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Development and therapeutic applications of advanced

biomaterials

Jeffrey M Karp'*? and Robert Langer'

Millions of patients worldwide have benefited from
technological innovation from biomaterials. Yet, while life
expectancy continues to increase, organ failure and traumatic
injury continue to fill hospitals and diminish the quality

of life. Advances in understanding disease and tissue
regeneration combined with increased accessibility of modern
technology have created new opportunities for the use of
biomaterials in unprecedented ways. Materials can now be
rapidly created and selected to target specific cells, change
shape in response to external stimulus, and instruct tissue
regeneration. Here we describe a few of these technologies
with emphasis on targeted drug delivery vehicles, high-
throughput material synthesis, minimally invasive
biodegradable shape-memory materials, and development of
strategies to enhance tissue regeneration through delivery of
instructive materials.
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Introduction

Progress in surgical techniques, advancements in com-
puter-assisted surgery, and advanced biomaterials shape
all forms of modern medicine. Biomedical innovation is
driving more accurate and early diagnoses, less invasive
and quicker procedures, fewer hospital visits including
shorter stays, and reduced complications. With the de-
velopment of high-speed computers, establishment of
the Internet, and birth of the modern fields of proteomics,
genomics, and nanotechnology, we have entered a new
era where advanced technology and knowledge are more
accessible than ever before. Most laboratories can now

easily fabricate microdrug and nanodrug releasing
particles, develop new materials, create Biological
MicroElectrical Mechanical Systems (BioMEMS) based
on soft lithography and interface these technologies with
various cell types including adult and embryonic stem
cells. Through the convergence of multiple fields in-
cluding chemistry, materials science, biology, engineer-
ing, and medicine into a discipline broadly defined as
bioengineering or biomedical engineering, collaborative
innovations have produced targeted drug delivery nano-
particles for therapeutics and imaging [1°], the develop-
ment of materials that respond to physiologically
regulated [2°] or external stimuli [3], advanced sensing
and imaging modalities [4], high-throughput technol-
ogies for developing and discovering new materials
[5°°] or studying cell-material interactions [6°°], immo-
bilization techniques for anchoring biomolecules to
surfaces [7], and the biomedical translation of microfab-
rication and nanofabrication technologies (from the
microelectronics industry) which has been used to
simulate physiologically and pathologically relevant cel-
lular microenvironments [8°%,9]. Millions of patients
worldwide have benefited from technological innovation
from biomaterial-based products including controlled
drug delivery devices, joint replacement and dental
implants, endoluminal stents, pacemakers, artificial
hearts, contact lenses, surgical adhesives and antiadhe-
sives, vascular grafts, and contrast agents for imaging.
New uses of biomaterials continue to be discovered and
engineered, however, chronic and degenerative diseases
provide a persistent burden to mankind as the population
continues to age and as health care costs rise. Although
life expectancy continues to increase and converge for
most of the world [10], debilitating disease (e.g. cancer,
HIV, cardiovascular disease, etc.), organ failure, and
traumatic injury (i.e. from car crashes, acts of violence,
accidental tissue damage, etc.) continue to fill hospitals
and diminish the quality of life. There are many
advanced biomaterial approaches on the horizon that
are poised to transform the future of patient care. Here
we describe a few of these technologies with emphasis on
targeted drug delivery vehicles, high-throughput
material synthesis, minimally invasive biodegradable
shape-memory materials, and development of strategies
to enhance tissue regeneration through delivery of
instructive materials.

Development of targeted drug delivery
devices for cancer therapy

Treatment of cancer typically involves combinations of
drugs, surgery, and/or radiation and its success depends on
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(Left) Targeted drug delivery nanoparticles for achieving high drug doses per biorecognition event. Cytotoxicity to cancer cells is maximized through
incorporation of targeting agents that have high specificity for particular antigens on the surface of cancer cells, while minimizing nonspecific cell
interactions. Additional functionalities including spacer groups such as poly(ethylene glycol) may be used to enhance the circulating half-life after
intravenous administration. (Right) Prostate cancer cells that have internalized fluorescently labeled nanoparticles (shown in red). The cells’ nuclei and
cytoskeletons are stained blue and green, respectively (image on right courtesy of Omid Farokhzad).

the ability to destroy cancer cells with the least collateral
damage possible. More effective targeted cancer thera-
pies are clearly needed to develop ‘smart delivery
vehicles’ that will enhance survival and minimize
adverse effects. An emerging strategy which holds great
promise involves nanoparticle conjugates (Figure 1), also
referred to as ‘nanovectors’ for targeting metastatic can-
cer through the delivery of drug laden nanoparticles
conjugated to targeting moieties [11,12°%,13]. Through
utilizing various types of biomaterials, chemotherapeu-
tics can be programmed to release with specific profiles
including continuous and pulsatile release, and through
controlling the size, charge, and presentation of surface
moieties, the particles can be programmed to be inter-
nalized by the cell. Recently, nucleic acid ligands
(referred to as aptamers) that bind to target antigens
with high specificity and affinity were used as targeting
molecules to deliver chemotherapeutic containing
microparticles to tumor-antigens, present on the surface
of prostate cancer cells [11,14°°]. These bioconjugates
successfully and selectively adhered to prostate-specific
membrane antigen (PSMA)-positive prostate cancer
cells, while PSMA-negative cells were not targeted.
Using a xenograft nude mice model of ectopic human
prostate cancer, a single intratumoral injection of doc-
etaxel-nanoparticle—aptamer bioconjugate nanoparti-
cles completely eradicated the tumors in five of the
seven treated animals, and the remaining animals also
had significant tumor reduction, compared to the con-
trols. Targeted drug delivery represents one of the most
active areas of advanced biomaterials. Although systemic
targeting represents the ‘holy grail’ in cancer and other
disease targeting approaches, nonspecific uptake after
systemic administration continues to challenge those in
the field to the development of new advanced material-
based strategies. Given the complexities involved
and relative time-consuming material development
approaches currently employed, use of high-throughput
strategies is in great need to develop property—perform-
ance correlations for nanodevices [15] and new materials.

High-throughput generation of polymers for
specific medical applications

Advanced polymeric materials have become extremely
complex in chemistry, structure, and function and this
poses significant optimization challenges. Since it is often
cumbersome and nonobvious how to determine the best
possible material properties for each application, more
efficient combinatorial discovery and optimization
methods of functional materials, including characteriz-
ation methodologies, have recently been developed.
Combinatorial approaches are useful when precise
correlations between the basic design variables and the
performance outcomes are not available. Typically these
approaches involve the synthesis of polymer libraries foll-
owed by development of structure—property—performance
correlations [16] that may be aided with the use of com-
putational design and modeling tools [17]. Other viable
approaches include advanced high-throughput testing pro-
cedures of ‘random’ libraries of candidate materials using
specific outcome measures (i.e. with the hopes of getting
‘lucky’ and discovering useful materials) [18]. These
libraries have been used for a variety of applications
including discovery of polymers for nonviral gene delivery
where damaged or disease causing genes are replaced with
a normal gene, or where cells are transformed to produce
certain proteins that may be useful for tissue regeneration.
Recently, a library of >500 degradable poly(B-amino
esters) polymers created via the conjugate addition of
primary or secondary amine monomers to diacrylate mono-
mers was used to develop effective materials for nonviral
gene delivery [5°°]. Polymers can be optimized through
modification of molecular weight, polymer chain end-
group, and polymer/DNA ratio, to successfully mediate
gene transfer at levels that surpass gold standards including
poly(ethyleneimine) and lipofectamine 2000 77 vitro with
less toxicity. These polymers selfassemble with plasmid
DNA into nanometer-sized DNA/polymer complexes and
have been used to deliver DNA to tumor cells 7z vivo with
high efficiency and minimal toxicity while avoiding gene
expression in healthy tissues [5°°]. Specifically, a particular
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Transfection potential of poly(3-amino esters) in vitro presented in descending order with C32, the most effective polymer, shown on the left exhibiting
orders of magnitude greater transfection levels compared to gold standard PEI and lipofectamine 2000. Polymers were synthesized at 95 °C in the
absence of solvent (blue bars) or at 60 °C in the presence of 2 ml of dimethyl sulfoxide (red bars) (reproduced from [5°°]).

polymer named C32 was selected from the polymer library
based on its ability to transfect tumors locally at high levels,
transfect healthy muscle poorly, and its minimal toxicity.
Using this polymer, a DNA construct encoding the A chain
of diphtheria toxin (DT-A) to xenografts derived from
androgen-sensitive human prostate carcinoma cells
(LNCaP) was created that specifically suppressed tumor
growth and caused a 40% reduction in tumor size
(Figure 2). This strategy was also recently demonstrated
to potentially be useful for treatment of benign prostatic
hyperplasia [19]. Combinatorial material libraries have also
been created with photocrosslinkable degradable polymers
to obtain a wide range of material properties [20] and with
extracellular matrix proteins to specifically determine com-
binations that enhance cell function [6°°]. Given the com-
plex requirements of materials for advanced biomedical
applications, combinatorial material development and dis-
covery can have a significant impact, yet this will require
the necessary infrastructure to disseminate these
approaches to others in field. In addition to optimization
of standard material properties including degradation
times, mass loss profiles, mechanical properties, and bio-
compatibility, advanced materials may require additional
design criteria to achieve functions including imaging,
sensing, and shape-memory properties.

Development of materials for minimally
invasive surgery

Minimally invasive surgery (also known as ‘keyhole’
surgery), often supplemented with image-guided surgical
navigation technology, has become routine within nearly

all surgical disciplines. These procedures are typically
performed through a small incision, often using special-
ized surgical instruments to reduce trauma, risk of in-
fection, pain, and recovery times associated with open
surgery. With the advent of minimally invasive surgery, it
is possible to place biomaterial-based devices with laparo-
scopes including small endoluminal stents or to place
large implants through small incisions including hip
implants. Given the increasing need to develop degrad-
able materials which do not require subsequent removal,
and to increase the scope of minimally invasive pro-
cedures, new degradable shape-memory materials that
change shape on demand in response to a stimulus were
recently introduced. These materials can be programmed
to respond to temperature, light, and magnetic fields. In
addition to contact initiated changes, noncontact trigger-
ing of shape changes in polymers has been realized
through incorporating magnetic nanoparticles within
the shape-memory polymers followed by inductive heat-
ing achieved through alternating magnetic fields [21].
"T'his was realized through the use of a polyetherurethane
and a biodegradable multiblock copolymer with poly
(p-dioxanone) as hard segment and poly(epsilon-
caprolactone) as soft segment which were doped with
nanoparticles consisting of an iron(IIT)oxide core in a
silica matrix. Shape-memory materials have also been
used to create materials with the capacity for multiple
shape changes [22°°] which may be useful for first, inser-
tion into the body; second, expansion at a target site; and
third, removal at a later point in time which may be
necessary even with degradable materials (Figure 3).
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Through increasing the temperature from 20 °C (A) to 40 °C (B) an initial
shape change was induced followed by a second shape change through
increasing the temperature to 60 °C (C) (reproduced from [22°°)).

These materials have also been used to create a smart
degradable suture that can tie itself in conjunction with
minimally invasive surgical approaches [23]. Through
providing additional design parameters such as shape
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change, these advanced materials remove challenging
barriers which may ultimately increase the scope of
application of many biomaterial-based strategies in-
cluding perhaps tissue engineering constructs.

Development of advanced materials for
tissue engineering

Approximately half of the medical spending in the U.S. is
attributable to tissue loss or organ failure with about 8
million surgical procedures and 40-90 million hospital
days per year required to treat these disorders [24,25]. In
2006, about 29 000 patients received organ transplants,
while almost 100 000 patients remain on the waiting list
[26], and many will probably die without treatment. The
demand for tissue and organ replacement or regenerative
strategies following tissue damage (e.g. bone fractures,
kidney failure, and severe burns) or diseases (e.g. dia-
betes, cancer, and cardiomyopathy) is expanding. Thus,
the scientific and medical communities are working
together to develop engineered tissues or regenerative
approaches utilizing various combinations of stem cells,
biomaterials, growth factors, and gene therapy. However,
after three decades, the potential to provide tissues and
organs to millions of patients suffering from trauma, con-
genital defects, and chronic diseases has yet to be fully
realized [24,27]. Although this is partly due to uncertainly
and difficulties with clinical markets, typical results in
preclinical animal models remain highly variable with poor
rates of success in larger defects and in higher animal
species, probably because of poor survival of the trans-
planted cells [28°°,29]. Although it is not surprising that the
effectiveness of cell-based therapies rely on the retention
of cell viability after implantation [30,31], little attention
has been focused on this issue. Use of transplanted cells
offers great potential to augment tissue healing and regen-
eration, especially in elderly patients who have reduced
stem cell numbers or in those who have been subjected to
irradiation for cancer treatment.

Recently, an advanced cell-instructive tissue engineering
approach was successfully employed that utilized first,
high-density arginine, glycine, aspartic acid (RGD)-
containing cell adhesion ligands; second, an exogenous
cell source; and third, growth factors to enhance the regen-
erative capacity of the transplanted cells through promot-
ing their survival, preventing their terminal differentiation,
and promoting their outward migration (Figure 4) [32°°].
Specifically, cells were delivered on porous alginate/
calcium sulfate scaffolds that contained both hepatocyte
growth factor (HGF) and fibroblast growth factor-2
(FGF-2) which were employed to maintain the cells in
an activated, proliferating, but nondifferentiated state.
Whereas control groups had only modest effect on muscle
regeneration, a combination strategy employing controlled
release of HGF and FGF-2 in combination with scaffolds
and cells dramatically enhanced the participation of trans-
planted cells leading to significant tissue regeneration.
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Figure 4
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Photographs of muscles treated with (a) scaffolds delivering cells and
releasing HGF and FGF2, (b) scaffolds containing only HGF and FGF2,
and (c) scaffolds containing only myoblasts (dotted lines outline
positively stained tissue). Size bars are shown on the photomicrographs
(reproduced from [32°7)).

Despite the relatively small size of the scaffolds employed
here (50 mm®) and the uncertainties in translating this
strategy into larger clinically relevant defects, the work
demonstrates a proof of concept for advanced materials that
can be designed to direct tissue regeneration.

Conclusions
Advances in understanding disease and tissue regener-
ation combined with increased accessibility of modern

technology have created new opportunities for the use of
biomaterials in unprecedented ways. Materials can now be
rapidly created and selected to target specific cells, change
shape in response to external stimulus, and instruct tissue
regeneration. Despite the rapid advancement of state of
the art medically driven technologies, numerous chal-
lenges still exist for translating technology to the clinic
including long and often undefined regulatory approval
pathways, high translational costs, potential safety con-
cerns with nanomaterials, assessing appropriate risk/
benefit and cost/benefit ratios, and appropriate matching
of technology and application. The latter may be one of the
most difficult tasks faced by the biomedical engineer.
Although development of general platform technologies
can lead to major breakthroughs across multiple disci-
plines, conventional wisdom suggests rapid clinical trans-
lation requires a systematic approach that involves first
identifying and understanding a problem followed by
engineering a focused solution. As technology rapidly
advances, the bioengineer has more tools at their disposal
than ever before, yet only if they are able to select the right
tools and technologies, can society benefit.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. Bagalkot V, Farokhzad OC, Langer R, Jon S: An aptamer-

e doxorubicin physical conjugate as a novel targeted drug-
delivery platform. Angew Chem Int Ed Engl 2006, 45:8149-8152.

In this study, by exploiting the ability of anthracycline drugs to intercalate

between bases of polynucleotides, a novel physical conjugate was made

between the anticancer drug doxorubicin and an RNA aptamer that binds

to the PSMA protein on the surface of prostate cancer cells.

2. Zisch AH, Lutolf MP, Ehrbar M, Raeber GP, Rizzi SC, Davies N,

. Schmokel H, Bezuidenhout D, Djonov V, Zilla P et al.: Cell-
demanded release of VEGF from synthetic, biointeractive cell
ingrowth matrices for vascularized tissue growth.

FASEB J 2003, 17:2260-2262.

This work demonstrates a proof of concept that the release of chemically

immobilized proangiogenic factors can be controlled by cells through

secretion of enzymes that degrade specific crosslinks within engineered
matrices.

3. Stayton PS, Shimoboji T, Long C, Chilkoti A, Chen G, Harris JM,
Hoffman AS: Control of protein-ligand recognition using a
stimuli-responsive polymer. Nature 1995, 378:472-474.

4.  Xu G, Jiang J, Sottile V, McWhir J, Lebkowski J, Carpenter MK:
Immortalized fibroblast-like cells derived from human
embryonic stem cells support undifferentiated cell growth.
Stem Cells 2004, 22:972-980.

5. Anderson DG, Peng W, Akinc A, Hossain N, Kohn A, Padera R,
ee Langer R, Sawicki JA: A polymer library approach to suicide
gene therapy for cancer. Proc Nat/ Acad Sci U S A 2004,
101:16028-16033.
This work describes a high-throughput approach used to select polymers
for local treatment of cancer. The utility of this approach was demon-
strated through creation of polymer/DNA construct encoding the A chain
of diphtheria toxin (DT-A) to xenografts derived from LNCaP human
prostate cancer cells.

6. Flaim CJ, Chien S, Bhatia SN: An extracellular matrix microarray
ee for probing cellular differentiation. Nat Methods 2005, 2:119-125.
This paper describes the first use of high-throughput technology to create
extracellular matrix microarrays to control the maintenance of phenotype
or differentiation of cells.

Current Opinion in Biotechnology 2007, 18:454-459

www.sciencedirect.com



7. Fan et al.,, Fan VH, Tamama K, Au A, Littrell R, Richardson LB,
Wright JW, Wells A, Griffith LG: Tethered EGF provides a survival
advantage to mesenchymal stem cells. Stem Cells 2007,
25(5):1241-51.

8. Khademhosseini A, Langer R, Borenstein J, Vacanti JP:

ee Microscale technologies for tissue engineering and biology.
Proc Natl Acad Sci U S A 2006, 103:2480-2487.

A seminal review paper describing the use of microscale technologies

and how they can be used to reconstruct damaged or diseased tissue,

study biological mechanisms in a high-throughput manner, or regulate the

cellular microenvironment.

9. Karp JM, Yeo Y, Geng W, Cannizarro C, Yan K, Kohane DS,
Vunjak-Novakovic G, Langer RS, Radisic M: A photolithographic
method to create cellular micropatterns. Biomaterials 2006,
27:4755-4764.

10. Olshansky SJ, Passaro DJ, Hershow RC, Layden J, Carnes BA,
Brody J, Hayflick L, Butler RN, Allison DB, Ludwig DS: A potential
decline in life expectancy in the United States in the 21st
century. N Engl J Med 2005, 352:1138-1145.

11. Farokhzad OC, Jon S, Khademhosseini A, Tran TN, Lavan DA,
Langer R: Nanoparticle-aptamer bioconjugates: a new
approach for targeting prostate cancer cells. Cancer Res 2004,
64:7668-7672.

12. Ferrari M: Cancer nanotechnology: opportunities and

ee challenges. Nat Rev Cancer 2005, 5:161-171.

This review paper eloquently describes the field of targeted drug delivery
strategies for cancer therapy.

13. Farokhzad OC, Karp JM, Langer R: Nanoparticle-aptamer
bioconjugates for cancer targeting. Expert Opin Drug Deliv
2006, 3:311-324.

14. Farokhzad OC, Cheng J, Teply BA, Sherifi I, Jon S, Kantoff PW,

ee Richie JP, Langer R: Targeted nanoparticle-aptamer
bioconjugates for cancer chemotherapy in vivo. Proc Natl Acad
Sci U S A 2006, 103:6315-6320.

This paper demonstrates the utility of targeted nanoparticles containing

doxorubicin to significantly decrease tumor size within ectopic prostate

tumors in a mouse model.

15. Weissleder R, Kelly K, Sun EY, Shtatland T, Josephson L: Cell-
specific targeting of nanoparticles by multivalent attachment
of small molecules. Nat Biotechnol 2005, 23:1418-1423.

16. Tweedie CA, Anderson DG, Langer R, Van Vliet KJ: Combinatorial
material mechanics: high-throughput polymer synthesis and
nanomechanical screening. Adv Mater 2005, 17:2599-2604.

17. Kohn J: New approaches to biomaterials design. Nat Mater
2004, 3:745-747.

18. Anderson DG, Levenberg S, Langer R: Nanoliter-scale synthesis
of arrayed biomaterials and application to human embryonic
stem cells. Nat Biotechnol 2004, 22:863-866.

19. PengW, Anderson DG, Bao Y, Padera RF Jr, Langer R, Sawicki JA:
Nanoparticulate delivery of suicide DNA to murine prostate
and prostate tumors. Prostate 2007, 67(8):855-62.

Advanced Biomaterials Karp and Langer 459

20. Anderson DG, Tweedie CA, Hossain N, Navarro SM, Brey DM,
Van Vliet KJ, Langer R, Burdick JA: A combinatorial library of
photocrosslinkable and degradable materials. Adv Mater 2005,
18:2614-2618.

21. MohrR, Kratz K, Weigel T, Lucka-Gabor M, Moneke M, Lendlein A:
Initiation of shape-memory effect by inductive heating of
magnetic nanoparticles in thermoplastic polymers. Proc Nat/
Acad Sci U S A 2006, 103:3540-3545.

22. Bellin |, Kelch S, Langer R, Lendlein A: Polymeric triple-shape
ee materials. Proc Nat/ Acad Sci U S A 2006, 103:18043-18047.
This work describes the creation of the first degradable materials that can
switch between three separate morphologies by providing external sti-
muli such as a temperature change.

23. Lendlein A, Langer R: Biodegradable, elastic shape-memory
polymers for potential biomedical applications. Science 2002,
296:1673-1676.

24. Lysaght MJ, Hazlehurst AL: Tissue engineering: the end of the
beginning. Tissue Eng 2004, 10:309-320.

25. Langer R, Vacanti JP: Tissue engineering. Science 1993,
260:920-926.

26. US Organ Donor Data. United Network for Organ Sharing; 2007.

27. Mikos AG, Herring SW, Ochareon P, Elisseeff J, Lu HH, Kandel R,
Schoen FJ, Toner M, Mooney D, Atala A et al.: Engineering
complex tissues. Tissue Eng 2006, 12:3307-3339.

28. Muschler GF, Nakamoto C, Griffith LG: Engineering principles of

ee clinical cell-based tissue engineering. J Bone Joint Surg Am
2004, 86-A:1541-1558.

This review paper eloquently describes some of the greatest challenges

facing the field of tissue engineering and regenerative medicine. Special

emphasis is placed on the limited mass transfer of oxygen and nutrients

that exogenously placed cells experience post-transplantation.

29. Petite H, Viateau V, Bensaid W, Meunier A, de Pollak C,
Bourguignon M, Oudina K, Sedel L, Guillemin G: Tissue-
engineered bone regeneration. Nat Biotechnol 2000,
18:959-963.

30. Kruyt MC, de Bruijn JD, Wilson CE, Oner FC, van Blitterswijk CA,
Verbout AJ, Dhert WJ: Viable osteogenic cells are obligatory for
tissue-engineered ectopic bone formation in goats. Tissue Eng
20083, 9:327-336.

31. Wilson CE, Dhert WJ, Van Blitterswijk CA, Verbout AJ,
De Bruijn JD: Evaluating 3D bone tissue engineered constructs
with different seeding densities using the alamarBlue assay
and the effect on in vivo bone formation. J Mater Sci Mater Med
2002, 13:1265-1269.

32. Hill E, Boontheekul T, Mooney DJ: Regulating activation of

ee transplanted cells controls tissue regeneration. Proc Nat/ Acad
Sci U S A 2006, 103:2494-2499.

This paper describes a novel cell-instructive combination strategy

employing cells, scaffolds, and growth factors to enhance the participa-

tion of an exogenous cell source during wound healing.

www.sciencedirect.com

Current Opinion in Biotechnology 2007, 18:454-459



