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An introductory overview of the use of microfluidic devices for tissue engineering is presented. After a brief description
of the background of tissue engineering, different application areas of microfluidic devices are examined. Among these
are methods for patterning cells, topographical control over cells and tissues, and bioreactors. Examples where
microfluidic devices have been employed are presented such as basal lamina, vascular tissue, liver, bone, cartilage and
neurons. It is concluded that until today, microfluidic devices have not been used extensively in tissue engineering.
Major contributions are expected in two areas. The first is growth of complex tissue, where microfluidic structures
ensure a steady blood supply, thereby circumventing the well-known problem of providing larger tissue structures with a
continuous flow of oxygen and nutrition, and withdrawal of waste products. The second, and probably more important
function of microfluidics, combined with micro/nanotechnology, lies in the development of in vitro physiological

systems for studying fundamental biological phenomena.

1 Introduction to tissue engineering

One of thefirst fruits of small scale engineering in biology has been
DNA chips, which capture an unprecedented amount of informa-
tion about all the genes being expressed in the cell.1.2 The next has
been to use microtechniques to create microfluidic chips to bring
just about any biological assay that works on amolecular level into
a chip.35 This so caled Lab-on-a-Chip approach has greatly
speeded up cumbersome reactions and allowed scientists to control
the accuracy of the tests more precisely. Eventually the chips could

include several layers of parallel reactions, allowing, for instance,
many different assays on a small sample of biological material.
The field of tissue engineering (TE) is also developing much
more sophisticated abilities based on micro- and nanofabrication
techniques. Cells need to be placed on a scaffold that gives them
structures before they can be coaxed into forming tissues. With the
ability to devise more precise scaffolds, tissue engineers can create
tissues that are more complex and have e.g. abuilt-in blood supply.
Inthe past, the tissue engineering field has managed to create viable
skin, bone, cartilage, bladders, and blood vessels.¢ Muscletissueis
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currently under development, including heart muscle and more
complex structures based on bone and cartilage.®

The ultimate goal is building large pieces of tissue and whole
organs, with the aim of solving the organ shortage problem which
keeps many people waiting for donor organs that are in very short
supply. However, creating organs is no easy task, and requires a
detailed understanding of the underlying biology, as well as the
ability to manipulate many factors in the cells. Maybe the greatest
challenge in building a whole organ is the problem of ordering all
the cells in a thick (3D) living structure. It is difficult to provide
larger structures with a steady flow of oxygen and nutrition. One
approach to overcome this barrier is using microfabrication to
create an entire blood supply for thetissue asit isbeing built. Thus,
as microfluidics is becoming more important in the field of tissue
engineering the motivation of writing this review is to provide an
evaluation of what has been achieved and realized so far.

The term tissue engineering was initially defined in 1988 by the
attendees of the first NSF sponsored meeting in 1988 and later in
1993 summarized by Langer and Vacanti” as ‘an interdisciplinary
field that applies the principles of engineering and life sciences
toward the development of biological substitutes for the repair or
regeneration of tissue or organ functions'. Tissue engineering has
now emerged as a potential alternative to tissue or organ
transplantation. With this technology, tissue loss or organ failure
can be treated either by implantation of an engineered biological
substitute or alternatively with ex vivo perfusion systems. In Fig. 1
a schematic representation of the tissue engineering approach is
shown.6 The tissue engineered products may be fully functional at
the time of treatment (e.g. liver assist devices, encapsulated islets),
or have the potential to integrate and form the expected functional
tissue upon implantation (e.g. chondrocytes embedded in a matrix
carrier). Cells are a key element for tissue regeneration and repair
due to their proliferation and differentiation, cell—cell signaling,
biomolecule production and formation of extracellular matrix. For
more details on tissue engineering, several reviews have recently
been published covering this topic.8

Scaffolds are porous, degradable structures fabricated from
either natural materials (collage, fibrin) or synthetic polymers
(polyglycolide, polylactide).® They can be sponge-like sheets, gels,
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Fig. 1 Schematic representation of the tissue engineering approach.
Specific cell populations are harvested from the appropriate tissue and
seeded on a biodegradable polymer scaffold. The cell-polymer constructs
may undergo a period of dynamic tissue culture in a bioreactor prior to
implantation. Organized structural and functional tissues may be produced
in this way.”

or highly complex structures with intricate pores and channels
fabricated using micro or nanotechnologies. Virtualy all scaffolds
in tissue engineering are intended to degrade sSowly after
implantation in the patient and be replaced by new tissue.

A crucial mainstay of tissue engineering is the biomaterial from
which scaffolds are fashioned. Many biomateria sdirect the growth
of cells in culture. The ideal biomaterial for a scaffold would
selectively interact with the specific adhesion and growth factor
receptors expressed by target cells in the surrounding tissues
required for repair of damaged tissue. The scaffold could guide
migration of thesetarget cellsinto theinjury site and stimulate their
growth and differentiation, finaly degrading in response to matrix
remodeling enzymes released by the cells as tissue repair
progresses.10 Significant opportunities and challenges exist in the
creation and characterization of biomaterials. Current methods of
synthesis and characterization of these materials are covered in ref.
11

2 Methods for cell patterning and cultivation
2.1 Cell patterning techniques

Microfabrication techniques are used to generate patterns of cells
on surfaces. This cellular patterning is a necessary component for
tissue engineering and fundamental cell biology studies. Photo-
lithographic techniques are highly devel oped and have been widely
used for patterning of cells. However, this technique has some
disadvantages for certain applications, especially biocompatibility.
Recently, a set of aternative techniques such as microcontact
printing, microfluidic patterning using microchannels and laminar
flow patterning has been developed for biological applications.

2.1.1 Photolithography. Photolithography has been widely
used for patterning cells on hard materials.12-14 Materials of
interest, such as cell-adhesion proteins, are patterned using lift-off
techniques. Examples of cell-adhesion materials include poly-
lysine, fibronectin, and collagen. Complex matrices such as
Matrigel (a solubilized basement membrane preparation extracted
from EHS mouse sarcoma (Beckton-Dickinson)) can also be used
to achieve cell adhesion. Finaly, the surface isincubated with cell
solution and the desired cell pattern can be obtained.

2.1.2 Microcontact printing. Microcontact printing provides
the patterning of self-assembled monolayers and the resulting
control over adsorption of adhesive proteins facilitates the
patterning of cells on substrates. The microcontact printing method
is based on the pattern transfer of the material of interest from the
PDMS stamp onto the substrate surface.l> Many of the studies
involving the patterning of proteins and cells using microcontact
printing have used self-assembled monolayers of alkanethiols on
go'd_16—17

2.1.3 Microfluidic patter ning using micr ochannels. Micro-
channels can be formed by contacting the PDMS structure with a
substrate, and these channels deliver the fluid to restricted areas on
the substrate. The microchannels can selectively deliver the
materials for cell adhesion or cell suspension to desired areas of a
substrate.18:19 \When two or more streams of laminar flow arejoined
into a single stream the combined streams flow parallel to each
other without any turbulent mixing. The only mixing takes place by
diffusion across the interface. This ability to generate and sustain
parallel streams of different solutions in microchannels provides a
unique opportunity to pattern cells and their environments.20.21
This method can aso be used to study the subcellular processes by
positioning the interface between two adjacent streams over a
single cell;22 see Fig. 2. For example, two different dyes or drugs
can be applied to different regions of the same cell.
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2.2 Topographical control over cells

The core of the tissue-engineered replacement is the biomaterial
construct or scaffold, in which a given cell population is seeded.
One of the challengesin tissue engineering isto find amore suitable
method for the fabrication of scaffolds of defined architecture to
guide cell growth and development. A tissue engineered construct
that has a well controlled microstructure will better maintain cell
morphology, differentiation and functionality over long periods of
time.23 A key feature of these constructs will be the replication of
in vivo geometry and dimensional size scale that will aid in the
maintenance of an in vivo like cell phenotype. Using micro-
technologies it is possible create implants with precise micro-
architectures for immunoisolation, cellular ingrowth and drug
delivery.24 There have been many studies showing topographical
control over cells and tissues which are reviewed by Singhvi.23
Deutsch et al. have shown that three dimensiona surface
topography of culture substrates significantly affects in vitro
cardiac myocyte orientation, see Fig. 3.25 By creating culture
surfaces with topographic features corresponding to cellular
dimensions, the cells seemed to exhibit amore in vivo like cellular
morphology.25 It has aso been shown that microtexture has
significant effectson cell adhesion.26 Van Kooten et al. have shown
that DNA profiles were influenced by microtexture.2?” The
arrangement of cells in controlled two or three dimensional
arrangements has been shown to have beneficial effects on cell
differentiation, maintenance, and functional longevity.282° It has

Fig. 2 Differential manipulation of regions of a single bovine capillary
endothelial cell using laminar flows. (ab) Experimental set-up. (c)
Fluorescence images of a single cell after treatment of its right pole with
Mitotracker Green FM and its left pole with Mitotracker red CM-H2Xros.
The entire cell is treated with the DNA-binding dye Hoechst 33342. (d)
Image of the same cell but taken 2.5 h later, showing intermixing of the red
and green subpopulations of mitochondria. (€) Treatment of a portion of a
single cell with latrunculin A. The blue region (Dextran-70.000 Cascade
Blue stain) reveals the flow of medium containing latrunculin A. Right,
enlarged view of the middle cell and its mitochondria (green). (f)
Phalloidin-Alexa 594-1abelled image of the same cell immediately after 10
min of treatment with latrunculin A. The cell in the middle, which was only
partly in the stream containing latrunculin, shows disruption of actin
microfilaments that is limited to this region (scale bars 25 um).22
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Fig. 3 Micropegs can be used to creste microarchitectures which direct
cell attachment and morphology.24
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also been shown that topography can influence and direct cell
migration.30.31

2.3 Bioreactors

Culturing cellsupto higher cell density isone of the most important
tasks to achieve physiologically meaningful functions for tissue
engineering. In order to reach this goal, continuous nutrition and
oxygen supply and waste removal through the culture medium must
be ensured. The first generation of bioreactors for culturing cells
were designed simply to pump nutrient liquid through the
assembling tissue. The next wave of bioreactors designed for
growing blood vessels and cartilage subjected the nascent tissue to
compression, shear stresses, and even pulsative flow of the culture
medium. Such stresses profoundly improve the mechanical proper-
ties of engineered vessels, cartilage, and cardiac muscle.32 In
conventional cell culture systems it can be quite difficult to enable
sufficient circulation.33.34 However, microfluidic structures can
easily offer microscale controllable fluid circuits. Several two
dimensional microfluidic devices for cell culturing have been
presented.35> However, only a few multilayer structures have been
presented.3637 A PDMS based multi-layer microfluidic device
enabling perfusion culture of mammalian cells has been presented
in ref. 36. The multi-layer device with an oxygen chamber showed
good performance in culturing cells at high densities. Vozzi et al.
have constructed 3D scaffolds using biodegradable poly(pL-
lactide-co-glycolide) (PGLA).37 Once the membranes were fabri-
cated 3D structures were assembled by stacking layerstogether. No
biological experiments have been shown on these constructs yet.

3 Applications of cell patterning and cultivation
3.1 Basal lamina

The basal lamina performs several important functions in a variety
of tissues. In the glomerulus of the kidney, the basal lamina
separates endothelial cells from podocytes and acts as a selectively
permeable barrier to plasmamolecules. In the skin, the basal lamina
functions as a barrier that separates cells from underlying
connective tissue (dermis). Although sponges, foams, and matrices
with defined porosities are useful for the fabrication of relatively
large and highly porous three dimensional analogs of the ex-
tracellular matrix, their use is limited for the creation of a basal
lamina. A microfabricated approach has been used to produce
analogs of the basal laminawith complex topographic features.38 A
test pattern of ridges and channels (40-310 um) similar to the
invaginations found in a native basal lamina was laser machined
into the surface of polyimide master chip. Negative replicates of the
chip were produced in PDMS and these replicates were used as
templatesfor the production of thin (21 um) membranes of collagen
or gelatin. These novel microfabricated anal ogs of the basal lamina
will probably help to elucidate the influence of topography on
epithelial cell proliferation and differentiation.

3.2 Vascular tissue

One of the principal constraints on the size of tissues engineered in
vitro that do not have their own blood supply is the short distance
over which oxygen can diffuse before being consumed. Once
implanted in the patient, cellsin the engineered tissue will consume
the available oxygen within a few hours, but it will take severa
days for the growth of new blood vessels that will deliver oxygen
and nutrients to the implants. Microfluidic networks have been
designed, built and tested, and have produced highly uniform flow
patterns which mimic large-scale physiological properties such as
total flow rate, as well as small-scale phenomena such as fluid
velocity in the capillaries3® A fluid dynamic model which
approximates the behavior of blood flow in the target organ was
used asthe basis of the lithographic masks used to pattern the blood
vessel network. Polymer films were cast in master molds and were
integrated to form thick 3D scaffolds for cell seeding and
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expansion. Non-degradabl e biocompatible templates or biodegrad-
able templates based on copolymers of polylactic and polyglycolic
acid or other restorable polymer systems were used. Cell seeding
results demonstrate successful attachment and proliferation of
endothelial cellsin microfluidics channels. The ultimate goal isto
scale up the technology to afull, 3D system with the blood volume
and cell density required for a complete organ.3®

33 Liver

Hepatocytes, the cells that carry out most of the metabolic and
biosynthetic processesin liver, rapidly lose liver-specific functions
when maintained under standard in vitro cell culture conditions.40
A variety of culture methods have been developed to foster
retention of hepatocytic function including bioreactors.41-43 Still,
not all of the important functions of liver can yet be replicated at
desired levels, promoting continued development of new culture
methods. Bathia et al. utilized conventional co-cultures of primary
rat hepatocytes and murine 3T3-J2 fibroblaststo investigate therole
of increasing fibroblast density on hepatic function.42 Micro-
fabrication techniqueswere used to localize both cell populationsin
patterned configurations on rigid substrates.#2 Powers et al. have
presented abioreactor that enables both morphogenesisof 3D tissue
structures under continuous perfusion and repeated in situ observa-
tion by light microscopy.#® Three dimensional scaffolds were
created by deep reactive ion etching of silicon wafers to create an
array of channels (through-holes) with cell-adhesive walls; see Fig.
4. Scaffolds were combined with a cell-retaining filter and support
in a reactor housing designed to deliver a continuous perfusate
across the top of the array and through the 3D tissue mass in each
channel. It was demonstrated that this system enablesthe formation
of hepatocellular aggregates reminiscent of structures seen in
hepatic acini. The aggregates maintained their structure and
viability at least 2 weeks in bioreactor culture, providing a
promising platform for the studies of in vivo physiology and
pathology in an in vitro environment.43

3.4 Bone

Bone-tissue engineering aims to heal bone defects with autologous
cells and tissue without the donor site morbidity and expense
associated with harvesting autologous bone. One such strategy
involves seeding autologous osteogenic cells in vitro throughout a
scaffold to create a scaffold—cell hybrid. The main challenge in
preparing a useful tissue engineering construct is to obtain a
ubiquitous distribution of cells, and hence new tissue, throughout
the entire 3-dimensional scaffold volume. Recently a new process-
ing technique for creating biodegradable polymer scaffolds with

(b)
Fig. 4 (@) Schematic of scaffold and reactor housing.#! (b) The silicon
microfluidic chip in a polycarbonate housing [www.easternplastics.com].

geometry similar to that of trabecular bone was presented.#4 This
marks the first report of successful three-dimensional bone-tissue
engineering repair using autologous marrow cellswithout the use of
supplementary growth factors. As yet, there have been no reports
on the use of microfluidic structures in bone-tissue engineering.

3.5 Cartilage

Within the field of tissue engineering, considerable effort has been
directed towards the development of substrates which will support
articular cartilage regeneration. Maintenance of the chondrogenic
phenotype is fundamental to cell-based engineering in neocartilage
tissue. Differentiation is routinely maintained in chondrocyte
populations through the restriction of cell spreading both in
monolayers and bioreactors*546 aswell asin suspension cultures.4?
Micropatterning techniques have also used to fabricate scaffolds
specialy designed to support chondrogenesis. A micropatterned
porous polysaccharide scaffold has been shown to promote high-
density chondrocyte culture, attachment and biosynthesis.48 Cells
applied to these scaffolds were observed to maintain the chon-
drocyte phenotype as evidenced by their morphology and ability to
produce type I collagen.48

3.6 Neurons

The control of neuronal cell position and outgrowth is of
fundamental interest in the development of applications ranging
form cellular biosensors to tissue engineering. For extra cellular
signal recording from nerve cellsin vitro, the use of microelectrode
arraysiscommon. These devicesemploy glassor silicon substrates,
onto which electrode arrays made of gold, platinum or indium tin
oxide are fabricated. With such systems, simultaneous recordings
from multiple sites of electrogenic cultures have been reported.49-52
Sufficient electrical coupling between the cell and the electrode for
signal recording is achieved only when aneuron islocated directly
on the top of the electrode. In order to manipulate the growth of
neuronal cells, photolithographic techniques can be applied to
provide guiding structures (topographical or chemical) on the
device substrate.53-55 A microfluidic multicompartment neuronal
culturing device that can be used for a number of neuroscience
research applications has recently been reported upon;s3 see Fig. 5.
The ability to direct the sites of neuronal attachment and the
orientation of neurite outgrowth by micropatterning techniques,
combined with fluidically isolated compartments within the culture
area, offers significant advantages over standard open culture
methods and other conventional methods for manipulating distinct
neuronal microenvironments.>3

4 Conclusions and outlook

Building artificial organs is a challenge; it requires detailed
understanding of fundamental biology and the ability to precisely
manipulate cells. Thereal limit today for building awhole organis
the problem of ordering cells in a thick living structure. The
creation of tissues containing hierarchical cell-cell interactions
under appropriate conditions will take in vitro systems closer to
living systems. The increasingly intimate combination of engineer-
ing and biology offersthe prospect of sophisticated physiological in
vitro models of many different human tissues. So, what can
microtechnology and microfluidics do for the field of tissue
engineering? The fundamental problem is that these technologies
clearly have great potential in tissue engineering, but have not yet
shown their ultimate utility in this field. Some key issues to their
utility in tissue engineering is (1) whether they will alow one to
accomplish something that cannot be accomplished without these
techniques (this has yet to be demonstrated experimentally), (2)
how to utilize these technologies with the materials required for
tissue engineering, and (3) how to fabricate real 3D (e.g. millimetre
in thickness) structures with these technologies, as this will likely
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Fig. 5 Demonstration of neuronal culture inside the microfabricated
device and effectiveness of neuritic insult containment. (a) Phase micro-
graph of neurons extending processes to the neuritic chamber after 4 daysin
culture. (b) Epifluorescence micrography of the same region with cells
stained with calcein AM (green) and isolation of Texas red dextran (red) in
the neuritic chamber. Only live cells can take up calcein and become
fluorescently labeled. The micrograph clearly demonstrates selective
labeling of neurons that have processes extending into the neuritic side.53

be required for tissue engineering utility. Point (1) is particularly
relevant at this time since significant advances have been made in
creating complex 3D tissue structures comprising multiple cell
typess6.57 without using these techniques. In conclusion the authors
believe that microfabrication and microfluidics will be extremely
useful in tissue engineering, but the definitive proof of this
assumption is still lacking.
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