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"user friendly" for the critical care nursing 
and medical staffs, who are under inordinate 
stress when dealing with acutely ill patients 
and when decision times are short. These are 
the challenges faced collectively by bioengi- 
neers, cell biologists, and clinicians alike as 
we look to the future of the BAL bioreactor in 
clinical medicine. 
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VTissue Engit EWPOiNT 

Tissue Engineering-Current Challenges 
and Expanding Opportunities 

Linda G. Griffithl* and Gail Naughton2 

Tissue engineering can be used to restore, maintain, or enhance tissues 
and organs. The potential impact of this field, however, is far broader-in 
the future, engineered tissues could reduce the need for organ replace- 
ment, and could greatly accelerate the development of new drugs that 

may cure patients, eliminating the need for organ transplants altogether. 

Introduction 
The field of tissue engineering exploits living 
cells in a variety of ways to restore, maintain, or 
enhance tissues and organs (1, 2). Tissue engi- 
neering conjures up visions of organs built from 
scratch in the laboratory, ready to be transplant- 
ed into desperately ill patients. The potential 
impact of this field, however, is far broader- 
in the future, engineered tissues could reduce 
the need for organ replacement, and could 
greatly accelerate the development of new 
drugs that may cure patients, eliminating the 
need for organ transplants altogether. 

To engineer living tissues in vitro, cultured 
cells are coaxed to grow on bioactive degradable 
scaffolds that provide the physical and chemical 
cues to guide their differentiation and assembly 
into three-dimensional (3D) tissues (3). The as- 
sembly of cells into tissues is a highly orches- 
trated set of events that requires time scales 
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ranging from seconds to weeks and dimensions 
ranging from 0.0001 to 10 cm. Coaxing cells to 
form tissues in a reliable manner is the quintes- 
sential engineering design problem that must be 
accomplished under the classical engineering 
constraints of reliability, cost, government reg- 
ulation, and societal acceptance. 

Even though fewer than five engineered tis- 
sues have been approved by the Food and Drug 
Administration (FDA), more than 70 companies 
are spending a total of $600 million per year to 
develop new products (2). There are still many 
technical challenges to overcome before we cre- 
ate "off-the-shelf" tissues that represent the 
translation of scientific discoveries into treat- 
ments for millions of patients. The successful 
large-scale production of engineered tissues re- 
quires an adequate source of healthy expandable 
cells, the optimization of scaffolds, and the cre- 
ation of bioreactors, which mimic the environ- 
ment of the body and that are amenable to 
scale-up. Additional challenges include the pres- 
ervation of the product so that it has a long 
shelf-life and the successful use of various ap- 
proaches to prevent tissue rejection. 

Biological Challenges: Cells and Their 
Sources 
There are three principal therapeutic strat- 
egies for treating diseased or injured tissues 
in patients: (i) implantation of freshly iso- 
lated or cultured cells; (ii) implantation of 

tissues assembled in vitro from cells and 
scaffolds; and (iii) in situ tissue regenera- 
tion. For cellular implantation, individual 
cells or small cellular aggregates from the 
patient or a donor are either injected into 
the damaged tissue directly or are com- 
bined with a degradable scaffold in vitro 
and then implanted. For tissue implanta- 
tion, a complete 3D tissue is grown in vitro 
using patient or donor cells and a scaffold, 
and then is implanted once it has reached 
"maturity." For in situ regeneration, a scaf- 
fold implanted directly into the injured tis- 
sue stimulates the body's own cells to pro- 
mote local tissue repair. 

Sources of cells for implantation include 
autologous cells from the patient, allogeneic 
cells from a human donor who is not immu- 
nologically identical to the patient, and xeno- 
geneic cells from a different species. Each 
category may be further delineated in terms 
of whether the cells are adult or embryonic 
stem cells (capable of both self renewal and 
differentiation into a variety of cell lineages), 
or a mixture of differentiated cells at different 
stages of maturation (including rare stem and 
progenitor cells). Some approaches use cell 
mixtures, whereas others rely on separation 
or enrichment of stem cells. 

Although the prospect of using xenogene- 
ic cells for tissue repair remains controversial 
because of the potential for transmitting ani- 
mal pathogens to humans, xenogeneic cells 
could perhaps temporarily support an ailing 
tissue until either a human donor organ be- 
comes available for transplant, or the tissue 
repairs itself. For example, pig liver cells 
(hepatocytes) grown in extracorporeal biore- 
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actors are being tested clinically to see 
whether they can support patients with liver 
failure until a liver transplant can be per- 
formed [see Viewpoint by Strain on page 
1005 (4)]. 

Allogeneic cells have been used successfully 
to treat skin ulcers (5), diabetes (6), and liver 
disease (7). Patients with diabetic or venous 
skin ulcers have been treated with two FDA- 
approved living skin products engineered in the 
lab. One product is composed of neonatal der 
mal fibroblasts obtained from human foreskins. 
The neonatal fibroblasts are expanded in culture 
and seeded onto a thin scaffold composed of the 
polymer polylactide coglycolide (originally de 
veloped for use in surgical sutures), which 
breaks down gradually in the presence of water 
(8). The cells on their scaffold are cultured in 
custom-designed bioreactors for several weeks 
until they form a tissue similar to the inner 
dermal layer of skin. This neo-dermis is then 
frozen for shipment to physicians. The second 
skin product has both dermal and epidermal 
layers. It is composed of dermal fibroblasts in a 
collagen solution that forms a gel when heated 
to body temperature; the gel is coated with 
several layers of human epidermal cells (kera- 
tinocytes). After transfer to the patient, this skin 
product is at least partially replaced by host skin 
cells as healing progresses. The dermal fibro- 
blasts in the skin products naturally secrete ex- 
tracellular matrix proteins and are able to re- 
spond to growth-regulatory molecules secreted 
by the host (9). These skin products can persist 
for up to 6 months after implantation. 

The success of engineered dermal implants 
for treating skin injuries and burns has not 
been as easy to replicate for organs such as 
the liver and pancreas, partly because ex- 
panding hepatocytes or pancreatic islet cells 
in culture is much more difficult than ex- 
panding dermal fibroblasts or keratinocytes. 
There is an FDA-approved autologous cell 
product for the repair of articular cartilage 
(10). A small piece of cartilage is removed 
from the healthy section of a patient's in- 
jured knee. Cartilage cells (chondrocytes) 
are isolated, expanded in culture, and are 
then implanted at the injury site. In a vari- 
ation on this approach, mesenchymal stem 
cells have been harvested from patient bone 
marrow, expanded in culture, and then in- 
duced to differentiate into cells that can 
help to repair damaged bone, cartilage, ten- 
don (see the News story by Pennisi on page 
1011), or ligament (11). Given that donor 
and patient cells are already being exploited 
therapeutically, why is there such intense 
interest in adult and embryonic stem cells? 
Stem cells hold great promise for treating 
damaged tissue where the source of cells for 
repair is extremely limited or not readily 
accessible. Embryonic stem (ES) cells are 
attractive because they can be expanded in 
ar undiffe:rertiated state in vitro and can be 

induced to form many different cell types. 
Although ES cells can be coaxed to assem- 
ble into tissues as diverse as insulin-secret- 
ing pancreatic islets (12) and blood (13), 
they have not, as yet, been able to cure an 
animal model of disease. We still need bet- 
ter markers to identify stem cells and their 
progeny, better ways to expand them in 
culture, and more research to see whether 
there is an immunological barrier to im- 
planting stem cells derived from allogeneic 
donors (14). 

Adult bone marrow stem cells can be col- 
lected from the circulation (after mobilization 
with cytokines) and used clinically to treat a 
range of blood disorders. Recent reports that 
marrow-derived stem cells can give rise to hepa- 
tocytes, cardiac muscle cells, and lung tissue 
suggest that efficient recruitment of bone mar- 
row stem cells to sites of injury or their injection 
into these sites may provide a source of cells for 
tissue repair. At least one model of animal liver 
disease has been cured by a bone marrow trans- 
plant (15). The addition of bone marrow to 
engineered bone grafts improves healing of 
bone defects; concentrating and selecting for the 
marrow stem cells that form bone improves 
healing still further (16). 

Engineering Challenges 
Blood vessels of the microcirculation. 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 (a 
few hundred micrometers at most). Once im- 
planted in the patient, cells in the engineered 
tissue will consume the available oxygen within 
a few hours, but it will take several days for the 
growth of new blood vessels (angiogenesis) that 
will deliver oxygen and nutrients to the im- 
plants. How can this problem be overcome? 
Implanting cultured cells directly into the exist- 
ing vascular beds of the patient's liver and 
spleen looks like one promising strategy. Hepa- 
tocytes injected directly into human liver show 
engraftment and sufficient biochemical activity 
to ameliorate the symptoms of liver disease, 
although this is clearly not a cure (7). Some 
diabetic patients with pancreatic islet cells im- 
planted into the liver (a very vascular organ) 
exhibited normal glucose tolerance for several 
months after the procedure (6). 

Unfortunately, cells implanted for the repair 
of bone or tendon, for example, cannot exploit 
existing vascular beds. Inducing or speeding up 
angiogenesis by engineering a scaffold to slowly 
release growth factors, such as vascular endo- 
thelial cell growth factor (VEGF) or fibroblast 
growth factor (FGF), may be the answer. For 
example, controlled release of both VEGF and 
platelet-derived growth factor (PDGF) from the 
same scaffold implanted into rats resulted in 
blood vessel induction, maturation, and stabili- 
zation (17). However, blood vessel formation 

may still be too slow and the ultimate quality 
and stability of vessels suboptimal with this 
approach. Interestingly, angiogenesis also can 
be induced using engineered skin products be- 
cause the dermal fibroblasts that they contain 
produce angiogenic growth factors (8, 18). The 
need for preformed vascular beds or rapid an- 
giogenesis could be avoided altogether by ex- 
ploiting what may be a common property of 
many stem and progenitor cells-their resis- 
tance to low-oxygen conditions (19-23). 

When small pieces of bone tissue are im- 
planted at the site of bone injury, existing mi- 
crovessels in the implant connect with blood 
vessels at the injury site. This has prompted the 
inclusion of endothelial cells (which form blood 
vessels) in cultures of the cells to be expanded, 
so that rudimentary tubelike vessels form within 
the assembling tissue (24). Even more ambi- 
tious is the goal to form fully vascularized tis- 
sues for implantation that contain blood vessels 
of sufficient size that they can be fused with the 
patient's own blood vessels during surgery. The 
complexities associated with organizing mil- 
lions of cells into 3D structures such as blood 
vessels can be simplified using computer mod- 
eling, which translates the tissue's 3D structure 
into a 2D template. Composed of a degradable 
polymer, the 2D template precisely guides cells 
to their correct positions, the engineered tissue 
finally being folded up to form the 3D structure 
(25). 

Scaffolds. Scaffolds are porous, degrad- 
able structures fabricated from either natu- 
ral materials (collagen, fibrin) or synthetic 
polymers (polyglycolide, polylactide, poly- 
lactide coglycolide). They can be sponge- 
like sheets, gels, or highly complex struc- 
tures with intricate pores and channels fab- 
ricated using new materials-processing 
technologies. Virtually all scaffolds used in 
tissue engineering are intended to degrade 
slowly after implantation in the patient and 
be replaced by new tissue. 

Many epithelial and connective tissues have 
a simple macroscopic architecture consisting of 
a number of thin layers. Bladder, intestine, and 
blood vessels are composed of a layer of smooth 
muscle sandwiched between a layer of collage- 
nous vascularized support matrix and an epithe- 
lial lining. Such structures can be built by seed- 
ing the different cell types for each layer sequen- 
tially ondegradable scaffolds made from syn- 
thetic fibers of polyglycolide or its derivatives 
that are 10 to 20 micrometers in diameter. Poly- 
glycolide, unlike polylactide, does not dissolve 
in solvents such as chloroform. Thus, 3D poly- 
glycolide scaffolds can be sculpted by dipping 
them in a solution of polylactide dissolved in 
chloroform and shaping the wet fabric on a 
mold. When the chloroform evaporates, the 
polylactide serves as a solid glue to hold the 
fabric in the desired shape (26, 27). A scaffold 

CONTINUED ON PAGE 1012 
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made in this way in the shape of a bladder and 
seeded with urinary epithelial cells and smooth 
muscle cells has been implanted into dogs. This 
artificial bladder acquired near-normal function 
(27). New methods are being developed to pro- 
cess fabrics for more demanding scaffolding 
applications. For example, using solid free-form 
fabrication techniques, complex 3D polymer 
structures have been built from a series of very 
thin 2D layers, starting with a computer model 
of the desired shape derived from an MRI (mag- 
netic resonance imaging) or computerized to- 
mography image of the patient's original tissue 
(28) (Fig. 1). 

Scaffolds can also be designed to release 
growth factors that induce cellular differentia- 
tion and tissue growth in vitro, or cell migration 
into the wound site in vivo. For example, a 
dual-release scaffold composed ofPDGF encap- 
sulated in polylactide coglycolide microspheres 
together with a powder of the same polymer 
linked to VEGF promoted angiogenesis by re- 
leasing VEGF quickly and PDGF slowly, thus 
mimicking the physiological production of these 
growth factors (26). Scaffolds containing small, 
degradable polymer beads that release nerve 
growth factor improve the viability of fetal neu- 
ral cells transplanted into rat brain (29). 

The fragile nature of proteins has motivated 
design of scaffolds that release naked plasmid 
DNA containing genes that encode growth fac- 
tors (30). When a collagen scaffold fabricated to 
release the gene for parathyroid hormone (a 
protein that regulates bone growth) was implant- 
ed at a bone injury site in the dog, new bone was 
formed according to the "dose" of the gene (30). 
Controlling the diffusion rates of genes and 
proteins from scaffolds so that they are in the 
physiological range is the next challenge. New 
bioactive materials, such as those that covalently 
incorporate growth factors and other molecules 
that regulate cell behavior, offer alternatives for 
enhancing scaffold performance. 

Biomaterials. A crucial mainstay of tissue 
engineering is the biomaterial from which scaf- 
folds are fashioned (3) [see Viewpoint by 
Hench and Polak on page 1014 (31)]. Many 
biomaterials direct the growth of cells in cul- 
ture. However, tissue regeneration in vivo in- 
volving the guided growth of nerve, bone, 
blood vessels, or comeal epithelia across criti- 
cal injury sites requires that cells receive more 
specific instructions. In vivo, the cells that re- 
pair and regenerate damaged tissues are bom- 
barded with molecular signals, both from the 
"hostile" wound site and from healthy sur- 
rounding tissues. The ideal biomaterial for a 
scaffold would selectively interact with the spe- 
cific adhesion and growth factor receptors ex- 
pressed by target cells in surrounding tissues 
required for repair of damaged tissue. The scaf- 
fold could guide migration of these target cells 
into the injury site and stimulate their growth 

Computer model 
-?~~ ~ _ of scaffold- 

(g-, ,. ~ | represents 3D 
h s5 6pr 7 3 3_ . : 9 X object in 2D layers 

Degradable scaffolds 
for bone regeneration I i 

1. Print Drop ist 

Sprad (add glue) 
powder 

Repeat cycle 

Fig. 1. The 3DP printing process is a solid free-form fabrication method that builds complex 3D objects 
from a series of 2D layers (61). First, a fine powder is spread in a thin layer on a piston. A binder or "glue" 
(green drops) is then "printed" into specific regions of the powder according to a computer program that 
has parsed the 3D object into thin 2D layers. The glue binds the particles together in precise regions, and 
the 2D layer starts to take shape. The piston is then lowered, the cycle repeated, and the next layer 
printed. This layer-by-layer process continues until the entire 3D object is fabricated, allowing the 
generation of gradients in composition, surface chemistry, and porosity. This provides 3D scaffolds that 
are suitable for growing composite tissue structures such as bone. [Illustration: Preston Morrighan] 

and differentiation, finally degrading in re- 
sponse to matrix remodeling enzymes released 
by the cells as tissue repair progresses (32). 

The discovery of adhesion domains in fi- 
bronectin and other extracellular matrix glyco- 
proteins containing the amino acid sequence 
Arg-Gly-Asp (RGD) has enabled the design of 
synthetic materials that can modulate cell adhe- 
sion (33). Yet the process is not as simple as 
identifying an adhesion peptide and incorporat- 
ing it into a biodegradable material. Cell motil- 
ity is an adhesion-dependent process required 
for cell migration, angiogenesis, and regrowth 
of severed nerve ends, among many other phys- 
iological events. An engineering model that in- 
corporates the biophysics of how cells bind to 
extracellular matrix adhesion molecules and 
how they contract predicts that increasing the 
number of adhesion contacts between cells and 
the extracellular matrix may not always be ad- 
vantageous (34). If too few adhesive ligands 
(such as RGD) are available, cells cannot get a 
strong enough grip to enable them to move, but 
if there are too many ligands, cells adhere so 
firmly that they remain stuck in place. Thus, 
intermediate adhesion is required for optimal 
cell migration (34). In vivo, bone scaffolds coat- 
ed with adhesion proteins containing the RGD 
motif promote maximal tissue ingrowth only at 
intermediate values of ligand surface density 
(35); likewise, only at an intermediate density 
do adhesion proteins on scaffolds induce neural 
progenitor cells to extend neurites, a prerequisite 
for nerve regeneration (36). Cells are also re- 

sponsive to the nanoscale spatial organization of 
RGD peptides-such peptides more effectively 
induce cell adhesion and migration when they 
are clustered rather than random (37, 38). The 
ability of fibrin scaffolds modified with the pep- 
tide ligand LlIg6, which binds to the cell sur- 
face adhesion receptor integrin v033, to promote 
angiogenesis is influenced by the supramolecu- 
lar organization of the fibrin (39). 

Design principles are emerging for modulat- 
ing the interactions of cells with growth factors. 
Apart from hematopoietic cytokines, successful 
use of growth factors for human tissue regener- 
ation has been notoriously difficult. Many 
growth factors, including the angiogenic factors 
VEGF and FGF, are bound tightly to the extra- 
cellular matrix of normal tissues. A ligand for 
the epidermal growth factor receptor (EGFR) is 
immobilized within tenascin, a large extracellu- 
lar matrix molecule (40). Presenting growth fac- 
tors as part of an extracellular matrix, rather than 
just releasing them into the liquid medium, has 
improved nerve regeneration and growth of 
smooth muscle cells during engineering of arti- 
ficial arteries (41, 42). Using gel scaffolds that 
incorporate a complete compendium of growth 
factors and their correctly presented adhesion 
sites may be the next step (32). 

Tissue architecture. The correct molecular 
and macroscopic architecture of cartilage, blood 
vessels, bone, and other tissue is essential for 
proper tissue function. Connective tissue cells 
grown on 3D scaffolds in vitro secrete biochem- 
ically appropriate extracellular matrix molecules 
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A Cells organized into tissue-like structures 

Culture 
medium 

Filter controls 
flow rate Perfusion through "tissue" 

Fig. 2. A microfabricated bioreactor for perfusing 3D liver tissue engi- 
neered in vitro (54, 55). (A) A cross section showing tissue aggregates 
growing attached to the inside walls of the narrow channels of the 
silicon-chip scaffold. Culture medium flows across the top of the scaffold 
as well as through the narrow channels, enabling tissue aggregates to 
extract oxygen and nutrients. The design of the scaffold promotes 
self-assembly of the cells into tissues. (B) A bioreactor containing a 
0.2-mm-thick silicon-chip scaffold etched with 0.3-mm-diameter chan- 

nels. (C) Hepatocytes seeded onto the scaffold of the bioreactor attach to 
the walls of the channels (four channels are shown) and reorganize to form 
3D structures that are reminiscent of liver cords. Bile canaliculi and tight 
junctions can be seen with high-power microscopy (54, 55). Live cells are 
green and dead cells are red as visualized with the calcein AM/ethidium 
homodimer stain. (D) Scanning electron micrograph showing vessel-like 
structures assembled from endothelial cells at the fluid-tissue interface in 
the bioreactor channels. [Illustration: Preston Morrighan] 

yet fail to acquire the appropriate tissue archi- 
tecture. The answer may lie in providing appro- 
priate physiological stresses during engineering 
of the tissue in vitro. The first generation of 
bioreactors for culturing cells were designed 
simply to pump nutrient liquid (culture medium) 
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 pulsatile 
flow of culture medium. Such stresses pro- 
foundly improve the mechanical properties of 
engineered vessels, cartilage, and cardiac mus- 
cle (43). In a promising result for the -500,000 
patients who need heart bypass surgery, an ar- 
tificial artery engineered in the laboratory under 
pulsatile conditions using endothelial cells seed- 
ed on a polymer scaffold developed a burst 
strength of 2000 mmHg compared with 300 
mmHg for unstressed tissues (although physio- 
logical responses to vasoactive factors were not 
completely normal) (44). A typical saphenous 
vein graft used surgically has a burst pressure of 
-1000 mmHg; normal systolic pressure exerted 
on blood vessels in vivo is about --120 mmHg. 

A critical issue for engineering 3D tissues in 
vitro is scale-up for clinical use. Hundreds or 
thousands of tissues must be grown and cryo- 
preserved under sterile conditions. This has cer- 
tainly been feasible for the allogeneic dermal 
fibroblasts that comprise the FDA-approved en- 
gineered skin products. These cells can be ex- 
panded quickly in culture without the need for 
external stresses, and are readily amenable to 
cryopreservation (45). If cells to be engineered 
into tissues for implantation must first be de- 
rived from the patient, then a separate culture 
system will be required for each patient, posing 
formidable regulatory challenges and high costs. 
Thus, there is much interest in the in situ growth 
of tissue from injected cells where mechanical 
stresses are applied naturally. Blood vessels 
with superior mechanical properties have been 
grown in situ in an animal model using a natural 

scaffold (the small-intestine submucosa stripped 
of cells but with an intact extracellular matrix) 
that recruited endothelial cells (46). However, 
translating vascular successes in animals to hu- 
mans is notoriously difficult because human and 
animal endothelia behave very differently (47). 

Tissue-Engineered Model Systems 
Tissue engineering can be applied to the 

development of drugs to treat many diseases that 
could be prevented or even cured if such drugs 
were available today. For example, the hepatitis 
C virus has infected more than 170 million 
people worldwide and is currently the leading 
cause of liver failure in the United States (48- 
50). Infecting cultured liver cells with the virus 
is extremely difficult, and the lack of small- 
animal models has hampered the development 
of drugs to combat this pathogen. Unfortunately, 
human hepatocytes quickly lose many of their 
liver-specific functions, including susceptibility 
to viral infection and ability to metabolize drugs, 
when they are cultured. Chimeric animal models 
made by implanting human hepatocytes into 
mice (51-53) may provide an alternative system 
for studying hepatitis C virus and other hepatitis 
viruses. In the future, engineered liver tissue 

Clinical Endpoints 
How are engineered tissues ultimately judged to be good enough for clinical application? 
With tissues such as kidney or bone marrow, analysis of urine or blood provides valuable 
information about the success or failure of the tissue in both human patients and animal 
models. But different methods are needed to quantitatively assess the long-term 
outcome of engineered connective tissues, such as cartilage, tendon, and blood vessels. 
The ultimate failure of these tissues (or their engineered counterparts) is defined as a 
failure to perform mechanically, resulting in pain and disability. Metrics used in current 
clinical trials of engineered cartilage, for example, are a reduction in pain, appearance of 
new tissue, and qualitative mechanical probing. Because connective tissues are relatively 
avascular, they take a long time to be remodeled and repaired, so that metrics must be 
obtained over the long term. In the absence of mechanistic models of long-term tissue 
repair, gene-expression changes obtained by microarray analysis, or imaging of 3D tissue 
structure with MRI, may be valuable alternative strategies. 

may provide a cheap in vitro system with greater 
control of variables for studying viral infection. 

We speculate that the greatest impact of 
tissue engineering in the coming decade will be 
for designing in vitro physiological models to 
study disease pathogenesis and for developing 
molecular therapeutics. For example, engi- 
neered 3D capillary beds could be used to study 
the effects of a variety of insults in a high- 
throughput manner that is reasonably physiolog- 
ical (54, 55). The creation of tissues containing 
hierarchical cell-cell interactions under appro- 
priate mechanical stresses (including perfusion 
shear as found in the microcirculation) will take 
in vitro systems even closer to living tissues (see 
Fig. 2). In Europe, human skin engineered in 
vitro (56) has replaced animals in the regulatory 
approval process for testing drugs and other 
agents for their skin corrosiveness (57, 58). 
New microfabrication and microfluidics tech- 
nologies are beginning to transform the diagnos- 
tics field, allowing multiple chemical reactions 
to take place on a small plastic chip (59, 60). 
Tissues engineered in vitro that can be easily 
manipulated have the potential to expand tissue 
engineering into areas such as cancer drug de- 
velopment. For example, a good in vitro model 
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of cancer metastasis that mimics the lodging of 
a single tumor cell in a capillary bed would 
facilitate the development of antimetastatic 
drugs. 

The increasingly intimate combination of 
engineering and biology offers the prospect 
of sophisticated physiological in vitro models 
of many different human tissues. These phys- 
iological surrogates will ultimately allow ma- 
jor advances in prevention, diagnosis, and 
molecular treatment of diseases that are cur- 
rently considered potential targets for tissue 
engineering. Ultimately, this may result in a 
greater emphasis on treating different target 
diseases, such as trauma and congenital de- 
fects, with engineered tissue. 

With a scientific foundation firmly estab- 
lished, we now need a robust infusion of 
biology-based engineering analysis and de- 
sign to move the tissue-engineering field 
from an era of phenomenological observation 
and serendipity to one of commercially viable 
products that will improve the lives of mil- 
lions of patients. 

References and Notes 
1. R. Langer, J. P. Vacanti, Science 260, 920 (1993). 
2. M. J. Lysaght, J. Reyes, Tissue Eng. 7, 485 (2001). 
3. L. G. Griffith, Acta Mater. 48, 263 (2000). 
4. A. J. Strain, J. M. Neuberger, Science 295, 1005 

(2002). 
5. R. A. Pollak, H. Edington, J. L. Jensen, R. O. Kroeker, 

G. D. Gentzkow, Wounds 9, 175 (1997). 
6. E. A. Ryan et al., Diabetes 50, 710 (2001). 
7. S. C. Strom, Sem. Liver Dis. 19, 39 (1999). 
8. J. Mansbridge, K. Liu, R. Patch, K. Symons, E. Pinney, 

Tissue Eng. 4, 403 (1998). 
9. A. Kern, K. Liu, J. Mansbridge,J. Invest. Dermatol. 117, 

112 (2001). 
10. M. Brittberg, T. Tallheden, B. Sjogren-Jansson, A. Lin- 

dahl, L. Peterson, Clin. Orthop. 391 (suppl.), S337 
(2001). 

11. M. F. Pittenger et al., Science 284, 143 (1999). 
12. N. Lumelsky et al., Science 292, 1389 (2001). 

13. D. S. Kaufman, E. T. Hanson, R. L. Lewis, R. Auerbach, 
J. A. Thomson, Proc. Natl. Acad. Sci. U.S.A. 98, 10716 
(2001). 

14. Committee of the Biological and Biomedical Applica- 
tions of Stem Cell Research; Board on Life Sciences, 
Institute of Medicine, "Stem Cells and the Future of 
Regenerative Medicine" (National Academy Press, 
Washington, DC, 2001). 

15. E. Lagasse et al., Nature Med. 6, 1229 (2000). 
16. J. E. Fleming, C. N. Cornell, G. F. Muschler, Orthop. 

Clin. N. Am. 31, 357 (2000). 
17. T. P. Richardson, M. C. Peters, A. B. Ennett, D. J. 

Mooney, Nature Biotechnol. 19, 1029 (2001). 
18. R. S. Kellar et al., Circulation 104, 2063 (2001). 
19. D. L. Hevehan, E. T. Papoutsakis, W. M. Miller, Exp. 

Hematol. 28, 267 (2000). 
20. Z. Ivanovic et al., Br. J. Haematol. 108, 424 (2000). 
21. S. J. Morrison et al., J. Neurosci. 20, 7370 (2000). 
22. A. Storch et al., Exp. Neurol. 170, 317 (2001). 
23. D. P. Lennon, J. M. Edmison, A. I. Caplan, J. Cell. 

Physiol. 187, 345 (2001). 
24. A. F. Black, F. Berthod, N. L'heureux, L. Germain, F. A. 

Auger, FASEB . 12, 1331 (1998). 
25. S. Kaihara et al., Tissue Eng. 6, 105 (2000). 
26. C. A. Vacanti, L. G. Cima, D. Rodkowski, J. Upton, in 

Tissue-Inducing Biomaterials, L. G. Cima, E. Ron, Eds. 
(Materials Research Society, Warrendale PA, 1992), 
vol. 252, pp. 323-330. 

27. F. Oberpenning, J. Meng, J. J. Yoo, A. Atala, Nature 
Biotechnol. 17, 149 (1999.). 

28. L. Griffith, B. Wu, M. J. Cima, B. Chaignaud, J. P. 
Vacanti, Ann. N.Y. Acad. Sci. 831, 382 (1997). 

29. M. J. Mahoney, W. M. Saltzman, Nature Biotechnol. 
19, 934 (2001). 

30. J. Bonadio, E. Smiley, P. Patil, S. Goldstein, Nature 
Med. 7, 753 (1999). 

31. L. L. Hench, J. M. Polak, Science 295, 1014 (2002). 
32. J. A. Hubbell, Curr. Opin. Biotechnol. 10, 123 (1999). 
33. M. D. Pierschbacher, E. Ruoslahti, J. Biol. Chem. 262, 

17294 (1987). 
34. S. P. Palecek, J. C. Loftus, M. H. Ginsberg, D. A. 

Lauffenburger, A. F. Horwitz, Nature 385, 537 (1997). 
35. K. Eid, E. Chen, L. G. Griffith, J. Glowacki, J. Biomed. 

Mater. Res. 57, 224 (2001). 
36. J. C. Schense, J. A. Hubbell, J. Biol. Chem. 275, 6813 

(2000). 
37. G. Maheshwari, G. L. Brown, D. A. Lauffenburger, A. 

Wells, L. G. Griffith, J. Cell Sci. 113, 1677 (2000). 
38. D. J. Irvine, A. M. Mayes, L. G. Griffith, Biomacromol- 

ecules 2, 84 (2001). 
39. H. Hall, T. Baechi, J. A. Hubbell, Microvasc. Res. 62, 

315 (2001). 

40. C. S. Swindle et al., . Cell Biol. 154, 459 (2001). 
41. B. K. Mann, R. H. Schmedlen, J. L. West, Biomaterials 

2, 84 (2001). 
42. A. H. Zisch, U. Schenk, J. C. Schense, S. E. Sakiyama- 

Elbert, J. A. Hubbell, J. Control. Release 72, 101 
(2001). 

43. A. J. Grodzinsky, M. E. Levenston, M. Jin, E. H. Frank, 
Annu. Rev. Biomed. Eng. 2, 691 (2000). 

44. L. E. Niklason et al., Science 284, 489 (1999). 
45. G. K. Naughton, D. Applegate, in Methods of Tissue 

Engineering, A. Atala, R. P. Lanza, Eds. (Academic 
Press, New York, 2002), pp. 1157-1175 

46. T. Huynh et al., Nature Biotechnol. 17, 1083 (1999). 
47. R. M. Nerem, D. Seliktar, Annu. Rev. Biomed. Eng. 3, 

225 (2001). 
48. D. F. Mercer et al., Nature. Med. 7, 927 (2001). 
49. C. Crabb, Science 294, 506 (2001). 
50. N. Fausto, Nature Med. 7, 890 (2001). 
51. K. Ohashi et al., Nature Med. 6, 327 (2000). 
52. M. Dandri et al., Hepatology 33, 981 (2001). 
53. M. Grompe, Hepatology 33, 1005 (2001). 
54. M. Powers et al., Tissue Eng., in press. 
55. M. J. Powers et al., Biotechnol. Bioeng., in press. 
56. L. P. Bernhofer, M. Seiberg, K. M. Martin, Toxicol. In 

Vitro 13, 219 (1999). 
57. Anonymous European Union Commission Directive 

2000/33/EC, 25 April 2000 (Official Journal of the 

European Communities), "Skin Corrosion, Rat Skin 
TER and Human Skin Model Assay" (OJ L 136, 8 June 
2000), http://embryo.ib.amwaw.edu.pl/invittox/prot/ 
l_13620000608en00010089.pdf (2000). 

58. http://iccvam.niehs.nih.gov (Interagency Coordinat- 
ing Committee on the Validation of Alternative 
Methods, 2001). 

59. B. D. DeBusschere, G. T. Kovacs, Biosens. Bioelectron. 
16, 543 (2001). 

60. M. Krishnan, V. Namasivayam, R. Lin, R. Pal, M. A. 
Burns, Curr. Opin. Biotechnol. 12, 92 (2001). 

61. E. Sachs, M. Cima, P. Williams, D. Brancazio, J. Cornie, 
J. Eng. Ind. 114, 481 (1992). 

62. Research funded by NIH (National Institute of Gen- 
eral Medical Sciences and National Institute of Envi- 
ronmental Health Sciences), Defense Advanced Re- 
search Project Agency (Tissue-based Biosensors Pro- 
gram), NSF (Engineering Research Center Program), 
the DuPont-Massachusetts Institute of Technology 
Alliance, the Whitaker Foundation, and Therics, Inc. 
We thank R. Langer, J. P. Vacanti, A. Grodzinsky, S. R. 
Tannenbaum, and D. A. Lauffenburger for helpful 
comments. 

VIEWPOINT 

Third-Generation Biomedical Materials 
Larry L. Hench* and Julia M. Polak* 

Whereas second-generation biomaterials were designed to be either 
resorbable or bioactive, the next generation of biomaterials is combining 
these two properties, with the aim of developing materials that, once 
implanted, will help the body heal itself. 

Initially, the choice of biomedical materials for 
use in the body was dependent on those already 
available off the shelf. Until an understanding of 
the immune system developed, many of the 
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materials selected proved to be either pathogen- 
ic or toxic. During the 1960s and 1970s a first 
generation of materials was developed for use 
inside the human body. The goal of all early 
biomaterials was to "achieve a suitable combi- 
nation of physical properties to match those of 
the replaced tissue with a minimal toxic re- 
sponse in the host" (1). In 1980 there were more 
than 50 implanted devices (prostheses) in 
clinical use made from 40 different materials 
(1), and some 2 to 3 million prosthetic parts 

were implanted in patients in the United 
States annually. A common feature of most of 
the materials was their biological "inertness." 
The principle underlying the bulk of bioma- 
terials development was to reduce to a mini- 
mum the immune response to the foreign 
body, and this is still valid 21 years later. Tens 
of millions of individuals have had their qual- 
ity of life enhanced for 5 to 25 years by use of 
implants made from such "inert" biomaterials. 

Second-Generation Biomaterials 
The field of biomaterials began to shift in 
emphasis from achieving exclusively a bioin- 
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