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Abstract
The application of nanotechnology in medicine, referred to as nanomedicine, is offering numerous
exciting possibilities in healthcare. Herein, we discuss two important aspects of nanomedicine—
drug delivery and tissue engineering—highlighting the advances we have recently experienced,
the challenges we are currently facing, and what we are likely to witness in the near future.
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In pharmaceutical industries, a new molecular entity (NME) that demonstrates potent
biological activity but poor water solubility, or a very short circulating half-life, will likely
face significant development challenges or be deemed undevelopable. On the other hand,
less active but pharmaceutically optimal compounds may become more suitable candidates
for development. In either case, there is always a degree of compromise and such trade-offs
may inevitably result in the production of less-ideal drugs. However, with the emerging
trends and recent advances in nanotechnology, it has become increasingly possible to
address some of the shortcomings associated with potential NMEs. By using nanoscale
delivery vehicles, the pharmacological properties (e.g. solubility and circulating half-life) of
such NMEs can be drastically improved—essentially leading to the discovery of optimally
safe and effective drug candidates. This is just one example that demonstrates the degree to
which nanotechnology may revolutionize the rules and possibilities of drug discovery and
change the landscape of pharmaceutical industries. Indeed, current nanotechnology-based
therapeutic products have been validated through the improvement of previously approved
drugs, and many novel classes of nanotherapeutics are now underway.1-3

Drug discovery is only one of the many areas in healthcare that nanotechnology is now
benefiting. The current and promising applications of nanomedicine include, but are not
limited to, drug delivery, in vitro diagnostics, in vivo imaging, therapy techniques,
biomaterials, and tissue engineering. Summarized in Box 1 are some important opportunities
that nanotechnology may afford in each research area. Some of these opportunities are
becoming realities or are actually being used today, while others are generating promise in
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their early phases of development and are expected to experience vigorous growth in the
foreseeable future. As recognition of the importance of this exciting field, it is expected that
the global market of nanoscale applications in the medical field could grow to $70 - $160
billion by 2015.4,5 In this perspective, we discuss the applications of nanomedicine with
specific focus on drug delivery and tissue engineering.

Box 1

Nanoscale Applications in Medicine

Drug delivery

Nanoscale delivery vehicles can (1) enhance the therapeutic efficacy and minimize
adversities associated with available drugs; (2) enable new classes of therapeutics; and
(3) encourage the re-investigation of pharmaceutically suboptimal but biologically active
new molecular entities that were previously considered undevelopable.

In vitro diagnostics

Nanotechnology-based sensors (e.g. nanowires, nanotubes, nanoparticles, cantilevers,
and micro-/nanoarrays) can enable fast and high throughput detection of disease
biomarkers with higher sensitivity and lower sample consumption. Nanotechnology also
offers hope for the early detection of viruses, bacteria, and circulating tumor cells, as well
as for single cell analysis.

In vivo imaging

Targeted imaging nanoprobes (e.g. magnetic nanoparticles, quantum dots, and carbon
nanotubes) could provide a faster, less invasive, and more accurate way to diagnose
diseases (e.g. cancer) at their earliest stages and monitor disease progression. Some other
possible opportunities include reporting in vivo efficacy of therapeutics, tracking
nanocarrier biodistribution in the body, and helping surgeons to locate tumors and their
margins, identify important adjacent structures, and map sentinel lymph nodes.

Therapy techniques

Certain nanomaterials have unique therapeutic properties that differ from conventional
drugs, and can, therefore, be directly used to treat diseases. For example, hafnium oxide-
and gold-based nanoparticles can greatly enhance X-ray therapy; gold nanoshells/
nanorods, carbon nanotubes, magnetic nanoparticles can induce hypothermia to kill
cancer cells; and nanocrystalline silver is being used as an antimicrobial agent.

Biomaterials

Biocompatible nanomaterials that have optimal mechanical properties can be used as
medical implants (e.g. dental restoratives and bone substitutes)†. Nanocoatings or
nanostructured surfaces can also improve the biocompatibility and adhesion of
biomaterials.

Tissue engineering

Nanotechnology can enable the design and fabrication of biocompatible scaffolds at the
nanoscale and control the spatiotemporal release of biological factors—resembling native
extracellular matrix—to direct cell behaviors, and eventually lead to the creation of
implantable tissues.

(†It can also be categorized as hard-tissue engineering.)
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Drug Delivery
Since liposomes were first described in the 1960s and proposed as carriers of proteins and
drugs for disease treatment,6 nanotechnology has made a significant impact on the
development of drug delivery systems. A variety of organic/inorganic nanomaterials and
devices have been used as delivery vehicles to develop effective therapeutic modalities
(Figure 1). So far, there are over two dozen nanotechnology-based therapeutic products
approved by Food and Drug Administration (FDA) for clinical use, and more are in clinical
trials.1-3 Of these products, the majority are composed of a non-targeted delivery system
(e.g. liposomes and polymers) and a drug, and are therefore considered first generation
nanotherapeutics.7

Compared to conventional drug delivery, the first generation nanosystems provide a number
of advantages. In particular, they can enhance the therapeutic activity by prolonging drug
half-life, improving solubility of hydrophobic drugs, reducing potential immunogenicity,
and/or releasing drugs in a sustained or stimuli-triggered fashion. Thus, the toxic side effects
of drugs can be reduced, as well as the administration frequency. In addition, nanoscale
particles can passively accumulate in specific tissues (e.g. tumors) through the enhanced
permeability and retention (EPR) effect.8 Beyond these clinically efficacious nanosystems,
nanotechnology has been utilized to enable new therapies and to develop next generation
nanosystems for “smart” drug delivery. Below are several areas, from our perspective, that
will generate medical breakthroughs in the near future, and some of them could inspire the
derivation of the next “Killer Applications”.

New therapeutics delivery
Gene therapy and RNA interference (RNAi), the two most recent and notable therapies, hold
great promise as treatment and prevention methods for various diseases.9,10 However, the
systemic administration of new therapeutics (e.g. DNA and siRNA) is affected by several
barriers such as enzymatic degradation, uptake by reticuloendothelial system, kidney
filtration, and limited intracellular entry. Cationic nonviral nanocarriers have, therefore,
been widely used to encapsulate and make these new therapeutics more efficient.
Unfortunately, a substantial number of these materials can produce severe problems
associated with toxicity, immune or inflammatory responses, and serum instability, making
them unsuitable for clinical applications. Consequently, safe and effective delivery materials
have become the bottleneck for the widespread use of gene therapy and RNAi.

Recent and exciting developments are now paving the way for the clinical application of
these new therapeutics. For example, high throughput screening platform technologies have
been described and proof-of-concept has been demonstrated by identifying cationic
polymers and lipid-like-materials suitable for systemic gene and RNAi delivery.11,12
Rational design approaches, on the other hand, are also showing great potential in creating
successful delivery materials (e.g. DLin-KC2-DMA13 and cyclodextrin-containing
polymer14). Nevertheless, it would be favorable to use previously FDA-approved materials
for new therapeutics delivery, as they have specific benefits such as safety and sustained
release. One such material being studied is poly(lactic-co-glycolic acid) (PLGA), a specific
polymer that can be applied to form nanoparticles densely loaded with siRNA for sustained
gene silencing.15 Beyond assuring the safety and efficiency of delivery materials, more
progress is needed to screen other factors, including the physicochemical properties of
nanocarriers, targeting ligands, and formulation methods—all of which can affect the
delivery of new therapeutics in vivo.
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Targeted delivery
It is widely believed that active targeting, through the modification of nanoparticles with
ligands, has the potential to enhance the therapeutic efficacy and reduce the side effects
relative to conventional therapeutics.16 The ability to actively target specific cells rather
than tissues also allows ligand-conjugated nanocarriers to outperform first generation, non-
targeted nanosystems. While the necessity of targeted delivery depends on various factors
(e.g. delivery vehicles, drugs, and diseases), a myriad of important benefits have been
demonstrated.3,16-19

In cancer therapy, the presence of targeting ligands can greatly enhance the retention and
cellular uptake of nanoparticles via receptor-mediated endocytosis—even although tumor
accumulation is largely determined by the physicochemical properties of nanoparticles.16,17
This can then lead to higher intracellular drug concentration and increase therapeutic
activity, which is particularly important for bioactive macromolecules (e.g. DNA and
siRNA) that require intracellular delivery for bioactivity.16 In the case of endothelial
targeting for cardiovascular diseases or immunological tissue targeting, nanoparticle
localization is guided by ligand-receptor interactions rather than EPR.18 Similarly, ligand-
mediated targeting is of importance for the transcytosis of nanodrugs across tight epithelial
and endothelial barriers (e.g. blood-brain barrier).19 Additionally, targeted delivery has been
applied, in some instances, to combat multidrug resistance (MDR).3 It is also envisioned
that long-circulating targeted nanoparitcles may be able to locate and fight migrating cancer
cells.

Despite three targeted nanoparticle systems now in phase I/II clinical trials,3 the clinical
translation of targeted delivery is not as smooth as we expect. One possible barrier stems
from the complexity behind manufacturing viable targeted nanoparticles. Targeted
nanoparticle fabrication usually requires multiple steps—biomaterial assembly, ligand
coupling/insertion, and purification—and could cause batch-to-batch variation and quality
concern. The recent development of single-step synthesis of targeted nanoparticles by self-
assembling pre-functionalized biomaterials provides a simple and scalable manufacturing
strategy.14,20 Another important consideration is targeting ligands. Among others, some
variables that must be considered include ligand biocompatibility, cell specificity, binding
affinity, mass production, and purity.21 For example, to achieve maximal specificity, the
ideal ligand would be able to recognize the most over-expressed receptors on target cells
relative to healthy ones. Other factors that could also affect cell targeting include ligand
surface density and arrangement, as well as spacer type and length dividing ligand
molecules and nanoparticles.22 Nevertheless, with advances in ligand engineering and
screening, and nanoparticle optimization, targeted delivery will become a mainstay in the
next generation of drug therapy.

Co-delivery
Combination therapy has shown several potential advantages (e.g. synergistic effects and
reversal of drug resistance) and may prove more effective than single drug therapy.23
However, due to the distinct pharmacokinetic profiles of individual drugs, the synergistic
drug ratio optimized in vitro will undoubtedly change after the conventional administration
of drug ‘cocktails’—an outcome that could in turn lead to insufficient therapeutic results in
vivo. To this end, lipid- and/or polymer-based nanoscale systems, previously developed for
single drug delivery, have been applied to facilitate co-delivery. For some drug
combinations, we can successfully tune the relative dosage of various drugs in single
particle levels, and simultaneously deliver them to target sites with a maintained drug ratio.
24 For other combinations, we need to develop novel delivery vehicles with desired
functionalities that enable co-encapsulation of hydrophobic and hydrophilic drugs, active
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targeting, and/or temporally controlled release.25,26 Such features are especially essential
for the co-delivery of drugs and nucleic acids, which requires intracellular delivery in order
to elicit bioactivity.27,28 For example, in the case of co-delivering chemotherapy and RNAi
therapy to treat multidrug resistant cancers, the ideal nanoparticle would be expected to first
release siRNA to reduce the expression of MDR transporters, followed by the release of
anticancer drugs.

Another exciting advancement in co-delivery is the ability to combine targeted imaging and
therapeutic agents within the same particle—allowing us to visualize sites of targeted drug
delivery and deliver therapeutics simultaneously (“theranostics”).29 This technology is
innovative in concept and holds significant promise for making large medical impacts within
the next few decades. It could provide us with critical information on intracellular targets,
ensure that therapeutic agents are efficiently reaching their target sites, and enable the
effective early detection and treatment of diseases. Current research is primarily focused on
the design of such multifunctional nanosystems and proof-of-concept tests,30-33 but more
systematic in vivo studies are needed.

Future research in this arena will also likely help us trace the absorption, distribution,
metabolism and excretion of nanoparticles in vivo. It is important that we understand the
pharmacokinetics of a given drug delivery system in order to improve upon formulations,
estimate clinical doses, and guarantee safety.34 Currently, radionuclide labeling is the only
technique that can be used to provide in situ quantitative information; but radio emitters may
be too unstable to conjugate with nanomaterials. With the help of recently developed in vivo
imaging probes like magnetic nanoparticles,7 quantum dots,35 gold nanoparticles,36 and
carbon nanotubes,37 more imaging modalities may become available to track the
distribution of nanotherapeutics in the body.

MEM/NEM devices for drug delivery
Parallel to the development of particulate delivery systems, the field of micro-/
nanoelectromechanical (MEM/NEM) device-based drug delivery has also made significant
headway over the past decade. In particular, implantable microchips containing nanosized
reservoirs have been developed to deliver drugs for long time periods in a precisely
controlled manner; microneedles are being tested in painless transdermal drug delivery; and
the incorporation of nanofeatures (e.g. nanopores, nanochannels, and nanoparticles) in
microfabricated systems are perfecting drug delivery and immunoisolation techniques.38-41
Intriguingly, these devices can be further modified to deliver new therapeutics, achieve
targeted delivery, and co-deliver multiple agents.41,42 Substantial efforts are also being put
into creating intelligent devices that could potentially sense when and how much dose is
needed and then automatically release it from reservoirs.42 To do this, one feat that must be
met is the continuous and stable monitoring of physical and biochemical conditions, in situ.
The recent development of nanotechnology-based sensors (e.g. nanowire and nanotube) may
offer new ways to address this concern, and could even facilitate device miniaturization.43

In addition to drug delivery, micro- and nanofabricated devices have shown potential in
developing nanocarriers with controlled physicochemical properties (e.g. size, shape, and
surface chemistries). By using perfluoropolyether molds, fabricated by traditional top-down
approaches, polymeric particles at the submicron scale can be replicated with variable
shapes and controllable surface chemistries.44 Compared to bulk synthesis, microfluidic
devices have also recently been used for nanoprecipitation synthesis of smaller and more
homogeneous PLGA-PEG nanoparticles.45 Nonetheless, micro- and nanotechnologies,
which can be universally used to control the biophysicochemical properties of various
nanosystems, are still in great demand.
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Beyond the aforementioned opportunities and challenges, the following are also essential for
the development of next generation drug delivery systems: (1) detailed physicochemical
characterization of nanosystems (which will require sophisticated and state-of-art
techniques); (2) restriction of undesired uptake by non-target organs (e.g. liver and spleen);
(3) improvement of stimuli-triggered or programmable drug release systems (e.g. pH,
temperature, light, enzyme, ultrasound, magnetic field, and electric current); (4) furthering
the means by which we can understand the biological principles of disease and its
microenvironment, the biological barriers that hinder drug delivery, and endosomal
trafficking pathways; and (5) identification of biological markers attributable to diseased
cells. With continual advancement in these areas, we can expect that the field of drug
delivery will benefit greatly from the emergence of finely engineered nanomaterials and
devices.

Tissue Engineering
Tissue engineering is an evolving interdisciplinary field integrating biology, engineering,
materials science, and medicine, that focuses on the development of biological substitutes to
restore, replace, maintain or enhance tissue and organ function.46 Over the past few
decades, continued progress in this specific field has lead to the creation of implantable
tissues, some of which are already used in humans (e.g. skin and cartilage) or have entered
clinical trials (e.g. bladder and blood vessels).47 Nevertheless, most tissue engineering
strategies rely on the principle that under appropriate bioreactor conditions, cells seeded or
recruited into three-dimensional (3D) biocompatible scaffolds are able to reassemble into
functional structures resembling native tissues. Early artificial scaffolds were designed to
provide cells structural integrity on a macroscopic level, but only achieved moderate
success. It is now widely accepted that to recapitulate proper tissue functionality, scaffolds
should also establish a tissue specific microenvironment to maintain and regulate cell
behavior and function.48

Within tissues, cells are surrounded by extracellular matrix (ECM) which is characterized by
a natural web of hierarchically organized nanofibers.49 This integral nanoarchitecture is
important because it provides cell support and directs cell behavior via cell-ECM
interactions. Furthermore, ECM plays a vital role in storing, releasing and activating a wide
range of biological factors, along with aiding cell-cell and cell-soluble factor interactions.50
Thus, the ability to engineer biomaterials that closely emulate the complexity and
functionality of ECM is pivotal for successful regeneration of tissues. Recent advances in
nanotechnology, however, have enabled the design and fabrication of biomimetic
microenvironment at the nanoscale, providing an analog to native ECM.48 Notably, these
technologies have been applied to create nanotopographic surfaces and nanofeatured
scaffolds, and to encapsulate and control the spatiotemporal release of drugs (e.g. growth
factors). In turn, these nanodevices offer a means to direct cellular behaviors that range from
cell adhesion to gene expression.

Cell-nanotopography interactions
Living cells are highly sensitive to local nanoscale topographic patterns within ECM.49 In
the pursuit to control cell function by underlying nanotopographic cues, engineered
substrates with different nanofeatures have become rapidly adopted (Figure 2). Top-down
lithographic techniques are now utilized to create various nanopatterns, such as gratings,
pillars, and pits, in a precisely controlled manner.51 Techniques like micelle lithography,
anodization, and electrospinning can also be used to create an array of nanospheres, vertical
nanotubes, and nanofibers.52-54 Additionally, less-ordered nanotopographies are now being
fabricated by polymer demixing, chemical etching, electrospinning, and phase separation
processes.55
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These advances in the design of nanoscale substrates have enabled investigators to explore
cell-nanotopography interactions, and have allowed for the manipulation of cell
morphology, signaling, orientation, adhesion, migration, proliferation, and differentiation. In
particular, it has been determined that nanogratings and aligned nanofibers can govern the
alignment and elongation of many different cell types;54,56-59 the differentiation of
mesenchymal stem cells can be regulated by polymer nanogratings,58 disordered nanopits,
60 or vertically aligned TiO2 nanotubes;53,61 endothelial cells cultured onanogratings can
be organized into multicellular band structures, forming aligned capillary-like tubes;56 and
cell adhesion strength and apopotosis can be controlled by the combination of cell signaling
epitopes and nanotopography.52,62 In the near future, we can expect the emergence of more
striking results from different combinations of cell type, topography geometry and scale, and
substrate material. Nonetheless, the design and fabrication of next-generation
nanotopographic substrates will be guided by a greater understanding of the mechanisms by
which cells respond to and sense nanofeatures.

Nanofabricated scaffolds
While critical insights into 2D cell-nanotopography interactions are now enabling us to
direct cell behavior, considerable efforts have been made to develop 3D artificial scaffolds
at the nanoscale for tissue engineering applications. Nanofibrous scaffolds are now under
wide investigation as they exhibit a very similar physical structure to protein nanofibers in
ECM.48 Among the three dominant nanofabrication methods, electrospinning is a very
simple and practical technique, suitable for the creation of aligned and complex 3D
structures; self-assembly technology emulates the process of ECM assembly and can thus
produce very thin nanofibers; and phase separation allows for continuous fiber network
fabrication with tunable pore structure, and the formation of sponge-like scaffolding.63
Nanocomposites based scaffolds (e.g. nano-hydroxyapatite/collagen) are, on the other hand,
very popular in hard-tissue engineering, particularly for the reconstruction of bone tissue.64
Beyond nanofibers and nanocomposites, carbon nanotubes have also attracted attention due
to their mechanical strength and electrical conductivity, and because they can be readily
incorporated into 3D architectures.65

The potential of nanofibrous and nanocomposite scaffolds for the regeneration of various
tissues (e.g. nerve, bone, cardiac/skeletal muscle, and blood vessels) is now under extensive
investigation (Figure 3). Notwithstanding the great achievements behind the fabrication of
nanoscale scaffolds, there is still plenty of room for improvement. For example, the
integration of fine nanofeatures into microfabricated 3D scaffolds could provide better
control of cell function via cell-nanotopography interactions. Microscale scaffolds with
controlled features (e.g. pore size, geometry, network interconnectivity, and mechanical
strength) have been created by a set of microfabrication technologies.66 However, in
conjunction with nanofabrication technologies, scaffolds could be further decorated with
nanotopographic patterns, such as grooves and ridges, to better match the nano-architecture
of ECM. A particular case is the E-beam and photolithography modifications recently
applied to fabricate tubular scaffold with multiple nanofeatures for vascular tissue
engineering.67 Another example that defines the benefits of nanotopographic patterning is
the addition of chemically etched, nanoscale roughness to the surface of porous PLGA
scaffolds—a method that has been shown to enhance cell adhesion and growth, as well as
the expression of matrix components.68 Moreover, several advanced techniques like multi-
photon polymerization69 and layer-by-layer assembly70 have shown that nanotopographic
cues hold the potential to exponentially improve scaffold design.
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Controlled release
Achieving localized and controlled delivery of biological factors in 3D scaffolds represents
another key for tissue regeneration and growth. For example, the controlled release of
angiogenic factors, such as vascular endothelial growth factors and basic fibroblast growth
factors, can specifically enhance vascularization essential for maintaining continuous blood
supply to developing tissues.71 The strategy of biomacromolecule encapsulation by direct
entrapment or chemical conjugation to scaffolds can provide sustained release
characteristics; however, the ability to control release kinetics with these methods is limited.
Therefore, polymeric micro-/nanoparticles, pre-loaded with growth factors, have been
incorporated into porous scaffolds and hydrogels.72 Using PLGA microspheres or
nanospheres, single or multiple biological factors can be released in a spatiotemporally
controlled manner.73,74 Furthermore, individual biological factors can be provided with
distinct release properties by tuning particle formulation and composition, a modification
that could help drive tissue growth to completion.

In addition to polymeric carriers, biological factors can be incorporated with nanofibrous
scaffolds by either modified electrospinning or self-assembly techniques.75,76 Guided by
this principle, nanofibers with core-shell structures can now be prepared by co-axial
electrospinning and internally loaded with growth factors.75 To further enhance the release
kinetics of growth factors from these particular scaffolds, adjustments can also be made to
control the thickness and porosity of the polymer shell. Despite these efforts, the application
of nanotechnology to control the release of biological factors from scaffolds is still in its
infancy if compared to the great achievements of nanoparticle-based drug delivery.72

Indeed, many nanoscale systems including lipid- and dendrimer-based nanocarriers and
inorganic nanomaterials, could also help to control the delivery of growth factors from
artificial scaffolds. Some of these nanocarriers even have the unique ability to co-
encapsulate multiple drugs and control the release of each agent in a temporal fashion (e.g.
lipid-polymer hybrid nanoparticle25), or to trigger drug release by responding to
environmental changes, such as pH, temperature, light, and mechanical stress. With
modifications like cell specific ligands or signaling molecules, targeting nanoparticles
immobilized on a scaffold's surface may be able to enhance cell adhesion and guide cell
migration. Additionally, these controlled-release nanotechnologies can be applied to deliver
other biological molecules (e.g. DNA and siRNA) to cells to regulate cell behavior; an idea
that has been confirmed following the very recent development of poly(β-amino esters)-
DNA nanoparticles used to genetically engineering stem cells for enhanced angiogenesis.77

Aside from the benefits discussed above, nanotechnology is also expected to play an
important role in creating novel tissue regeneration strategies (e.g. cell sheet engineering78),
and in surmounting other important obstacles in tissue engineering—such as the
development and characterization of new biomaterials and stem cell engineering. For
example, high throughput assays based on micro-/nanotechnologies are emerging for the
cell-based screening of biomaterials.79 Despite the ongoing challenges, we can image that
the achievement of functional, artificial tissues/organs will have extremely strong impact on
regenerative medicine, as well as other medical fields. One exciting opportunity that lies
ahead is the idea of “organ-on-a-chip”80 which, in the foreseeable future, will replace the
expensive and life-costing animal testing used for drug development and for evaluation/
optimization of nanoparticulate systems for drug delivery.

Summary
Nanotechnology is becoming the driving force behind a variety of evolutionary and
revolutionary changes in the medical field. The impact of nanotechnology on drug delivery
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has helped to improve the efficacy of available therapeutics and will likely enable the
creation of entirely new therapeutic entities. For tissue engineering, nanotechnology has also
opened the door to new approaches that could stimulate the reconstruction of complex tissue
architectures. We are optimistic about the future of nanomedicine, given the wide array of
innovative nanoscale materials and technologies that stand on the horizon. With the
clarification of nanotechnology-specific medical regulations and a continued influx of
investments and time, we believe that nanomedicine will not only improve conventional
therapies, but also bridge the shortcomings of conventional medicine to help people on both
global and individual levels.
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Figure 1.
Timeline of nanotechnology-based drug delivery. Here, we highlight some nanoscale
delivery systems that serve as important milestones throughout the history of drug delivery.
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Figure 2.
Schematic of fabricated nanotopographic features used to guide cell behaviors via cell-
nanotopography interactions.
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Figure 3.
Nanotechnology applications in engineering complex tissues. Cells seeded into
biocompatible and nanostructured scaffolds are able to reassemble into functional structures
that resemble native tissues, under the stimulation of growth factors spatiotemporally
delivered by nanoparticles. Complex tissues, like this lobule of the liver, could be
engineered with the help of devices that are equipped with nanotechnology.
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