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    Micro- and nanoscale 
technologies for tissue 
engineering and drug 
discovery applications  
    Bong Geun   Chung           ,      Lifeng   Kang                &      Ali   Khademhosseini      †    
   †    Massachusetts Institute of Technology  ,   Harvard-MIT Division of Health Sciences and Technology  , 
  Cambridge, MA, 02139  ,   USA    

 Micro- and nanoscale technologies are emerging as powerful enabling tools 
for tissue engineering and drug discovery. In tissue engineering, micro- and 
nanotechnologies can be used to fabricate biomimetic scaffolds with 
increased complexity and vascularization. Furthermore, these technologies 
can be used to control the cellular microenvironment (i.e., cell–cell, cell–matrix 
and cell–soluble factor interactions) in a reproducible manner and with 
high temporal and spatial resolution. In drug discovery, miniaturized 
platforms based on micro- and nanotechnology can be used to 
precisely control the fluid flow, enable high-throughput screening, 
and minimize sample or reagent volumes. In addition, these systems 
enhance reproducibility and significantly reduce reaction times. This 
paper reviews the recent developments in the field of micro- and nanoscale 
technology and gives examples of their tissue engineering and drug 
discovery applications.  

  Keywords:   drug discovery  ,   microfluidic  ,   nanotechnology  ,   surface pattering  ,   tissue engineering  
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  1.   Introduction 

 Tissue and organ failure are serious and common medical conditions for which 
treatment options include organ transplantation, surgical repair, artificial prostheses, 
and drug therapy     [1-3] . Transplantation is frequently hindered by the lack of tissue 
donors. To address this challenge, tissue engineering approaches are being 
developed to generate functional three-dimensional (3D) tissues. In the field of 
drug therapy, a significant effort has been made by pharmaceutical companies to 
find new therapeutic agents. However, despite increasing investments in the drug 
discovery process, only a few drugs are approved annually. Both tissue engineering 
and drug discovery have been hindered by a number of scientific and technical 
challenges including the inability to precisely control the spatial and temporal 
features of the cellular microenvironment, the lack of materials with desired 
functional properties, the requirement for large sample volumes, low throughput 
and slow reaction times. 

 Micro- and nanotechnologies can be used to fabricate materials with specified 
structures and functional properties to address these limitations  [1,4-7] .  Figure 1  
shows selected micro- and nanoscale approaches to tissue engineering and drug 
discovery. Microfluidic platforms, surface micropatterning and 3D nanofibrous 
scaffolds can be used to control the extracellular microenvironment, such as 
cell–cell, cell–extracellular matrix (ECM), and cell–soluble factor interactions, 
for basic biology and tissue engineering studies. By using engineered tissue 
platforms, complex human normal and disease models may be built up for 
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drug discovery process. Target validation and preclinical 
toxicology are two potential application areas within drug 
discovery. Moreover, micro- and nanoscale tools can be used 
to perform cell sorting, high-throughput screening, protein 
crystallization and biosensing for drug discovery studies. 

 Microtechnologies that have been adapted from the 
microelectronic industry typically involve top-down fabrication 
approaches, such as photolithography, microcontact printing 
and micromolding. Due to their wide range of fabrication 
length scales, which span from features that are much smaller 
than cells to as large as tissues, microscale technologies 
have been increasingly used for cell biology and biochemical 
analysis as well as chemical synthesis     [4,7,8] . For example, 
integrated microfluidic devices present several advantages 
to biological studies by precisely manipulating extra-
cellular microenvironments and enabling high-throughput 
experiments     [9,10] . Microscale technologies can also be used 
to fabricate 3D hydrogel scaffolds with controlled cell–cell 
interactions     [11] . In contrast, nanotechnology involves features 
that are 1 – 100 nm in dimensions. Nanotechnology can be 
used to synthesize nanomaterials with properties that are 
often different from their bulk materials     [12] . Examples 
of nanoscale technologies for tissue engineering and 
drug discovery applications include nanofibrous scaffolds, 

nanopatterned substrates, controlled release nanoparticles 
and quantum dots     [13] . This review provides a broad 
overview of the recent developments in the application of 
micro- and nanotechnologies to tissue engineering and drug 
discovery. Due to space limitations, a comprehensive review 
of this area is beyond the scope of this manuscript. 
Interested readers are directed to additional resources for 
further readings on this topic     [1,13,14] .  

  2.   Tissue engineering 

 Tissue engineering is an interdisciplinary field at the 
interface of engineering, materials science, medicine and 
biology     [1,15,16] . In typical tissue engineering approaches, 
cells are seeded onto a 3D biodegradable scaffold. As cells 
deposit their own matrix, the scaffold degrades, resulting in 
the formation of a biological tissue construct. Critical 
limitations with present tissue engineering techniques include 
the inability to create vascularized tissue constructs, the 
insufficient mechanical strength of engineered tissues and 
the lack of a suitable source of functional cells that are 
immunologically compatible with the host. To address these 
challenges, micro- and nanoscale-based platforms can be 
used to generate scaffolds to control tissue formation. 

A. Tissue engineering
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   Figure 1     . Micro- and nanoscale approaches used in tissue engineering and drug discovery. A.  A variety of micro- and nanoscale 
technologies can be used for tissue engineering studies for generating 3D tissues as well as for controlling different cell–microenvironment 
interactions.  B.  Micro- and nanoscale methods can also be used for drug discovery applications to identify potential drug targets as well 
as for lead optimization.     
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In addition, such technologies can be used to manipulate 
the cellular microenvironment and, in turn, influence 
cellular behavior. 

  2.1   Microtechnologies for tissue engineering 
  2.1.1   Cell patterning for controlling cell shape 
 Cell microarrays in which cells are selectively localized to 
specific regions of a substrate are useful tools for performing 
high-throughput experiments or for controlling cells shape 
as well as cell–matrix and cell–cell interactions     [1] . Using 
micropatterned substrates, it was demonstrated that the 
differentiation of human mesenchymal stem cells is a 
function of cell shape     [17] . Adipogenesis was induced on 
small islands, resulting in round cells. On the other hand, 
osteogenesis was induced on fully spread cells that attached 
to larger adhesive islands. 

 Microarrays can also be used to track cell behavior on a 
microfabricated platform. Chin and colleagues reported 
using a microwell array for the clonal tracking of adult 
hippocampal progenitor cells infected with a retrovirus to 
express green fluorescent protein (GFP) upon differentiation 
to neural lineage     [18] . A large number of GFP-positive cells 
could be tracked in each microfabricated well to analyze 
the progeny of stem cells in a high-throughput manner. 
Similarly, a microwell device made by photopatterning 
poly(ethylene glycol)-diacrylate hydrogel was used to generate 
microarrays for hepatocyte culture     [19] . Hepatocytes were 
micropatterned and allowed to interact with collagen-modified 
regions inside the hydrogel microwells to study hepatocellular 
behavior. Recently, microfabricated poly(ethylene glycol) 
(PEG) wells have been used to initiate the formation of 
embryoid bodies (EBs) in a controllable manner for stem 
cell differentiation     [20] . Embryonic stem-cell (ESC) aggre-
gates were formed with desired sizes and shapes as defined 
by the geometry of the microwells. EBs generated in this 
manner remained viable and resulted in a more homogenous 
differentiation response than EBs formed in suspension. 
The micropatterned cell substrates can also be incorporated 
into microfluidic channels to enable high-throughput 
testing of soluble microenvironmental parameters on cell 
behavior     [21] . Many cell types exhibit improved function 
in native tissues in comparison with two-dimensional 
tissue culture substrates because the 3D environment 
favorably alters the interactions of cellular receptors as well 
as the resulting cell shape and polarity     [1] . To generate 
3D cell microarrays, cells can be encapsulated within 
micropatterned hydrogels by using photolithography     [11]  and 
dielectrophoretic forces     [22,23] .  

  2.1.2   Patterned co-cultures for studying 
cell–cell interactions 
 Cell–cell contact is important for a variety of biological 
processes, such as cell proliferation and differentiation. 
A number of surface patterning techniques     [24] , such as 
layer-by-layer deposition     [25-28] , stencil micropatterning     [29,30] , 

and topological patterning     [31] , were used to enable the 
control of cell–cell contact  in vitro . For example, Chen and 
co-workers developed a micropatterned substrate in which 
cells were grown on adhesive islands to control the degree of 
cell–cell contact ( Figure 2A )     [32] . The study showed that cells 
grown in pairs proliferated more than single cells. 

 Micropatterning approaches can also be used to control 
cell–cell interactions for a larger number of cells. Bhatia and 
colleagues used photolithography to co-culture hepatocytes 
and fibroblasts on micropatterned substrates in a controlled 
manner, to study the effects of non-parenchymal cell 
contact on hepatocyte phenotype maintenance     [33] . These 
studies revealed a number of critical interactions for 
maintaining hepatocyte phenotype in culture. In addition 
to photolitho graphy, patterned co-cultures were created using 
layer-by-layer deposition of ionic polymers     [25] . For example, 
Khademhosseini and colleagues have generated co-cultures 
of ESCs and NIH-3T3 fibroblasts on fibronectin islands 
using layer-by-layer deposition of hyaluronic acid (HA) with 
poly- L -lysine and HA with collagen     [25,34] . In these examples, 
the addition of each layer could be used to switch the surface 
adhesiveness, thus enabling the formation of a monolayer of 
cells around an original pattern. Layer-by-layer assembly     [26-28] , 
an emerging tool for functional thin film fabrication, was 
developed by alternating deposition of poly(ethylene oxide) 
and poly(acrylic acid) layers     [26] . The total film thickness of 
this hydrogen bonded poly(ethylene oxide)/poly(acrylic acid) 
film was decreased with an increasing pH of the assembly 
solution, and layer-by-layer assembly was modulated by 
adjusting the ionic strength of the deposition solution. 
Microscale topographies can also be used to generate 
patterned co-cultures by enabling the sequential docking 
of cells on a substrate ( Figure 2B )     [31] . For example, 
patterned co-cultures of human ESCs and murine 
feeder cells could be generated on a microwell patterned 
substrate. In this approach, human ESCs were seeded 
within microwells and co-cultured with mouse embryonic 
fibroblast cells. 

 The dynamics of cell–cell contact is also important for 
a number of biological applications, such as wound healing 
and morphogenesis. To fabricate patterned co-cultures 
with temporal control, a micromachined silicon platform 
consisting of two interdigitating pieces was developed to 
dynamically manipulate cell–cell interactions     [35] . In this 
system, the distance between the interdigitating plates can 
be set to control the proximity between different cell types. 
Using this device, the dynamics of intercellular communica-
tion between hepatocytes and stromal cells in co-cultures 
was analyzed to demonstrate that the maintenance of the 
hepatocytes required small distances (< 400 µm) from 
stromal cells. Patterned cells in a co-culture system can also 
be formed by reversible sealing of microfabricated stencils. 
For example, parylene-C stencils were used to generate 
micropatterns of proteins and cells including NIH-3T3 
fibroblasts, hepatocytes and ESCs     [30] . These studies 
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generated techniques to finely control the degree of cell–cell 
contact with applications ranging from fundamental cell 
biology to tissue engineering.  

  2.1.3   High-throughput arrays for tissue engineering 
 Microtechnologies can be used to miniaturize experiments 
to facilitate high-throughput analysis     [1] . High-throughput 
arrays are emerging as important tools to test the effect of 
large combinatorial libraries of biomaterials, environmental 
stimuli, and chemicals on cell behavior. For example, 
high-throughput arrays of materials were fabricated by using 
robotic spotters     [36,37] . Langer and colleagues developed 
a high-throughput polymer microarray made from combina-
tions of multiple macromers to study the growth and differ-
entiation of human ESCs     [36] .  Figure 2C  shows an example 
of a high-throughput polymer chip consisting of different 
combinations of acrylated macromers. This miniaturized 
microarray was used to screen a wide range of cell–ECM 
and cell–biomaterial interactions ( Figure 2D ). Similarly, an 
ECM microarray was generated for the analysis of mouse 

ESC differentiation into hepatic fates in response to various 
combinations of ECM molecules     [37] . 

 Microfluidic systems can also be used to perform 
high-throughput experiments. The high-throughput capability 
of microfluidic systems has been greatly improved by the 
increased sophistication of microfluidic pumping and 
valving systems. A large number of on-chip valves can be 
integrated into a single microfluidic device to precisely 
manipulate nanoliter fluids and enable multiple functions 
on a single platform     [38] . Although such systems can 
integrate a number of functions, they need to be improved 
to analyze various biological phenomena in a rapid and 
reproducible manner. For example, cell lysate, DNA, and 
mRNA purifications from bacterial cells were studied by 
using these microfluidic systems     [39] . Purification and recovery 
of mRNA were performed on a single microfluidic chip 
which was used to analyze different samples in parallel. Also, 
a real-time dynamic gene-expression chip with embedded 
microvalve arrays and chambers was used to quantify 
fluorescent protein transcriptional reporters     [40] . Thus, these 

B.

C.

D.

E.

Monomer
Solution 1

Monomer
Solution 2

F.

RGDS concentration

A.

   Figure 2     . Microscale approaches to control cell–cell, cell–ECM, and cell–soluble factor interactions A.  Effect of cell–cell contact 
on proliferation. A differential interference constrast image of two cells patterned in an agarose microwell. Scale bar is 25 µm. (Reprinted 
with permission from NELSON  et al. : Copyright (2003), The Company of Biologists)     [32] .  B.  A fl uorescence image of human ESCs and 
mouse embryonic fi broblasts in a patterned co-culture after 1 day. Scale bar is 200 µm. (Reprinted with permission from KHADEMHOSSEINI 
 et al. : Copyright (2006), Elsevier)     [31] .  C.  High-throughput testing of biomaterial arrays on proliferation and differentiation of human 
ESCs. The image shows fl uorescently labeled cells on polymer microarrays containing a library of polymers.  D.  A close-up image of a 
single polymer pattern that was seeded with human ESCs. Cells were stained for cytokeratin 7 (green) and DNA/nucleus marker SYTO24 
(blue). (Reprinted by permission from Macmillan Publishers Ltd: ANDERSON  et al. :  Nat. Biotechnol . (2004)  22 :863-866, Copyright 
(2004))     [36] .  E.  Hydrogels can be fabricated with gradients of various properties imbedded in the bulk materials. Schematic diagram and 
the corresponding fl uorescent image of a microfl uidic gradient generator.  F.  Endothelial cells attached to the regions of the hydrogel that 
contained high RGDS concentrations. Scale bar is 200 µm. (Reprinted with permission from BURDICK  et al. : Copyright (2004), American 
Chemical Society)     [46] .    
   ECM: Extracellular matrix; ESC: Embryonic stem cell; RGDS: .    
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high-throughput microscale technologies could be of great 
promise for studying cell–microenvironment interactions 
and biological systems.  

  2.1.4   Microscale scaffolds 
 Biodegradable scaffolds provide encapsulated cells with a 3D 
geometry to induce tissue formation     [2] . Biodegradable 
polymers have shown great promise as 3D scaffolds for 
regenerative medicine. There are two types of biodegradable 
polymers: natural and synthetic. Natural polymers include 
alginate, chitosan, HA derivatives, collagen, fibrin; synthetic 
biodegradable polymers include poly(glycolic acid), 
poly(lactic acid), poly(lactic- co -glycolide) (PLGA) and 
poly(  ε  -caprolactone)     [41,42] . Synthetic biodegradable polymers 
have been widely used because their mechanical and 
physical properties, such as degradation rate and stiffness, 
can be controlled. For example, poly ( D , L -lactic acid) is 
biocompatible and is used as an implant material     [43] . PCL 
can be useful for bone tissue engineering and drug delivery 
systems because it can entrap antibiotic drugs     [44] . In 
addition, hydrogels using PEG conjugated with the 
arginine-glycine-aspartic acid (RGD) peptide facilitated the 
adhesion of osteoblast cells and could be useful for studying 
bone regeneration     [45] . Although these synthetic biodegradable 
polymers are useful to study tissue engineering, many 
challenges, such as the lack of vascularization in engineered 
tissue constructs and precise control, must be addressed 
before medically-relevant 3D tissue scaffolds can 
be realized. 

 Microfluidic systems can be used to synthesize 
microengineered scaffolds to address these challenges     [15] . 
For example, a microfluidic gradient generator can be used 
to create hydrogel scaffolds with gradients of signaling 
molecules ( Figure 2E, F )     [46] . By generating gradients of 
monomers conjugated with RGDS within the hydrogels, the 
attachment of endothelial cells along the adhesive peptide 
gradient can be controlled and characterized. In addition, 
to overcome the limitations associated with the lack of 
vascularization, microfabrication technology can be used to 
fabricate prevascularized scaffolds     [47] . For example, 
poly(glycerol sebacate) (PGS), a biodegradable and biocom-
patible polymer, was used to create capillary networks by 
molding the polymer from prefabricated masters with 
features resembling branching vasculature     [47] . Other 
biodegradable elastomers, such as PLGA, were also used to 
fabricate capillary networks     [1] . These systems may lead to 
the formation of  in vitro  microvasculatures for use in 
engineered tissues and organs. In addition, layer-by-layer 
microfluidic patterning was used to generate biomimetic 3D 
scaffolds     [48,49] . In this approach, sequential deposition of 
cells and matrix that was molded by a microchannel, were 
used to generate controllable 3D microstructures of multiple 
cell types and matrices. Hydrogel microfluidic devices that 
contained cells in the hydrogels were also fabricated to 
generate synthetic prefabricated microvasculature     [50] . 

Using this cell-laden hydrogel microfluidic device, cell 
viability throughout the volume of the construct was 
optimized and analyzed. 

 Another microscale application for generating tissue 
structures is the use of the assembly approach. In this 
method, building blocks of individual tissue components are 
generated and subsequently assembled to generate larger 
structures. Sefton and colleagues used rod shaped microgels 
that were seeded with hepatocytes and coated with a 
monolayer of endothelial cells as building blocks. These 
modular pieces were stacked in a packed bed to generate a 
tissue-like structure     [51] . Alternatively, the shape of the 
individual pieces can be controlled to enable their assembly 
by using directed or self-assembly     [11] . The modular design 
and assembly of these approaches can affect many areas of 
tissue engineering and 3D cell culture. 

 In addition, surface topography can also affect cell 
behaviors, such as cell adhesion, proliferation and differenti-
ation in 3D microenvironments. Hemispherical cavities 
in hexagonal patterns of titanium substrates were used to 
study the role of microtopography on cellular behavior     [52] . 
It was demonstrated that cells preferentially adhered to 
cavities of 30 µm and 100 µm diameter, whereas they did 
not recognize the cavities of 10 µm diameter. Cells attached 
within 30-µm diameter cavities adopted a 3D shape. Actin 
cytoskeletal condensation was observed at the cavity edges. 
Besides titanium substrates, microfabricated quartz substrates 
were used to study fibroblast attachment and motility     [53] . 
Photolithographic fabrication generated quartz that was 
similar to the structure of a 3D fibrous gel. It was revealed 
that the proliferation and motility of fibroblasts were sensi-
tive to the micropit topography. The smaller pit diameter 
(7 µm) increased fibroblast proliferation rates. Furthermore, 
pit-patterned surfaces of polystyrene film were used to investi-
gate osteoblast adhesion and proliferation     [54] . The 
hemispherical island-structured poly(L-lactic acid) PLLA 
surfaces were created by using a polystyrene template with 
hemispherical pits. It was demonstrated that cell adhesion 
on PLLA surfaces was enhanced with microscale roughness 
in comparison to the smooth surfaces. These surface 
topography techniques could be useful tools for controlling 
cellular behavior and 3D tissue construct formation.  

  2.1.5   Microfl uidic systems for spatial control 
of cell–soluble factor interactions 
 Microfluidic systems are powerful tools for controlling 
the spatial and temporal aspects of cell–soluble factor 
interactions. The low Reynold’s number regimes within 
microfluidics can be used to limit convective mixing to 
enable the formation of soluble gradients. Gradient-generating 
microfluidic devices have been used for real-time monitoring 
of cell migration, proliferation, differentiation, and 
apoptosis     [55-59] . For example, Jeon and colleagues developed 
the serpentine gradient generator to study the neutrophil 
chemotaxic response to IL-8     [60] . Chemotaxis of breast 
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cancer cells was also investigated in a microfluidic gradient 
device     [61] . It was demonstrated that cancer cells migrated 
toward high concentrations within epidermal growth factor 
gradients. Moreover, proliferation and differentiation of 
human neural stem cells exposed to gradients of growth 
factor mixtures was also studied     [55] . Free diffusion-based 
gradients were created in a microfluidic device. These 
microfluidic platforms are useful to study cell–soluble factor 
interactions and are increasingly used by biologists and 
tissue engineers to study cell behavior and to generate 
improved tissues. 

 Controlling oxygenation and shear stress resulting from 
the flow of soluble factor are important in tissue engineering. 
A microfluidic device containing peristaltic oxygenating 
mixers and injectors was developed to provide high oxygen 
transfer rates without bubbles for the control of the growth 
rate of microbial cells     [62] . Besides microfluidic devices, 
bioreactors also have the potential to control oxygenation 
and shear stress. An oxygen-permeable membrane bioreactor 
was used to investigate temporal cell morphology and 
metabolic functions of human hepatocytes     [63] . This bioreac-
tor was connected to a media perfusion system to mimic 
the  in vivo  sinusoidal organization and enable oxygenation 
of cells on 25-µm thick membranes. Using this system, 
liver-specific functions, such as protein synthetis and 
detoxification activities were analyzed. A bioreactor containing 
microfabricated groove substrates also allowed oxygen 
delivery and controlled shear stress     [64] . Hepatocytes were 
cultured within microgroove substrates that minimized shear 
stress. Oxygenation and shear stress increased with increasing 
media perfusion rate. These microfluidic devices and bioreactors 
could be useful for manipulating the oxygenation and shear 
stress in well-defined microenvironments.   

  2.2   Nanotechnologies for tissue engineering 
 Nanotechnology can be used to create nanofibers, 
nanopatterns and controlled-release nanoparticles with 
applications in tissue engineering. These techniques are 
particularly useful for mimicking native tissues because 
many biological structures, such as ECM fibers are in the 
range of tens of nanometers     [65] . For example, polymeric 
nanofibers that mimic collagen fibers can be fabricated by 
electrospinning     [65]  and self-assembly     [66] . In general, the 
synthesis of nano-structured materials can be generated by 
using one of two approaches. In one approach, nanomaterials 
are synthesized by miniaturizing existing materials with 
nanoscale resolution. These techniques include nanopatterning 
and electrospinning. In the other approach, molecular 
build-up, such as self-assembly     [66]  and layer-by-layer 
deposition     [67] , can be used to generate nanomaterials     [68] . 

  2.2.1   Electrospun nanofi bers 
 Electrospun nanofibers are versatile tools to fabricate 
tissue engineering scaffolds with biomimetic mechanical, 
chemical and biological properties ( Figure 3A  –  C )     [65,69,70] . 

Typically, electrospun scaffolds are highly porous and can 
be engineered with controlled sizes, shapes, and fiber 
alignments. Electrospinning has been widely used for the 
fabrication of a variety of tissues (e.g., bone, cardiac muscle) 
due to its inexpensive and simple setup ( Figure 3A )     [65,70,71] . 
A number of synthetic polymers, such as PLGA and 
PLLA and natural materials, such as collagen, have 
been studied using electrospinning. Moreover, aligned 
poly( L -lactid- co - ε -caprolactone) nanofibers were used to 
guide cell orientation and form blood vessel-like 
structures     [72,73] . The differentiation of neural stem cells was 
also investigated using electrospun PLLA scaffolds     [74] . 
Interestingly, the shape of nanofibers can be controlled to 
enhance the scaffold function. Nanofibers with a core-shell 
structure were made for the controlled release of molecules 
encapsulated within the hollow cores     [75] .  

  2.2.2   Nanotextured substrates for tissue engineering 
 In the body, the cellular microenvironment comprises a 
variety of nanostructured surfaces     [76] . The basement 
membranes of various tissues are composed of complex 
mixtures of nanostructures (5 – 200 nm), which influence 
cellular behavior     [77,78] . Nanotechnology can be used to 
modify the surface topography to regulate cell adhesion, 
morphology and migration. For example, the immobiliza-
tion of carbon nanofibers was used to generate a topology 
similar to the epithelial basement membrane, to increase the 
osteoblast proliferation compared with flat glass surfaces     [79] . 
Furthermore, electrospun fibers on a glass substrate were 
used to change the surface nanotopography     [80] . Chemical 
treatment is another way to generate nanoscale surface 
features. The roughness of a PLGA surface was modified by 
treating the substrate with various concentrations of 
NaOH     [81] . This study demonstrated that endothelial and 
smooth muscle cell density increased on the nano-structured 
PLGA surfaces. Lithographic techniques were also used to 
modify the topography of nanoscale surfaces. For example, 
electron-beam lithography was used to fabricate nano-
structures at 50 nm length scales     [82] . Human mononuclear 
blood cells, platelets, fibroblasts and endothelial cells 
were seeded on nanopatterned surfaces for cellular behavior 
study. These studies have demonstrated that nanostructured 
surfaces can be used to manipulate the cellular 
microenvironment  in vitro  in a controlled manner.  

  2.2.3   Self-assembled nanomaterials 
 Self-assembled nanostructures can be generated from 
different materials, such as peptide amphiphile (PA), 
hyaluronan, chitosan, and apatite/amelogenin. Several 
methods, such as pH induction, layer-by-layer deposition, 
electrolytic deposition (ELD) and biomimetic coating, can 
be used to induce self-assembly. 

 Molecular self-assembly of peptides and proteins can be 
used to make hydrogels for tissue engineering applications 
( Figure 3D )     [66] . Self-assembled peptides typically contain 
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hydrophobic and hydrophilic regions that assemble into 
sheets or fibers, which can be further assembled into 
hydrogels by charge shielding. PA molecules were designed 
to self-assemble into nanofibers, which resulted in the genera-
ion of aqueous gels from pH changes     [83] . By modifying the 
alkyl tail length and peptide amino acid composition, 
self-assembling behavior was studied. Oxidized supra-
molecular fibers were not self-assembled at acidic pH due to 
the distorted conformation from intramolecular disulfide 
bonds. A class of PA molecules were also allowed to 
self-assemble into 3D nanofiber networks with high aspect 
ratio for tissue engineering scaffolds     [84] . PA self-assembly 
entrapped cells in the nanofibrillar matrix. In addition, 
bone regeneration was induced by the controlled release 
of bone morphogenetic protein-2 from 3D PA nanofiber 
scaffolds ( Figure 3E, F )     [85] . 

 Although PA molecules make self-assembled nanofibers, 
they exhibit limited cell attachment. To address this 
limitation, a branched PA (b-PA) conjugated with RGD 
peptides was developed. The b-PA containing the RGD 
sequence was used as a self-assembling coating for fiber-
bonded PGA scaffolds     [86] . The RGD sequence on a b-PA 
nanofiber improved its accessibility and flexibility. The 
smooth muscle cells preferentially attached to b-PA coated 
scaffolds. PA-containing RGD peptides can be synthesized 
by standard solid-phase chemistry     [87] . Osteogenic differentia-
tion of mesenchymal stem cells was also studied using a 
3D network of nanofibers generated by self-assembly of 
RGD-modified PA molecules. These nanofibers significantly 
induced proliferation and osteogenic differentiation of 
mesenchymal stem cells. Given past breakthroughs and 
future potential, these self-assembled nanofibers could 

A.

B.

C.

D.

E.

F.

Q
n

V

d

   Figure 3     . Polymeric nanofi bers for tissue-engineering applications.  To synthesize polymeric nanofi bers, electrospinning and 
self-assembly can be used.  A.  Scheme of a typical electrospinning setup. The experimental parameters, such as fl ow rate (Q), needle 
gauge (n), voltage (V), distance (d), can control the properties of the fi bers.  B.  Scanning electron micrographs of electrospun nanofi bers. 
Scale bar is 10 µm. (Reprinted with permission from PHAM  et al. : Copyright (2006), American Chemical Society)     [69] .  C.  A confocal laser 
scanning microscope image of cardiac myocytes on predefi ned oriented fi bers of PLGA + PEG-Poly(D,L-lactide) (PLA) diblock copolymer. 
Scale bar is 20 µm. (Reprinted with permission from ZHONG  et al. : Copyright (2005), Elsevier)     [70] .  D.  Schematic image of a peptide that 
can self assemble to form 3D hydrogels. (Reprinted with permission from Macmillan Publishers Ltd., ZHANG  et al. :  Nat. Biotechnol . (2003) 
 21 :1171-1178, Copyright (2003))     [66] .  E.  Scanning electron micrograph of self-assembled PA nanofi ber networks containing BMP-2. 
 F.  3D nanofi ber scaffolds with BMP-2 signifi cantly induced ectopic bone formation around the injected site. Arrows indicate the newly 
generated ectopic bone. Scale bar is 1 mm. (Reprinted with permission from HOSSEINKHANI  et al. : Copyright (2007) Elsevier)     [85] .    
   BMP-2: Bone morphogenic protein-2; PA: Peptide amphiphile; PEG; Poly(ethylene glycol); PLA: Poly(lactic acid); PLGA: Poly(lactic- co -glycolide).    

1

5

10

15



  Micro- and nanoscale technologies for tissue engineering and drug discovery applications  

8 Expert Opin. Drug Discov. (2007) 2(12)

1

5

10

15

20

25

30

35

40

45

50

55

be useful for 3D tissue constructs and regenerative 
medicine. Self-assembled peptides are at present under 
investigation for other tissue engineering systems and 
are likely to become a powerful method for engineering 
scaffold materials. 

 Nanomaterials can be made by layer-by-layer deposition 
of ionic molecules. For example, a nanoscale self-assembled 
multilayer can be fabricated by alternating depositions of 
anions (i.e., hyaluronan) and cations (i.e., poly- L -lysine, 
chitosan)     [67] . These nanoengineered films can be used for 
various applications, such as the coating of biomaterials and 
tissues. Self-assembled nanocoatings of HA and chitosan 
were deposited on arteries for protection and healing     [67] . 
Moreover, titanium oxide nanoparticles fabricated by this 
method induced attachment and growth of mesenchymal 
stem cells, thus demonstrating that this technique can be 
used to modify surface adhesiveness     [88] . 

 Nano-biocomposite coatings have been also developed by 
ELD. For example, a uniform collagen fibril/octacalcium 
phosphate composite coating was developed by using ELD 
carried out in a three-electrode electrochemistry system     [89] . 
Using this process, collagen fibrils were self-assembled at 
the cathode and, simultaneously, used as a substrate for 
octacalcium phosphate crystal growth. This composite 
coating that consisted of a porous collagen fibril network 
showed higher elastic modulus. To generate dental 
restorative biomaterials, an enamel-inspired nanocomposite 
with amelogenin supramolecular assembly was synthesized 
by ELD     [90] . ELD was used to create the composite coatings 
through co-precipitation of self-assembled amelogenin 
and calcium phosphate. These synthesized composites of 
amelogenin and calcium phosphate are potential dental 
restorative biomaterials. During ELD, silicon wafers were 
used as a coating substrate due to their uniform and 
smooth surface. However, silicon wafers showed minimal 
cell attachment. To overcome this limitation, a titanium 
alloy can be used as a coating substrate. Calcium 
phosphate/chitosan coating on titanium alloy was fabricated 
by ELD     [91] . The amorphous calcium phosphate was 
homogeneously distributed throughout the chitosan 
aggregates on the cathode. This system was used to study 
bone marrow stromal cell attachment. 

 In addition to ELD, biomimetic coating was used to 
study bone tissue engineering     [92] . A biomimetic coating on 
titanium surfaces containing apatite and amelogenin was 
applied to evaluate cell adhesion, spreading patterns and 
mRNA expression. The apatite/amelogenin coating increased 
osteogenic gene expression. The co-precipitation of 
amelogenin into biomimetic coatings is a potential method 
for osteoblast differentiation and bone tissue engineering.    

  3.   Drug discovery 

 Micro- and nanoscale approaches have been used in 
various stages of the drug discovery process. For example, 

microreactors and nanobiosensors were used for target 
selection as well as lead identification and optimization via 
high-throughput screenings ( Figure 1 )     [93,94] . In fact, many 
methods were developed using tissue engineering platforms, 
such as animal-on-a-chip, which provided a useful model to 
evaluate the toxicological and pharmacological profiles of 
drug candidates     [95] . 

  3.1   Microtechnologies for drug discovery 
 Miniaturized lab-on-a-chip systems show great promise for a 
variety of drug discovery applications. Potential applications 
include the ability to manipulate cells and reagents in 
microfluidic devices as well as to purify and characterize 
drug targets by crystallization     [93] . Moreover, these 
techniques can be used for single cell analysis and 
high-throughput compound screening. 

  3.1.1   Crystallization for drug discovery 
 The interactions between drug candidates and protein 
targets can be studied by  in silico  and experimental 
methods     [94] .  In silico  screening can be validated and supple-
mented with nuclear magnetic resonance (NMR)-based or 
X-ray crystallographic experimental screening methods. 
Although the ability of NMR to measure proteins in their 
native state is an important distinction, X-ray crystallography 
has the advantage of defining ligand-binding sites with 
greater certainty     [96,97] . 

 For experimental methods, crystallization is the 
rate-limiting process in finding macromolecular structures. 
Conventional methods to crystallize many molecules are 
expensive and time consuming     [98-100] . Although robotic 
systems have been developed for high-throughput automated 
crystallization, they can not be widely used due to high 
equipment costs and the need for large sample volumes     [98] . 
To overcome these limitations, high-throughput microfluidic 
systems were developed to increase the efficiency of protein 
crystallization     [101] .  Figure 4A  shows a droplet-based 
microfluidic system in which hundreds of trials were rapidly 
analyzed. Droplets were created within immiscible fluids to 
crystallize molecules such as thaumatin ( Figure 4B )     [101] . 
Plugs, aqueous droplets surrounded by an immiscible carrier 
fluid, flew out of the microchannels and subsequently 
generated crystals     [98] . Crystals grown in plugs can be 
screened and analyzed by X-ray diffraction. A robust and 
scalable fluid metering in a microfluidic device was also 
developed for rapid screening of protein crystallization     [102] . 
This chip contains multiple on-chip valves for parallel 
reactions. Using this system, diffraction-quality crystals were 
grown and harvested from 5 nl of protein solution. 
The studies mentioned here have demonstrated that the 
miniaturization of crystallization processes achievable within 
microfluidic devices can greatly increase the efficiency of the 
macromolecular structure characterization process and 
provide a useful set of tools to analyze the nucleation and 
growth of protein crystals.  
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  3.1.2   Single cell analysis and separation 
 The ability to manipulate and analyze single cells is 
important to study drug targets and understanding the 
underlying biology. A number of microfluidic approaches 
have been developed recently for individual cell analysis. For 
example, a microfluidic device integrated with microvalves 
and pumps was developed to study the intracellular calcium 
ion concentrations of single cells     [103] . A single cell isolation 
chip with an incorporated polydimethylsiloxane trapping 
site was also fabricated to analyze cell-specific enzyme 
kinetics     [104] . Furthermore, Rettig and co-workers developed 
single-cell arrays with high efficiency using microfabricated 
wells. The single cell occupancy as a function of settling 
time and microwell dimensions was characterized     [105] . 

 To isolate target cell types, a fluorescence-activated cell 
sorter (FACS) using a simple microfluidic T-shaped junction 
was created. This device was used to sort GFP expressing 
 Escherichia coli  cells by using electro-osmotic flows     [106] . 
Dielectrophoresis was also used to sort cells     [107] . In this 
process, dielectrophoresis-activated cell sorting achieved 
efficient separation between the dielectrophoretically labeled 
and unlabeled cells. When applying electric fields at the 
top and bottom walls of the microfluidic channel, only 
dielectrophoretically labeled cells were selectively deflected 
into the collection microchannel.  

A. Buffer Protein

NaCl
PEG

Oil

B.
200 µm

200 µm

200 µm

D.C.

   Figure 4     . Microfl uidic approaches for protein crystallization 
and cell-based screening. A.  Multiphase fl uids can be used 
to generate droplets inside microchannels comprised of proteins, 
precipitants and additives.  B.  A protein crystal (thaumatin) inside 
a droplet within a microfl uidic device. Scale bar is 50 µm. 
(Reprinted with permission from ZHENG  et al. : Copyright (2003), 
American Chemical Society)     [101] .  C.  Schematic image of the 
formation of multiphenotype cell arrays within microchannels 
containing microwells. A reversibly-sealed microfl uidic device was 
aligned on top of a microwell array to control the delivery of 
liquid to each well.  D.  Fluorescent images of scheme  C.  Cells 
were labeled with membrane dyes (CFSE, green) and SYTO (red). 
Different cell types (ESCs, AML12, and NIH 3T3 cells) are shown in 
the image (KHADEMHOSSEINI  et al. :  Lab. Chip   5 :1380-1386     [21] ). 
Reproduced by permission of The Royal Society of Chemistry).    
   CFSE: Carboxyfl uorescein diacetate succinimidyl ester; 
ESC: Embryonic stem cell; SYTO: .    

  3.1.3   High-throughput compound screening 
 High-throughput microscale systems can significantly 
increase the efficiency of drug target selection, lead 
compound generation and identification by offering parallel 
experimentation and reduced reagent consumption. Such 
systems are mostly based on microfluidic and microarray 
technologies. A high-throughput microfluidic chip containing 
1000 on-chip valves and 256 individual chambers was devel-
oped by Quake and his colleagues     [108] . This device was used 
to test the presence of cytochrome c peroxidase-expressing 
 E. coli  cells. Similarly, a multi-layer microfluidic array was 
developed for high-throughput cell cytotoxicity screening     [109] . 
Using this device, different cell types such as BALB/3T3, 
HeLa, and bovine endothelial cells were screened against 
a number of different toxins. Besides a multi-layer 
micro fluidic device with multiple on-chip valves, a simple 
microfluidic device was used to screen compounds with a 
high-throughput. Khademhosseini and co-workers developed 
high-throughput screening devices in which cells were 
selectively docked in microwells within microfluidic 
channels ( Figure 4C, D )     [21] . Reversible sealing of PDMS 
molds was used to immobilize a series of microchannel 
patterns on the wells to enable sequential delivery of fluids 
to each microwell. This approach was used to seed various 
cell types, including hepatocytes and ESCs, inside different 
wells and subsequently expose each cell type to a unique 
series of chemicals. High-throughput studies can also be 
conducted by microfluidic systems within multi-well 
plates     [110] . For example, a 96-well plate that incorporated 
multiple microfluidic networks and biosensors was used to 
detect multiple antibodies immobilized on ligands. The 
interactions of thousands of chemical compounds with 
target proteins could be simultaneously screened using these 
microfluidic systems.  

  3.1.4   Microfl uidic systems for the control of 
cell–soluble factor interactions 
 Microfluidic systems can be used to analyze cell–drug 
interactions for lead optimization     [111] . For example, using 
gradient-generating microchannels, it is possible to study the 
temporal and spatial effects of soluble factors on cell 
behaviour, such as chemotaxis     [93] . Recently, pharma cological 
gradient profiling has been developed in a microfluidic 
device comprising a gradient generation component and an 
open-volume laminar flow     [112] . Using this device, drug 
streams were held at different concen trations and voltage-
gated K +  ion channels were screened using scanning-probe 
patch-clamp measurements. Similarly, high-throughput 
microfluidic devices described in the tissue engineering 
section of this review may be applicable for a number of 
cell-based screening experiments.  

  3.1.5   Drug delivery 
 Drug delivery is an important part of the drug discovery 
and development process. A suitable delivery system can 
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enhance the therapeutic effect and decrease the drug toxicity 
by targeted delivery in a controlled manner. In the past few 
years, microfluidic systems have been increasingly used to 
synthesize drug delivery vehicles     [113-115] . For example, Tan 
and co-workers reported the encapsulation of cells, proteins 
and microbeads in lipid vesicles using a microfluidic 
system     [114] . An emulsified mixture of aqueous phase with 
the target in the liquid phase of the lipid, was injected into 
an aqueous mixture of ethanol and water to form lipid 
vesicles of controlled shapes. In addition to drugs, various 
cell types, such as Hela and yeast cells, were successfully 
encapsulated inside lipid vesicles. Monodisperse liquid 
droplets generated in microchannels were used to produce 
microspheres, polymeric rods and disks by trapping 
nonspherical monomer droplets in the solid state     [115] . 
Furthermore, monodisperse particles can be generated by 
mimicking the double emulsion process inside a micro-
channel by a two-step method     [113] . For a water-in-oil-in-water 
emulsion, aqueous drops were formed at the hydrophobic 
T junction and the organic droplets enclosing multiple 
aqueous droplets were generated at the hydrophilic T junction. 
The resulting precipitation of the polymer resulted in the 
formation of monodisperse particles that could be loaded 
with drugs for delivery applications.   

  3.2   Nanotechnologies for drug discovery 
 Nanotechnology is rapidly emerging in the field of the 
pharmaceutical drug discovery and development. It has been 
applied in two areas: nanosensors for detecting the bio logical 
signatures of certain diseases and nanoparticles that can be 
loaded with therapeutic agents for targeted delivery. 
Here, the use of nanotechnology in nanobiosensors and 
nanoparticles are briefly reviewed. 

  3.2.1   Nanobiosensors 
 Nanobiosensors are becoming increasingly important for 
the detection and analysis of drug molecules with high 
sensitivity and selectivity. Common nanoscale materials used 
to fabricate nanosensors include quantum dots and 
magnetic nanoparticles. Quantum dots are semiconductor 
nanostructures (2 – 10 nm) with size-dependant excitation 
and emission spectra. The range of excitation and emission 
wavelengths makes quantum dots useful for many imaging 
applications ( Figure 5A )     [116] . Quantum dots have several 
advantages over conventional fluorescent dyes, such as tighter 
emission band gaps and lower photo bleaching levels     [117] . 
Because of these advantages, quantum dots have been widely 
used to track single molecules and individual cells  in vivo  
and  in vitro . Dahan and colleagues tracked drug receptors in 
the neuronal membrane using quantum dots ( Figure 5B )     [118] . 
Quantum dots can also be conjugated with various ligands 
to study signal transduction pathways     [119] . Additionally, 
quantum dots can be designed to bond with individual 
biological targets, such as genes, nucleic acids, proteins and 
cells. For example, an ultrasensitive nanosensor capable of 

detecting low concentrations of DNA was reported, in 
which quantum dots were linked to DNA probes to capture 
DNA targets     [120] . The target strand binds to a dye-labeled 
reporter strand, thereby forming a donor–acceptor ensemble. 
Unbound nanosensors produce near-zero background 
fluorescence. However, on binding to even a small 
amount of target DNA ( ≤  50 copies), they generate a 
distinct signal. 

 Like quantum dots, magnetic particles can be used for 
imaging applications. For magnetic particles, magnetic 
nanosensors were used for rapid analysis of telomerase 
activity     [121] . In this work, magnetic nanoparticles were with 
incorporated telomerase synthesized TTAGGG repeats, 
which used to switch the nanoparticles’ magnet state. 
High-throughput adaptation of this technique using magnetic 
resonance imaging allowed the processing of hundreds of 
samples within a few minutes at ultrahigh sensitivities.  

  3.2.2   Nanoparticles 
 Nanoparticles play an important role in drug delivery 
systems     [122] . Drugs can be encapsulated within nano particles 
and released in a controllable manner. Furthermore, drug 
delivery vehicles can be induced to target specific tissues, 
such as tumors, by coating polymeric nanoparticles with 
targeting molecules that specifically bind to receptors on the 
target cells. These nanoparticles can be coated with PEG to 
aid in their safe passage through the bloodstream     [123] . The 
use of these delivery vehicles has significant promises for 
therapeutic applications. For example, a novel quantum 
dot-aptamer-doxorubicin (Dox) conjugate was developed for 
cancer therapy. The conjugate was capable of differential 
uptake and imaging of prostate cancer cells. This simple 
multifunctional nanoparticle system delivered Dox to the 
targeted prostate cancer cells and sensed the delivery of Dox 
by activating the fluorescence of quantum dots, which 
concurrently imaged the cancer cells     [124] . 

 For biologic therapeutic agents, such as proteins and 
DNA, delivery systems become the major concern in the 
drug discovery process. The biological properties of the mol-
ecules must be protected during transport to the target sites. 
After a safe passage to the target, the molecules must be 
released from the delivery systems. Biomimetic nano particles, 
such as artificial cells and viruses, have provided new 
possibilities to create such complicated delivery systems. 
Biodegradable polymer membranes were used to fabricate 
nanoscale artificial red blood cells     [125] . These nanoscale 
artificial red blood cells (80 – 150 nm in diameter) were 
used to carry proteins, such as red-blood-cell enzymes. With 
a PEG–polylactide copolymer membrane, it was possible to 
increase the circulation time of these artificial cells     [126] . For 
more complicated gene delivery systems, artificial viruses 
provided a useful model ( Figure 6 )     [127] . Artificial viruses 
consist of a cationic core and an anionic shell. The cationic 
core is composed of plasmidic DNA to which functional 
peptides have been bound. The shell serves as a scaffold to 
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which targeting ligands can be attached. Surface-exposed 
ligands mediate cell-specific attachment that induces the 
internalization of the artificial virus by receptor-mediated 
endocytosis. Such a complicated design is a result of the 
nature of gene delivery. The artificial virus should remain 
stable during its transport through the body and disassemble 
in a controlled fashion once taken up by target cells. The 
controlled intracellular disassembly can lead to the delivery 
of associated plasmidic DNA into the nucleus, where the 
transgene can be expressed. Although the artificial-virus 

technology is in its infancy, it is expected that such delivery 
systems will have a great impact on genetic therapies.    

  4.   Conclusions 

 This paper reviewed the recent developments in the use 
of micro- and nanotechnologies for tissue engineering and 
drug discovery applications. Micro- and nanotechnologies 
are powerful tools for the manipulation of the cellular 
microenvironment (e.g., cell–cell, cell–ECM, and cell–soluble 
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   Figure 5     . Quantum dots for cellular imaging and tracking. A.  Schematic structure of the multifunctional quantum dot. (Reprinted 
with permission from GAO  et al. : Copyright (2005), Elsevier)     [116] .  B.  Quantum dots as a marker of GlyR localization in a neuron. 
The neuron is stained by microtubule-associated protein-2 (green) and arrows show quantum dot-GlyRs (red) located on dendrites. 
Scale bar is 10 µm. (Reprinted with permission from DAHAN  et al.  Copyright (2003), Science)     [118] .     
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   Figure 6     . An artifi cial virus.  A conceptual model of the assembly of a multi-layered artifi cial virus.
Reprinted with permission from Macmillan Publishers Ltd: MASTROBATTISTA  et al. :  Nat. Rev. Drug Discov.  (2006)  5 :115-121, Copyright (2006)     [127] .     
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factor interactions) on a two-dimensional surface and 
within 3D hydrogel scaffolds, for tissue engineering 
and cell-based assays. Furthermore, they are useful for 
drug discovery processes, such as target selection and lead 
identification/optimization. At the microscale, technologies 
such as lab-on-a-chip enable the development of high-
throughput platforms that can be useful for screening 
applications. Moreover, at the nanoscale, electrospun or self-
assembled polymeric nanofibers significantly enhance tissue 
repair and regeneration processes. Nanotechnology also has 
significant promise for drug discovery because of the 
potential for generating nanobiosensors and nano particles. 
Future developments in these technologies will successfully 
achieve a wide variety of applications in biomedicine.  

  5.   Expert opinion 

 Micro- and nanotechnologies are versatile experimental tools 
for the study of tissue engineering and drug discovery. These 
approaches can be used to address a number of limitations 
(e.g., large volume of reagents, low throughput and the 
inability to precisely control the cellular microenvironment) 
imposed by macroscale methods. Despite their significance, 
challenges remain and need to be addressed. 

 First, for tissue engineering applications, improved 
biodegradable scaffolds are needed to provide cells with the 
proper signals to induce tissue formation. These scaffolds 
must exhibit the desired degradation rates, signaling cues, 
pore sizes as well as mechanical, chemical and biological 

properties that mimic native tissues. Second, automated 
microscale systems that can perform reaction, manipulation 
and analysis processes need to be developed for drug 
discovery applications. Using these systems, all processes 
ranging from target identification to lead optimization can 
be performed on a single chip. Third, the various tech-
nologies that have been independently developed must be 
merged to generate more powerful platforms. For example, a 
high-throughput microfluidic platform integrated with mul-
tiple nanoscale functions, such as nanopatterned substrates, 
3D nanofibrous scaffolds, nanobiosensors and nanoparticles 
could potentially be created. These devices could be used to 
precisely regulate  in vitro  extracellular microenvironments 
(i.e., cell–cell, cell–ECM, and cell–soluble factor interactions) 
to direct cellular fates and manipulate high-throughput 
drug screening. Overall, the efforts in this field may lead 
to the development of novel microscale platforms and 
nanomaterials that can help to solve today’s problems of 
tissue engineering constructs and drug discovery. 

     Declaration of interest 

 This paper was partly supported by the Coulter Foundation, 
the NIH, the Center for Integration of Medicine and 
Innovative Technology, the US Army Core of Engineers and 
the Charles Stark Draper Laboratory. L Kang is a recipient 
of the NUS-overseas postdoctoral fellowship. We thank 
the reviewers for the helpful comments and M Brigham for 
the proofreading.  

  Bibliography 
   1.     KHADEMHOSSEINI   A, 

LANGER R, BORENSTEIN J, 
VACANTI JP: Microscale technologies 
for tissue engineering and biology. 
  Proc. Natl. Acad. Sci. USA   ( 2006 ) 
  103  (8): 2480 -2487.  

  2.     LANGER   R, VACANTI JP: 
Tissue engineering.   Science   ( 1993 ) 
  260  (5110): 920 -926.  

  3.     PERSIDIS   A: Tissue engineering. 
  Nat. Biotechnol.   ( 1999 )   17  (5): 508 -510.  

  4.     BEEBE   DJ, MENSING GA, 
WALKER GM: Physics and applications 
of microfl uidics in biology.   Annu. Rev. 
Biomed. Eng.   ( 2002 )   4  : 261 -286.  

  5.     BOYDEN   S: The chemotactic effect of 
mixtures of antibody and antigen on 
polymorphonuclear leucocytes. 
  J. Exp. Med.   ( 1962 )   115  : 453 -466.  

  6.     SIA   SK, WHITESIDES GM: Microfl uidic 
devices fabricated in poly(dimethylsiloxane) 
for biological studies.   Electrophoresis   ( 2003 ) 
  24  (21): 3563 -3576.  

  7.     WHITESIDES   GM, OSTUNI E, 
TAKAYAMA S, JIANG X, INGBER DE: 
Soft lithography in biology and 
biochemistry.   Annu. Rev. Biomed. Eng.   
( 2001 )   3  : 335 -373.  

  8.     WEIBEL   DB, WHITESIDES GM: 
Applications of microfl uidics in chemical 
biology.   Curr. Opin. Chem. Biol.   ( 2006 ) 
  10  (6): 584 -591.  

  9.     CHENG   X, IRIMIA D, DIXON M 
 et al. : A microfl uidic device for practical 
label-free CD4(+) T cell counting of 
HIV-infected subjects.   Lab. Chip   ( 2007 ) 
  7  (2): 170 -178.  

  10.     BRESLAUER   DN, LEE PJ, LEE LP: 
Microfl uidics-based systems biology. 
  Mol. Biosyst.   ( 2006 )   2  (2): 97 -112.  

  11.     YEH   J, LING Y, KARP JM  et al. : 
Micromolding of shape-controlled, 
harvestable cell-laden hydrogels. 
  Biomaterials   ( 2006 ) 
  27  (31): 5391 -5398.  

  12.     WHITESIDES   GM: Nanoscience, 
nanotechnology, and chemistry. 
  Small   ( 2005 )   1  (2): 172 -179.  

  13.     KHADEMHOSSEINI   A, LANGER R: 
Nanobiotechnology – drug delivery and 
tissue engineering.   Chem. Eng. Prog.   ( 2006 ) 
  102  (2): 38 -42.  

  14.     KANG   L, CHUNG B, LANGER R, 
KHADEMHOSSEINI A: Microfl uidics 
for drug discovery and development: from 
target selection to product lifecycle 
management.   Drug Discov. Today   
( 2007 ):(In Press).  

  15.     PEPPAS   NA, HILT JZ, 
KHADEMHOSSEINI A, LANGER R: 
Hydrogels in biology and medicine: from 
molecular principles to bionanotechnology. 
  Adv. Mater.   ( 2006 )   18  : 1345 -1360.  

  16.     KHETANI   SR, BHATIA SN: 
Engineering tissues for  in vitro  
applications.   Curr. Opin. Biotechnol.   ( 2006 ) 
  17  (5): 524 -531.  

  17.     MCBEATH   R, PIRONE DM, 
NELSON CM, BHADRIRAJU K, 
CHEN CS: Cell shape, cytoskeletal 
tension, and RhoA regulate stem cell 
lineage commitment.   Dev. Cell   ( 2004 ) 
  6  (4): 483 -495.  

1

5

10

15

20

25



Chung, Kang & Khademhosseini

 Expert Opin. Drug Discov. (2007) 2(12) 13

1

5

10

15

20

25

30

35

40

45

50

55

  18.     CHIN   VI, TAUPIN P, SANGA S  et al. : 
Microfabricated platform for studying 
stem cell fates.   Biotechnol. Bioeng.   ( 2004 ) 
  88  (3): 399 -415.  

  19.     REVZIN   A, RAJAGOPALAN P, 
TILLES AW  et al. : Designing a 
hepatocellular microenvironment with 
protein microarraying and poly(ethylene 
glycol) photolithography.   Langmuir   ( 2004 ) 
  20  (8): 2999 -3005.  

  20.     KARP   JM, YEH J, ENG G  et al. : 
Controlling size, shape and homogeneity 
of embryoid bodies using poly(ethylene 
glycol) microwells.   Lab. Chip   ( 2007 ) 
  7  (6): 786 -794.  

  21.     KHADEMHOSSEINI   A, YEH J, ENG G 
 et al. : Cell docking inside microwells 
within reversibly sealed microfl uidic 
channels for fabricating multiphenotype 
cell arrays.   Lab. Chip   ( 2005 ) 
  5  (12): 1380 -1386.  

  22.     VOLDMAN   J: Electrical forces for 
microscale cell manipulation. 
  Annu. Rev. Biomed. Eng.   ( 2006 )   8  : 425 -454.  

  23.     ALBRECHT   DR, UNDERHILL GH, 
WASSERMANN TB, SAH RL, 
BHATIA SN: Probing the role of 
multicellular organization in 
three-dimensional microenvironments. 
  Nat. Methods   ( 2006 )   3  (5): 369 -375.  

  24.     TAN   JL, LIU W, NELSON CM, 
RAGHAVAN S, CHEN CS: Simple 
approach to micropattern cells on 
common culture substrates by tuning 
substrate wettability.   Tissue Eng.   ( 2004 ) 
  10  (5-6): 865 -872.  

  25.     KHADEMHOSSEINI   A, SUH KY, 
YANG JM  et al. : Layer-by-layer deposition 
of hyaluronic acid and poly-L-lysine for 
patterned cell co-cultures.   Biomaterials   
( 2004 )   25  (17): 3583 -3592.  

  26.     DELONGCHAMP   DM, 
HAMMOND PT: Highly ion conductive 
poly(ethylene oxide)-based solid polymer 
electrolytes from hydrogen bonding 
layer-by-layer assembly.   Langmuir   ( 2004 ) 
  20  (13): 5403 -5411.  

  27.     WOOD   KC, CHUANG HF, 
BATTEN RD, LYNN DM, 
HAMMOND PT: Controlling interlayer 
diffusion to achieve sustained, multiagent 
delivery from layer-by-layer thin fi lms. 
  Proc. Natl. Acad. Sci. USA   ( 2006 ) 
  103  (27): 10207 -10212.  

  28.     KROGMAN   KC, ZACHARIA NS, 
SCHROEDER S, HAMMOND PT: 
Automated process for improved 

uniformity and versatility of layer-by-layer 
deposition.   Langmuir   ( 2007 ) 
  23  (6): 3137 -3141.  

  29.     FOLCH   A, JO BH, HURTADO O, 
BEEBE DJ, TONER M: Microfabricated 
elastomeric stencils for micropatterning 
cell cultures.   J. Biomed. Mater. Res.   ( 2000 ) 
  52  (2): 346 -353.  

  30.     WRIGHT   D, RAJALINGAM B, 
KARP JM  et al. : Reusable, reversibly 
sealable parylene membranes for cell and 
protein patterning.   J. Biomed. Mater. Res.   
( 2007 ):(In Press).  

  31.     KHADEMHOSSEINI   A, FERREIRA L, 
BLUMLING J III  et al. : Co-culture of 
human embryonic stem cells with 
murine embryonic fi broblasts on 
microwell-patterned substrates. 
  Biomaterials   ( 2006 )   27  (36): 5968 -5977.  

  32.     NELSON   CM, CHEN CS: VE-cadherin 
simultaneously stimulates and inhibits 
cell proliferation by altering cytoskeletal 
structure and tension.   J. Cell Sci.   ( 2003 ) 
  116  (Part 17): 3571 -3581.  

  33.     BHATIA   SN, YARMUSH ML, 
TONER M: Controlling cell interactions 
by micropatterning in co-cultures: 
hepatocytes and 3T3 fi broblasts. 
  J. Biomed. Mater. Res.   ( 1997 ) 
  34  (2): 189 -199.  

  34.     FUKUDA   J, KHADEMHOSSEINI A, 
YEH J  et al. : Micropatterned cell 
co-cultures using layer-by-layer deposition 
of extracellular matrix components. 
  Biomaterials   ( 2006 )   27  (8): 1479 -1486.  

  35.     HUI   EE, BHATIA SN: 
Micromechanical control of cell–cell 
interactions.   Proc. Natl. Acad. Sci. USA   
( 2007 )   104  (14): 5722 -5726.  

  36.     ANDERSON   DG, LEVENBERG S, 
LANGER R: Nanoliter-scale synthesis 
of arrayed biomaterials and application 
to human embryonic stem cells. 
  Nat. Biotechnol.   ( 2004 )   22  (7): 863 -866.  

  37.     FLAIM   CJ, CHIEN S, BHATIA SN: 
An extracellular matrix microarray 
for probing cellular differentiation. 
  Nat. Methods   ( 2005 )   2  (2): 119 -125.  

  38.     WARREN   L, BRYDER D, 
WEISSMAN IL, QUAKE SR: 
Transcription factor profi ling in 
individual hematopoietic progenitors by 
digital RT-PCR.   Proc. Natl. Acad. Sci. USA   
( 2006 )   103  (47): 17807 -17812.  

  39.     HONG   JW, STUDER V, HANG G, 
ANDERSON WF, QUAKE SR: 
A nanoliter-scale nucleic acid processor 

with parallel architecture.   Nat. Biotechnol.   
( 2004 )   22  (4): 435 -439.  

  40.     KING   KR, WANG S, IRIMIA D  et al. : 
A high-throughput microfl uidic real-time 
gene expression living cell array.   Lab. Chip   
( 2007 )   7  (1): 77 -85.  

  41.     SEAL   B, OTERO T, PANITCH A: 
Polymeric biomaterials for tissue and 
organ regeneration.   Mater. Sci. Eng. R Rep.   
( 2001 )   34  : 147 -230.  

  42.     REZWAN   K, CHEN QZ, BLAKER JJ, 
BOCCACCINI AR: Biodegradable 
and bioactive porous polymer/inorganic 
composite scaffolds for bone tissue 
engineering.   Biomaterials   ( 2006 ) 
  27  (18): 3413 -3431.  

  43.     SCHMIMAIER   G, WILDEMANN B, 
BAIL H  et al. : Local application of 
growth factors (insulin-like growth factor-1 
and transforming growth factor- [ β ]1) from 
a biodegradable poly(-lactide) coating of 
osteosynthetic implants accelerates 
fracture healing in rats.   Bone   ( 2001 ) 
  28  : 341 -350.  

  44.     PITT   C, GRATZEL M, KIMMEL G, 
SURLES J, SCHINDLER A: Aliphatic 
polyesters II. The degradation of 
poly( D , L -lactide), poly(ε-caprolactone) 
and their copolymers  in vivo .   Biomaterials   
( 1981 )   2  : 215 -220.  

  45.     BURDICK   JA, ANSETH KS: 
Photoencapsulation of osteoblasts in 
injectable RGD-modifi ed PEG hydrogels 
for bone tissue engineering.   Biomaterials   
( 2002 )   23  (22): 4315 -4323.  

  46.     BURDICK   JA, 
KHADEMHOSSEINI A, LANGER R: 
Fabrication of gradient hydrogels using a 
microfl uidics/photopolymerization process. 
  Langmuir   ( 2004 )   20  (13): 5153 -5156.  

  47.     FIDKOWSKI   C, 
KAAZEMPUR-MOFRAD MR, 
BORENSTEIN J  et al. : Endothelialized 
microvasculature based on a 
biodegradable elastomer.   Tissue Eng.   
( 2005 )   11  (1-2): 302 -309.  

  48.     TAN   W, DESAI TA: Microscale 
multilayer cocultures for biomimetic 
blood vessels.   J. Biomed. Mater. Res.   
( 2005 )   72  (2): 146 -160.  

  49.     TAN   W, DESAI TA: Layer-by-layer 
microfl uidics for biomimetic 
three-dimensional structures.   Biomaterials   
( 2004 )   25  (7-8): 1355 -1364.  

  50.     LING   Y, RUBIN J, DENG Y  et al. : 
A cell-laden microfl uidic hydrogel. 
  Lab. Chip   ( 2007 )   7  (6): 756 -762.  



  Micro- and nanoscale technologies for tissue engineering and drug discovery applications  

14 Expert Opin. Drug Discov. (2007) 2(12)

1

5

10

15

20

25

30

35

40

45

50

55

  51.     MCGUIGAN   AP, SEFTON MV: 
Vascularized organoid engineered by 
modular assembly enables blood 
perfusion.   Proc. Natl. Acad. Sci. USA   
( 2006 )   103  (31): 11461 -11466.  

  52.     ZINGER   O, ANSELME K, 
DENZER A  et al. : Time-dependent 
morphology and adhesion of osteoblastic 
cells on titanium model surfaces featuring 
scale-resolved topography.   Biomaterials   
( 2004 )   25  (14): 2695 -2711.  

  53.     BERRY   CC, CAMPBELL G, 
SPADICCINO A, ROBERTSON M, 
CURTIS AS: The infl uence of microscale 
topography on fi broblast attachment 
and motility.   Biomaterials   ( 2004 ) 
  25  (26): 5781 -5788.  

  54.     WAN   Y, WANG Y, LIU Z  et al. : Adhesion 
and proliferation of OCT-1 osteoblast-like 
cells on micro and nano-scale topography 
structured poly( L -lactide).   Biomaterials   
( 2005 )   26  (21): 4453 -4459.  

  55.     CHUNG   BG, FLANAGAN LA, 
RHEE SW  et al. : Human neural stem 
cell growth and differentiation in a 
gradient-generating microfl uidic device. 
  Lab. Chip   ( 2005 )   5  (4): 401 -406.  

  56.     DERTINGER   SKW, CHIU DT, 
JEON NL, WHITESIDES GM: 
Generation of gradients having complex 
shapes using microfl uidic networks. 
  Anal. Chem.   ( 2001 )   73  (6): 1240 -1246.  

  57.     JEON   NL, DERTINGER SKW, 
CHIU DT  et al. : Generation of 
solution and surface gradients using 
microfl uidic systems.   Langmuir   ( 2000 ) 
  16  (22): 8311 -8316.  

  58.     LIN   F, SAADI W, RHEE SW  et al. : 
Generation of dynamic temporal and 
spatial concentration gradients using 
microfl uidic devices.   Lab. Chip   ( 2004 ) 
  4  (3): 164 -167.  

  59.     QIN   J, YE N, LIU X, LIN B: Microfl uidic 
devices for the analysis of apoptosis. 
  Electrophoresis   ( 2005 )   26  (19): 3780 -3788.  

  60.     JEON   N, BASKARAN H, 
DERTINGER SK  et al. : Neutrophil 
chemotaxis in linear and complex 
gradients of interleukin-8 formed in a 
microfabricated device.   Nat. Biotechnol.   
( 2002 )   20  (8): 826 -830.  

  61.     WANG   SJ, SAADI W, LIN F, 
MINH-CANH NGUYEN C, LI JEON N: 
Differential effects of EGF gradient 
profi les on MDA-MB-231 breast cancer 
cell chemotaxis.   Exp. Cell Res.   ( 2004 ) 
  300  (1): 180 -189.  

  62.     LEE   HL, BOCCAZZI P, RAM RJ, 
SINSKEY AJ: Microbioreactor arrays 
with integrated mixers and fl uid injectors 
for high-throughput experimentation 
with pH and dissolved oxygen control. 
  Lab. Chip   ( 2006 )   6  (9): 1229 -1235.  

  63.     DE   BARTOLO L, SALERNO S, 
MORELLI S  et al. : Long-term 
maintenance of human hepatocytes in 
oxygen-permeable membrane bioreactor. 
  Biomaterials   ( 2006 )   27  (27): 4794 -4803.  

  64.     PARK   J, BERTHIAUME F, TONER M, 
YARMUSH M, TILLES A: 
Microfabricated grooved substrates as 
platforms for bioartifi cial liver reactors. 
  Biotechnol. Bioeng.   ( 2005 )   90  (5): 632 -644.  

  65.     PHAM   QP, SHARMA U, MIKOS AG: 
Electrospinning of polymeric nanofi bers 
for tissue engineering applications: a review. 
  Tissue Eng.   ( 2006 )   12  (5): 1197 -1211.  

  66.     ZHANG   S: Fabrication of novel 
biomaterials through molecular 
self-assembly.   Nat. Biotechnol.   ( 2003 ) 
  21  (10): 1171 -1178.  

  67.     THIERRY   B, WINNIK FM, MERHI Y, 
TABRIZIAN M: Nanocoatings onto 
arteries via layer-by-layer deposition: 
toward the  in vivo  repair of damaged 
blood vessels.   J. Am. Chem. Soc.   ( 2003 ) 
  125  (25): 7494 -7495.  

  68.     Multilayer   thin fi lms:   Sequential Assembly 
of Nanocomposite Materials.   Decher G, 
Schlenoff J (Eds), Wiley Interscience, 
Weinheim ( 2003 ).  

  69.     PHAM   QP, SHARMA U, MIKOS AG: 
Electrospun poly(ε  -caprolactone) 
microfi ber and multilayer 
nanofi ber/microfi ber scaffolds: 
characterization of scaffolds and 
measurement of cellular infi ltration. 
  Biomacromolecules   ( 2006 ) 
  7  (10): 2796 -2805.  

  70.     ZONG   X, BIEN H, CHUNG CY  et al. : 
Electrospun fi ne-textured scaffolds for 
heart tissue constructs.   Biomaterials   
( 2005 )   26  (26): 5330 -5338.  

  71.     WU   H, HUANG B, ZARE RN: 
Generation of complex, static solution 
gradients in microfl uidic channels. 
  J. Am. Chem. Soc.   ( 2006 ) 
  128  (13): 4194 -4195.  

  72.     XU   CY, INAI R, KOTAKI M, 
RAMAKRISHNA S: Aligned 
biodegradable nanofi brous structure: 
a potential scaffold for blood vessel 
engineering.   Biomaterials   ( 2004 ) 
  25  (5): 877 -886.  

  73.     YOSHIMOTO   H, SHIN YM, TERAI H, 
VACANTI JP: A biodegradable nanofi ber 
scaffold by electrospinning and its potential 
for bone tissue engineering.   Biomaterials   
( 2003 )   24  (12): 2077 -2082.  

  74.     YANG   F, MURUGAN R, WANG S, 
RAMAKRISHNA S: Electrospinning of 
nano/micro scale poly( L -lactic acid) aligned 
fi bers and their potential in neural tissue 
engineering.   Biomaterials   ( 2005 ) 
  26  (15): 2603 -2610.  

  75.     MA   Z, KOTAKI M, INAI R, 
RAMAKRISHNA S: Potential of 
nanofi ber matrix as tissue-engineering 
scaffolds.   Tissue Eng.   ( 2005 ) 
  11  (1-2): 101 -109.  

  76.     SNIADECKI   NJ, DESAI RA, RUIZ SA, 
CHEN CS: Nanotechnology for 
cell-substrate interactions.   Ann. Biomed. Eng.   
( 2006 )   34  (1): 59 -74.  

  77.     FLEMMING   RG, MURPHY CJ, 
ABRAMS GA, GOODMAN SL, 
NEALEY PF: Effects of synthetic 
micro and nano-structured surfaces 
on cell behavior.   Biomaterials   ( 1999 ) 
  20  (6): 573 -588.  

  78.     LIM   JY, DONAHUE HJ: Cell sensing 
and response to micro and nanostructured 
surfaces produced by chemical and 
topographic patterning.   Tissue Eng.   
( 2007 )   13  (8): 1879 -1891.  

  79.     ELIAS   KL, PRICE RL, WEBSTER TJ: 
Enhanced functions of osteoblasts on 
nanometer diameter carbon fi bers. 
  Biomaterials   ( 2002 )   23  (15): 3279 -3287.  

  80.     SCHINDLER   M, AHMED I, KAMAL J 
 et al. : A synthetic nanofi brillar matrix 
promotes  in vivo -like organization and 
morphogenesis for cells in culture. 
  Biomaterials   ( 2005 )   26  (28): 5624 -5631.  

  81.     MILLER   DC, THAPA A, 
HABERSTROH KM, WEBSTER TJ: 
Endothelial and vascular smooth muscle 
cell function on poly(lactic- co -glycolic acid) 
with nano-structured surface features. 
  Biomaterials   ( 2004 )   25  (1): 53 -61.  

  82.     DALBY   MJ, MARSHALL GE, 
JOHNSTONE HJ, AFFROSSMAN S, 
RIEHLE MO: Interactions of human 
blood and tissue cell types with 95-nm-high 
nanotopography.   IEEE Trans. NanoBiosci.   
( 2002 )   1  (1): 18 -23.  

  83.     HARTGERINK   JD, BENIASH E, 
STUPP SI: Peptide-amphiphile nanofi bers: 
a versatile scaffold for the preparation of 
self-assembling materials.   Proc. Natl. Acad. 
Sci. USA   ( 2002 )   99  (8): 5133 -5138.  



Chung, Kang & Khademhosseini

 Expert Opin. Drug Discov. (2007) 2(12) 15

1

5

10

15

20

25

30

35

40

45

50

55

  84.     BENIASH   E, HARTGERINK JD, 
STORRIE H, STENDAHL JC, 
STUPP SI: Self-assembling peptide 
amphiphile nanofi ber matrices for cell 
entrapment.   Acta Biomater.   ( 2005 ) 
  1  (4): 387 -397.  

  85.     HOSSEINKHANI   H, 
HOSSEINKHANI M, 
KHADEMHOSSEINI A, 
KOBAYASHI H: Bone regeneration 
through controlled release of bone 
morphogenetic protein-2 from 3-D tissue 
engineered nano-scaffold.   J. Control. Rel.   
( 2007 )   117  (3): 380 -386.  

  86.     HARRINGTON   DA, CHENG EY, 
GULER MO  et al. : Branched 
peptide-amphiphiles as self-assembling 
coatings for tissue engineering scaffolds. 
  J. Biomed. Mater. Res.   ( 2006 ) 
  78  (1): 157 -167.  

  87.     HOSSEINKHANI   H, 
HOSSEINKHANI M, TIAN F, 
KOBAYASHI H, TABATA Y: 
Osteogenic differentiation of 
mesenchymal stem cells in self-assembled 
peptide-amphiphile nanofi bers. 
  Biomaterials   ( 2006 )   27  (22): 4079 -4086.  

  88.     KOMMIREDDY   DS, SRIRAM SM, 
LVOV YM, MILLS DK: Stem cell 
attachment to layer-by-layer assembled 
TiO2 nanoparticle thin fi lms. 
  Biomaterials   ( 2006 )   27  (24): 4296 -4303.  

  89.     FAN   Y, DUAN K, WANG R: A composite 
coating by electrolysis-induced collagen 
self-assembly and calcium phosphate 
mineralization.   Biomaterials   ( 2005 ) 
  26  (14): 1623 -1632.  

  90.     FAN   Y, SUN Z, WANG R, ABBOTT C, 
MORADIAN-OLDAK J: Enamel 
inspired nanocomposite fabrication 
through amelogenin supramolecular 
assembly.   Biomaterials   ( 2007 ) 
  28  (19): 3034 -3042.  

  91.     WANG   J, APELDOORN A, GROOT K: 
Electrolytic deposition of calcium 
phosphate/chitosan coating on titanium 
alloy: growth kinetics and infl uence of 
current density, acetic acid, and chitosan. 
  J. Biomed. Mater. Res. A   ( 2005 ) 
  76  (3): 503 -511.  

  92.     DU   C, SCHNEIDER GB, ZAHARIAS R 
 et al. : Apatite/amelogenin coating on 
titanium promotes osteogenic gene 
expression.   J. Dent. Res.   ( 2005 ) 
  84  (11): 1070 -1074.  

  93.     DITTRICH   PS, MANZ A: Lab-on-a-chip: 
microfl uidics in drug discovery. 

  Nat. Rev. Drug Discov.   ( 2006 ) 
  5  (3): 210 -218.  

  94.     KUHN   P, WILSON K, PATCH MG, 
STEVENS RC: The genesis of 
high-throughput structure-based drug 
discovery using protein crystallography. 
  Curr. Opin. Chem. Biol.   ( 2002 ) 
  6  (5): 704 -710.  

  95.     SIN   A, CHIN KC, JAMIL MF  et al. : The 
design and fabrication of three-chamber 
microscale cell culture analog devices 
with integrated dissolved oxygen sensors. 
  Biotechnol. Prog.   ( 2004 )   20  (1): 338 -345.  

  96.     RENFREY   S, FEATHERSTONE J: 
Structural proteomics.   Nat. Rev. 
Drug Discov.   ( 2002 )   1  (3): 175 -176.  

  97.     HAJDUK   PJ: SAR by NMR: putting 
the pieces together.   Mol. Intervent.   ( 2006 ) 
  6  (5): 266 -272.  

  98.     ZHENG   B, GERDTS CJ, 
ISMAGILOV RF: Using nanoliter plugs in 
microfl uidics to facilitate and understand 
protein crystallization.   Curr. Opin. 
Struct. Biol.   ( 2005 )   15  (5): 548 -555.  

  99.     LESLEY   SA: High-throughput proteomics: 
protein expression and purifi cation in the 
postgenomic world.   Protein Expr. Purif.   
( 2001 )   22  (2): 159 -164.  

  100.     STEVENS   RC: Design of 
high-throughput methods of protein 
production for structural biology. 
  Structure   ( 2000 )   8  (9): R177 -R185.  

  101.     ZHENG   B, ROACH LS, 
ISMAGILOV RF: Screening of protein 
crystallization conditions on a microfl uidic 
chip using nanoliter-size droplets.   J. Am. 
Chem. Soc.   ( 2003 )   125  (37): 11170 -11171.  

  102.     HANSEN   CL, SKORDALAKES E, 
BERGER JM, QUAKE SR: A robust 
and scalable microfl uidic metering method 
that allows protein crystal growth by free 
interface diffusion.   Proc. Natl. Acad. 
Sci. USA   ( 2002 )   99  (26): 16531 -16536.  

  103.     WHEELER   AR, THRONDSET WR, 
WHELAN RJ  et al. : Microfl uidic device 
for single-cell analysis.   Anal. Chem.   
( 2003 )   75  (14): 3581 -3586.  

  104.     DI   CARLO D, AGHDAM N, LEE LP: 
Single-cell enzyme concentrations, kinetics, 
and inhibition analysis using high-density 
hydrodynamic cell isolation arrays. 
  Anal. Chem.   ( 2006 )   78  (14): 4925 -4930.  

  105.     RETTIG   JR, FOLCH A: Large-scale 
single-cell trapping and imaging using 
microwell arrays.   Anal. Chem.   ( 2005 ) 
  77  (17): 5628 -5634.  

  106.     FU   AY, SPENCE C, SCHERER A, 
ARNOLD FH, QUAKE SR: 
A microfabricated fl uorescence-activated 
cell sorter.   Nat. Biotechnol.   ( 1999 ) 
  17  (11): 1109 -1111.  

  107.     HU   X, BESSETTE PH, QIAN J  et al. : 
Marker-specifi c sorting of rare cells using 
dielectrophoresis.   Proc. Natl. Acad. 
Sci. USA   ( 2005 )   102  (44): 15757 -15761.  

  108.     THORSEN   T, MAERKL SJ, QUAKE SR: 
Microfl uidic large-scale integration.   Science   
( 2002 )   298  (5593): 580 -584.  

  109.     WANG   Z, KIM MC, MARQUEZ M, 
THORSEN T: High-density microfl uidic 
arrays for cell cytotoxicity analysis. 
  Lab. Chip   ( 2007 )   7  (6): 740 -745.  

  110.     CHOI   CJ, CUNNINGHAM BT: 
A 96-well microplate incorporating a 
replica molded microfl uidic network 
integrated with photonic crystal biosensors 
for high-throughput kinetic biomolecular 
interaction analysis.   Lab. Chip   ( 2007 ) 
  7  (5): 550 -556.  

  111.     PIHL   J, KARLSSON M, CHIU DT: 
Microfl uidic technologies in drug 
discovery.   Drug Discov. Today   ( 2005 ) 
  10  (20): 1377 -1383.  

  112.     PIHL   J, SINCLAIR J, SAHLIN E  et al. : 
Microfl uidic gradient-generating device 
for pharmacological profi ling. 
  Anal. Chem.   ( 2005 )   77  (13): 3897 -3903.  

  113.     OKUSHIMA   S, NISISAKO T, TORII T, 
HIGUCHI T: Controlled production 
of monodisperse double emulsions by 
two-step droplet breakup in microfl uidic 
devices.   Langmuir   ( 2004 ) 
  20  (23): 9905 -9908.  

  114.     TAN   YC, HETTIARACHCHI K, SIU M, 
PAN YR, LEE AP: Controlled microfl uidic 
encapsulation of cells, proteins, and 
microbeads in lipid vesicles.   J. Am. 
Chem. Soc.   ( 2006 )   128  (17): 5656 -5658.  

  115.     XU   S, NIE Z, SEO M  et al. : 
Generation of monodisperse particles 
by using microfl uidics: control over size, 
shape, and composition.   Angew Chem. 
Int. Ed. Engl.   ( 2005 )   44  (5): 724 -728.  

  116.     GAO   X, YANG L, PETROS JA  et al. : 
 In vivo  molecular and cellular imaging 
with quantum dots.   Curr. Opin. Biotechnol.   
( 2005 )   16  (1): 63 -72.  

  117.     JAFFAR   S, NAM KT, 
KHADEMHOSSEINI A  et al. : 
Layer-by-layer surface modifi cation 
and patterned electrostatic deposition 
of quantum dots.   Nano Lett.   ( 2004 ) 
  4  (8): 1421 -1425.  



  Micro- and nanoscale technologies for tissue engineering and drug discovery applications  

16 Expert Opin. Drug Discov. (2007) 2(12)

1

5

10

15

20

25

30

35

40

45

50

55

  118.     DAHAN   M, LEVI S, LUCCARDINI C 
 et al. : Diffusion dynamics of glycine 
receptors revealed by single-quantum 
dot tracking.   Science   ( 2003 ) 
  302  (5644): 442 -445.  

  119.     LIDKE   DS, NAGY P, HEINTZMANN R 
 et al. : Quantum dot ligands provide new 
insights into erbB/HER receptor-mediated 
signal transduction.   Nat. Biotechnol.   ( 2004 ) 
  22  (2): 198 -203.  

  120.     ZHANG   CY, YEH HC, KUROKI MT, 
WANG TH: Single-quantum-dot-based 
DNA nanosensor.   Nat. Mater.   ( 2005 ) 
  4  (11): 826 -831.  

  121.     GRIMM   J, PEREZ JM, JOSEPHSON L, 
WEISSLEDER R: Novel nanosensors for 
rapid analysis of telomerase activity. 
  Cancer Res.   ( 2004 )   64  (2): 639 -643.  

  122.     LAVAN   DA, LYNN DM, LANGER R: 
Moving smaller in drug discovery and 
delivery.   Nat. Rev. Drug Discov.   ( 2002 ) 
  1  (1): 77 -84.  

  123.     FAROKHZAD   OC, CHENG J, 
TEPLY BA  et al. : Targeted 
nanoparticle – aptamer bioconjugates 
for cancer chemotherapy  in vivo . 

  Proc. Natl. Acad. Sci. USA   ( 2006 ) 
  103  (16): 6315 -6320.  

  124.     BAGALKOT   V, ZHANG L, 
LEVY-NISSENBAUM E  et al. : 
Quantum dot-aptamer conjugates 
for synchronous cancer imaging, 
therapy, and sensing of drug delivery 
based on bi-fl uorescence resonance 
energy transfer.   Nano Lett.   ( 2007 ) 
  7  (10): 3065 -3070.  

  125.     CHANG   TM: Therapeutic applications 
of polymeric artifi cial cells.   Nat. Rev. 
Drug Discov.   ( 2005 )   4  (3): 221 -235.  

  126.     CHANG   TM, POWANDA D, YU WP: 
Analysis of polyethylene-glycol-polylactide 
nano-dimension artifi cial red blood cells 
in maintaining systemic hemoglobin 
levels and prevention of methemoglobin 
formation.   Artif. Cells Blood Substit. 
Immobil. Biotechnol.   ( 2003 )   31  (3): 231 -247.  

  127.     MASTROBATTISTA   E, 
VAN DER AA MA, HENNINK WE, 
CROMMELIN DJ: Artifi cial viruses: 
a nanotechnological approach to gene 
delivery.   Nat. Rev. Drug Discov.   ( 2006 ) 
  5  (2): 115 -121.     

    Affi liation 
     Bong Geun   Chung†1,2           ,      Lifeng   Kang*1,2,3                & 
     Ali   Khademhosseini      *1,2    
  †Author for correspondence 
  1 Massachusetts Institute of Technology, 
Harvard-MIT Division of 
Health Sciences and Technology, 
65 Landsdowne Street, Room 252, 
Cambridge, MA 02139, USA 
 Tel: +1 617 768 8395 ;  Fax: +1 617 768 8477 ;  
E-mail: alik@mit.edu   
   2 Brigham and Women’s Hospital, 
Harvard Medical School, 
Center for Biomedical Engineering, 
Department of Medicine, 
Cambridge, MA, 02139, USA  
   3 National University of Singapore, 
Department of Pharmacy, 
117543, Singapore            
 * Authors contributed equally.
                  


