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Abstract
Microfluidic platforms provide several unique advantages for drug development. In the production
of drug carriers, physical properties such as size and shape, and chemical properties such as drug
composition and pharmacokinetic parameters, can be modified simply and effectively by tuning
the flow rate and geometries. Large numbers of carriers can then be fabricated with minimal effort
and with little to no batch-to-batch variation. Additionally, cell or tissue culture models in
microfluidic systems can be used as in vitro drug screening tools. Compared to in vivo animal
models, microfluidic drug screening platforms allow for high-throughput and reproducible
screening at a significantly lower cost, and when combined with current advances in tissue
engineering, are also capable of mimicking native tissues. In this review, various microfluidic
platforms for drug and gene carrier fabrication are reviewed to provide guidelines for designing
appropriate carriers. In vitro microfluidic drug screening platforms designed for high-throughput
analysis and replication of in vivo conditions are also reviewed to highlight future directions for
drug research and development.
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1. Introduction
Self-assembling systems are an attractive class of drug delivery vehicles but physical
properties and delivery efficiencies can be strongly dependent on formulation conditions [1].
It can therefore be challenging to generate reproducible and homogenous nanoscale drug
carrier formulations by bulk preparation methods. Recent advances in micro/nanofabrication
techniques enable more uniform preparation of drug carriers. Microfluidic systems for gene
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and drug carriers that facilitate controllable preparation of multicomponent systems have
addressed several problems by facilitating in situ formulation at the nano/picoliter volume
scale. As such, microfluidic systems enable high-throughput and inexpensive carrier
production. Furthermore, carriers can be reproducibly prepared with desired sizes, shapes
and properties to minimize cytotoxicity and to promote the transport efficiency of target
drugs [2]. These techniques facilitate the production of customized drug and gene carriers
with patient and drug specificity [3]. By controlling the physical and chemical
characteristics of the drug carriers, pharmacokinetic parameters such as drug release,
absorption, distribution, and elimination profiles can be modified to improve drug efficacy
and safety [4-6].

In addition to carrier production, microfluidic platforms are useful for drug screening.
Animal models are commonly used to evaluate drug delivery, efficacy and cytotoxicity but
advanced in vitro screening technologies can help to streamline and reduce the number of
required animal studies. By integrating 2-dimensional (2D) or 3-dimensional (3D) cell
culture techniques with microfluidic methods, in vitro drug screening platforms such as cell-
on-a-chip, tissue-on-a-chip and organ-on-a-chip can be created to evaluate drug responses.
Further efforts could enable organ-on-a-chip systems to perform the study of systemic drug
response and partially replace animal testing. Microfluidic control components such as
microvalves and pumps can be integrated into automated platforms to perform high-
throughput and multiplexed drug screening that produces physiologically relevant data.

In this review, various microfluidic platforms for producing gene and drug carriers and drug
screening tools are introduced. Microfluidic gene and drug carrier fabricators such as
diffusion based microfluidic mixers, chaotic mixers, droplet generators and programmable
microfluidic platforms are overviewed with a particular focus on the production capability
and efficacy of the resulting drug/gene carriers. We then examine microfluidic platforms
that integrate cells and engineered tissues with various modes of perfusion into a single
device for drug screening applications.

2. Microfluidics-assisted formulation of gene and drug carriers
Recent advances in molecular biology and genetic research have led to the discovery of
many promising small molecules with therapeutic benefits. Of increasing importance for
drug delivery research is the design of suitable carriers for these molecules, especially for
those that have very low bioavailability, are highly toxic, and require protection from rapid
degradation and excretion. Such carriers generally need to be stable, biocompatible,
biodegradable, and have the ability to target specific tissues. However, the development of
these carriers has proven difficult and even those that are proven to be effective are
hampered at the fabrication stage by issues with product consistency, fabrication complexity
and the prohibitively high cost of materials involved. For example, lipid-based carriers have
been relatively successful in achieving high delivery efficacy both in vitro and in vitro.
However, the formulation of large numbers of these carriers often requires multistep and
labor-intensive processes to properly control size distribution [7]. Furthermore, conventional
protocols for lipid carriers can sometimes call for large volumes (on the order of milliliters)
of expensive drugs or nucleic acids to ensure that encapsulation is sufficiently high enough
to have any therapeutic effect.

Microfluidics have thus been proposed as a method to alleviate this particular bottleneck in
the drug development process. The versatility of microfluidic devices allows researchers to
precisely design specific device geometries that can easily and consistently create
homogenous carriers composed of a wide variety of materials and with high encapsulation
efficiencies. Additionally, the small scale of these devices minimizes the quantities of
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reagents required and can therefore facilitate high-throughput production at a significantly
lower cost compared to conventional bulk mixing techniques. In this section, general
considerations for designing the proper device for carrier formulation are reviewed, and
innovative microfluidic techniques for gene and drug carrier fabrication are highlighted and
evaluated based on the encapsulation or transfection efficacy of the produced carriers (Table
1).

2.1. Microfluidic device design considerations for carrier production
Microfluidic synthesizers for gene/drug carrier fabrication have been developed for the
rapid, precise, and effective production of various gene and drug carriers. The most common
synthesizer is the microfluidic diffusion-based mixer which consists of multiple inlets and a
single outlet and controls the reaction between carrier materials and molecules by flow rate
and channel length. These mixers can then be enhanced by incorporating a herringbone
pattern in the channel that increases the diffusive boundary area of the samples by at least
two orders of magnitude, resulting in rapid and reproducible formulation of drug carriers.
However, the mixing that occurs with this method is reliant on the diffusion that occurs in
the boundary between the separate flow streams under a continuous flow regime, and this
can result in large quantities of unreacted target molecules and carrier materials that can
subsequently increase cytotoxicity and decrease the rate of drug transport. The droplet
generator technique can eliminate these drawbacks because the reaction of each droplet
occurs independently. With the droplet technique, the ratio of carrier materials and target
drugs, total volume, the reaction rate and size of the drug carriers can be controlled precisely
without contamination issues (Fig. 1).

To ensure that carrier preparation is carried out successfully, however, there are several
other factors that must be taken into consideration beyond mode of fabrication, including
carrier composition, encapsulated biomolecule, and microfluidic device material. For
polyplexes, a cationic polymer is generally used to carry negatively charged plasmids by
electrostatic interaction. Selecting a polymer with the proper composition, length and charge
is the first step to fabricate the desired gene carrier. By tuning the flow rate in the
microfluidic fabricator, desired polyplexes that have the appropriate size, the ratio of
compositions, and surface functionality can be obtained. To create siRNA polyplexes, users
have to consider the additional factor of minimizing RNA degradation. Alternatively, since
lipids are a natural biomaterial, the use of lipoplexes is often advantageous for efficiently
transfecting encapsulated genes into cells. Cationic lipids are most commonly used to
encapsulate and form complexes with nucleic acids to form organized structures that can be
multilamellar, hexagonal, or spherical. The controllability of the final lipoplex structure
offered by microfluidics is important, as it has been found that lipoplex morphologies often
influence their transfection efficiency to a great degree [9].

When formulating both polyplexes and lipoplexes, various strong solvents are usually
involved for dissolving the components. Therefore, the fabrication methods and materials of
a microfluidic synthesizer have to be compatible with the various solvents. Soft-lithography
techniques using polydimethylsiloxane (PDMS) or poly(methyl methacrylate) (PMMA) as
the device material are the most common when it comes to fabricating microfluidic devices.
However, swelling of these polymers can occur when it is exposed to strong solvents such as
acetone and toluene [10], and this swelling detrimentally affects fluid flow and the
controllability of carrier formulation. A method of addressing this issue is to use a hot-
embossing technique, in which microfluidic channels can be imprinted on
polytetrafluoroethylene (PTFE) and Cyclic Olefin Copolymer (COC), two polymers which
have strong chemical resistance [11, 12]. Another simple approach to impart chemical
resistance to conventional PDMS devices is to fabricate composite devices in which
channels composed of SU-8 polymer films are embedded in PDMS, which provides
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structural support for the films both during and after fabrication [13]. The devices generated
using this method exhibited excellent solvent compatibility and were able to generate both
oil-in-water and water-in-oil emulsions in a stable manner, thus expanding the range of
possible drug carriers that can be created in a high-throughput manner using microfluidics.

2.2. Nucleic acid carrier production in microfluidics
Cationic polymers and lipids comprise the majority of synthetic gene transfer materials.
When mixed with anionic nucleic acids, polyplexes (complexes with cationic polymers),
lipoplexes (complexes with cationic lipids) and lipopolyplexes (complexes with both
polymers and lipids) are formed by electrostatic complexation. The resulting particles may
vary in size, charge or shape, depending on reagent concentrations as well as mixing order,
speed and solvent. When formulated in bulk, resulting complexes can be polydisperse.
Simple and convenient microfluidic diffusion-based synthesizers consisting of a multiple-
inlet/single-outlet microchannel have been used to create synthetic nucleic acid carriers
using a variety of materials mixed with plasmid or oligonucleotide cargo [14-18]. PEI
(polyethylenimine)-pDNA nanocarriers have been fabricated and evaluated as a gene carrier
using microfluidic devices [14, 15]. In comparison to analogous carriers prepared by bulk
pipette mixing, the PEI polyplex showed more uniform size distribution. In one report,
improved cell viability and gene transfection efficiency was achieved from PEI polyplexes
fabricated by microfluidic devices compared to bulk preparation [14]. In another example,
and siRNA-containing polyplex was fabricated using a simple Y-shaped microfluidic device
with an inlet each for siRNA and a PEI-PCL-PEG (block copolymers of polyethylenimine,
polycaprolactone, and polyethyleneglycol) [18]. The siRNA nanocarriers from the
microfluidic device showed a two-fold improvement in RNA protection and an
approximately 10% more effective transfection of siRNA into cultured cells than manually
fabricated nanocarriers.

Lipid nanoparticles (LNPs) encapsulating siRNA have also been formulated using a
herringbone-patterned chaotic microfluidic [19] (Fig. 2A). Sizes of the LNPs were
monodisperse and reproducible, and siRNA encapsulation efficiency was approximately
80%. High quality LNPs containing siRNA were evaluated in an in vivo gene-silencing
assay using a mouse model. By controlling the composition of cationic lipid, gene-silencing
potencies of greater than 90% were achieved in the in vivo model. In another example,
lipopolyplexes composed of a poly(L)lysine (PLL)-pDNA polyplex core encapsulated by a
lipid membrane was fabricated by two serial reactions. In the first reaction, PLL and pDNA
were injected through the inlets of the microfluidic device to create the polyplex, and in the
second reaction, the polyplex and lipid were mixed in the device to create the lipid-
encapsulated polyplex [16]. Flow rate of input streams were shown to affect particle size.
This study illustrated the feasibility of very rapid (~20 mins.) carrier production through
sequential reactions with polymers and lipids. Another sequential reaction study was
performed in which a lipopolyplex carrier containing anti-sense oligonucleotide (ODN) was
fabricated by interconnecting two 3-inlet/1-outlet microfluidic devices [17]. Three device
configurations were tested, with some leading to large or cytotoxic formulations. In the
optimized device, polycation/lipid and ODN streams were alternatively squeezed by the
other component. It was found that the ODN delivered in carriers produced using the
microfluidic synthesizer were more effective at down-regulating target gene expression
compared to delivery from carriers produced with bulk fabrication.

Highly uniform nucleic acid carriers can also be prepared using microfluidic droplet
generators [20-22]. By controlling the flow rate of each phase of immiscible fluids in the
microfluidic system, the shearing of the fluids enable the generation of droplets with
uniform sizes. The most common designs for droplet generators are the T-junction and flow-
focusing configurations [23]. With a simple cross-flow microfluidic droplet generator,
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monodisperse droplets with cationic polymer and pDNA encoding green fluorescence
protein (GFP) were synthesized for gene delivery into cultured human cells [21].
Nanocarriers fabricated from the droplet technique were found to induce minimal apoptosis
in cells, which is a departure from what is seen with bulk-prepared polyplexes. The carriers
generated by the droplet technique presented a continuous uptake profile up to at least 5 hrs,
while the nanocarriers from bulk method reached an uptake plateau after approximately 2
hours’ incubation. Overall, droplet- and bulk-generated carriers resulted in ~90% and ~75%
cell viability, and ~60% and ~40 % transfection efficiency, respectively. A droplet generator
design was also used to create liposomes containing EGFP plasmid [22]. Each droplet
functioned as completely localized picoliter reactors and these reactors minimized the
reagent aggregation issue which is associated with bulk fabrication. For this reason, the
carriers created from the droplet generator showed high dimensional uniformity and low
cytotoxicity. By evaluating the transfection efficiency of the plasmid into U2OS cells, it was
shown that the droplet generated lipoplexes presented greater transfection rates and with
greater reproducibility than products from bulk generation.

A programmable microfluidic processor (Fig. 2B) can be used to optimize gene carrier
formulation [24]. In this array, any combinations from various inputs can be generated by
programming the microvalve sequence. This processor was used to generate a panel of
formulations comprised of multiple components: cyclodextrin-PEI (CD-PEI) and
adamantanamine-polyamidoamine (Ad-PAMAM), functional Ad-modified polyethylene
glycol for targeting and stabilization, and plasmid DNA. To control the structural and
functional properties of the supramolecular nanoparticle based gene carrier, the ratio of each
reagent needs to be precisely controlled, and the programmable microfluidic processor
enables high-precision automated metering, diluting and mixing of desired reagents. In this
case, 250 different combinatorial libraries with minimal size distribution were created within
an hour. By selecting an optimal composition of the gene carrier, greater than 70 %
transfection efficiency and 96% cell viability in various cancer cell lines was achieved.

2.3. Drug carrier production in microfluidics
Microfluidic synthesizers have also been used to prepare drug-loaded vehicles by
encapsulation [25] and chemical conjugation to polymer carriers [26]. By using a simple
diffusion-based microfluidic synthesizer, drug-encapsulated polymeric (poly(lactic-co-
glycolic acid)-poly(ethylene glycol), or PLGA-PEG) nanoparticles were fabricated by
controlling the mixing rate with hydrodynamic focusing (Fig. 2C) [25]. The self-assembly
reaction was precisely tuned by the ratio of the flow rates of water and of the solvent
containing the copolymer, thereby controlling the degree of mixing within the microfluidic
device. Increasing the ratio of flow rates of solvent to water induced slow mixing and
resulted in an increase of nanoparticle size, and the chemical properties of the drug carrier
were tuned by controlling the carrier composition. Nanoparticles produced in microfluidic
devices were smaller in size, encapsulated more drug, and showed slower drug release rates
than those prepared by bulk fabrication, especially when hydrophobic PLGA was added to
the block copolymer solution. Tran et. al. demonstrated highly efficient preparation of
amphiphilic heparin-folic acid-retinoic acid (HFR) bio-conjugates with reduced reaction
time and more effective targeted drug delivery [26]. This unique self-assembled nanoparticle
drug delivery system was able to selectively deliver drug to folate receptor-positive cancer
cells with superior cellular uptake, although the relatively low drug loading efficiency is not
ideal.

The production of stable, monodisperse double emulsion-based particles in bulk solution has
traditionally been difficult, with the need for multiple fabrication steps. However, the use of
microfluidic flow-focusing droplet generators greatly simplifies this process [27-31]. In a
study conducted by Teh et. al., DOPC vesicles were synthesized using consecutive flow-
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focusing channel geometries and solvent extraction (Fig. 2D) [27]. Vesicle diameters could
be controlled by adjusting the fluid flow rates of the device and all generated particles were
monodisperse in size, with less than 2% variation. Additionally, the produced vesicles were
observed to be stable for in solution for up to 3 months, and while longer shelf lives would
be ideal for commercially available drug carriers, this is still promising. While this study
focused on the development of protein-containing microbioreactor lipid vesicles as artificial
cells, the same technique can easily be adapted to create lipid-based microparticles for drug
delivery. In a novel approach, a droplet generator was used to reproducibly create
monodisperse microbubble liposomes that could carry highly hydrophobic and toxic drugs,
such as doxorubicin, at high concentrations [29]. The gas core of these particles makes them
more susceptible to disruption and oscillation by acoustic energy, which then leads to
enhanced payload delivery. Thus, when used in conjunction with externally applied
ultrasound, such vehicles allow for the targeted local delivery of therapeutics. Flow-focusing
droplet generators also enable the fabrication of in situ microscale hydrogels containing
drugs by sequential reaction. In one example, hydrazide functionalized cellulose (CMC-A)
and aldehyde functionalized dextran (DEX-B) were pumped through the droplet generator
resulting in the formation of the in situ hydrogels by covalent bonding [31]. By adding oil in
the second droplet generator, mono-dispersed and stable hydrogels were obtained. By
encapsulating bupivacaine hydrochloride (BPV-HCl) in the hydrogel droplet, the kinetics of
the drug release in a physiologically relevant solution was evaluated. The releasing rate of
the encapsulated drug was well controlled for 4 days and then slowed down, and released
levels of the drug were maintained in the therapeutic ranges for up to 40 days.

A nanoparticle lipophilic drug carrier containing ketoprofen (KP), a well-known non-
steroidal anti-inflammatory drug, was also synthesized using microfluidics [32]. Three inlets
for a mixed solution of polymer (poly(methylmethacrylate), or PMMA), drug and
Cremophor ELP, and 3 inlets for water were connected to a central outlet that enables the
rapid mixing of the six streams of viscous fluids. By using this setup, PMMA-NPs were
created with 53% KP encapsulation efficiency and all encapsulated was KP released within
2-4 hrs, which is the time frame necessary for effective KP therapy. By changing the carrier
composition, the release rate of drug could be adjusted. For example, with the same drug, a
PLGA carrier fabricated using this method takes approximately 70 hrs to release the KP
completely. Most important, this work demonstrated nanoparticle production by a
continuous rather than batch process.

The herringbone mixer, which provides a higher mixing rate, was utilized to control the size
of a lipid nanoparticle consisting of 1-palmitoyl, 2-oleoyl phosphatidycholine (POPC),
cholestrerol and the triglyceride triolein by mixing a stream of ethanol-containing lipid with
an aqueous system [33]. The physical and chemical properties of the nanoparticles were
tuned by controlling the flow rate of aqueous solution and ethanol, pH, temperature, and
other environmental factors. As a model drug, doxorubicin was encapsulated in POPC
nanoparticles without affecting the nanoparticle size. Since the fluid flow and environmental
factors were precisely controlled in the microfluidic platform, more control over
nanoparticle size and surface properties could be achieved.

3. Microfluidic platforms for drug screening
Bringing a new drug from initial discovery to commercialization is a lengthy and complex
one in which many drugs fail to appear on market before they reach consumers, and even the
drugs that make it to the market can cause serious and previously undetected side effects. As
such, the determination of the cytotoxicity, potency and efficacy of the new molecule is an
important component of the development process. Researchers currently rely on either in
vivo animal models or on macroscale in vitro cell culture platforms to study the therapeutic
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effects and safety of new pharmaceuticals and drug delivery systems, and although these
conventional models give important information, they have substantial drawbacks [34].
Drug screening tests with in vivo models are limited by the facts that using living organisms
is usually time consuming and expensive, and the reality that insights gained from in vivo
models may not be biologically relevant to humans. To counter these shortcomings, in vitro
drug screening methods using 2D cell cultures have served as a bridge between in vivo
testing and over-simplified biochemical assays. However, as the number of promising drug
candidates greatly increases due to advancements in genomics, proteomics, and
bioinformatics, it is essential that adequate high-throughput methods of drug screening are
established. Additionally, conventional cell culture techniques used for drug screening are
hampered by problems associated with the use of relatively large quantities of reagents and
of drugs that are often expensive to produce and limited in quantity. Conventional well
plate-based assays are also limited by the static nature of the cultures in that continual
restoration of nutrients and removal of wastes through perfusion is not possible, requiring
regular media changes that increase the risk of sample contamination and experimental
errors.

Significant advances in microfluidic technology and techniques have allowed for the
development of novel microfluidics-assisted in vitro drug screening methods that are
capable of performing high-throughput dynamic assays that can begin to address the issues
associated with conventional well plate methods commonly used today [35]. Even with
these advances, however, 2D cell cultures often do not fully recapitulate the cell-cell and
cell-matrix interactions that occur in organs and tissues. As a result, more attention has been
shifted towards developing robust 3D culture methods that better recapitulate what naturally
occurs in vivo [36]. Indeed, many of these methods have produced results in drug screening
tests that are vastly different from those seen with 2D cultures, but match well with results
that are seen clinically. Thus, a rapidly growing approach is to take advantage of recent
advances in tissue engineering techniques to create 3D cultures in microfluidic devices for
high-throughput assays that will be able to generate biologically relevant data. These 3D
cultures have been able to form functional tissue and organ analogs on chips and they
represent the future in drug screening, conceivably serving to one day fully replace current
2D culture assays. An overview of 2D and 3D cell-on-a-chip devices can be found in Table
2, and organ-on-a-chip devices can be found in Table 3.

3.1. Cell-on-a-chip for in vitro drug screening
Microfluidic technologies have allowed researches to go beyond the limitations of
conventional 2D cell monolayer assay systems by introducing the potential for conducting
high-throughput and low-cost screening experiments under physiologically relevant
conditions. By using a microfluidic gradient generator and a stable perfusion setup,
microfluidic perfusion platforms enabling high-resolution live imaging and dose-dependent
drug research were developed using glass etching and standard silicon microfabrication
processes [37, 38]. These devices are able to determine cytotoxicity at multiple
concentrations in parallel simultaneously, thus saving time and labor, and are also able to do
so with a minimal amount of reagents. Furthermore, the ability to accurately and
reproducibly create such gradients can serve to recreate physiologically-relevant chemical
microenvironments seen in vivo and thus better approximate a drug’s effects in patients.
Similarly, by integrating a gradient generator in a programmable and fully automatic
microfluidic array, it is possible to determine cancer cell response due to various drug
concentrations and mixtures in a pair-wise fashion [39] (Fig. 3A). By using ring-type
microvalves, this platform also eliminated the need for constant reagent perfusion and thus
minimized the significant shear effect on cultured cells caused by fluid flow, while
maximizing the programmability of the assay and the capability for real-time monitoring.
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Micro-reactors containing PC3 prostate cancer cells were treated with various
concentrations of TNF-α related apoptosis induced ligand (TRAIL) in combination with
either doxorubicin or mitoxantrone in a sequential or simultaneous dosing method to
determine the potential synergistic effects of each combination.

Microfluidic functional units such as microfluidic valves and mixers can also be integrated
into microfluidic platforms for high-througput drug screening. For example, by coupling
individual reaction chambers with a multi-layer microfluidic control platform, multiplexed
cell screening was performed with various cell lines and a panel of toxins [40]. An array of
24 × 24 reactors containing cell capture sieve structures in each reactor was fabricated and
controlled by external solenoid pneumatic valves. A series of cell types (BALB/3T3 murine
embryonic fibroblast, HeLa and bovine endothelial cells) along with a panel of toxins
(digitonin, saponin, CoCl2, NiCl2, acrolein) were loaded into the reactor of each column by
opening respective rows of microvalves, and thus extremely high-density toxin-cell
combinatorial screening in a multiplexed format was achieved within a single device.

These systems, however, still require expensive off-chip pumps that complicate maintenance
of sterility during incubation, and the tubing setups required for the controlled long-term
perfusion of reagents can sometimes be complex and unwieldy. An approach towards
addressing these issues was accomplished by integrating simple microfluidic devices with
commercially available 96-well plates. HeLa cells were cultured within the devices and the
anti-cancer drug etoposite was flowed into the culture chambers with passive gravity driven
perfusion “pumps” (Fig. 3B) [41]. Not only did this technique remove the need for the
constant pumping of media and drug solutions throughout the experimental period, the
incorporation of the microfluidic devices with a 96-well plate allows for this platform to be
used in standard automated dispensing systems that are readily available, thus further
enhancing the potential for high-throughput assaying. With further development, these
devices could even be scaled up to be integrated with 384-well plate systems to enable even
more samples to be tested at once.

Many drug screening assays that are performed to determine the dose-response curves of
new drug candidate molecules or drug delivery vehicles are limited in the number of
concentrations that can be tested at once due to time and cost considerations. With
sometimes fewer than 10 data points, the presence of any data outliers can result in
inaccurate or incorrect curve fits. By adapting the droplet generator-type microfluidic
devices that are common in carrier formulation applications, dose response curves at
significantly higher resolutions than what is normally possible can be attained [42].
Thousands of droplets, each a different concentration, can be easily and rapidly generated
using such a device, leading to a chemical library that then is used to create high-precision
curves. With flexibility of microfluidic device fabrication, such systems can be easily
integrated with many cell-on-a-chip or organ-on-a-chip devices.

All of the previously mentioned cell-on-a-chip devices for in vitro drug screening were used
with monolayer cultures of the target cells. However, cells cultured in monolayer conditions
have been shown to lose their native phenotypic properties, and due to the multi-cellular
resistance and transport phenomena of drugs, the results gained from monolayer cell cultures
may not be physiologically relevant [43-45]. To alleviate these issues, microfluidic 3-
dimensional (3D) cell culture platforms mimicking in vivo environments have been
developed for high-throughput in vitro drug screening [46].

Often times a 3D culture environment is created by seeding cells within a hydrogel network
[47-49]. In one such example, two parallel microfluidic channels were fabricated with
PDMS and bonded on the linker molecules coated glass and in one of the fluidic channels,
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alginate hydrogel was immobilized on a linker molecule coated surface (Fig. 3C) [49]. Her-2
breast cancer cells were encapsulated within the alginate hydrogel and were cultured into a
3D tumor spheroid. Doxorubicin was then perfused through the other channel and it was
found that compared to a 2D assay of doxorubicin’s effect on cancer cell viability, the drug
displayed a reduced effectiveness in 3D culture. These preliminary results illustrate the need
for robust 3D culture based in vitro assays to prevent potential discrepancies in drug efficacy
when drug candidates are put through animal or clinical studies.

A novel 3D cell culture drug screening device was designed such that the effect of an anti-
cancer drug on the metabolism and toxicity of multiple cell/organ types could be
investigated simultaneously under medium recirculation conditions that attempted to
recreate what is seen in vivo [50]. The device consisted of three different chambers that
were specifically designed to mimic the physiological blood retention time of each
respective organ type (liver and bone marrow) and of a tumor, and the chambers were
interconnected with channels of varying shapes and sizes that mimicked the physiological
patterns of blood flow to these tissues. To immobilize the different cancer cell lines, colon
cancer cells (HCT-116) and hepatoma cells (HepG2/C3A) were encapsulated in Matrigel
and myeloblasts (Kasumi-1) were encapsulated in alginate hydrogel. Tegafur, and oral pro-
drug of 5-fluorouracil (5-FU), and 5-FU were tested along a combination of Tegafur and
uracil. It was found that when the same assay was conducted in a standard 96-well
microplate, there was no impact to cell viability as compared with control, while in the 3D
culture microfluidic re-circulating system, significant toxicity was seen in colon cancer cells
and an enhanced toxicity could be achieved with the Tegafur-uracil combination.
Additionally, liver cells showed much less sensitivity to the drugs while the sensitivity of the
myeloblasts was similar to that of the cancer cells. These results match those seen in animal
and human clinical studies and illustrate the potential of such 3D culture devices to produce
results far more relevant than those seen in conventional static 2D toxicity assays.
Furthermore, by designing a chip that contained different organ-specific cell lines, the
investigation of organ-specific agonistic and antagonistic effects from various drugs in a
multi-organ environment is possible with this platform.

Microfluidic technologies have also enabled the development of devices that combine the
advantages offered by 3D cell culture and by programmable reagent perfusion via integrated
microvalves and micropumps in a high-throughput manner [51]. A multilayer PDMS device
was designed that contained 15 separate microbioreactors, each with their own PDMS
membrane pneumatic micropump that generated perfusion through peristaltic flow. Each
bioreactor was loaded with oral cancer-2 (OC-2) cells in an agarose suspension, and culture
medium with the anti-cancer drug epirubicin was perfused throughout the device with the
on-board micropumps with which flow rates across each bioreactor could be uniformly
maintained. Huang et. al. proposed a similar pneumatically-driven multiplexed system that
serves to address several hurdles with cell-on-a-chip devices, namely temperature control
and ease of bioassay analysis, by using a series of PMMA slabs that could be integrated with
a transparent indium tin oxide heater chip [52]. Not only could the 3D cell cultures within
the device be imaged for toxicity analysis, but the waste media could be collected in a
dedicated slab that was designed to be read in standard plate readers. Like most other
microfluidic devices, the sheer simplicity and novelty of the integrated perfusion pump
system of these devices offers the potential for rapid and large-scale in vitro drug screening
for existing and upcoming drugs in a physiologically meaningful manner, and without the
need for costly external syringe or peristaltic pumps.

One potential disadvantage of 3D culture systems in which the target cells are encapsulated
in hydrogels is that the encapsulation matrix could prevent cells from being cultured at a
high enough density to prevent the formation of large interstitial spaces. This would then
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inadequately simulate small-molecule diffusion in densely packed tumors and therefore limit
the model’s effectiveness at predicting clinical results. As a result, several attempts have
been made to develop gel-free systems [53, 54]. In a proof-of-concept study of one such
system, a device composed of three parallel microfluidic channels separated by narrow posts
50 μm wide and spaced 4μm apart was fabricated to examine small-molecule diffusion and
uptake by densely-cultured cancer cells (Fig. 3D) [54]. Melanoma cells were cultured in the
center channel, and the posts served as barriers to cell diffusion such that a high cell density
could be established. After 12 hrs of culturing, representative membrane-impermeable and
membrane-permeable fluorescent small-molecules were flowed through the two outer
channels. Cell density in the central channel was found to be comparable to densities seen in
tumors in vivo and target densities were achieved in a relatively short amount of time.
However, fluorescent dye penetration differed significantly between dyes and further studies
with various cancer drugs are necessary to confirm the overall ability of this gel-free system
to act as a suitable cell-on-a-chip device for drug screening.

Another method of avoiding the use of hydrogels as a scaffold or matrix for 3D cultures is to
control culture conditions such that cell spheroids will form. Tumor spheroids are
considered one of the best in vitro models for cancer [55, 56], and methods of culturing
large numbers of spheroids at a minimum of labor and cost are highly desired. Ziolkowska
et. al. were able to achieve this by using a microfluidic device with incorporated microwells
that induced seeded HT-29 human carcinoma cells to aggregate and spontaneously form
spheroids [57]. The spheroids maintained high viability over 10-12 days, making these
cultures suitable for long-term studies on the effects of drugs. Indeed, using the same device,
the spheroids were exposed to repeated doses of 5-fluorouacil and the resulting impact on
cell viability could be quantified by measuring spheroid size. This technique and device
could conceivably be used to create similar 3D cultures for drug screening experiments with
other cell types capable of forming spheroids, such as primary human hepatocytes [58, 59]
and cardiomyocytes [60].

The advancement of 3D culture systems in microfluidic devices in recent years has led to the
blurring of distinction between cell-on-a-chip and tissue- or organ-on-a-chip devices and it
is quite likely that most microfluidics-based in vitro drug screening technologies will
eventually move away from a single-cell or cell monolayer model.

3.2. Organ-on-a-chip for in vitro drug screening
While in vitro cell culture models are relatively cheaper and faster than in vivo models, they
often do not properly simulate the complex cell-cell and cell-matrix interactions that are
critical for regulating cell behavior. In order to effectively and efficiently test drug and
chemical effects, more accurate models that mimic human organs and tissues are necessary.
Recent developments in tissue engineering, stem cell research, biomaterials, microfluidics
and microfabrication enable the development of various types of organ-on-a-chip devices
that can conceivably provide more relevant in vitro models for drug screening applications.
These organ-on-a-chip devices are created using a combination of microfabrication and
tissue engineering techniques [34, 61]. Specifically, these devices closely mimic human
organs and tissues by integrating microfluidic reactors and three-dimensional cell cultures to
simulate complex cell-cell and cell-matrix interactions while accurately controlling fluid
flow within the system [34, 62-65]. In some cases, three dimensional co-cultures of different
cells in such devices serve to reproduce the cell-cell interactions that occur between
disparate cell types in vivo. What truly distinguishes organs-on-chips from 3D cultures,
however, is that these devices are designed to mimic the function of the modeled organ and
move beyond static tissue cultures. Finally, as with microfluidic devices and assays in
general, the size of organ-on-a-chip devices are small, and each component of the chip can
potentially be integrated into a larger human-on-a-chip device to simulate multiple organs
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for high throughput screening applications in a whole-body model [66-68], and advances in
the development of functional capillary networks in microfluidics will not only assist with
this integration, but could also enhance the overall functionality of cultured tissues by
providing a means for adequate nutrient and waste transportation [69]. Additionally, there
have been microfluidic devices that accurately model the diffusion of small molecules
between blood vessels and tissues, allowing researchers to paint a more complete picture of
systemic drug pharmacokinetics [70]. There are many types of organ-on-a-chip devices that
are currently being developed, including liver-on-chips [71-74], kidney-on-chips [75], lung-
on-chips [76-78], intestine-on-chips [79], heart-on-chips [80], and central nervous system
(CNS)-on-chips [81].

The hepatic clearance of small molecules by the liver is an important parameter that needs to
be thoroughly investigated during drug development due to the high rate of failure of drugs
both on market and in development due to hepatoxicity. In order to accurately simulate such
parameters, many liver-on-chip devices have been created and tested. These microfluidic
liver-on-chip devices help investigators estimate pharmacokinetic parameters such as
hepatic clearance, cell permeability, bioavailability, and volume distribution without going
through time-consuming, labor-intensive, and expensive in vivo animal studies. Such
evaluation is demonstrated by Sung et. al., who designed and developed microscale cell
culture analog using a novel design and hydrogel-cell culture technique (Fig. 4A) [71].
Using this device, it was demonstrated that it could analyze drug hepatoxicity in
combination with a mathematical pharmacokinetic-pharmacodynamic model. A multi-well
cell culture system for human liver cells with microfluidic architecture has also
demonstrated its precise liver modeling through assessment of gene expression profiles,
phase I/II metabolism, canalicular transport, secretion of liver-specific products, and
susceptibility to hepatotoxins [72]. In an interesting and novel approach, a microfluidic
device was designed with architecture that models the hemodynamic properties of the native
human microvascular bed and computational models were used to ensure physiologically-
relevant flow and shear forces were maintained in the chip [73]. With this vascular-inspired
design, proper nutrient flow and protein transport from the cultured hepatocytes can occur
while protecting the cells from excessive shear stresses that have been shown to be
deleterious to viability. Compared to static 2D well-plate cultures, cells grown in this device
produced significantly greater amounts of albumin and urea, two markers of liver metabolic
function. Similar to cell-on-a-chip technology, organ-on-a-chip devices also offer the
potential for multiplexed assays that are run in parallel. One example of this is the HepaTox
Chip developed by Toh et. al. in which 3D cultures of hepatocytes are cultured in eight
parallel channels [74]. The cells grown in 3D culture were found to have maintained the
differentiated functions of hepatocytes at levels greater than those seen in multi-well plate
controls and the IC50 values of the five model drugs tested correlated well with the LD50
values of the same drugs in vivo, illustrating the advantages 3D cultures offer over their 2D
counterparts in recreating and predicting in vivo conditions.

In addition to the liver, many drugs are also secreted into the kidney and passed out of the
body as urine. As such, kidney-on-a-chip devices have been proposed to fully investigate the
effects of drugs on this organ system, as drug-induced damage to the renal tubules can often
lead to cancer or acute tubule necrosis [82]. Using a multilayered microfluidic device in
which renal tubular cells are grown on a permeable membrane that sits over outer tubular
fluid (an analog to blood) and are exposed to a continuous stream of inner tubular fluid
(mimicking urine precursor fluid), Jang et. al. were able to recapitulate the growing
conditions that renal tubular cells experience in vivo, leading to the formation of functional
kidney tissue (Fig. 4B) [75]. By utilizing the device to show that hormone stimulation
caused a water-transporting protein to move within the cells as it would in native tissue, it
was demonstrated that the cells cultured in the device performed their inherent role of
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regulating water and ion balance via molecular transport and that the device could be used as
a drug screening tool. This example also highlights the power of microfluidics for such
applications as the ability to create stable and reproducible fluid flow allows for the ability
to more accurately mimic the in vivo microenvironment, which is something that is not
possible in conventional well plate cultures.

Another organ that has been modeled thoroughly on microscale platforms is the lung. Unlike
most organs, lung epithelium is exposed to the air, and a variety of environmental effects
such as pathogens and air pollution can cause a response of the lung epithelium, and as such,
it is important to simulate the lungs using air-liquid or air-cell interfaces [34, 76]. To
simulate such interfaces, a microfluidic platform with suspended membrane culture systems
has been developed [76]. This particular lung-on-a-chip system can potentially be adapted
for use as a tool to study the paracellular flux of metabolites and drug molecules across
different tissue membranes of interest. When designing and fabricating such devices,
parameters such as fluid mechanical resistance and oxygen transfer efficiencies are of
important concern to simulate the human lungs accurately [77]. Huh et. al. tested their lung-
on-a-chip device on toxic and inflammatory responses of the lung to silica nanoparticles
(Fig. 4C). In this study, it was found that the mechanical strain of the membrane from
simulated breathing enhances the epithelial and endothelial uptake of nanoparticles [78].
The mechanically active lung-on-a-chip device provides a more accurate, low-cost in vitro
model for animal and clinical studies for drug screening and toxicology applications and
serves as an interesting model for other devices that seek to mimic mechanically active
tissues and organs.

A notoriously difficult organ system to simulate in an in vitro environment is the human gut.
With many drugs designed to be administered orally, it is critical that the uptake of these
drugs through the digestive system and the resulting effects is studied as part of a thorough
drug screening regimen. Attempts have been made to recapitulate the architecture of the
intestines by culturing intestinal epithelial cells in 3D hydrogel scaffolds that were
engineered to mimic the size, shape, and density of the intestinal villi and by using porous
membrane inserts in traditional cell culture well plates. However, these constructs have
failed to mimic the mechanically active environment of the gut that is critical for organ
function and physiology and furthermore, have not allowed for the growth of living flora for
an extended period of time. To address these shortcomings, a human gut-on-a-chip was
designed and fabricated for simulating intestinal peristalsis-like motions and flow [79].
Using a device design very similar to that used for the lung-on-a-chip designed by Huh et.
al., a central microchannel containing a flexible and porous ECM-coated membrane lined by
gut epithelial (Caco-2) cells and full height vacuum chambers on both sides of this channel
(Fig. 4D). In this case, cyclic application of suction to the vacuum chambers mechanically
deformed the Caco-2 monolayer to mimic the peristaltic motions of the intestines. The
cultured cells were able to form 3D villi-like structures and quantification of transepithelial
electrical resistance (TEER) revealed that 3- to 4-fold higher values were found when
compared to static Transwell cultures, indicating that tighter junctions were formed and
thereby better mimicking native intestinal tissue. In fact, TEER values continued to improve
as culture time increased. Additionally, the dilution rate of the media induced by continual
perfusion in the gut-on-a-chip supported long-term co-culture of both epithelial cells and
microbes. Given that this device effectively reproduced physiological conditions of the
human gut, it could serve as a powerful tool for both drug and toxicity screening and for the
study of intestinal pathologies.

The significant healthcare issue of heart disease in many developed countries has led to a
multitude of studies on pharmaceuticals for treatment. As such, much work has been
devoted to replicating the polarization of cardiomyocytes in culture and effective methods of
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measuring their biomechanical behavior. While microfluidics have been able to measure the
electrophysiological properties of isolated and constrained cardiomyocytes, the applicability
of these devices for drug screening is questionable, as single-cell behavior and response to
stimuli differs significantly from that of whole tissue. Furthermore, myocyte cultures on
standard inflexible tissue culture surfaces make it difficult to ascertain changes in tissue
functionality. Based on muscle thin film (MTF) technology that had been developed into a
muscle-on-a-chip [83], engineered cardiac tissues assembled in a chip for physiological and
pharmaceutical studies as a heart-on-a-chip was designed to efficiently study structure-
function relationships of a human heart [80]. By taking advantage of microcontact printing,
fibronectin could be patterned on top of the microfluidic substrate to help direct myocyte
organization so that an electromechanically coupled anisotropic monolayer could be formed.
Heart tissue contractility and architecture under a variety of conditions (healthy, diseased,
and exposed to epinephrine) could then be studied and quantified, thus allowing researchers
to potentially gain insight into how various drugs affect heart function.

Studies on spinal cord injury are often hampered by the lack of appropriate in vitro models
and a simple and efficient method of assaying the effects of therapeutics on axonal
regeneration post-injury. A microfluidics platform has been proposed in which
micropatterned grooves guide the directional growth of neurites and the resulting isolation
of axons from their cell bodies [81]. This allows for the ability to specifically target the
injured axons with soluble proteins and drugs and study their effects on axonal regeneration.
Additionally, the optical transparency of the material used here in fabricating the device
allows for laser-induced axotomy to create precisely localized axonal defects for a
significantly improved injury model for studying regeneration at the single axon scale. This
platform then embodies a powerful tool in which a single device can generate a robust and
accurate in vitro injury model that can easily be analyzed for not only drug screening but for
regenerative medicine studies as well.

With more extensive verification of such devices through comparative drug screening and
toxicology experiments, these organ-on-a-chip devices will further be advanced and will
eventually be used as laboratory and clinical tools for drug screening and toxicological
applications due to their unique advantages in scalability, low cost, and accuracy in
modeling of human organs.

4. Conclusions and Outlook
Developments in microfluidics technologies and techniques have resulted in major
contributions in drug and gene carrier production and toxicological screening. There is
tremendous potential for customization due to the flexibility offered by the large range of
geometries and materials used in creating microfluidic devices, and the ease with which
such devices can be integrated with existing equipment. Most importantly, microtechnology
has enabled both the parallelization and sequential integration of many conventional
laboratory techniques, thereby significantly increasing the throughput of experimentation.

Microfluidic devices with diffusion mixers, chaotic mixers, and droplet generators enable
for the precise control of the mixing rates and compositions of drug carriers. Furthermore,
by incorporating programmable microfluidic control systems [8, 84, 85], steps can be
automated to find optimal conditions for the fabrication of specific drug or gene carriers.
While the widespread adoption of microfluidics-based drug carrier production has been slow
despite advances in techniques, it can be expected that as the number of approved
nanoparticle-based therapies increases over time, the demand for such high-throughput
fabrication technologies will increase as well. However, to make these systems practical for
pharmaceutical companies, the scaling factors and device reliability need to be taken into
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account. Specifically, physical phenomena changes in macroscale production and the ability
of such devices to consistently generate drug/gene carriers after long running times should
be carefully investigated. Additionally, like any other pharmaceutical-related manufacturing
process, care must be taken to ensure that microfluidic production methods meet good
manufacturing practices guidelines set forth by regulatory agencies.

The development of microfluidic cell-on-chips, tissue-on-chips, and organ-on-chips for drug
screening applications provide high-throughput and more physiologically accurate drug
screening tools that could eventually largely supplant animal models in use today which are
often expensive, ethically problematic, and do not always produce results that translate well
clinically. In taking these technologies to the next level of biological mimicry, more
complex organ-on-a-chip devices that integrate multiple simulated organs joined by
microfluidic channel networks have been proposed to serve as a human-on-a-chip [66-68],
and this approach has generated tremendous interest in recent years, as shown by the
infusion of significant funds into projects that seek to develop these multi-organ-simulating
devices [86]. The greatest limiting factor at this point in regards to this technology, as with
other in vitro culture models, has been the ability to properly order cells in their native
hierarchy in a thick living structure such that they form the proper tissues. Continued
advances in tissue engineering and regenerative medicine through the use of microfluidic
bioreactors and nanopatterning that can easily be incorporated into devices may help
alleviate this [87-89]. Additionally, developments in the ability to reliably study and control
the differentiation of stem cells using microfluidics will allow for the creation of even more
accurate tissue and organ analogs, as well as increase the potential for the development of
personalized screening in which patient-derived stem cells are used [90]. Devices could also
be integrated with nanoelectronics to obtain accurate real-time readings of cellular and tissue
responses to drugs, a capability that is beyond what is currently possible with conventional
screening techniques [91].

Recently, there has been significant progress made towards bringing microfluidics-based
cell cultures for high-throughput drug screening to the market, with several devices and
technologies currently available for purchase. An example of this is the 96-well format
passive perfusion cell culture system highlighted previously in this review [41, 92]. Further
development of this technology now allows for the generation of perfused 3D cell culture
arrays [93] and for the culturing of primary hepatocytes under biomimetic conditions [94].
There are also tubeless microfluidic systems capable of 3D cell co-cultures that are designed
to be compatible with automated high content analysis equipment and standard microscopes
for assaying cell viability and chemotaxis in response to administered drug candidates [95,
96]. Soon to be available will be a microfluidics-based platform that features an innovative
valve and channel design that improves uniformity in reagent delivery and allows for
periodic dosing of one or more drugs. Increased spatial and temporal resolution of assays
can be achieved with this system, and it has been shown to be an effective tool for high-
throughput studies on cell signaling dynamics and epigenetics, even at the single-cell level
[97, 98]. To date, there have been no major regulatory issues raised in regards to the use of
microfluidic cell- and organ-on-chips for drug screening and in fact, the United States Food
and Drug Administration (FDA) is actively involved in fostering the development of this
technology.

Continued advancements for microfluidic drug screening platforms could include integration
with sortable microfluidic drug or gene carrier production devices that utilize
photopolymerized polymers with unique barcodes and shapes [99-101] (Fig. 5). With these
techniques, a library consisting of a large quantity of carriers with different drug content and
concentrations could be generated and quickly sorted and diverted to their respective linked
cell-on-a-chip or tissue-on-a-chip screening modules. This would then allow for production
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and testing to occur in a single device. Coupled with automation and a flexible system in
which modules could easily be swapped in an out, this can significantly increase the
efficiency and speed of in vitro drug evaluation.

The highlighted advances in microfluidics have been widely touted as prime examples of
next generation in drug discovery technology. However, much work remains to be done to
address the many hurdles that stand in the way of taking these technologies to the next step,
especially in regards to improving ease of fabrication and use, and increasing assay analysis
efficiency. With continued research efforts to make microfluidic platforms for drug
manufacture and screening more practical, such devices could have a significant impact on
both basic research and the pharmaceutical industry by providing precise, high-throughput
and effective tools.
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Figure 1.
General design classes of microfluidic platforms for gene/drug carrier production. (A)
Simple diffusion based continuous-flow microfluidic fabricator. (B) Passive micro-mixer, or
staggered herringbone mixer, with incorporated synthesizer which enables homogenous and
rapid mixing between carrier materials and drugs. (C) Microdroplet generator for precise
control of carrier size and composition. (D) Programmable pneumatic microfluidic processor
for generating large drug carrier libraries [8].
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Figure 2.
Microfluidic platforms for gene/drug carrier production. (A) Fabrication of lipid
nanoparticles containing siRNA by using staggered herringbone mixer [19]. (B)
Programmable microfluidic microvalve array for generating a supramolecular nanoparticle
library by combinatorial reaction [24]. (C) Anti-cancer drug encapsulation in block
copolymer-based nanoparticles in a diffusion based mixer [25]. (D) Cascade droplet
generator for double immersion droplet formation [27].

Tsui et al. Page 22

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Cell-on-a-chip devices for in vitro drug screening. (A) Programmable gradient generator for
combinatorial drug dosing, with gradients illustrated by red, yellow and blue dye.
Representative micrographs of PC3 cells after sequential treatment with TRAIL and
doxorubicin [39]. (B) Gravity-driven perfusion pumps for continual and automated
perfusion that are compatible with standard 96-well plate dispensing equipment [41]. (C)
Multilayer 3D culture device with integrated PDMS membrane pneumatic micropumps for
peristaltic perfusion. Representative fluorescent live/dead assays of cultured OC-2 cells
exposed to increasing (I-V) concentrations of epirubicin [51]. (D) Gel-free 3D culture
system of melanoma cells in which microposts increase cell culture density while enabling
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small-molecule diffusion to occur. Inset shows sodium fluorescein diffusion from outer
chambers into densely-packed melanoma cells [54].
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Figure 4.
Organ-on-a-chips for in vitro drug screening. (A) Liver-on-a-chip for pharmacokinetic-
pharmacodynamic modeling and analysis [71]. (B) Kidney-on-a-chip that simulates fluid
flow within the renal tubules and is able to induce the growth of cells capable of molecular
transport [75]. (C) Bioinspired lung-on-a-chip in which a thin, porous, flexible PDMS
membrane coated with ECM helps mimic and form the alveolar-capillary barrier, and
compartmentalized microchannels simulate lung mechanics during breathing. Long term co-
culture of alveolar epithelium (green) and microvascular endothelium (red) in this system
causes cells to form tight junctions similar to those seen in vivo. Nanoparticle transport
across the alveolar-capillary barrier was modeled and analyzed under both static and
breathing conditions [78]. (D) Gut-on-a-chip that forms villi-like structures in response to
mechanical stimulation and supports the long-term growth of native flora. Confocal cross-
section of tissue grown in device illustrating villi formed by undulating epithelial cells, with
basal nuclei (blue) and apical mucin (magenta) separated by a crypt [79].
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Figure 5.
Microfluidic-assisted in situ micropatterning techniques for creating various types of
sortable microparticles and microcarriers. (A) Dot-patterned barcoded biomolecules
generated by microfluidic in situ photo-polymerization technique [90]. (B) Color-barcoded
microparticles created by electromagnetic system, dynamic mask, and in situ polymerization
[91]. (C) Amphiphilic microcarriers fabricated by in situ UV polymerization filled with red
dye as a model drug. Droplet wells can be formed in a variety of shapes and sizes, which
allows for sorting and dose control [92].
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Table 1
Devices for microfluidics-assisted gene and drug carrier production

Device Type Carrier Composition Encapsulated
Molecule

Transfection/Drug
Encapsulation
Efficiency (%)

Refs

Diffusion-based
microfluidic
mixers

PEI GFP plasmid ~40% [14, 15]

PEI-PCL-PEG siRNA ~75.5% [18]

DSPC-DMG-PEG siDNA ~90% [19]

PLL-DSGPE pDNA N/A [16]

Protamine-PC-DSPE-PEG Oligonucleotide ~75% [17]

PLGA-PEG Docetaxel ~51% [25]

Heparin-folic acid-retinoic
acid (HFR)

Retinoic Acid 33.4% [26]

PMMA Ketoprofen 53% [32]

POPC-cholesterol/
POPC-triolein

Doxorubicin 60-95% [33]

Droplet
generators

PEI and PHP pDNA ~65% [21]

Lipofectin (DOTMA-DOPE) EGFP plasmid ~60% [22]

DOPC GFP plasmid N/A [27]

DSPC-DSPE-PEG Doxorubicin ~28% [29]

CMC-A/DEX-B (hydrogel) Bupivacaine-HCl N/A [31]

Programmable
microfluidics

CD-PEI and Ad-PAMAM pDNA ~70% [24]
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Table 2
Cell-on-a-chip platforms for in vitro drug screening

Cultured Cell
Type

Drug Screening Method Device Feature(s) Refs

PC3
(prostate cancer)

TRAIL and doxorubicin/
mitoxantrone

Live/dead fluorescent
assay

Programmable
gradient generation

[39]

BALB/3T3
fibroblasts, bovine
endothelial, HeLa

Digitonin, saponin,
CoCl2, NiCl2, acrolein

Live/dead fluorescent
assay

High-density
combinatorial
assaying

[40]

HeLa
(cervical cancer)

Etoposide Lactate dehydrogenase
assay

Passive perfusion
pumps and 96-well
plate integration

[41]

LCC6/Her-2
(breast cancer)

Doxorubicin Live/dead fluorescent
assay

Alginate-supported
3D culture

[49]

HCT-116,
HepG2/C3A,
Kasumi-1

Tegafur, 5-fluorouracil Live/dead fluorescent
assay

Reproduced multiorgan
interactions

[50]

OC-2
(oral cancer)

Epirubicin Live/dead fluorescent
assay

Programmable
perfusion with
integrated pumps

[51]

OEC-M1
(oral cancer)

Cisplatin Live/dead fluorescent
& lactate
dehydrogenase assays

Integrated
temperature control

[52]

B16.F10
(melanoma)

Sodium fluorescein (dye) N/A Gel-free 3D culture [54]

HT-29
(colon cancer)

5-fluorouracil Live/dead fluorescent
assay & spheroid
diameter monitoring

Long-term spheroid
culture

[57]
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Table 3
Organ-on-a-chip platforms for in vitro drug screening

Organ/Tissue Cultured Cell Type(s) Replicated Organ Features and
Functions

Refs

Liver Hepatocytes,
fibroblasts

Albumin and urea secretion,
canalicular transport

[71-74]

Kidney Inner medullary collecting
duct (IMCD) cells

Molecular transport in response to
hormonal stimulation

[75]

Lung Alveolar basal epithelial,
microvascular endothelial

Tight cell junctions, surfactant
production, alveolar-capillary
microarchitecture

[76-78]

Intestine Gut epithelial Villi formation, tight cell
junctions, support of native flora

[79]

Heart Cardiomyocytes Synchronized contraction [80]

Central nervous
system

Neurons,
oligodendrocytes

Physically separated axons and
cell bodies, anisotropic axon
growth

[81]
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