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The current state of screening methods for drug discovery is still riddled with several
inefficiencies. Although some widely used high-throughput screening platforms may
enhance the drug screening process, their cost and oversimplification of cell-drug
interactions pose a translational difficulty. Microfluidic cell-chips resolve many issues
found in conventional HTS technology, providing benefits such as reduced sample
quantity and integration of 3D cell culture physically more representative of the
physiological/pathological microenvironment. In this review, we introduce the
advantages of microfluidic devices in drug screening, and outline the critical factors
which influence device design, highlighting recent innovations and advances in the
field including asummary of commercialization efforts on microfluidic cell chips. Future
perspectives of microfluidic cell devices are also provided based on considerations of
present technological limitations and translational barriers.
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The progressive advent of affordable genetic
and proteomic sequencing technology has
brought to the forefront an increasingly large
number of therapeutic targets for various dis-
eases. However, conventional drug screening
approaches are time-consuming and costly,
with more than 90% of screened drug can-
didates failing after entering clinical trials [1].
Efficient methods of screening drugs against
the desired target still remain fairly intrac-
table. High-throughput screening (HTS) is
a promising but exhaustive force approach
widely adopted both in academia and phar-
maceutical industry to address this issue. At
the most basic level, it comprises of an auto-
mated workstation that handles solutions,
drugs and microplates, permitting multiple
drugs and their efficacy on reporter cells to
be verified simultaneously. Although HTS
improves the screening throughput and
seems to be a standard platform for drug dis-

covery, it leaves several unresolved demands,
with monetary cost being the first. Current
pharmaceutical employ HTS
primarily for chemical optimization at the

industries

early stage of the drug development. HTS
products only contribute 19-33% (or less)
on the clinical development of drugs from
major pharmaceutical companies [2]. HTS
in its current commercial state also limits its
translatibility from screened drugs to clini-
cal drugs for patients. These limitations are
due to the use of conventional culture tech-
niques which are too simple and lacking the
ability to mimic the complex cell-cell and
cell-microenvironmental interactions found
in real tissues.

In contrast, drug screening through a
microfluidic cell-culture system may be able
to tackle the above-mentioned issues. Micro-
fluidic systems, recognized as ‘lab-on-a-chip’
systems, can integrate many analytical com-
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ponents into a single chip, which reduces the required
sample volume significantly, typically anywhere from
10 to 1000-fold less than the conventional counterpart.
This significant savings in cell and drug sample size
facilitate an increasing number of tests could be pro-
hibitively expensive otherwise. A rough cost estimation
and comparison between a microfluidic device (3] and
a bioreactor system (4] shows that number of cells and
culture medium/drug needed in a well of the bioreac-
tor are at least 100 times more than that in a micro-
chamber on the chip. Most importantly, the dynamic
3D microenvironment for cell-culture and transport
mechanism between cells/tissues and microvessels are
more faithfully replicated on the microfluidic system,
therefore alleviating the translational barrier to 7 vivo
expectations. This review discusses the advantages
of microfluidic platforms as well as aspects of manu-
facturing and translation with emphasis on advances
in microfluidic (cell-based) ‘lab-on-a-chip’ systems

designed for HT'S applications.

Advantages of using a microfluidic
cell-culture platform in HTS

The process from drug discovery to commercialization
is complicated and time-consuming since cytotoxicity,
efficacy and (adverse) side effects of new drugs need to
be repetitively validated along each step to ensure con-
sistency and reliability of results. In order to approxi-
mate expected therapeutic effects on humans, ideally,
drug screening tests should be performed within vive
models. However, employing animal models for drug
screening is expensive and time-consuming. As such,
in vitro drug screening prior to animal studies help to
eliminate and select from thousands of candidates, but
their efficacy and physiological effects cannot be guar-
anteed from these screening tests — we can only infer
at the initial possible extent of cytotoxicity. Recent
trends show an increasing number of pharmaceutical
companies enlisting cell-based assays in drug screening
and optimizations instead of using commercially avail-
able iz vitro biochemical assays. Several drugs have
been successfully discovered through cell-based assays
and the efficacies and safety of those selected drugs
have been further acknowledged by the US FDA [2].
Although 3D culture techniques were introduced to
conventional multiple-well plate-based assays to con-
struct a more natural extracellular microenvironment,
most of these conventional screening platforms are still
limited in applicability due to their reliance on static
culture maintenance. In contrast, microfluidic devices
can provide 3D microenvironment with microvascular
perfusion and diffusion between mimicked microves-
sels and 3D cell culture, which is closer to what cells
encounter in real tissues or organs [5-7].

The microscale construction of channels and cham-
bers vastly reduces the required volume of reagents
that their conventional counterpart needs. This down-
scaling of reagent requirements accompanied with
the resulting ease and increase of parallelized test-
ing compliments HTS practices well, especially in
the scope of prohibitively expensive drug discovery
or personalized medicine. For example, on a conven-
tional 96-well plate the volume needed for cell culture
is around 100-200 pl per well. In contrast, taking a
3D microfluidic cell array that we published previously
as an example [6], the required volume is only 50 nl
per microchamber as the dimension of a chamber is
780 um in diameter and 110 pm in height.

The on-board construction of microscale fluidic
channels also permit the versatility to replicate the
dimensional facets of the natural cellular environment.
A typically common technique utilizes microfabrica-
tion methods borrowed from the electronics industry
to create intricately patterned features on substrates
(commonly silicon wafers) to provide the mold on
which a biocompatible elastomer such as polydimeth-
ylsiloxane (PDMS) is cast, which is then cured to con-
struct a microfluidic component or device. The ability
to generate patterns of any variety through this method
provides a flexible modularity and compatibility to the
devices thus constructed.

Some concerns regarding cell-based microfluidic
device need to be taken into consideration in their use.
Conventional cell culture is done in an incubator that
provides ideal and consistent support of oxygen and
carbon dioxide. Ideally, if cultured inside an incubator,
microfluidic systems also allow sufficient gas exchange
as PDMS is a gas permeable material. However, the gas
permeability is affected by the thickness of the PDMS
layer, surface coating for cell attachment and plasma
oxidation (8]. On the other hand, the high surface
area-to-volume ratio in a microfluidic device can be
seen as an advantage for the purposes of biochemical
reactions, but it is also the cause of fast nutrient deple-
tion in cell culture medium and liquid evaporation
from the device leading directly to air bubbles [9]. As
a result, these characteristics of cell culture in micro-
fluidic device need to be addressed and considered
before conducting drug screening.

Critical factors on designing a microfluidic
cell-culture platform

Biocompatible materials & surface
modifications

In constructing a microfluidic device for cell culture,
the selection of biocompatible materials becomes a
primary consideration. Well-established technologies
of microelectromechanical system (MEMS) provide
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silicon-based materials with highly favorable advan-
tages. While crystal silicon is completely opaque, bio-
compatible glass, owing to its transparency, becomes
important for integration with optical observation and
detection approaches on cell-based chips. Although
the price of glass with better optical clarity is high, it
is still a promising candidate for its well-understood
surface chemistry, fabrication technologies and toler-
ance to organic solvents [10,11]. The majority of current
cell-based microfluidic devices are made out of PDMS
with glass as supporting substrates. The predominance
of PDMS on cell-based chipis based strongly on its gas
permeability which is suitable for cell proliferation, as
well as its optical clarity and biocompatibility. The
current scope of soft lithography techniques allow the
versatility to fabricate devices on the micron scale using
PDMS, and that limit can be pushed to the nanoscale
through newer approaches researched over the past
decade [12.13]. In addition, since PDMS is an elastic
material, it enables nonleaky fluidic interconnections
which facilitates implementation of mechanical micro-
valves and micropumps [14]. Furthermore, a wide range
of adjustable elastic moduli of PDMS can be achieved
by the ratio of base to the curing agent to match most
soft tissues, relevant in cell mechanobiology studies [15].

The inherent surface characteristic of PDMS is
strongly hydrophobic and must therefore be rendered
hydrophilic to facilitate cell attachment and growth.
The majority of mammalian cells in vitro grow as
monolayers on a flat substrate. It has been demon-
strated that the absence of proper cell adhesion may
suppress cellular functions or even cause cell death.
Many different approaches for reducing hydrophobic-
ity or surface modification have been extensively devel-
oped to overcome this major drawback [16]. Plasma
oxidation of PDMS is commonly used to convert
methyl groups into hydroxyl groups on the surface.
Unfortunately, this effect is severely short-lived, and
the plasma treated surface returns to hydrophobicity
due to the diffusion of uncrosslinked PDMS oligo-
mers from the bulk to the surface. This phenomenon
of hydrophobic recovery can be attenuated to some
degree. Vickers ez al. used solvent extraction to remove
the unreacted oligomers prior to plasma oxidation to
extend hydrophilic state from 3 h for native PDMS to
7 days [17]. Recently, Park et al. presented a simple and
cheap method to create hydroxyl group on the surface
by immersing common Pt-cured PDMS in boiling
deionized water [18]. Besides surface chemistry analy-
sis, this research also demonstrated the improved cell
attachment and proliferation on boiling water treated
PDMS.

Another approach to increase cell attachment is
coating with extracellular matrix proteins such as
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fibronectin, collagen, laminin or charged molecules.
Wang et al. systematically investigated Caco-2 cell
adhesion on different substrates and different sur-
face modifications on PDMS including ECM pro-
teins coating (laminin, fibronectin, collagen and
Matrigel) and charged molecules deposition (poly-p-
lysine,L-o-phosphatidycholine and layer-by-layer) 19].
The results showed adsorption of fibronectin on
PDMS could sufficiently increase cell adhesion to the
same level as cell culture treated polystyrene (PS). Fur-
thermore, the amount of attached cells on PDMS with
oxygen plasma treatment followed by fibronectin coat-
ing was twice as that on the PS surface by the third
day. Another concern of the hydrophobic property of
PDMS is nonspecific adsorption of molecules. Since
cell-based microfluidic devices involve medium flow,
proteins and hydrophobic components in medium
or even some hydrophobic drugs may attach to the
hydrophobic sites of the PDMS channels. The non-
specific absorption may consume nutrients or relay
false results from drug screening tests. The nonspe-
cific absorption at undesired locations may also cause
fluidic congestion between channels and malfunction
of microvalves. More detailed discussions on nonfoul-
ing surface chemistries can be found in the literature
presented by Zhang et al. [20].

While PDMS has been used widely in construc-
tion of biomicrofluidic devices, the manually opera-
tive nature of PDMS fabrication becomes a critical
limitation of using PDMS in mass production. Alter-
native materials have been utilized in building bio-
microfluidic devices, such as thermoplastic materials
(e.g., PMMA: poly methyl-methacrylate, PC: poly-
carbonate, PTFE: polytetrafluoroethylene, PVDE:
polyvinyledene fluoride, and PGS: polyglycerol seba-
cate) [21-28], paper (e.g., nitrocellulose, off-stoichime-
try-thoil-ene [OSTE]) [29-31], and gelatin with a high
melting temperature (32]. In addition, hybrid micro-
fluidic devices using PMMA and PDMS would allow
devices to be manufactured easily due to PMMA
and have some complexity from PDMS features.
One such example is the use of PMMA devices with
PDMS valves (33]. Though many standard industry
manufacture techniques — such as injection molding,
lithography, laser ablation, 2 photon polymerization
and 3D printing — can be used to fabricate biomi-
crofluidic devices once these alternative materials are
introduced, usually the feature resolution lower than a
couple of hundred microns becomes problematic. The
currently most promising technique in terms of speed
and reliability seems to be stereolithography [23.26,34-
35] which can print biocompatible polymers at appli-
cable resolutions (100 pm). Stereolithography, similar
to 3D printing, generates layer-by-layer patterns to

fsg

future science group

www.future-science.com

923



Review

Chi, Ahmed, Dereli-Korkut, Wang

form a 3D structure [2335-36]. Stereolithography holds
promise as a rapid prototyping and manufacture
method for future microfluidic devices.

Microvalves & pumping mechanisms

For cell-based microfluidic HTS platforms, across-
linked array is extensively utilized to investigate cellu-
lar responses to multiple drugs on different cell-culture
chambers at the same time. This makes microvalves
that control the route and timing of fluids within a
microfluidic device a crucial component in separating
different analytes. The microvalves can be actuated by
electrostatic, electromagnetic, pneumatic and piezo-
electric forces [37]. Among these methods, pneumatic
microvalves show greatly promising characteristics and
have been widely used in cell-based microfluidic devices
because they can be integrated into the soft lithogra-
phy fabrication process. Pneumatic microvalves exploit
an air or liquid channel to control the pressure applied
on elastic PDMS membrane. The deformation of the
membrane caused by the pressure change will inter-
fere with or permit the fluid flow in the microchan-
nel directly adjacent to it. By integrating microvalves,
cell-based microfluidic device has capability to achieve
high-throughput analysis. For instance, King ez al.
used 144 pneumatic microvalves to separate a 16 x 16
cell array into 64 subarrays for monitoring dynamic
gene expression in a high-throughput platform [3s].
The normally-closed microvalves in rows/columns
were actuated by applying negative pressure on the
control channel to allow cell seeding/stimulation. In
this way, total 64 conditions (8 cell types and 8 soluble
stimulus) can be evaluated in quadruplicate at one
time. Generally, the choice of using normally-open
or normally-closed microvalves is decided by their
individual roles in amicrofluidic device.

As alluded to previously, providing a continuous
medium in a cell-based microfluidic device is necessary
due to rapid nutrient consumption. Although medium
delivery can be performed by commercial syringe or
peristaltic pumps- commonly used in academic labs
or small scale studies — they are too costly and bulky
for multiplex delivery especially when the screening is
scaled up to high throughput. In order to reduce the
amount of external hardware required, micropumpsare
introduced onto the chip to generate temporal and
volumetric fluid movement. Generally, micropumps
can be classified into two categories: active and pas-
sive micropumps. Pneumatic microvalves working as
micropumps show promising properties on control-
ling multiplex liquid delivery. The working principle
of pneumatic pumps is integrating several pneumatic
microvalves and actuating them sequentially to gen-
erate peristaltic fluid movement in the channels. As a

variation to using parallel air channel to actuate a series
of microvalves, Wu et al. proposed an S-shaped pneu-
matic microchannel intersecting a straight liquid flow
microchannel underneath to overcome the limitation
of throughput of medium delivery due to the inevitable
time delay caused by fluidic resistance [39]. As shown in
Figure 1A, the fluidic resistance of air (i.e., directional
transmission of the pressure change) in the S-shaped
channel could generate a sequential rise of pressure to
actuate the microvalves at intersections sequentially
in an automated fashion. In this study, 30 pneumatic
micropumps were integrated with one pneumatic tank
to simultaneously activate all channels on the cell-
based microfluidic device with a uniform pumping
rate. Oral cancer cells cultured in 3D agarose gel has
been demonstrated to retain 95-98% viability dur-
ing 48 h of culture in this perfusion-based cell culture
platform. Because of the increased demand for use of
a great number of microvalves on one chip, recently,
Lau ez al. integrated 100 microvalves to investigate the
response of individual microvalves in different opera-
tion configurations such as membrane thickness and
driving pressures through experiments, modeling and
simulation [40]. This study provides a general guide-
line for the designs of microvalves integrated high-
throughput microfluidic device.

Passive micropumps are also promising for HTS
applications due to their straightforward implemen-
tation and the possibility of tubeless microfluidics
design [42]. For instance, Walker ez al. proposed a
pumping method that using the differential internal
pressure of droplets at inlets and outlets to drive fluid
flow [41]. Since the internal pressure of a smaller drop
at the inlet is higher than a larger drop at the reservoir
(outlet), the different pressure gradient in a liquid-
filled microchannel causes the fluid to flow toward the
reservoir (Figure 1B). Although this strategy reveals the
possible application for high-throughput testing based
on its adaptability for robotic multipipettes, this design
with the open air-liquid interface is sensitive to evapo-
ration which may cause a nonconstant temporal flow
rate. In addition, an open device brings more chal-
lenges to maintain a sterile cell culture environment

on chip.

Detection methods

The detection schemes adaptable to the microfluidic
platforms also guides their manufacture. The most
common detection schemes are optical, electrochemi-
cal, and possibly coupled to a mass spectrometric
readout. For example, cell viability determination
using MTT assay is commonly used in conventional
drug screening. This absorbance-based colorimetric
detection can be applied to on-chip detection, and
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Figure 1. Working principles of pneumatic micropumps. (A) The peristaltic sequence of three microvalves in an S-shape pneumatic
micropump to pump the fluid forward. (i) Schematic representation of the sequence; (ii) a top view of the pumping motion
corresponding to (i). (B) Side view of a passive pump composed of two reservoirs and bridge. (i) Schematic representation of the

Rectangular pneumatic
chamber

oW W & ¢

Reservoir drop

L

Flow direction .-~

Pumping drop

pump; (ii) the critical parameters involved in the working mechanism of this pump.
(A) Reproduced with permission from [39] © Springer (2007).
(B) Reproduced with permission from [41] © The Royal Society of Chemistry (2002).

the absorbance change can be measured either by
coupling the chip with a plate reader [43] or by a CCD
camera [44]. Fluorescence measurement is another
common optical mode of detection that is the most
commonly used with the microfluidic drug-screening
platform. Live-dead dye staining allow cell viability
to be visualized directly under microscope [45-50].
Microscope detection is the simplest approach for
the platform design, especially for those microscopes
that come with a motorized heating stage (e.g., Zeiss
AxioOberver Z1), permitting on stage culture of cells
and imaging without manual intervention. How-
ever, for such detection the sensitivity, resolution and
throughput is limited by the microscope’s hardware
(as well as by limitations posed by the visible wave-
length). On the other hand, coupling with a microar-
ray scanner, which is widely used for high-throughput
DNA-DNA [51] and DNA-protein [52] screening, may
improve the sensitivity and throughput of the on-chip
detection. Lee ¢t al., demonstrated a 3D cell array
with 560 features for HTS application, and the results
correlated with the results from conventional MTT
assay [s3]. However, it is still challenging to get a high
resolution when the microfluidic cell chip becomes
more complex to mimic physiologically relevant
functionality.

Electrochemistry-based approaches are also common
for on-chip detection. Impedimetric detection can be
used for cytotoxicity evaluation on chip. The general
principle relies on a microelectrode system embedded
in each bioreactor region measuring the electrochemi-
cal impedance. For instance, adherent cells detaching
from the substrate surface due to causes changes in the
impedance. Based on this principle, a label-free and
real-time measurement could be performed during
drug screening and toxicity testing [54-56]. Although
this detection approach shows potential for real-time,
nonoptical, high-throughput detection that circum-
vents the need for an automated microscope stage, its
requirement of cell type (only suitable for adherent
cells) and highly customized circuit design may limit
its translation. In addition to cytotoxicity evaluation,
drug kinetics and relevant pathway could be detected
on the microfluidic platform as well. For example,
amperometric measurement can be carried out on the
chip for ion channel drug studies [57]. Furthermore, the
microfluidic platform can be potentially coupled with
mass spectroscopy so that the downstream product
of the drug could be detected [58]. In addition, cancer
cell secreted molecules can be detected by surface plas-
mon resonance imaging technology on chip [s9]. All
these qualities allow the detection on the microfluidic
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platform to be versatile and comparable with that on
conventional HTS platforms.

Advanced microfluidic cell-culture systems
on drug screening

Precise concentration gradient generator

Drug screening and therapeutic optimization usually
requires various drug concentrations to be investigated
for dose-dependent cellular response. Additionally,
the combination chemotherapy is widely accepted to
have better efficacy and less side effects at a lower dose
than single chemotherapy with a high dose. There-
fore, the gradient generator becomes a powerful tool
in this field. Compared to conventional methods such
as Transwell assays and Dunn chambers, microfluidic
devices can not only increase throughput and reduce
experimental cost but also possess a higher gradient
resolution. Moreover, it can be further combined with
real-time observation system. In 2004, Hung et al.
first developed a microfluidic cell culture array which
integrated a concentration gradient generator and
optical analysis for long-term cellular monitoring [46].
The established culture environment was believed to
be suitable for continuous operation. Not only was
cell viability in this device demonstrated, the cultures
were also successfully passaged and regrown within the
device by introducing trypsin. Although drug testing
was not conducted in this study, the platform’s ability
to provide long-term cell culture potentiates its possible
utility in drug screening applications.

In general, microfluidic-based gradient generators
can be classified into two major categories, steady-state
and time-evolving. In the steady-state type of micro-
fluidic systems, laminar flow is utilized to mix chemi-
cal species at the interfacial regions between parallel
fluid streams to generate a gradient. The typical design
composes a Y-junction configuration where the chemi-
cal solution flow and buffer flow converge together
to produce gradients which are perpendicular to flow
direction. A more controllable gradient module can be
created by integrating multiple cascaded-mixing stages
in a stepwise manner. Based on this method, arbitrary
gradients such as linear, logarithmic and Gaussian gra-
dients have been developed by a mathematical model
which was established as an analog of the equivalent
electrical model and verified by fluorescence mea-
surements [60]. A Christmas-tree design has also been
broadly applied to studies of cellular response to drug
concentration gradients [45.48,50,57]. Recently, An et al.
developed a fully automated microfluidic system for
high-throughput drug screening in the combinational
chemotherapy [49]. In order to evaluate the effect of
combinational treatment of TRAIL and curcumin as
a sensitizer in PC3 human prostate cancer cell line,

an eight-by-eight cell chamber was connected to two
orthogonal concentration gradient generators, giving
sixty-four pair-wise concentration combinations of
drug and sensitizer that could be tested at the same time
(Figure 2A). The LC,, value of curcumin for chemo-
sensitizer treated with TRAIL in microfluidic device
showed that the drug treatment performed in themi-
crofluidic device were more sensitive than in a 96-well
plate due to frequent replenishment of fresh media and
drug solution. Unlike the conventional utilization of
gradient generator by connecting to cell array directly,
Wang et al. connected the outputs of the Christmas-
tree generator as vertical injection ports to the flow of
buffer solution in the main channel [61]. This convec-
tion-driven microfluidic device created a linear gradi-
ent profile which could be tuned just by changing the
flow rate.

The second type of gradient generator is usually clas-
sified as a time-evolving static gradient generator. As
shown in Figure 2B, the general configuration of this
type of microfluidic system includes two reservoirs with
different concentrations as source and sink. The gradi-
ent is passively developed in the connecting channel
between these two compartments by diffusion under
quasi-static conditions. Because of the absence of fluid
flow, incorporation of cell array and this type of gradi-
ent generator has less impact on shear stress. In addi-
tion, more signaling factors secreted by cells could be
retained [62]. However, the concentration resolution of
this type of gradient generator is limited by the volume
of chambers.

Mimicked physiological environment
2D cell microarrayswere first developed for high-
throughput protein identification by transfected cells
without fluidic components [63]. Several versions of
2D microfluidic cell arrays were developed to meet
the need of screening multiple compound screening
on a single chip 38.64]. However, more studies have
decisively demonstrated that cells cultured in mono-
layer conditions have different behaviors than in vive
phenotypes. Indeed, cells are subject to the properties
and dynamics of surrounding extracellular matrix,
including biochemical and mechanical cues from their
native environment through soluble factors, cell—cell,
and cell-stromal interactions [65]. Recently, some 3D
culture technologies such as cell encapsulation in gel
or spheroid culture were used to construct a mimicked
microenvironment. 3D cell microarrays without fluid-
ics have been reported by encapsulating cells in matrix
followed by 3D cell droplets using a robotic spotter [47].
Combining microfluidics with 3D cell matrix, a
more physiologically realistic microenvironment can
be established. For instance, Walsh ez al. have pro-
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Figure 2. Two types of microfluidic-based gradient generators. (A) An automated microfluidic array integrating
two ‘Christmas-tree’ concentration gradient generators. (B)(i) Side and (ii) top representation of a time-evolving

static gradient generator.

(A) Reproduced with permission from [49] © The Korean Society of Applied Pharmacology (2014).
(B) Reproduced with permission from [62] © The Royal Society of Chemistry (2006).

posed a simple concept to mimic the microenviron-
ment gradients present in tumors [66]. A relatively
long flow channel was connected along one side of cell
chamber where spheroidal human LS174T colon carci-
noma cells were inserted (Figure 3A). This established
a controllable linear gradient along the distance apart
from flow channel to imitate the conditions found in
blood vessels surrounding tumors. With continuously
flowing media, viable cells (proximal to the channel),
apoptotic and necrotic cells (distal into the chamber)
were found which corresponded to theoretically sur-
mised regions of proliferating, quiescent and necrotic
cells, respectively. In addition, the pH decreased with
positions away from the channel. The diffusion coef-
ficient of doxorubicin was accurately measured in the
device and the value perfectly matched with previously
clinical studies and mathematical models. Compared
to conventional 2D uniform culture condition, the
device provides an inherent gradient microenviron-
ment for determining the efficacy of an anticancer
drug limited by its penetration depth.

In order to analyze the pharmacological effect and
complex process of drug behavior from absorption,

distribution, metabolism and elimination, Sung et al.
developed a microfluidic device with 3D hydrogel cell
cultures to reproduce multiorgan interactions [s]. The
device contained three distinct compartments for liver,
colon cancer, and bone marrow cells. Each chamber-
was interconnected with channels mimicking the blood
flow pattern in human — the various chamber sizes and
channel lengths were designed to match the physiologi-
cal blood residence time of each organ type as shown in
Figure 3B. Colon cancer cells and hepatoma cells were
embedded in Matrigel. Myeloblasts were encapsulated
in alginate due to their greater mobility. Tegafur, an
oral prodrug of the cancer drug 5-fluorourail, revealed
a cytotoxic effect as tested on the device. The results
were consistent with previously published animal and
human clinical studies. In contrast, the viability of
colon cancer cell line was not affected when the testing
was performed in a 96-well microtiter plate. It demon-
strates that this kind of microfluidic devices can provide
a more realistic environment than conventional static
assay to emulate the physiologically expected behavior.

At the cellular scale, the local microenvironment can
also be recapitulated in microfluidic devices. Recently,
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Figure 3. Microfluidic devices with physiologically mimicked microenvironment (see facing page). (A) A microfluidic device mimic the

microenvironment surrounding blood vessels in tumors. (i) Nutrient and waste gradients away from vessels; (ii) the corresponding
microenvironment gradients which can be created in the microfluidic device; (iii) top view of the device. (B) A micro cell culture

analog reproduces a mimicked multiorgan environment. Three cell chambers are connected by channels mimicking blood flow with

the specific retained time for each chamber. (C) A microfluidic system co-cultured endothelial cells and cancer cell spheroids in a
mimicked tumor microenvironment. (i) The schematic illustration of the microfluidic system; (ii) the photograph of 3D projection
represents an endothelial monolayer at the interface. (D) A microfluidic array reconstructed a 3D tumor microenvironment with
cancer cells and microvascular endothelial cells along vertical axis. (i) Schematic representation of tumor microenvironment; (ii)
nutrient and gas transport between microvessels and tumor cells; (iii) schematics of the microfluidic system; (iv) schematics of each

layer of the device; (v) cross-section view of the device.

(A) Adapted with permission from [66] © The Royal Society of Chemistry (2009).

(B) Reproduced with permission from [5] © The Royal Society of Chemistry (2009).

(C) Reproduced with permission from [7] © American Chemical Society (2014).

(D) Reproduced from [6] http://pubs.acs.org/doi/full/10.1021/ac403899j © American Chemical Society (2014).

many researchers continue to combine the 3D cell cul-
ture microenvironment and co-culture technique as a
biomimetic strategy. Niuez a/. developed a microfluidic
device supporting co-culture of endothelial and cancer
cells to validate the antimertastatic effect of 12 native
compounds [7]. In this device, four parallel channels
were separated by trapezoidal posts with 100-125 pm
spacing in the reaction region (Figure 3C). Rat tail col-
lagen was formed in the central channel as ECM which
also supported the attachment of endothelial cells on
a channel running adjacent to the collagen channel.
On the other side of the collagen channel, spheroids
of human lung carcinoma cell line A549 were mixed
with collagen solution. Cancer cell medium was sup-
plied through the channel next to the channel of can-
cer aggregates. Drug molecules and secreted stimu-
lants from endothelial cells could diffuse into collagen
matrix and then affect cancer cells. The dispersion of
cancer cell spheroids was quantified to evaluate drug
efficacy. The authors picked three compounds to eval-
uate their on-chip and off-chip antimetastatic effect.
The on-chip antimetastatic or antiangiogenic effect
of those drugs resonated with the results of respective
biological assays performed in the conventional 3D
environment while contrasting to dissimilar behaviors
found in 2D culture environment. It demonstrates that
the physiologically relevant microenvironment cre-
ated in this kind of microfluidic device is necessary to
reproduce 77 vivo behavior.

The interorgan interaction device [5] discussed above
can provide basic physiologically relevant results from
the activity of cells representing different organs, it
becomes a challenge to scale it up to HTS applica-
tions. Similarly, the device used for metastatic stud-
ies 7], while providing insightful results on the anti-
metastic efficiencies of drugs, does not provide the
most amenable configuration to be adopted to a HTS
platform. Meanwhile, our group also developed a 3D
microfluidic cell array (3D pFCA)to reconstruct the
in vivo spatial relationship between microvessels and
cancer cells embedded in extracellular matrix by a
three-layered PDMS assembly [6]. The cell array archi-

tecture in this device is amenable to high-throughput
screening as well. As shown in Figure 3D, the three-
layer design enables 3D hydrogel-encapsulated cell
culture in an array of microchambers running next
to membrane-separated microchannels seeded with
endothelial cells (HMVEC) to serve as bioartificial
blood vessels. The microfluidic cell array realizes the
diffusion process for the transportation of nutrients,
metabolic waste products, and other molecules by way
of its design. In this study, real-time visualization and
quantitative analysis of the apoptotic response to four
anticancer drugs via caspase-3 activities in PC9 cells
co-cultured with HMVECs were recorded in single
experiment on single chips. The results highlightthe
system’s potential for high-throughput ex vivo drug
screening in a mimicked vascular microenvironment.

Organs-on-chips

Devices categorized as ‘organs-on-chips’ focus on the
development of physiologically organ-level functions
on a microfluidic device [67-71]. A human lung-on-
a-chip was developed to mimic the cyclic mechani-
cal strain on cells during breathing motion [68]. The
alveolar-capillary interface was recapitulated through
two channels separated by a thin, porous and flexible
ECM-coated membrane. The upper channel was lined
with human lung alveolar epithelial cells and the lower
channel was lined with lung microvascular endothe-
lial cells. Two full-height channels located at the both
sides of cell channels were applied with cyclic suction
to provide the rhythmical deflection of PDMS side
wall and the porous membrane with cells. The inflam-
matory responses of lung to airborne nanoparticles was
imitated through the introduction of silica nanopar-
ticle. The similar effects of on-chip mechanical strain
on nanoparticle absorption was also observed in whole
mouse lung. The same group further developed a dis-
ease model of drug toxicity-induced pulmonary edema
on this chip [72]. A similar device structure could also be
used for mimicking physiological peristaltic motions of
the human intestine [69]. The cyclic mechanical strain
on the chip showed the ability to promote the forma-
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Ref.
[74]

tion of 3D villi-like structure and a high-integrity bar-
rier. Moreover, it demonstrated the ability of long-term
co-culture with microbial flora that normally lives
in human intestine without decreasing epithelial cell

Scalable
to HTS
No

viability.

Recent studies also show the potential amplification
of drug efficacy assessment [73]. Table 1 listed recent
studies about organs-on-chip which have potential
ability for drug testing. A human kidney proximal
tubule-on-a-chip was developed by constructing lumi-
nal and interstitial flow channels separated by porous
membrane (74]. The toxicity of cisplatin, a known

Signal detection

method
Fluorescent
microscope

proximal tubule nephrotoxin and chemotherapeu-
tic drug, was tested on the chip and the results were
similar to the effects seen in most patients. Although
an organ or a tissue-level functionality and features
can be mimicked on these organs-on-chips, most the
chips are only designed for single drug testing. There-
fore, approaches to improve the sample size per chip
to gear towards high-throughput screening should be
considered for the future generations of these devices.

No

Recently, Agarwal et al. developed a heart-on-chip
with a potential high-throughput design (75]. The chip
contains 50 thin film cantilevers lined with anisotro-
pic rat cardiac microtissues to recapitulate the laminar
architecture of heart ventricle. During muscle contrac-
tion, diastolic and systolic stresses could be calculated
from the deflection of these cantilevers. The detected
inotropic effect of isoproterenol was consistent with

2D vs 3D culture Co-culture

2D

previous studies in rat heart. A more detail discus-
sion about organs-on-chips studies can be found in a
recently published review paper [76].

Devices with increased throughput & mimicked
physiological environment
As aforementioned, the most common strategy to con-

Tested drug/
molecules
Cisplatin toxicity
and PGP efflux
transporter
activity

struct a biomimetic microenvironment is to introduce
compatible 3D matrices. Most of microfluidic-based
gradient generators are only applied to 2D cell culture
for drug testing. Recent research has begun to accli-
mate integration of microfluidic gradient generators to
a 3D cell culture platform to increase the throughput
of drug screening within a more realistic environment
instead of traditional 2D culture [49.78]. Unlike the
direct combination of microfluidic gradient generators
to 2D cell culture array, Occhetta ez al. introduced a
branched channel from the connection between the
output of gradient generator and culture area for the

Device description
Same as above

generation and culture of 3D micromasses of adult
hBM-MSCs under continuous and controlled laminar
flow perfusion [79]. The secondary channels were used
as waste lines to avoid cell clogging in the upstream
channels, as well as to reduce shear stress experienced
by cells.

BBB: Blood-brain barrier; OD: Optical density; TEER: Transendothelial electrical resistance.
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On the other hand, in order to increase the through-
put of drug screening, the capability of automated
operation is another goals. Recently, some microflu-
idic devices were invented as commercial microplate-
reader compatible format or allowing the incorpora-
tion into automated liquid handlers with 3D culture
platform [80-82]. For instance, Huang ez a/. developed
a three-layer microfluidic cell culture chip in which
the waste medium collector module could be removed
for directly subsequent bioassay using a commercial
microplate reader.

To build up a more realistic physiological environ-
ment usually there is a need to utilize the complex
arrangement, compartmentalization, and design net-
works and chambers as mentioned in above sections.
However, the spatial limitation of replicates is a big
challenge for scaling up the throughput. One of the
practical designs for high-throughput drug testing is
arranging the layout of compartments along vertical
axis and positioning each unit with mimicked physi-
ological environment in a horizontal array format. For
instance, as in our current design of the 3D uFCA, the
in vivo spatial relationship between microvessels and
cancer cells is imitated by setting up the compartments
of cancer cells below the arrayed channels of endothelial
cells. However, the throughput of the current design is
still limited by the parallel configuration of the arti-
ficial vascular channels and the channels connecting
the chambers for cancer cells. By simply changing the
bonding orientation between the top microchannel
layer and the bottom microchamber layer from its cur-
rent parallel configuration to an orthogonal alignment,
and integrating the techniques of microvalve and tube-
less cell seeding, the second generation of 3D pFCA
will be amendable for high-throughput drug screening
with closely mimicked 3D microenvironment.

Commercialized microfabricated cell chips

With rapid growing of an emphasis on translational
research and more matured bio-microfabrication tech-
nologies, currently in the USA alone there are over 20
companies developing microfabricated chips for DNA/
RNA/protein biochemical assay instruments, at least
20 BioMEM outsourcing/prototyping companies,
over ten microfluidic chip companies for infectious
disease diagnostics, three companies using microchips
for in vivo drug delivery, at least five microchip-based
cancer cell/biomarker diagnostic companies and about
10 companies working on microfabricated cell chips
for drug screening and discovery (83], from which eight
are listed in Table 2 with brief descriptions of the device
features and functions. As shown in Table 2, the cell
responses to drugs on these microfabricated cell chips
are through image detection of fluorescence signals.

Microfluidic cell chips for high-throughput drug screening Review

Quantitative fluorescence image analysis software is an
essential and critical part to obtain biologically accu-
rate and quantitative data for a drug testing report.
Due to the complexity of 3D culture, quantitative
3D fluorescence image analysis especially its automa-
tion over long dynamic drug testing periods remains a

challenge in the field.

Conclusion & future perspective

Currently a robotic liquid handling system coupled
with biochemical assays (e.g., live/dead, apoptosis
markers, O, uptake, etc.) usually uses 96, 384 or 1536-
well plates for 2D cell culture and 96 or 384-well plates
for 3D spheroid culture without 3D matrixin HTS and
high content screening (HCS). Expensiveness of this
robotic system and lack of mimicked 3D microenvi-
ronment are two major disadvantages which actually
have been motivating the development of microfluidic
3D cell chips for HTS and HCS. The intrinsic prop-
erty of microfabrication will enable an easy scaling-up
of the current 3D microfluidic cell chips to accommo-
date 3D cell culture in several hundred microchambers.
The challenge following the scaling-up is to reduce the
number of tubing for massive input and output chan-
nels caused by hundreds of compounds during screen-
ing and complicated flow patterns mimicking iz vivo
drug transport. A tubing-free 3D microfluidic cell
chip is ideal. In general, there is a dilemma between
the desire of making a 3D microfluidic cell chip sim-
ple (e.g., open-device to simplify 3D cell seeding and
minimize tubing) and enabling complicated on-chip
features to mimic 7z vivo microenvironment (e.g., 3D
cell encapsulation culture with perfusion and diffusion
in a mid-to-high-throughput format). A good balance
point is the key to successfully push a device into the
commercialization direction.

The next generation of 3D microfluidic cell chips
should take full advantages of its own on-chip micro-
circulation property to maximally simulate iz vivo
microenvironment that not only includes all types of
epithelial, endothelial and mesenchymal cells with
proper ECM but also blood cells in flow. Thus, a 3D
microfluidic cell chip will be able to be applied in drug
screening/discovery targeting immune diseases and
immunotherapies, such as immunotherapy for can-
cer. One bioengineering obstacle must be solved here
is how to keep white blood cells live and healthy in
on-chip circulating flow.

With mimicked close-to-iz wvive microenviron-
ment and organ-on-chip designs, there is no doubt
that 3D microfluidic cell chips will increase the in
vitro drug screening accuracy that in turn would
reduce the drug failing rate through clinical trials in
the near future. The social benefit of using 3D micro-
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Executive summary

Introduction
e Commercial high-throughput drug screening lacks the ability to reproduce in vivo-like cell response to drugs,
which limits its translatability to clinical drugs.
e The physiologically relevant microenvironment for cell culture can be more faithfully replicated by a
microfluidic system.
Advantages of using a microfluidic cell culture platform in HTS
e The microscale size of microfluidic device robustly reduces the required volume of reagents.
e Mature manufacturing technology enables the flexibility of the platform for a wide spectrum of applications.
Critical factors on designing a microfluidic cell-culture platform
e Biocompatible materials & surface modifications
- Polydimethylsiloxane (PDMS) is the majority of the materials used for platform design because it is
gaspermeable, optically clear and compatible with soft lithography.
- Due to the hydrophobicity of PDMS, surface modification is necessary for cell-culture applications.
- The techniques to modify PDMS surface includes plasma treatment, solvent extraction and extracellular
matrix (ECM)-coating.
- Since PDMS has a limitation in mass production, alternative materials such as PMMA were investigated.
Hybrid PMMA-PDMS microfluidic devices are also discussed.
- Stereolithography shows promising properties as a rapid prototyping and manufacture method for future
devices.
e Microvalves & pumping mechanisms
- For HTS applications, crosslinked channels need to be controlled by the microvalves. Pneumatic microvalves
are widely used for this purpose.
- To supply continuous media and nutrients, pump should be included in the design. Passive pump may be
advantageous compared with active pump as it provides the possibility to build up a tubing-less system.
e Detection methods
- Currently available detection methods, such as absorbance, fluorescence, electrochemistry or mass
spectroscopy, can be applied to microfluidic cell-culture platforms.
- Fluorescent detection is the most common method for detection on cell-based microchips.
- Impedimetric detection provides another method for real-time, high-throughput and label-free detection.

Advanced microfluidic cell-culture systems on drug screening
e Precise concentration gradient generator
- Creating a concentration gradient of a certain drug on chip is essential for drug screening, and this can be
achieved via the channel design.
- Steady-state and time-evolving generators are the two major types of microfluidic-based gradient
generators.
¢ Mimicked physiological environment
- A microenvironment close to the physiological condition can be established on chip with 3D culturing
techniques.
- Co-culture with 3D microenvironment can be also achieved on microfluidic platforms, which may provide
more accurate outcome for drug screening applications.
e Organs-on-chips
e Devices with increased throughput and mimicked physiological environment
- Spatial implication of replicates is the main challenge for improving the throughput, but this may be
resolved via rearrangement on the vertical compartments.
e Commercialized microfabricated cell chips
= In the US, currently over 60 companies work on the applications of microfluidic devices.
Perspective, future directions & conclusions
e How to reduce the numbers of connected tubing is the major issue for scaling up the microfluidic cell culture
platforms.
e A balance between simplifying the design and enabling on-chip complicated features for mimicking in vivo
microenvironment is required for the translation from lab-devices to industry/clinical tools.
e Advanced 3D printing technologies with fine resolutions such as stereolithography enable fast paces to
transfer a microchip from a research lab to industry.

934 Bioanalysis (2016) 8(9) future science group



fluidic cell chips in drug discovery and screening is to
reduce the cost of new drug development by accurate
in vitro screening and thus ultimately reduce health-
care expenses. On the other hand, with improved res-
olutions of advanced 3D printing technologies such
as stereolithography using biocompatible materials
more and more microchips from research labs will be
able to get into production lines and eventually pro-
vide tools to advance pharmaceutical and biomedical

fields.
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