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Abstract
Microfluidic technologies’ ability to miniaturize assays and increase experimental throughput have
generated significant interest in the drug discovery and development domain. These characteristics
make microfluidic systems a potentially valuable tool for many drug discovery and development
applications. Here, we review the recent advances of microfluidic devices for drug discovery and
development and highlight their applications in different stages of the process, including target
selection, lead identification, preclinical tests, clinical trials, chemical synthesis, formulations
studies, and product management.

Introduction
The process of drug discovery and development continues to pose a significant challenge
because the biological hypothesis must ultimately be tested in humans[1]. In 2006, only 18
new molecular entities and 4 new biologic license applications were approved by the US Food
and Drug Administration (FDA)[2,3]. Recent developments, such as combinatorial chemistry,
have greatly enhanced our ability to generate drug candidates. Furthermore, the sequencing of
the human genome has opened new doors to understanding the nature of biological interactions
in disease. Consequently, new drug candidates from the top 10 pharmaceutical companies
entering clinical trials increased by 52% from 1998–2002 to 2003–2005[2]. Accordingly,
investigational new drug (IND) applications to begin clinical testing increased by 45% from
2003 to 2005[2]. Considering the time for drug candidates to develop successfully into new
drugs takes more than 10 years, the number of new drugs are expected to increase in the next
few years. Therefore, there seems to be an emerging opportunity to discover and develop new
drugs that may be aided by the development of novel tools.
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In general, the process of generating new therapeutics consists of two stages, drug discovery
and drug development (Fig. 1). The discovery stage includes target selection, lead
identification, and preclinical studies, while the development stage includes clinical trials,
manufacturing, and product lifecycle management. The first step in drug discovery is to identify
and select a ‘target’, such as a gene or protein, which can potentially be affected by a drug
molecule[4]. Once the target is established, a promising molecule, or a ‘lead’ is identified that
can interact with the target. The lead is optimized by screening many similar compounds and
assessed based on its strategic portfolio fit, preliminary safety, technical issues and commercial
opportunity. Moreover, the drug candidate will be tested for safety and efficacy in animal
studies. After starting with thousands of compounds, only a few drug candidates continue into
the development stage for clinical trials and manufacturing.

Much of the drug discovery process has been standardized using macroscopic systems that aim
to provide the required throughput by incorporating automatic analysis and robotics. For the
last 15 years, high-throughput screening (HTS) methods have been the gold standard. However,
these methods have limitations, such as the necessary processing time and the need for
expensive equipment and processes. To overcome these limitations, microtechnologies, such
as microfluidics, are potentially useful. Microfluidic devices can be used to manipulate fluids
within channels that are of the order of tens to hundreds of micrometers[5]. Multiple
components, such as pumps, valves, mixers and heaters can be incorporated within fluidic
systems to enable the easy manipulation of fluids. Thus, microfluidic channels can be used to
perform experiments with higher throughput than is conventionally-achievable, while using
minimal reagents and achieving fast reaction times (Fig. 2)[5,6]. Therefore, miniaturized
microfluidic devices are emerging as useful tools for studying target selection, lead
identification and optimization and preclinical test and dosage development[7,8]. In this paper,
we review the recent developments and applications of microfluidic devices for drug discovery
and development. We initially discuss the applications of microfluidic systems for the drug
discovery process by identifying emerging areas in target selection and validation, lead
identification and preclinical studies and subsequently discuss the use of these technologies
for the drug development process.

Target selection and validation
A drug target is usually a molecular structure, chemically definable as a molecular mass that
can interact with therapeutic agents [9]. The types of drug targets that can interact with small-
molecule therapeutic agents include proteins, polysaccharides, lipids and nucleic acids. Of
these candidate targets, polysaccharides, lipids, and nucleic acids are investigated less
frequently than proteins, because of a lack of understanding of the involvement of these
molecules in disease and a lack of small-molecule therapeutic agents [10,11].

Both computational and experimental methods can be developed to identify druggable targets
on the basis of ligand binding [12,13]. The computational approaches use information from
the crystal structure of the target binding site, while experimental approaches use HTS
applications of target candidates against a diverse collection of compounds. For example, a
computational model of the binding sites of two proteins (homoserine dehydrogenase (HSD)
and hematopoietic prostaglandin D synthase (H-PGDS) showed that HSD would be a difficult
target, whereas H-PGDS would be druggable [13]. To verify this result, two HTS experiments
were conducted, using a collection of 11,000 drug-like chemicals against the two target
candidates. The results showed that 11 chemicals (about 0.1%) targeted H-PGDS while no
compounds were effective against HSD, which indicated H-PGDS was a druggable target
[13]. Therefore, protein structural and affinity studies can be important for target selection and
validation. Here, we discuss the application of microfluidics as a useful tool in enabling these
studies.
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Protein analysis in a single cell
To select specific targets, the biological signal transduction pathways and protein-protein
interactions within cells must be understood. The quantification of single-cell contents requires
the detection of minute quantities of proteins and related molecules. To address this issue,
microfluidic devices can be used [14]. These devices are integrated to manipulate, lyse, label,
separate and quantify the protein contents of single cells using single-molecule fluorescence
counting. For example, a microfluidic device was used to measure the number of epitope-
tagged human β2-adrenergic receptors (β2ARs), an important pharmacologic target in a number
of airway and cardiovascular diseases [14]. In addition, microfluidic devices integrated with
an electrophoretic separation process have also been developed for the analysis of amino acids
from the lysed contents of a single cell [15,16]. The study of cells in microfluidics devices has
become an active area of research and promises to enable new and improved methods for basic
biomedical study[17].

Protein separation and crystallization
Protein separation and crystallization is often required for the characterization of the structure
of drug targets. Miniaturized microfluidic systems can be used for studying protein separation
and crystallization due to the ability to integrate multiple functions, their higher speed,
efficiency, automation, and portability[18]. Two-dimensional polyacrylamide gel
electrophoresis (2-D PAGE) has been used as a conventional method of protein separation
[19,20]. However, this method has a number of limitations, such as low throughput and
sensitivity[21]. As a result, the technique requires relatively large amounts of samples, which
at this stage in the development process, may often be in short supply. To overcome these
limitations, miniaturized integrated microfluidic systems have been used. Two microfluidic-
based molecule separation approaches are capillary electrophoresis and size-based separation.
For example, peptide mixtures were separated in a microfluidic device by using micellar
electrokinetic chromatography (MEKC) and capillary zone electrophoresis [20]. Additionally,
a microfluidic system incorporating isoelectric focusing and capillary gel electrophoresis has
been reported [22]. Solutions in this device were controlled by multiple on-chip valves that
prevented intermixing between the two separation buffers. On-chip valves isolated
isoelectrically-focused proteins, which could then be moved to a capillary channel and
separated in as little as 20 minutes. Another microfluidic approach for protein separation was
through the use of self-assembled colloidal sieves. A microfluidic colloidal self-assembly
device has been developed to create ordered three-dimensional (3D) fluidic sieves in a
microfluidic device to separate DNA and proteins[19].

Protein crystallization is often the rate-limiting step in determining the structure of
macromolecules, due to the inherent flexibility of macromolecules, and the relatively small
hydrophilic loops that provide fewer potential crystal contacts [23–25]. To address this
challenge, several microfluidic devices have been used. For example, a microfluidic system
has been developed, in which droplets containing protein, precipitants and additives were
generated inside immiscible fluids[26]. In this two-phase system, aqueous droplets were
sheared in a flowing stream of oil. Inside these aqueous droplets, molecules (i.e. thaumatin)
could be induced to crystallize. This was confirmed by the analysis of X-ray diffraction patterns
of thaumatin protein crystal in the aqueous droplets[27]. In addition, a microfluidic platform
integrated with 480 on-chip valves and 144 parallel reactions were developed for protein
crystallization[28]. Pneumatically-actuated valves were used to isolate compounds and enable
diffusive mixing. Proteins were crystallized using the free interface diffusion. Similarly, a
microfluidic screening platform incorporated with 16 addressable channels, on-chip valves,
and peristaltic pumps was developed for inducing protein crystallization (Fig. 3)[29]. Protein
crystals of glucose isomerase and catalase were created in such a microfluidic channel.
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A droplet-based microfluidic approach has been also reported. In this case, many distinct
reagents were sequentially introduced as ~ 140 nl plugs into a microfluidic device[30]. From
10 μl of a protein solution, approximately 1,300 crystallization trials were tested within 20
minutes. This method was compatible with growth, manipulation, and extraction of high-
quality crystals of membrane proteins[30]. The knowledge of the phase behavior of a protein
can help to create a rational screen that increases the success rate of crystallizing proteins. This
strategy was applied, with a 75% success rate, to the crystallization of 12 diverse proteins, most
of which had failed to be crystallized with traditional techniques[31].

Ligand binding
Much of drug discovery is based on the selective binding of low molecular weight molecules
to bioactive macromolecules[32]. Typically, ligand-binding studies are performed by exposing
the target to various concentrations of a compound. The extent of compound binding to a target
is quantified as a function of the half-maximal inhibitory concentration (IC50) or the
equilibrium dissociation constant (Kd) for the drug–target binary complex.

Microfluidic devices can be used for ligand binding studies to minimize interaction times,
improve sensitivity, and to increase throughput. For example, assessing the degree of molecular
interactions in a high-throughput format is difficult, especially for transient and low-affinity
interactions. To demonstrate the application of microfluidic systems in addressing these
challenges, a high-throughput microfluidic platform has been used to characterize DNA
binding energy using four eukaryotic transcription factors. This system was used to test the
binding of individual transcription factors to DNA and to predict their in vivo function [33]. A
nano-replica molding process has also been used to produce polymer microfluidic channels
containing label-free photonic crystal biosensors in a multiwell plate platform[34]. The system
can measure the kinetic binding interaction of protein A with IgG molecules of high, medium
and low affinity. This approach offered a method for minimizing the volume of reagent required
to functionalize the biosensor surface, while retaining compatibility with the microplate assay
format that is most commonly used in biological research [34].

The quantification of specific ligand binding interactions depends on precise measurement of
binding energy enthalpically [35] or by the use of NMR spectra [36], such data is often difficult
to obtain. To address this problem, magnetic nanosensors and microfluidic cantilevers may be
applicable. Magnetic nanosensors have been used to detect molecular interactions in the
reversible self-assembly of disperse magnetic particles [37]. These magnetic nanosensors can
be used in microfluidic systems, as affinity ligands for HTS applications. Alternatively, a
microfluidic cantilever chip has made it possible to weigh and analyze biomolecules, single
cells and single nanoparticles in fluid (Fig. 4)[38]. In solutions, viscosity complicates the
measurement of the weight of small objects and this device eliminated viscous damping by
placing the solution inside a hollow resonator that was surrounded by a vacuum. The suspended
microchannel resonators can weigh single nanoparticles in water with sub-femtogram
resolution. Although still in the early stages of development, this method provides a promising
approach for the precise quantification of binding interactions.

Hit identification and optimization
The identification of small-molecule hits and optimization into leads are key processes in drug
discovery [39]. The potential pool size of drug candidates is extremely large and has been
estimated to be in the order 1063[40]. Generating and optimizing drug candidates using
macroscale methods is time-consuming and labor intensive. To address these challenges,
microscale technologies have been developed. Microscale technologies may be useful, due to
their short reaction times and smaller reagent volumes. Moreover, these systems can be used
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to synthesize chemical libraries and for high-throughput screening to increase the likelihood
of discovering new drugs.

Compound generation
To generate lead compounds, microreactors can be used to perform a large number of chemical
syntheses [41–43]. For example, a miniaturized-synthesis and total analysis system that
incorporated a chemical microprocessor with time-of-flight mass spectrometry (TOF-MS) has
been used for the generation of compound libraries [41]. This system enabled real-time
processing of the many reactions because it integrated continuous-flow synthesis and on-line
analysis within a microfabricated structure. In addition, a glass microreactor has been used to
prepare rapidly (within 20minutes), peptide derivatives from α–amino acids using solution
phase chemistry [42]. Moreover, chemical libraries have also been synthesized, using an
automated single-channel glass microreactor that integrated pumping, dilution, detection and
analytical components [43].

The ability to generate synthetic genes has had a significant impact on generating lead
compounds. In this case, a microfluidic device is an enabling tool for synthetic biology
applications such as DNA synthesis [44–46]. For example, a microfluidic picoarray device has
been developed for the synthesis and purification of oligonucleotides[45]. This device was
composed of fluidic channels and 3,698 individual pico-reaction chambers for parallel
synthesis of oligonucleotides. This programmable microfluidic device enabled ultra-fast
generation of a large number of oligonucleotides. In addition, mRNA isolation and cDNA
synthesis in microfluidic devices has been reported [46]. A microfluidic device fabricated by
multi-layer soft lithography contained lysis, mRNA isolation/cDNA synthesis/purification and
product collection modules. Purified mRNA and paramagnetic beads derivatized with oligo
(dT)25 sequences were loaded into the chamber [46]. The bead-mRNA complexes were sent
to output channels for real-time quantitative polymerase chain reaction (RT-qPCR) analysis.
Solid-phase cDNA synthesis was implemented with purified mRNA of fibroblast cells by using
the beads. This device can be useful for highly parallel single-cell gene expression analysis.
Therefore, automated microfluidic microreactors can be used to synthesize combinatorial
libraries in a sequential manner, as well as analyze multiple analogue reactions [43].

Microfluidic systems can be also used to understand and assess natural drug candidates. Natural
products are an important source of new chemical entities with a world market of about US $
60 billion and an annual growth rate of between 5% and 15%[47]. To identify the physiological
action of individual natural compounds from a complex array of constituent molecules in the
source material, microfluidic devices can be used. For example, multielectrode microchips
have been developed for the screening of herbal medicines [48]. This study demonstrated the
sensitivity, selectivity and robustness of microchips for high content screening of complex
mixtures of neuroactive substances. Such chips have been used for the multiparametric
assessment of herbal extracts from various plants. Also, carbon nanotubes have been used as
sensitive amperometric detectors for the separation and detection of honokiol and magnolol in
herbal medicines. These detectors offered lower operating potentials and enhanced signals to
surface fouling [49]. In addition, a microfluidic reactor for the multi-step synthesis of natural
products has been developed [50]. The silica-immobilization of enzymes generated stable
heterogenous catalysts for the combinatorial synthesis of 2-aminophenoxazin-3-one.

High-throughput screening (HTS)
HTS is one of the most important methods for identifying ‘hit’ compounds [51]. Over the past
two decades, HTS has been established as a major tool for pharmaceutical companies to screen
the properties of new chemical entities [52]. Traditionally, HTS systems are performed by
using multiple-well plates (e.g. 96, 384, and 1,536 well-plates), however, miniaturization of
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the multiple-well plates has been limited due to difficulties of dispensing nanoliter volumes of
liquid into the wells. In addition, multiple-well systems still require relatively large volumes
of high-cost compounds. To overcome these limitations, microfluidic devices can be useful.
There are a number of microfluidic technologies that can be used to enable HTS studies. These
include multiplexed systems, microwell arrays, plug-based methods and gradient-generating
devices.

Multiplexed systems
High-throughput microfluidic multiplexed systems fabricated by multi-layer soft lithography
are comprised of thousands of on-chip valves and hundreds of individual single chambers (Fig.
5A)[53,54]. In these systems, valves and actuators can be used to control independently the
delivery of the fluids to each chamber. The fluidic multiplexor, a combinatorial array of binary
valves, precisely manipulated the complex combination of fluids. Using this microfluidic
device, GFP-expressing Escherichia coli cells were screened. Similarly, an integrated
microfluidic device for mRNA and DNA purification has been developed by using on-chip
valves (Fig. 5B)[55]. A key component of this device is a fluidic rotary mixer that can be used
to mix different solutions and perform multiple parallel processes of DNA recovery. Using
such a chip, all processes, including cell isolation, DNA and mRNA purification were
performed on bacterial cells.

Multiplexed analysis has also been used for the simultaneous quantification of different targets
within a single sample. Conventional methods for multiplexed analysis are expensive and the
encoding/decoding of the samples is complicated. To address these limitations, a microfluidic
flow-based lithographic technique has been developed for the high-throughput analysis of
multifunctional encoded particles (Fig. 6)[56]. In this approach, two poly(ethylene glycol)
(PEG) pre-polymer solutions flowed side-by-side in a microchannel and then cross-linked by
UV light filtered through a photomask bearing the combination codes of 0 and 1 so that the
pattern of the photomask was cast onto the PEG pre-polymer solutions. The resulting
microstructures were comprised of two parts, one of which bore the barcode, while the other
bore a probe for the target molecules. Upon incubation of the particles with samples, different
targets could bind to their respective probes linked to the unique identifier barcode. These
suspensions were passed through a detector, which could read the barcode and calculate the
target concentration. Using this process, DNA oligomers of 500 attomoles (10−18 moles) were
successfully detected.

Microwell arrays and plug-based methods
To enable the testing of cells and particles within microfluidic channels, microstructures can
be used. These structures generate regions of low shear stress within the channels that enable
the docking of various entities. Thus, the ability to pattern cells and particles in the channels
can be used to perform HTS experiments[57]. For example, single cells were anchored and
analyzed within poly(dimethylsiloxane) (PDMS)-based microwells[58] to enable clonal
tracking of neuronal progenitor cells in microfabricated wells to analyze cell proliferation and
differentiation [59]. In another instance, the response of multiple cell types (e.g. hepatocytes,
fibroblasts, and embryonic stem cells) to different compounds was analyzed by seeding cells
within microwells that were integrated within an array of reversibly sealed microfluidic
channels (Fig. 7)[60]. The ability to position many cell types on a single chip could be useful
for studying the effects of a series of compounds on different cell types. In addition, other types
of microstructures that can minimize shear stress have been used to isolate single cells. A high-
density microfluidic device has been developed in which single cells were isolated within cup-
shaped trapping sites for analyzing enzyme kinetics[61].
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Plug-based microfluidic cartridges have been also used for HTS applications (Fig. 8)[62]. This
system has many advantages over conventional multi-well plate methods, such as handling
picoliter or nanoliter volumes, incubating reagents without evaporation and minimizing the
exposure of reagents to the atmosphere. ‘Plugs’ are droplets surrounded by carrier fluid [63].
With such plugs, a single input of 320 nl can be split into 16 output plugs with the volume of
20 nl each. The low cost and simplicity of the plug method can be useful for enzymatic assays
and protein crystallization. Therefore, both microwell and plug-based approaches have
different advantages but the same potential to improve the conventional multi-well plate
method.

Concentration gradients
Concentration gradients also play an important role in drug screening and cell-based studies.
A gradient-generating microfluidic device can generate multiple doses simultaneously and
control stem cell behavior. By using gradients, cells can be stimulated with controlled temporal
and spatial resolution to study the effects of drug concentration on chemotaxis[64]. The
microfluidic device for generating pharmacological gradient profiles is important for lead
optimization[65]. This gradient device was integrated with scanning-probe patch-clamp
systems and was used to analyze the pharmacological screening of voltage-gated human ether-
à-go-go related gene (hERG) K+ channels and ligand-gated γ-aminobutyric acid (GABA)
receptors in response to a concentration gradient of Ba2+ and GABA. Besides pharmacological
applications, gradients can be useful for cell-based studies such as human neural stem cell
(NSC) differentiation (Fig. 9)[66]. Growth and differentiation of human NSCs exposed to
different gradient profiles of growth factor mixtures were successfully controlled and analyzed
in the microfluidic device. Therefore, these high-throughput microfluidic approaches can be
useful for studying lead identification and drug candidate optimization.

Preclinical studies
In the preclinical stage, the drug candidate’s toxicological and pharmacological properties are
evaluated through in vitro and in vivo tests [67,68].

In vitro tests
Cell-based studies using microfluidic devices can be useful for assessing the interaction of the
lead with normal or diseased cells. In toxicology, a major challenge is to recreate the cell–cell
interactions that are present in living organisms, as well as the complex pharmacological and
pharmacokinetic interactions between various organs[17]. For example, the toxic effect of
drugs in one tissue often depends on the metabolic activity of another tissue. To mimic these
interactions, a microfluidic system containing a network of interconnected chambers can be
used [60,69,70]. In this approach, each compartment can be engineered to represent a specific
organ such as liver, lung, and fat cells to mimic the physiologically-relevant features (i.e.
circulation and interchange of metabolites) in the body.

Cell-based microfluidic devices can be also used to test the synergistic effect of combinatorial
drugs [71]. Combinatorial drugs offer new hope for a number of diseases, but the range of
possible combinations is too large to be investigated in expensive clinical studies. Using a
microfluidic device, the screening process becomes cheaper and easier than in vivo methods.
With different cell types, the effect of various drug combinations can be investigated.

In vivo tests
Although cell-based in vitro tests can provide useful preliminary data, animal tests are still
required to test the pharmacological properties of drug candidates. For in vivo tests, the drug
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content within animal tissues needs to be determined. In general, three steps are required:
sampling, processing, and analysis.

Obtaining blood samples from animals may be challenging, especially for small animals such
as mice and rats. Blood loss must be minimized so that the physiological state of the animal is
not disturbed. To obtain small blood samples, automated systems, based on a microfluidic
platform that can be connected to the animal blood vessels through a catheter, have been
developed[72,73].

Microfluidic systems can also be used to extract drug compounds for analysis of animal tissues
and organs such as liver and brain[74–76]. For example, the separation of an antivenom
antibody, which precipitates from a suspension containing contaminating soluble proteins, was
achieved by a microfiltration device [77]. The overall yield of this approach was 10% better
than that obtained from centrifugation because of reduced material losses from the integration
of operations including separation, buffer exchange and final recovery. Furthermore, losses
resulted from separation and extraction with organic solvent in methods, such as liquid-liquid
extraction, can be minimized by the use of microfluidic devices. For example, a microfluidic
device based on capillary forces and selective wetting surfaces achieved effective liquid-liquid
phase separation [76].

Similar to sample processing, microfluidic methods can be applied to analyze biological
samples. High performance liquid chromatography (LC) coupled with mass spectrometry (MS)
is a powerful tool to determine drug concentrations in animal and human tissues[78]. Advanced
microfluidics can improve the performance of LC/MS/MS systems[79]. The direct coupling
of LC columns to low-flow electrospray ionization (ESI) mass spectrometer interfaces enabled
a significant reduction in analysis time and volume, while maintaining the signal-to-noise ratio
[79]. The nanospray method can be used to estimate drug metabolites in drug discovery when
reference standards are not available. For a series of drug molecules (e.g. codeine,
dextromethorphan, tolbutamide, phenobarbital, cocaine, morphine, and their respective
metabolites), a nanospray method exhibited a distinct trend toward equimolar response[78]. In
addition, microfluidics has been used for multiplexed MS analysis. Systems for high-
throughput microfluidics-MS coupling via matrix assisted laser desorption/ionization
(MALDI) has been developed during the last ten years[80]. These approaches have greatly
enhanced the ability to analyze samples and have great potential in improving many aspects
of the drug discovery process.

Clinical trials
A drug candidate must go through extensive studies in humans to demonstrate its safety and
effectiveness. Physicians carry out clinical trials by working closely with patients and the
sponsor company. During the trial, pharmacokinetic (PK) and pharmacodynamic (PD) profiles
of the drug candidate are established in humans. PK characterizes the adsorption, distribution,
metabolism, and elimination properties of a drug candidate, while PD defines the physiological
and biological response to the administered drug candidate[81,82]. The basic parameter for
PK is the drug concentration in blood while PD parameters vary with different types of disease.
For example, the levels of glucose in circulating blood and dopamine release in brain, both of
which are PD parameters, can be monitored for the treatment of diabetes [83] and
neurodegenerative diseases [84] respectively. Blood sampling and processing is required to
measure both PK and PD parameters. Here we review the applications of microfluidic systems
in formulation study and human blood sampling.
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Formulation study
Drug delivery and formulation studies are of great importance in the development of a
pharmaceutical reagent [85]. Small molecules are generally formulated as oral preparations,
however they may be formulated in various other ways such as creams for topical and
transdermal delivery, polymeric systems (for various administration routes), and preparations
for injection (for administering via the intravenous (i.v.), intramuscular (i.m.), intraductal
(i.d.) and other routes). In addition to these technologies, microfabrication approaches can also
be used to fabricate controlled-release drug delivery systems.

Silicon-based microchips have been fabricated for releasing single or multiple chemicals on
demand using electrical stimuli[86]. These engineered microchips can be used to facilitate drug
release and maintain circulating drug concentration at a level that sustains a constant biological
effect. Specifically, drugs are maintained in small reservoirs, from which the drugs can be
released based on electrical stimulation. In addition, degradable polymers have also been used
to initiate the release process based on the degradation of polymeric reservoir covers.
Furthermore, silicone rubber devices with microchannels have been used for medicine-
delivering implants[87,88]. In these microfluidic devices, the flow of liquids was controlled
to release the drug in a desired manner. Microfluidic systems can also be used to deliver drugs
in a minimally-invasive manner by transdermal means. In these approaches, microneedle
arrays, which penetrate into skin without pain, can be used to deliver the drugs through the
skin[89].

Novel microfluidic methods were also reported for the preparation of lipid vesicles and
polymeric nano- and microparticles for drug delivery. Liposomes, for example, can be used to
deliver drugs to cells with reduced toxicity and in a targeted manner. However, traditional
methods for liposome preparation require postprocessing steps (i.e. sonication or membrane
extrusion) to yield formulations of an appropriate size. A method to engineer liposomes,
without postprocessing steps, has been reported by changing the flow conditions in a
microfluidic channel [90]. A stream of lipids dissolved in alcohol was hydrodynamically-
focused between two sheathed aqueous streams in a microfluidic channel. The laminar flow
in the microchannel enabled controlled diffusive mixing at the two liquid interfaces where the
lipids self-assemble into vesicles. The vesicle sizes were tunable over a mean diameter from
50 to 150 nm by adjusting the ratio of the alcohol-to-aqueous volumetric flow rate. Other
microfluidic methods to prepare lipid vesicles were also reported [91–93]. These lipids vesicles
can be used to encapsulate drug and cells for pharmaceutical applications.

Human blood sampling and processing
There are several differences between human and animal blood sampling and analysis. In
animal studies, in particular for end of study analysis, the animal is often euthanized and the
organs removed. On the other hand, human sampling needs to be designed to minimize the
trauma for the patient and to be of maximal assistance to nurses and doctors. Microfluidics can
help to improve the human blood sampling process by providing microneedle-based sampling
devices and integrated metering and sedimentation disks.

A titanium microneedle with the same size as a female mosquito’s labium (60μm outer
diameter, 25μm inner diameter) has been recently developed to enable minimally-invasive and
pin-free blood sampling [83]. The design was based on the mosquito’s blood extracting
mechanism. The device may provide an alternative way for blood sampling by patient
themselves. Integrating centrifugal disks for the rapid assay of whole human blood can become
a suitable tool for the analysis of minute blood samples from the microneedles. Such devices
can provide all the necessary steps involved in the process such as plasma extraction and the
final drug estimation [94–96]. For example, a microfluidic disk featuring a plasma extraction
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structure with a capacity of 500 nl can purify plasma by centrifugation, meter the purified
plasma by overflow, and subsequently transfer the plasma into the detection chamber. A
significant advantage of these devices is that they can be easily manufactured and used by
patients [97]. These microfluidic devices will be an alternative method for blood sampling in
the clinical trials with the benefit of reduced cost and alleviated trauma for the patients.

Manufacturing
Clinical trials last for several years before the approval of a drug candidate[4]. Upon approval,
there are significant challenges in efficiently manufacturing compounds on a large scale, while
complying with guidelines for good manufacturing practice (GMP). Controlling and
optimizing conditions of chemical synthesis are important for the drug studies. Miniaturized
and automated microfluidic microreactors provide a promising tool for the synthesis of many
chemicals, because they can perform chemical reactions with high efficiency and rapid reaction
times [98–100]. The channel length scales of microfluidic microreactors for the chemical
synthesis ranged between tens and hundreds of micrometers [98,100]. These devices were
fabricated from a variety of materials such as glass, quartz, silicon, metals and polymers, with
various techniques, such as photolithography, hot embossing, injection molding, laser
microforming and powder blasting [100]. Although each microfluidic reactor may not have
the same volume or throughput as larger reaction vessels, they can be easily scaled-up by
parallelization. For example, the large-scale synthesis of the immunoactivating natural product,
pristine, was achieved by using a microfluidic dehydration device [101]. Furthermore, the
ability to perform high-throughput experiments can be used to optimize reaction conditions.
For example, a continuous flow microfluidic-based microreactor has been used to study the
glycosylation reaction in organic transformations[102].

Microfluidics is also useful for studying DNA and gene synthesis, which is potentially useful
for biological drugs. A microfluidic DNA oligonucleotide synthesizer containing multiple on-
chip valves was made by perfluoropolyether (PFPE)[103]. Using this device, 60 pmol of DNA
oligonucleotides was synthesized while consuming less than 500 nl of phosphoramidite
solution in each reaction. This device could be useful for screening small interfering RNA
(siRNA) sequences and creating DNA nanostructures. Besides DNA synthesis, multiplex
genes were also synthesized in a microfluidic device[104]. Genes that encoded the proteins of
the Escherichia coli 30S ribosomal subunit (21 in total) were synthesized and optimized in a
device. Rapid prototyping of individual genes can be useful for the synthesis of ribosomes in
vitro.

Product lifecycle management
After the launch of a new drug product, efforts must be made to extend and modify the drug’s
lifecycle by assessing combination therapy, new therapeutic indications, target patient
populations, new dosing regimens and modified formulation. Among these strategies, the
development of new dosage forms is one of the most effective methods. Dosage forms can be
improved by the appropriate selection of excipients. In a study for a cremophor EL-free
paclitaxel formulation, a full factorial combination of many compounds at three different
concentrations was screened using an automated liquid dispenser[105]. It revealed that of the
9,880 combinations that were initially tested, only 19 were identified as hit combinations. A
miniaturized assay has also been developed for solubility and residual solid screening of drug
compounds[106]. The concentration of the drug was determined and drug crystals were
analyzed. This result revealed the formation of hydrates in aqueous vehicles of drugs such as
caffeine, carbamazepine, and piroxicam. These studies demonstrate the power of the high-
throughput combinatorial approach for alternative formulations and suggest that this approach
can improve the speed and efficiency of drug formulation design. Thus, many microfluidic
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approaches that were previously described might be also used for these systems to analyze
alternative drug formulations.

Finally, microfluidic systems could be useful for a number of other applications such as in
vitro dissolution experiments which are routinely used to control the quality of dosage forms
and reduce batch to batch variability. Typically, for such devices, long working hours and large
volumes of dissolution media are required. Microfluidic devices can be used to overcome these
limitations. For example, a self-calibrating microfabricated capillary viscometer has been
reported to generate a wide range of shear rates [107]. The measurement of viscosity was based
on monitoring the capillary pressure-driven movement of fluid samples whose shear rate varied
with time. Such devices could be integrated into the dissolution testers to provide more
information about the drug dissolution process.

Conclusion
Microfluidic technologies are powerful tools for various applications for the drug discovery
and development process. Microfluidic-based approaches have already made a significant
impact in the area of chemical synthesis, protein crystallization, high-throughput drug
screening, and drug delivery, since they address a number of limitations imposed by
conventional macroscale methods including low throughput, expensive processes, and large
volume of reagents. In particular, microfluidic technologies have great potential in high-
throughput studies involving target selection, lead compound generation, identification, and
dosage design. However, despite exponential growth of microfluidics in the past few years, a
number of challenges still need to be addressed. In particular, microfluidic devices must be
simple and highly versatile to enable their use in both academic and industrial pharmaceutical
laboratories. A standard microfluidic platform should be developed to enable easy coupling of
extant microfluidic systems. More studies should be conducted to determine the reliability of
microfluidic chips over hundreds of thousands of samples and months of constant use. Thus,
much progress remains to further enhance the use of microfluidics in addressing challenges of
drug discovery and development studies.
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Figure 1. Microfluidic applications in drug discovery and development
Drug discovery involves target selection, lead identification, optimization and preclinical
studies. Drug development includes clinical trials, manufacturing, and product management
process.
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Figure 2. An integrated microfluidic system
(A) A microfluidic chemostat device containing high-density on-chip valves used to study
microbial growth. (Reprinted by permission from Macmillan Publishers Ltd: [Nature]
(Whitesides, 442: 368–373) copyright 2006)[5]. (B) Schematic of Caliper LabChip device in
which microchannels connect with individual circular microwells to screen drug candidates
(Reprinted by permission from Macmillan Publishers Ltd: [Nature] (Smith et al., 446: 219–
222) copyright 2007)[6].
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Figure 3. Protein crystallization in a microfluidic screening platform
(A) Schematic of microfluidic screening platform with many addressable channels. (B) An
aqueous droplet was introduced (blue) into an immiscible carrier fluid using a peristaltic pump.
(C) Protein crystals were formed in a microfluidic channel. Crystals were generated from
glucose isomerase (left) and catalase (right). Scale bar is 100 μm. (Reprinted with permission
from Lau et al. Copyright 2006 American Chemical Society)[29].
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Figure 4. A microfluidic cantilever for studying biomolecules, single cells, and nanoparticles
(A) Schematic design of a microfluidic cantilever that can be used to determine mass changes.
(B) Particles flow through without binding to the surface. Mass changes of particles were
quantified by measuring resonance frequency. (Reprinted by permission from Macmillan
Publishers Ltd: [Nature] (Burg et al., 446: 1066–1069) copyright 2007)[38].
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Figure 5. Microfluidic large-scale integration
(A) A high-density microfluidic device integrated with microfluidic multiplexors. Valves are
formed at the intersection of control channels with fluidic channels. (Reprinted with permission
from Thorsen et al. Copyright 2002 Science)[53]. (B) DNA purification chip. This device is
used for multiple parallel processes of DNA recovery from living bacterial cells. (Reprinted
by permission from Macmillan Publishers Ltd: [Nature Biotechnology] (Hong et al., 22: 435–
439) copyright 2004)[55].
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Figure 6. Multifunctional encoded particles for analyzing high-throughput biomolecules
(A) Schematic diagram of particle synthesis through photo-polymerization across laminar
streams. Fluorescence images of single-probe (B) and probe-gradient (C). Scale bar is 100
μm. (Reprinted with permission from Pregibon et al. Copyright 2007 Science)[56].
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Figure 7. Cell docking within microchannels containing microwells
(A) Schematic drawing of reversibly sealed microfluidic device that can be aligned on an array
of microwells. (B) Embryonic stem cells could be docked within the microchannels. (C)
fluorescent image of cells labeled with membrane dyes CFSE (green) and SYTO (red). (D) A
cell-free solution is flowed through the channels to remove non-adhered cells.
(Khademhosseini et al. Lab Chip, 5, 1380–1386) -Reproduced by permission of The Royal
Society of Chemistry[60].
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Figure 8. Microfluidic cartridges with nanoliter plugs of reagents
(A) The experimental setup using preloaded cartridges of nanoliter plugs for screening
reagents. After incubation, the plugs are deposited onto a plate for analyzing and screening
reagents. (B) Schematic drawing of a fluorescence assay using microfluidic cartridges with
plugs with enzymes. (Reprinted with permission from Chen et al. Copyright 2006 Elsevier)
[62].
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Figure 9. A gradient-generating microfluidic device for analysis of stem cells
(A) Schematic of the microfluidic device integrated with control and gradient chambers. (B)
Differentiation of human NSCs exposed to gradients of growth factor mixtures in the
microfluidic device. Fluorescence images show human NSCs stained with an astrocytes marker
(green) and nuclear stain (blue). [Chung et al. Lab Chip, 5, 401–406] - Reproduced by
permission of The Royal Society of Chemistry[66].
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