG.
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Figureb.
Microfluidic devices for cell migration. a) Schematic illustration of a microfluidic chip for

high throughput analysis of cancer cell migration for drug screening. Chemogradient is
generated in each microchamber. Reproduced with permission.[29] Copyright 2014, Wiley-
VCH. b) Schematic illustration of a microfluidic chip to mimic the biophysical environment
of female reproductive tract and to study the migration behavior of sperms and pathogens.
Reproduced with permission.[341 Copyright 2015, National Academy of Sciences.
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Figure®6.
Cell separation and sorting. a) Schematic illustration of a microfluidic chip utilizing

hydrodynamic sorting, inertial focusing, and magnetic separation to capture CTCs.
Reproduced with permission.[48] Copyright 2013, AAAS. b) A microfluidic device is coated
with antibodies for capture and enumeration of HIV-related CD4* and CD8* leukocytes.
Reproduced with permission.[32] Copyright 2013, AAAS. c) Schematic illustration of a
microfluidic chip to sort flexible cells using trapping barrier structure. Cancer stem cells are
enriched in flexible cell population. Reproduced with permission.[26] Copyright 2012,
National Academy of Sciences.
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Figure7.
Hand-held single-cell pipet (hSCP) for single cell isolation. a) Schematic illustration of

hSCP. The hSCP tip has a hook to capture single cell. b) Demonstration of single cell
isolation. c,d) Tip dimensions and work flow for single-cell isolation. Reproduced with
permission.[>6] Copyright 2014, American Chemical Society.
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Figure8.

Single-cell transcriptomic analysis. a) Schematic illustration of chip structure and
experimental protocol. Fluid flow is controlled by microvalves. cDNA is collected from
chip, and further amplified for sequencing. Reproduced with permission.[6%] Copyright
2014, National Academy of Sciences. b) A droplet microfluidic platform for sequencing and
analysis of thousands of single cells. cDNA in each droplet is tagged with a barcode for
sequencing. Reproduced with permission.[61] Copyright 2015, Elsevier.
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Figure.
Single-cell protein analysis. a) Single-cell barcode chips (SCBCs) for multiplex protein

detection. Concentration of secreted proteins from individual cell is measured in
microchamber. Reproduced with permission.[%4¢] Copyright 2011, NPG. b) A digital
microfluidic platform for cell culture, stimulation, and immunocytochemistry in single
droplets. This platform can achieve high time resolution for screening signaling responses of
a heterogeneous cell population. Reproduced with permission.[56] Copyright 2015, NPG.
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Figure 10.
Morphological analysis of single cells. a) Block-Cell-Printing (BloC-Printing) for single cell

protrusion analysis. A hook is used to capture single cell and the length of cell protrusion is
measured. Reproduced with permission.[%8] Copyright 2014, National Academy of Sciences.
b) Trapping of single yeast cell for aging analysis. Single mother cells are trapped in
microstructures and it is easy to observe the budding behavior of each mother cell because
the daughter cells can be easily washed away. Reproduced with permission.[89 Copyright
2015, National Academy of Sciences.
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Figure11.

On-chip cell-cell communication. a) Schematic illustration and images of lymphocytes
pairing and activation dynamics in microfluidic channel. Reproduced with permission.[71]
Copyright 2015, NPG. b) Vertical pairing of cancer cell and NK cells. The immunological
synapse communication is studied. Compared to the horizontal approaches, the vertical
pairing allows high-resolution imaging.[”2 Copyright 2015, The American Association of

Immunologists.
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Chip-based material delivery. a) Schematic illustration of cell deformation in microchannels
for material delivery. When cells pass through microchannels, the rapid deformation
generates membrane holes enabling the delivery from outside to inside. Reproduced with
permission.[770] Copyright 2013, National Academy of Sciences. b) The same mechanism
enables the delivery of CRISPR-Cas9 into cells for gene editing. Reproduced with

permission.[778] Copyright 2015, AAAS.
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Figure 13.
Lung-on-a-chip microdevice to mimic lung function. Compartmentalized PDMS

microchannels enable breathing-like movements of membranes by applying vaccum.
Reproduced with permission.[79d] Copyright 2010, AAAS.
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