‘

pharmaceutics

Drug Delivery Interfaces in the 21st Century: From Science Fiction
Ideas to Viable Technologies

Beata Chertok,”* Matthew J. Webber,”® Marc D. Succi,j;’”’l and Robert Langer*’T’i

TDepartment of Chemical Engineering and *Koch Institute for Integrative Cancer Research, MIT, Cambridge, Massachusetts 02139,
United States

§Department of Anesthesiology, Boston Children’s Hospital, Boston, Massachusetts 02115, United States
'Harvard Medical School, Boston, Massachusetts 02115, United States
lBrigham and Women’s Hospital, Boston, Massachusetts 02115, United States

ABSTRACT: Early science fiction envisioned the future of Early Sci-fi Vision Future Technology
drug delivery as targeted micrometer-scale submarines and s
“cyborg” body parts. Here we describe the progression of the
field toward technologies that are now beginning to capture
aspects of this early vision. Specifically, we focus on the two
most prominent types of systems in drug delivery: the
intravascular micro/nano drug carriers for delivery to the site
of pathology and drug-loaded implantable devices that facilitate
release with the predefined kinetics or in response to a specific
cue. We discuss the unmet clinical needs that inspire these designs, the physiological factors that pose difficult challenges for their
realization, and viable technologies that promise robust solutions. We also offer a perspective on where drug delivery may be in
the next 50 years based on expected advances in material engineering and in the context of future diagnostics.
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1. INTRODUCTION

A submarine struggles to maneuver through turbulent waters
while trying to evade attack in a hostile environment. This
vessel must reach its destination; mission failure assures death.
An interdisciplinary team joins forces to bring the vessel to its
target; the mission succeeds: a life is saved. What might appear
to be the synopsis of a typical war film also describes the plot of
“Fantastic Voyage”, a science fiction film from 1966. Rather
than a deep-sea battlefield, the mission for this particular vessel
occurs within the human body. A 100-m long submarine is
reduced to the size of a red blood cell and deployed within
human vasculature on a mission to deliver a cure to its target: a
diseased region of the brain (Figure 1).

Over a century ago, research had begun to link the
pharmacological effect of drugs to their concentrations at the
site of disease. In 1847, a manuscript on ether anesthesia

correlated the depth of narcosis with the content of anesthetic Figure 1. An illustration depicting the vision for drug delivery from
drugs in the brain.' Furthermore, studies conducted in the “Fantastic Voyage”, a science fiction movie describing the journey of a
1950s and 1960s alluded to a relationship between drug miniaturized submarine through circulation to its vascular target within
distribution in nontarget tissues and toxicity. The concept of a the brain. Image used with permission courtesy of David Morgan-Mar.

micrometer-scale submarine traversing the circulation to carry Copyright 1999 David Morgan-Mar.

drug to its target illustrates an elegant solution that could
ensure that pharmacologically relevant drug concentrations
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De Jong and van Gemert discussed the importance of
controlling drug concentrations over time and the challenges
in achieving such control through repeated drug adminis-
trations.>> One early “automated” device that emerged to
address this challenge was a continuous long-term injector,
invented by Rose in 1955," that used osmotic actuation for
continuous and autonomous delivery of a drug. In 1960, Clyne
and Kline, inspired by this device, conceived the concept of a
“cyborg”: a human with body parts that are machines.” In their
article titled “Cyborgs and Space” they proposed coupling
Rose’s device with sensing and controlling mechanisms to form
an organism-integrated unit. They envisioned this unit to
operate autonomously and “leave the man free to explore, to
create, to think, and to feel”.

Since the early science fiction visions of cyborg body parts
and micrometer-scale submarines, the field of drug delivery has
expanded tremendously. In 2012, over 45,000 research
manuscripts were published on topics related to drug delivery,
a publication rate of over 120 papers per day. The field, driven
by unmet clinical needs, continues to progress toward clinically
viable technological solutions. Here, we aim to describe the
progression in the field of drug delivery over the past S0 years
with a specific focus on the unmet clinical needs that inspire
science fiction ideas, the physiological challenges that introduce
technology constraints, and the engineering advances that
promise robust solutions. We also offer a perspective on where
drug delivery may be in the next S0 years, based on the
emerging technologies being developed today.

2. CLINICAL NEEDS

Though curiosity and imagination spark science fiction ideas,
clinical needs are the inspiration for researchers to develop new
therapies to combat disease. An increased understanding of the
intricate pathological processes underlying disease reveals the
inadequacy of current therapeutic strategies. This under-
standing also informs a more rational approach to develop
the next generation of drug delivery therapeutics, expand the
delivery arsenal, and bring some of the “science fiction” vision
into practice. In this section, we will highlight key clinical
nuances relevant for drug delivery using several illustrative
disease examples that demonstrate unmet clinical needs.

2.1. The “Journey” Is Just Beginning. Achieving drug
bioavailability at therapeutic concentrations within the target
tissues is a prerequisite for therapeutic efficacy. However, the
journey of a drug to the target is rife with challenges and
detours, and is constrained by dose-limiting toxicity. The
distribution of a drug into diseased target tissue and nontarget
healthy tissues, along with excretion and metabolism, are
governed by its physicochemical properties including molecular
weight, pK,, and hydrophilic/lipophilic balance. Many
pharmacologically potent compounds are unfortunately in-
soluble and have unfavorable pharmacokinetics.® One of the
most pressing clinical situations where drug performance must
be improved is cancer therapy. In the United States, each year
over 1.6 million people are diagnosed with malignant solid
tumors, accounting for over 580,000 deaths annually.7

The therapeutic efficacy of conventional chemotherapies is
limited. These compounds often undergo rapid metabolism and
renal clearance, resulting in short plasma residence time and
inadequate distribution to the target site. Additionally, a high
volume of distribution across healthy tissues increases the
likelihood of side effects resulting from nonspecific exposure.
Limited mechanistic selectivity of these agents further
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compounds these issues by narrowing their therapeutic index,
thereby preventing dose escalation and reducing efficacy.
Common chemotherapeutics such as doxorubicin, which is
used for AIDS-related Kaposi’'s sarcoma, and carmustine
(BCNU), which is used as an adjunct therapy for malignant
gliomas, illustrate these issues. Doxorubicin is effective in vitro
against the Kaposi’s sarcoma cells, but its effectiveness as an
antineoplastic in vivo is severely limited by its pharmacoki-
netics. Following intravenous administration, doxorubicin
undergoes a rapid triphasic plasma clearance, each phase with
relatively short half-lives (12 min, 3.3 h, and ~30—40 h).® This
limits the amount of drug passing through the tumor
vasculature over time, and thereby the tumor exposure to the
drug. In addition, the high volume of distribution, in excess of
20—30 L/kg, indicates a wide distribution of doxorubicin in
nontarget tissues, which, when combined with poor selectivity
for neoplastic tissue, results in dose-limiting toxicities that
include cardiotoxicity, neutropenia, and myelosuppression.”'?
Similarly, systemic administration of carmustine to treat
gliomas, the most common brain tumor in adults, has
demonstrated limited efficacy due to high toxicity, short half-
life, and poor brain tissue penetration.u’12

Complications in dosing and poor site-specific accumulation
are just some of the issues faced in treating cancer patients.
Comorbid conditions, such as impaired liver or renal function,
can further limit dose tolerance, and thus the efficacy, for
chemotherapeutics. Therefore, effective treatment entails a
balance between optimizing therapeutic effect while also
reducing dose to achieve tolerability and limit side effects
that interfere with patient compliance. Thus, in the battle with
cancer there is an urgent clinical need for more effective
therapies that can provide longer plasma residence times,
improved biodistribution, and broadened therapeutic indices.

2.2. The Dynamics of Disease. The effective treatment of
many diseases requires an understanding of specific nuances in
dynamics of the disease and the ability to address these
dynamics with the appropriate drug presentation kinetics. The
temporal profiles of plasma drug concentrations generated with
traditional drug administration schedules fail to adequately
meet the dynamic therapeutic needs, limiting the efficacy of
otherwise potent drugs. Strategies that alter the temporal
profile of drug presentation, either autonomously or in
response to physiological stimuli, can offer opportunities to
mirror physiological dynamics and improve drug efficacy by
ensuring that a drug is available only when it is needed.

Diabetes, a common disease that affects 8% of Americans,'>
illustrates the complexities of matching a therapy to disease
dynamics. In healthy individuals, an increase in blood glucose
levels from a meal triggers insulin release from pancreatic beta
cells, which signals glucose uptake by cells. The process is short
and defined: the half-life for endogenous insulin is 4—6 min,
with the liver primarily responsible for insulin clearance.'
Along with glucagon signaling, this mechanism provides
dynamic regulation of blood glucose levels. In a diabetic
state, however, this homeostatic mechanism is impaired by
inadequate insulin secretion and/or a diminished cellular
response to insulin, which can result in erratic blood glucose
levels. This has led to the common therapeutic strategy of
treating diabetic patients with regular injections of exogenous
insulin. Yet, this strategy ignores the natural fluctuations of
glucose levels in the blood, which may cause periods of hypo-
and hyperglycemia, the complications of which can be coma or
death. Additionally, in type 2 diabetes, chronic variability in
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fasting glucose levels is an independent predictor of total,
cardiovascular, and cancer mortality."® This standard of care
also relies on a predefined patient dosing schedule in
combination with manual glucose measurements in an attempt
to recreate the dynamic nature of glucose levels, but even with
perfect compliance, this approach is inadequate. To attempt to
address these issues with dynamics, exogenous insulins with
varying pharmacokinetics have been developed for use alone or
in combination. These can include combining regular insulin
(intermediate acting) with special formulations for ultrarapid-
acting insulin (Lispro: onset 0.5 min, peak 0.5—2 min, and
duration of 3—4 min), which offers the convenience of injecting
only minutes before a meal.'® Long-acting formulations, such as
Glargine and Ultralente, have a 4—6 h onset and last for 18—24
h, thus offering the ability to stabilize basal levels over a longer
time.'® However, as each patient is unique with different
nutritional requirements and dietary intake, complicated
combined regimens consisting of formulations of different
modified insulins are often necessary. There exists a need to
develop integrated, dynamic drug systems capable of stabilizing
glucose levels and adapting to changes in the immediate
environment, all while minimizing stringent patient compliance
constraints.

Other diseases, such as osteoporosis, may also benefit from
temporal modulation of drug therapy. Osteoporosis, affecting
over 200 million people worldwide, is characterized by low
bone mass and structural deterioration of the normal bony
architecture.'” Parathyroid hormone (PTH) has shown efficacy
for the treatment of osteoporosis in humans, demonstrating
improvements in vertebral bone-mineral density, reduction in
vertebral and nonvertebral bone fractures, and increase in total-
body bone density."®'? Interestingly, the anabolic effects of
PTH (human analogues marketed as Preotact and Forteo
(teriparatide)) only persist if given intermittently and at a low
dose, whereas continuous administration reduces bone
density.*® This is thought to be due to an “anabolic window”,
a period of time when PTH is able to act maximally as an
anabolic agent, prior to initiating bone resorption.”"**
Intermittent, low dose administration of PTH can leverage
this anabolic window without causing excessive resorption, thus
promoting net increases in bone mass.>* Therefore, drug dosing
kinetics and precise administration schedules are crucial to the
effective use of PTH analogues in osteoporosis. Though
treatment with the PTH analogue teriparatide has shown safety
and efficacy in reducing fractures,*® the daily subcutaneous
injections required for efficacy is a gatient—reported factor for
early discontinuation of therapy.”® Thus, there exists a
desperate need for low-dose pulsatile delivery to improve
patient compliance and ensure the appropriate kinetics for
optimal therapeutic effectiveness.

3. PHYSIOLOGICAL CONSTRAINTS

The unmet clinical needs that arise from inadequacies in
standard drug therapies inspire efforts toward biomaterial-based
“submarine” and “cyborg” drug delivery carriers. Such carriers
are expected to encapsulate drug cargo, prevent rapid
elimination and degradation, deliver the drug to the site of
pathology, and facilitate the desired release kinetics, thereby
overcoming limitations in standard drug administration.
However, success in these tasks is at odds with normal
human physiology which, through millennia of evolution, has
developed efficient defense mechanisms against pathogens and
harmful xenobiotics. These mechanisms collectively create a
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hostile environment that can be antithetical to the goals of drug
delivery. In this section, we will highlight the physiological and
pathophysiological factors that present challenges and oppor-
tunities in realizing the science fiction vision for functional drug
carriers.

3.1. Physiological Barriers on the Journey. Following
intravascular administration, a “submarine”-type drug carrier
distributes through systemic circulation, encountering a number
of obstacles that threaten its ability to complete its mission.
Mechanical forces in the blood are the first such obstacle, as
flow-induced shear stresses can deform or fragment the
material, > thereby limiting its ability to encapsulate therapeutic
cargo and altering its interaction with the physiological milieu.
Flow though narrow microvascular capillaries, such as
pulmonary capillaries, can impose up to 100% strain on
micrometer-scale drug carriers as they pass through conduits
with diameter narrower than their size.”” Some cardiovascular
patholo§ies, such as severe arterial stenosis and aortic valve
disease,”*’ can induce turbulent flow that promotes particle
collisions and agglomeration®”*" and further elevates destabiliz-
ing local shear stresses.*”

A myriad of blood components, such as plasma proteins,
lipoproteins, and cells, initiate an attack on the circulating
particle. The interaction of lipid-based carriers, such as
liposomes, with endogenous lipid-transport vesicles including
chylomicrons and high density lipoproteins, can promote
destabilizing lipid exchange and premature release of the
encapsulated material.*> The “foreign” surface of a carrier
triggers adsorption of highly abundant plasma proteins and
protein-opsonins, including albumin, immunoglobulins, and
complement activation products.** The adsorption of these
proteins can cause carrier destabilization and aggregation, serve
to flag the particle for recognition and sequestration by
phagocytic cells like macrophages, and bias its distribution to
off-target locations as a result of uptake in the liver and
spleen.*

The role played by the mononuclear phagocyte system,
which has evolved to engulf invading pathogens and dying cells,
is especially important to the design of particle carriers. The
major components of this system—circulating macrophages
and tissue-resident phagocytic cells (e.g, Kupfer cells of the
liver and fixed spleen macrophages)—efficiently phagocytose
these “foreign” particles, thereby reducing their circulation time
and creating a barrier for the vehicle to access the target tissue.
Macrophages, nevertheless, efficiently discriminate between
“foreign” and “self”, allowing long-term circulation of intact
endogenous cells. Recent studies suggest that surface
decoration with self-identifiers, such as CD47 and its analogues,
can inhibit macrophage uptake of circulating particles, a finding
which may open new avenues for engineering phagocytosis-
evading drug carriers.®

In addition to phagocytosis, a drug carrier can also be
removed from circulation by eliminating organs through
filtration or mechanical entrapment. The microvasculature in
the kidney, liver, and spleen is tailored for this purpose. In the
kidney, nanoparticles smaller than 5—6 nm in diameter can pass
through the fenestrated glomerular endothelium for excretion
in urine.*’ In the liver, nanoparticles up to 100 nm in diameter,
including endogenous particles like chylomicrons and lipo-
proteins, can extravasate and escape into the liver parenchyma
through the fenestrated sinusoid endothelium.*® The vascula-
ture of the red pulp cords in the spleen is efficient in removing
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aging stiff erythrocytes, and can also mechanically capture large
(>200 nm) and rigid drug vehicles.*>*

Although many physiological processes can prevent a drug
carrier from having a successful mission in the body, some
physiological and pathological situations could actually present
therapeutic opportunities. One such opportunity is in
leveraging the differential selectivity of the microvascular
barrier. The blood—tissue interface for most tissues that do
not specialize in elimination, including muscle, lung, fat, brain,
and connective tissue, is lined with a continuous endothelium
that creates a stringent barrier to paracellular transport. While
such permselectivity could exclude a drug vehicle from access to
target parenchyma, it also limits the off-site toxicity for carrier-
based delivery approaches compared to a free drug that can
cross this barrier. For example, in contrast to free doxorubicin, a
liposomal formulation is unable to sieve through the
endothelial wall of healthy cardiac microvasculature, alleviating
the dose-limiting cardiotoxicity that limits use of the free
drug.*"* In addition, some pathological conditions can alter
the local microvascular permselectivity, which presents an
opportunity for disease-selective drug delivery. For example, the
neovasculature in solid tumors exhibits fenestrations ranging
from 200 to 12,000 nm in size,* and this hyperpermeability in
combination with other tumor-associated fluid transport
abnormalities, such as impaired lymphatic drainage, gives rise
to the enhanced permeability and retention (EPR) phenom-
enon.** Through EPR, drug carriers that would normally be
excluded from tissue parenchyma can selectively accumulate at
the tumor site, thereby improving target drug delivery while
shielding healthy tissues from drug toxicity.

The range of the aforementioned deleterious and beneficial
interactions of drug carriers with the physiological milieu is
largely dependent on the vehicle structural (e.g., size, shape,
surface curvature, modulus) and surface (e.g, charge, hydro-
phobicity) properties.** Variation of these parameters creates a
vast design space that can be leveraged to engineer
physiologically robust drug carriers in the overarching pursuit
of more efficacious and less toxic drug therapies.

3.2. Challenges in Mirroring Physiological Dynamics.
Engineering drug presentation kinetics using implantable drug-
loaded constructs introduces new physiological challenges that
are not encountered for intravascular drug delivery. Once a
drug is released from an implant, it must traverse a number of
physiological barriers in order to access the systemic circulation
compartment or its local site of action. While devices can be
engineered to control the drug release rate, the design of
implantable strategies should be based on an understanding
that bioavailability of a drug released from an implant is
governed by its transport through physiological tissue barriers
specific to the implant site. Among the factors to consider are
the permeability of the membrane, interstitial fluid dynamics,
charge of extracellular matrix proteins, and the presence of
extracellular enzymes that could degrade the drug.

Drug delivering constructs are commonly implanted in
subcutaneous, intramuscular, and intraperitoneal sites. Once
the drug is delivered within the interstitial space at these sites, it
can reach systemic circulation via local vasculature or
lymphatics. Small drugs (<1 kDa) are preferentially absorbed
by blood capillaries as they are typically unrestricted by vascular
permeability, and the rate of filtration and reabsorption of
vascular membranes is roughly 10-fold higher than that for the
lymphatic system.*® However, larger drugs or macromolecules
are restricted by the limited permeability of the vascular

3534

endothelium, but can leverage the net fluid flux from capillaries
through the interstitium and into the draining lymphatics; thus
initial absorption of larger drugs and macromolecules by
lymphatics is the precursor to their entrance into vascular
circulation.” Due to the low fluid flow rates for lymphatic
circulation, this route results in delayed systemic bioavailability.
Electrostatic interactions with negatively charged glycosamino-
glycans or interactions with interstitial proteins can also slow
the rate of lymphatic absorption. These barriers must be
considered when developing materials for drug delivery, and, in
order for release kinetics from a material in vitro to be
predictive of systemic input kinetics in vivo, these specific
challenges at the implantation site must be overcome. In some
circumstances, such as localized chemotherapy at the site of
tumor resection or growth factor delivery to promote wound
healing, it may be desirable for the drug to be primarily active
near the site of implantation instead of becoming systemically
available. In this case, slow absorption could be leveraged in
order to achieve higher drug concentration near the site of the
implant.

Other devices have been designed to deliver drugs to tissue
sites with mucosal membrane barriers, such as intestinal, nasal,
oral, buccal, vaginal, or rectal routes. These membranes present
different obstacles, as they are formed by a monolayer of
epithelial cells held together through tight junctions and there
is no active vascular or lymphatic exchange in tissue sites. The
permeability of a mucosal membrane varies by tissue site, but
generally compounds in excess of 700 Da cannot passively
move through these membranes.** Most often, compounds
including small molecules, peptides, and antibiotics traverse the
mucosal membrane through carrier-mediated mechanisms. The
negative charge of these mucosal membranes also introduces
permselectivity based on charge, with the transport ratios for
positive molecules compared to negative in the range of 1.33 to
1.78, depending on tissue site.*’

Insulin therapy is a good example that illustrates the tissue
site-specific differences in absorption. It is known that insulin
serum levels peak at 2 min following intravenous admin-
istration, while for intraperitoneal, intramuscular, and subcuta-
neous delivery this occurs at 50, 60, and 90 min following
administration, respectively.*® Subcutaneous delivery is the
preferred route of insulin administration, but delayed
absorption via this approach results in a depot effect, meaning
that insulin remains concentrated at the injection site for
several hours following administration. This prolonged local
retention results in enzymatic degradation of approximately
20% of the insulin at the injection site, thus reducing the
amount of total dose that becomes bioavailable.®’ Therefore,
degradation at the implantation site, specifically for protein
drugs such as insulin, introduces additional dosing consid-
erations for device design.

Implanted devices that are intended to function long-term
must also contend with physiological constraints that arise at
the material—tissue interface.”> Termed the biocompatibility of
the implant, the natural foreign body response of the host
immune system to a material can be of great detriment to
proper device function. The response to implanted materials
usually begins with protein adsorption on the material surface,
while cytokine cascades resulting from injury during
implantation recruit neutrophils and macrophages to the
material. These immune cells participate in degradation of
the material through secreted enzymes and phagocytosis. This
response can promote the formation of a thick fibrotic capsule
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at the surface of the implant, which can impose additional
transport limitations to the diffusion and absorption of released
drugs or macromolecules.

4. ENGINEERED DRUG DELIVERY SOLUTIONS

A broad arsenal of materials has been engineered in order to
overcome physiological barriers and ensure that drugs reach
their specific tissue targets and are presented with appropriate
kinetics. These efforts point to a number of design criteria that
could be exploited in the development of new solutions to
address urgent clinical needs. In addition, the clinical successes
exhibited by many of these early strategies serve as both
validation and motivation for further development of material-
based approaches to improve drug therapy.

4.1. Engineering Vehicles for the Journey to the
Target. The broad design space for new materials, especially in
emerging areas of nanotechnology, has been exploited to
develop carriers for systemic administration and preferential
accumulation at the disease site.”> As discussed, the process of
traversing the circulatory system and reaching a target is rife
with challenges. A vast number of design strategies have been
developed in an attempt to navigate the physiologic terrain and
deliver a drug to its target. A particle-based approach enables
multifaceted therapies, as drugs can be combined within a
particle that is passively or actively targeted. Particles with
dimensions ranging across 3 orders of magnitude have been
used, with a lower end of 6—7 nm necessary to escape
glomerular filtration in the kidney and an upper end of 3—5 ym
restricted by the diameter of a microcapillary. The use of a
particle carrier for a drug should ideally extend its circulation
half-life and prevent off-target accumulation to maximize the
effective dose and avoid clinical side effects. Microparticles
engineered with mechanical properties and deformability
matching those of a red blood cell have demonstrated enhanced
circulation times.”’

On the nanoscale, deformability and mechanical properties
are less crucial, but it is critical that particles do not aggregate,
are able to resist protein adsorption, and avoid phagocytic
uptake. Thus, the surface chemistry of a nanoscale drug carrier
is especially important to its success, an understanding
highlighted by work in the area of cationic liposomes for
gene delivery. Though these materials proved to be extremely
efficient gene delivery vectors in vitro, they were found to
aggregate and cause embolism in the lung microvasculature
when injected intravenously, indicating a need to control the
surface chemistry to prevent aggregation.>®> Hydrophilic
chemistries, especially those with zero or net-zero charge,
have demonstrated benefits in preparing particles with a high
level of surface hydration, a scenario that is entropically
favorable to avoid protein adsorption, opsonization, and
aggregation, which are precursors to particle uptake and
removal by macrophages.”* Polyethylene glycol (PEG) is the
most frequently used of these so-called “stealth” coatings. The
chemical structure of repeat ethylene glycol monomers enables
formation of hydrogen bonds between the polymer and the
nearby water molecules in a way that resembles the normal
tetrahedral coordination between water molecules.®® This
interaction with the bulk solvent is entropically favorable and
prevents protein adsorption. Recent work has also demon-
strated the utility of cloaking a nanoparticle in self-peptide
antigens to evade uptake by the immune system.>® Nano-
particles also demonstrated benefits in passive targeting, as
particles 70—200 nm in diameter readily accumulate in tumors
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through the enhanced permeation and retention effect.®
Nanoparticle shape and design is another feature that can be
used to increase its circulation half-life and facilitate improved
accumulation at the target.”” These particles can also be
engineered to interact with target cells once they have escaped
circulation, with designs that can promote cell uptake,
disrupting the structure of the cell membrane, or escape the
endosome.*® Here we will highlight examples of nanoparticles
that begin to bring the science fiction vision of a miniature
submarine to life, and have been engineered to traverse the
difficult physiologic landscape and reach their therapeutic
target.

One of the first examples of a nanoparticle drug carrier to be
clinically implemented was DOXIL, a PEGylated liposomal
carrier of crystalline doxorubicin.*”*® DOXIL has been applied
primarily for the treatment of solid tumors. The size of the
carrier, approximately 100 nm in diameter, is appropriate for
preferential accumulation in tumors by EPR, and its
functionalization with PEG improves particle stability and
protects against aggregation, protein adsorption, and cell
uptake. This particle’s design resulted in a dramatic reduction
in clearance of over 250-fold for liposome-encapsulated
doxorubicin compared to that of the free drug,® enabling a
5—11-fold increase in drug concentration in the tumor tissue of
a Kaposi’s sarcoma (KS) in phase I trials.”* Additionally, the
sequestration of the doxorubicin within the PEGylated particle
resulted in a 60-fold reduction in the volume of distribution,®*
including reduced drug distribution in cardiac tissue, and
consequently decreased the rate of cardiovascular toxicity by
over 3-fold compared to the free drug®> When compared to
conventional treatment (ABV; doxorubicin, bleomycin, and
vincristine), the response rate for DOXIL was significantly
improved, as were the number of adverse side effects, which in
turn resulted in improved patient compliance and quality of life.
With the many demonstrated improvements over the free drug,
DOXIL has had a huge clinical impact and has become the
standard bearer for nanoparticle cancer therapeutics.

Nanoparticle therapies that are sensitive to changes in blood
flow as a result of thrombosis or embolisms have also been
developed.** Biodegradable poly(lactic-co-glycolic acid)
(PLGA, 50:50, 17 kDa) nanoparticles were engineered to
adhere together through hydrophobic interactions to form
platelet-sized clusters and then disaggregate in response to
elevated shear stress as a result of blood vessel narrowing by
thrombotic blockage. The disaggregated nanoparticles then
stick to the endothelial lining of the vessel due to their
hydrophobic character. These particles were used to deliver
plasminogen to the site of a blood clot in a mouse mesenteric
injury model. This shear-activated delivery was found to
significantly prolong survival following injury and promote clot
dissolution. Additionally this strategy minimizes dose as well as
off-target effects common for systemic anticoagulant delivery.

An emerging area in therapeutic nanotechnology involves the
development of platforms that can respond to external stimuli
in order to deliver a localized function. Gold nanoparticles have
demonstrated potential in photothermal applications, as they
undergo a plasmon resonance when irradiated, which could be
used for localized ablation of tumor tissue.**®> Magnetically
responsive nanoparticles have been engineered to carry
functional proteins into brain tumors that were subjected to
magnetic flux gradients.°® Polymeric perfluorocarbon micellar
nanoparticles and microbubbles have been used along with
ultrasound stimulation to facilitate the transport of drugs and

dx.doi.org/10.1021/mp4003283 | Mol. Pharmaceutics 2013, 10, 3531-3543



Molecular Pharmaceutics

macromolecules through vascular and cellular membranes in
tumors,””*® and the release of localized thrombolytic agents at
the site of blood clots.” In all cases, the responsiveness of these
drug carriers to external stimuli (light, ultrasound, magnetic
field, etc.) allows for site-specific control over their localization
and activity. Moreover, the visibility of these carriers to clinical
imaging modalities (e.g., CT, MRJ, and ultrasound) offers the
attractive potential of image-guided drug delivery.

4.2. Engineering Dynamic Cyborg Materials. A half-
century of research has established that implanted “cyborg”
biomaterials could be used to provide controlled, long-term
release of drugs and proteins.”’ "> Both the chemical and
material properties of these systems can be engineered to
control parameters such as degradability, cross-linking, and
swelling in order to provide fine control over the kinetics,
duration, and location of drug and protein release.”” New
“smart” biomaterials have also incorporated biological sensing,
demonstrating the ability to respond to cues in the physiologic
environment such as temperature, pH, or the presence of
enzymes or biomarkers.”*’> As such, a broad engineering
toolbox has been established over the past 5+ decades that has
enabled the creation of materials that can release drugs at a
predetermined rate or in response to a specific cue. Here, we
will highlight some promising examples of “cyborg-like”
biomaterials that couple science fiction vision with innovative
engineering to overcome physiological challenges and meet
demonstrated clinical needs.

Materials could be used to localize the release of chemo-
therapeutic agents in order to reduce the dose of a drug,
decrease systemic side effects, and increase its site-specific tissue
absorption. One important example is the use of polymeric
drug depots to localize the release of chemotherapeutics for
malignant gliomas.”® Due to the location in the brain and the
invasiveness of primary gliomas, complete resection is often not
possible. As an alternative to systemic chemotherapy,
millimeter-scale disks prepared from biodegradable polyanhy-
drides formulated with BCNU (carmustine), the GLIADEL
wafer, have been developed for localized chemotherapy release
at the site of primary tumor resection.'”””’® These wafers
degrade slowly via surface erosion, allowing them to release
encapsulated BCNU at a near-constant rate for approximately 3
weeks directly to the site of primary tumor resection. In a
multicenter phase III clinical trial with 240 patients, the
GLIADEL wafer significantly prolonged life for treated patients
by over 2 months compared to a placebo wafer, with both
groups receiving standard radiation therapy.

The controlled delivery of low-dose hormones has broad
implications in the treatment of many diseases and disorders,
including osteoporosis, infertility, and growth hormone
deficiency. Best outcomes for many of these therapies are
obtained from microgram quantities of hormones being
regularly delivered with pulsatile pharmacokinetics. A creative
and science fiction themed materials approach to address these
challenges has examined microchip-based tunable and inter-
mittent burst release of therapeutic compounds. Early
generations of these devices used a microwell array sealed by
membranes of different molecular weight PLGA polymers.”” As
PLGA degradation rate is dictated by molecular weight, the use
of polymers with four different molecular weights to seal wells
of a single device enabled four separate intermittent burst
release events of therapeutic compounds contained within the
microwells over the course of several weeks. A next-generation
approach evaluated an implantable wirelessly controlled
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microchip composed of an array of individual drug-filled
reservoirs sealed with a thin metallic membrane of either gold
or layers of titanium and platinum.*®' These seals could be
individually disintegrated by electrothermal ablation in
response to a threshold level of an applied electric current.
The electrothermal activation allowed an individual reservoir to
be opened within microseconds, resulting in controlled
pulsatile drug release. The fully assembled device included a
drug filled array, microprocessor, implantable battery, and
wireless communication components in a titanium housing
(Figure 2). This device demonstrated utility in the pulsatile
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Figure 2. An example demonstrating technological realization of
science fiction vision. The wirelessly controlled microchip, composed
of drug reservoirs side-by-side with control and communication
electronics, can be used for pulsatile drug delivery. (A) The fully
assembled implantable device containing an array of electrothermally
activated drug-filled reservoirs, and (B) the printed electronic circuit
board within the device with control and wireless communication
components. Images courtesy of Dr. Robert Farra, MicroCHIPS, Inc.

delivery of PTH (specifically the recombinant variant
teriparatide) for 20 consecutive days when implanted
subcutaneously in a clinical trial of eight osteoporotic
postmenopausal women. This type of finely controlled drug
delivery could combat issues with patient compliance and
enable therapy to be delivered with optimal kinetics. Addition-
ally, the wireless control makes possible post-implant
modifications to dosage and dosing schedule in response to
clinical indications.

Efforts to make a “synthetic pancreas” for the treatment of
diabetes highlight work in the area of physiologically responsive
drug delivery.* This concept seeks to use glucose as a trigger
for insulin release from a material depot, thus replacing or
supplementing the endocrine function of pancreatic beta cells.
Early efforts in this field lacked a glucose-responsive element,
relying on prolonged low-dose release of insulin from polymer
scaffolds. Though this basic approach was successful in
maintaining prolonged normoglycemia in a diabetic rat model
for at least 100 days,*® glucose-triggered insulin release is a
more natural strategy to address the complex challenges of
mirroring endogenous insulin dynamics in order to achieve
glycemic management in diabetic patients. To incorporate
glucose sensing in material design, one strategy has relied on
inclusion of the glucose oxidase (GOx) enzyme within the
material, which catalyzes the conversion of glucose to gluconic
acid accompanied by a concomitant drop in pH. Early strategies
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for passive release of insulin from polymer matrices were
improved by GOx incorporation, as the glucose-triggered drop
in pH increased insulin solubility and release from the
material.** This strategy could alternatively be used to prompt
a structural or conformational change in materials by inducing
swelling or degradation.*® Recently, a nanoparticle network
prepared from acid-degradable dextran encapsulating insulin
and GOx was shown to allow glucose-mediated insulin release
and demonstrated the ability to maintain normoglycemia in a
diabetic mouse model for 10 days following subcutaneous
administration.’® In spite of extensive efforts to design a
“synthetic pancreas” using the cyborglike approach of
polymeric materials, the complicated task of mirroring the
body’s natural insulin dynamics for a prolonged time remains a
considerable challenge.

5. PROSPECTS FOR A NEW AGE IN DRUG DELIVERY

Although progress has been made in translating drug delivery to
the clinic, the battle against disease remains in need of
technologies with improved sophistication. In this section, we
highlight developing technologies, and project how these
advances may shape the future of drug delivery and contribute
to increased realization of science fiction ideas in therapy.
Through examples of promising new developments, we hope to
provide a vision for the future technological implementation of
the “submarine” and the “cyborg” concepts in drug delivery
over the next 50 years.

5.1. The Miniature Submarine: The Next Generation.
The idea of shrinking a 100 m long submarine to the
micrometer scale remains as exciting today as it was in movies a
half-century ago. Unfortunately, the poor scalability of such a
process would severely limit its clinical translation. Moreover,
intersubject variability in pharmacokinetics, pharmacodynamics,
physiology, and pathology would necessitate submarine
personalization to address both the patient and disease-specific
needs. This entails a customizable approach that ensures that
the submarine is personalized for chemical properties,
morphological details, shape, and mechanical properties. Also,
the time required to build an actual 8000 ton Navy submarine
is approximately S years, and disease progression often follows
much more rapid kinetics. For example, patients diagnosed with
nonresectable brain tumors live an average of 1-—2 years
following diagnosis, an insufficient time frame to construct the
personalized submarine that may save their life. Thus, the
future of the “submarine” in drug delivery would certainly
require dramatically accelerated production technologies.

One potential approach to address production issues could
be to print tiny patient-specific submarines of predefined shape
and surface. Technologies that can generate biocompatible
micrometer and sub-micrometer particles with precise control
over shape and some control over surface topography are
already in use. One exam_;)le is a refined soft-lithography
process known as PRINT,*” which utilizes fluorinated molds
and nonwetting substrates to polymerize a liquid precursor
within the mold, producing particles with precise control over
features and sub-50 nm resolution. Micrometer and sub-
micrometer particles shaped as trapezoids, hexnuts, boomer-
angs, and arrows have been PRINT-fabricated from a range of
biocompatible materials including poly(p-lactic) acid (PLA),
poly(ethylene glycol) (PEG), and proteins.®”**

Another emerging technology that could allow 3D printin%
of free-standing “submarines” is two-photon lithography.*>”
This technology is capable of voxel-by-voxel additive
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construction of arbitrary 3D microstructures without requiring
premanufactured molds. The technique is performed using
ultrafast lasers with photosensitive laser-transparent materials.
Using the two-photon excitation mechanism, the energy
transfer from the laser to the material is spatially confined to
the vicinity of the laser focus. Thus, a photoreaction in the
material, often polymerization, can be confined to a very small
volume (voxel) using laser focusing. Therefore, it is possible to
control material properties voxel-by-voxel by moving the laser
focus in a predefined pattern throughout the volume of the
material. Yang et al. successfully pushed the limits of this
technology in fabricating a 20 um replica of Rodin’s famous
sculpture, “The Thinker”,”" a remarkable 93000-fold reduction
in size compared to the 186 cm tall original. The impressive
detail in the microreplica includes nanoscale resolution of
features such as muscles, feet, and toes.

In the future, “submarines” could also be 3D-printed using
computer-assisted design (CAD) models of patient-specific
cells, creating a personalized high-fidelity replica of cell shape
and surface morphology. This could enable techniques to
disguise the submarine in circulation, thereby protecting it from
rapid reticuloendothelial clearance. Camouflaging PLGA nano-
particles with the membranes of red blood cells (RBC) has
been reported to extend the elimination half-life of the vehicles
in mice 2.5-fold compared to state-of-the-art PEG coatings.”*
The printing process could also allow flexibility in material
selection to fine-tune the mechanical properties of the
submarine. For example, controlling deformability to match
that of a native RBC was shown to significantly extend the
circulation time of cross-linked polymeric hydrogel micro-
particles fabricated in the characteristic RBC shape of biconcave
disks.””

To develop materials that resemble patient-specific cells,
high-resolution 3D imaging modalities will be required. Several
emerging techniques demonstrate potential for high-fidelity 3D
mapping of human cells”***.® For example, the 3D structure of
a human RBC has been reconstructed using scanning
transmission electron tomography at a $S—10 nm spatial
resolution from a series of four consecutive 1 pm cell
sections.” In addition, the 3D reconstruction of an intact
mouse cell in its physiologically hydrated state has been
achieved using soft X-ray tomography.”® In the future, these
advances in imaging techniques could enable 3D scanning of a
patient’s cells following a routine diagnostic blood draw (Figure
3). The 3D models from these cells could be reconstructed and
then stored as part of a patient’s personal medical records.
Therefore, should a need arise for a personalized drug-loaded
submarine, the 3D structural model of the patient’s cells could
literally just be sent to a printer.

In the future, personalized “submarine” drug delivery could
be designed to address a wide range of clinical needs. One
exciting future area can be envisioned in the context of
advanced diagnostics and patient profiling. Rapid progress in
molecular profiling to determine disease susceptibility promises
to shift the emphasis of future clinical care from the treatment
of existing disease to preventative medicine. Significant efforts
have been made to characterize the normal human genome,
epigenome, transcriptome, proteome, and metabolome, as well
as the accompanying disease variants.”*”*® This work is
expected to allow for a predictive assessment of an individual’s
disease risk and also to help identify reliable prepathological
biomarkers of the early processes that initiate a transformation
from normal physiological functions to disease. For example, a
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Figure 3. A schematic depicting the possible fabrication process for
the next-generation “submarine” drug-delivery vehicles that mimic the
structure of patient-specific cells. (1) A blood sample collected as part
of a routine diagnostic blood draw is analyzed by a high-resolution 3D
imaging modality. (2) A 3D model of the patient’s specific cells are
reconstructed from the imaging data and stored electronically as a part
of patient’s personal medical records. (3) If needed, the 3D computer
model can be used to print high-fidelity biocompatible drug-loaded
polymer replicas of a patient’s cells that preserve cell shape,
morphology, and modulus. (4) The “submarine” particle, disguised
to resemble “self”, can be administered to treat the patient.

sudden overexpression of an oncogene known to be responsible
for a hereditary cancer could be potentially reflected by a
specific metabolite: a biomarker of an early shift toward
pathology. Databases containing this biomarker information as
well as the options for pharmacological intervention to reverse
the biomarker-mapped progression to pathology will become
readily available to clinicians.

In this context, patient-specific “submarines” could be
designed as latent preventative therapies that passively reside
in circulation for prolonged periods of time and initiate drug
release upon specific biomarker recognition. This “sleeping
beauty” paradigm, combining long-term surveillance in
circulation with on-demand activated drug delivery, could be
realized in a biomaterial format based on combination of shape-
shifting polymers, molecular switches, and biorecognition

elements. Polymeric microparticles capable of stimulus-
responsive shape reconfiguration have already been described.”
Specific patterns of shape reconfiguration could be designed to
initiate drug release and tune release kinetics to levels of the
bioanalyte. Patients at high risk for disease will be able to
periodically self-administer the latent submarines. A submarine
engineered to be a high-fidelity replica of the patient RBCs
could follow normal RBC clearance kinetics and survive in
circulation for months, thereby offering a reasonable
readministration schedule.

5.2. The Cyborg: The Next Generation. The cyborg, a
man with body parts that are machines, is a long-held vision that
has provided inspiration for the development of new
technologies that could be broadly useful in drug delivery to
address a variety of unmet clinical needs. The applications
could range from improving diabetes management with an
artificial pancreas'® to manipulating the human mind and
treating mental illnesses using voltage-sensitive and neuro-
transmitter-releasing artificial synapses.'”’ The tremendous
progress made in engineering materials for drug-delivering
implants supports the vision that soon we could develop free-
standing microdevices with precise nanoscale features and
defined 3D architecture, morphology, and mechanical proper-
ties. The first step in this direction is illustrated by the
microreplica of The Thinker.”' The next creative challenge is
outfitting this micro-Thinker with the ability to “think” (Figure
4).

The process of “thinking” entails a sequence of actions that
includes signal detection, signal processing, decision making,
and response actuation, ideally in real time. This sequence of
functions is realistically attainable using modern System-on-
Chip integrated circuits, which presently constitute the
“thinking mechanism” for a wide variety of consumer
electronics such as smart phones and digital cameras.'>'*?
Transformation of drug delivery devices into “thinking” units
could, therefore, rely on incorporation of integrated circuits: a
vision already prototyped in the remotely controlled drug-
releasing microchip by combining drug-containing reservoirs
with control and communication components.

The next generation of “thinking” microchip-based drug
delivery devices could be constructed from bioresorbable and
biocompliant electronic components. The field of biomaterials-

Figure 4. Biocompliant and bioresorbable electronics could be incorporated into microscale drug delivery devices to create future “cyborg” devices
for drug delivery, outfitting the micro-Thinker with the ability to “think”. (A) SEM images from the microscale replica of Rodin’s sculpture, “The
Thinker”, fabricated by two-photon lithography. Image courtesy of Dr. Dong-Yol Yang, KAIST. Reprinted with permission from ref 91. Copyright
2007 AIP Publishing LLC. (B) A flexible ultrathin electrode array conformally deposited onto a glass hemisphere using a bioresorbable silk fibroin
substrate. Reprinted with permission from ref 107. Copyright 2010 Macmillan Publishers Ltd.
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based electronics is rapidly expanding,'®>'°® and bioderived

and bioresorbable materials have shown promise to capture the
essential functionalities of a traditional integrated circuit in a
biomaterial format. For example, silk, a naturally occurring
biodegradable polypeptide, has been used as a substitute for
silicon substrates to fabricate an electronic sensor array.'®’
DNA was used to replace silicon dioxide as a gate dielectric in
field effect transistors."®® Chitosan, a biopolymer derived from
shrimp, was shown to function as a proton conductor in
transistors, a role traditionally performed by ceramic materi-
als.'"” Therefore, it could be envisioned that soon a fully
functional microelectronic “cyborg” unit could be fabricated
entirely from biological components.

Perhaps the biggest challenge in realizing the “cyborg” vision
lies in engineering the biotic—abiotic interface. Preserving rapid
materjal—tissue communication at the interface is a key to
achieving autonomous device function. Yet, at present device
implantation elicits a foreign body response that often includes
macrophage-mediated formation of a fibrotic capsule isolating
the device,"'®"'! an outcome antithetical to the concept of
interfacial integration. Future work to mitigate this response
could be assisted by efforts to miniaturize drug delivery
devices." Less invasive tissue incorporation of smaller devices
could minimize tissue trauma. In addition, reduction in the
implant dimensions has been shown to dramatically reduce
both the extent of macropha§e immunoreactivity and the
thickness of the fibrotic capsule. 12113 One could envision that,
in the future, large all-in-one devices would be replaced with an
ensemble of small modular components communicating to
perform a task. Each device module could be equipped with
biomaterial-based electronics to enable a predefined set of
functionalities, and the tissue—material interface would be
engineered to evade immune defenses with a combination of
small size, appropriate surface chemistry, low modulus, and
optimized architecture.

In the future, tissue-invisible communicating micromodules
could be designed to function as diagnostic sensors and drug
releasing actuators. A key challenge to developing autono-
mously functioning “cyborg” materials is to establish a module-
to-module communication that would be able to mirror the
endogenous dynamics of endocrine communication between
tissues. This design is compounded by high interindividual
variability and would require personalization. Personalized
communication could potentially be achieved by incorporating
mechanisms of machine learning, analogous to those currently
pursued in the fields of advanced neuroprosthetics, rehabil-
itation robotics, and modular neuronal assemblies.! #7116 Ag
one possible scenario, an array of sensing micromodules would
collect patient-specific physiological details such as endocrine
dynamics, biomarker-reflected tissue responsiveness, metabolic
kinetics, and even relevant behavioral traits. This information
would be wirelessly transmitted and analyzed by an external
CPU, and the generated outputs fed back to the microactuating
implant, allowing the actuator biomaterial to “learn” and
“adapt” to the patient through adjustments in the many device
variables such as shape, morphology, and surface attributes.
These adjustments would in turn serve to “interpret” inputs
from the sensors in a patient-specific manner and tailor drug
delivery to the individualized needs.

The potential value of this paradigm can be illustrated in the
context of glycemic management in diabetes. In the current
standard of glycemic management, schedules of insulin dosing
are designed based on a single parameter: blood glucose
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readings. The ability of this approach to mirror physiological
glucose dynamics is, however, limited. Recent advances in
continuous glucose monitoring have made it possible to alert a
patient to peaks or troughs in glucose levels in real time.
Nevertheless, even with continuous glucose monitoring, hypo-
and hyperglycemia episodes cannot be foreseen and prevented,
leading to potentially dangerous side effects.'’” In this context,
systems that could predict and anticipate the magnitude and
trend of change in blood glucose would be a major benefit to
diabetes patients. The human body has evolved mechanisms for
anticipating abrupt changes in glucose levels and adequately
preparing for them. For example, in a healthy individual, insulin
secretion by the pancreas begins prior to a meal and, therefore,
well ahead of the meal-reflecting glucose peak in plasma. This
secretion is mediated by a Pavlovian response to cues such as
the sight and smell of food as well as a preconditioned eating
schedule.''® Future “cyborg” biomaterial systems for glycemic
management could be designed to similarly anticipate and
prepare for glucose spikes and troughs by “learning” and
“adapting” to the patient. To realize this concept, sensor
micromodules could be placed in different locations of the
body, including the gastrointestinal tract, and engineered to
acquire over time not only the measurements of blood glucose
but also a range of other patient-specific metrics such as the
composition and the glycemic index of meals, the timing of
routine meals, levels of plasma insulin, and other relevant
plasma and GI factors. This information could be used to
characterize the patient-specific “impulse response” of blood
glucose—insulin dynamics in the context of other physiological
and dietary variables and identify early predictors for the
upcoming abrupt changes in blood glucose. These predicting
sensors would then wirelessly alert the drug-releasing actuator
of the impending rise or decline in blood glucose, allowing
sufficient time for the material to self-tune to provide the
required levels and kinetics of drug release.

6. CONCLUSIONS

Over the last half-century, ideas that had only existed in science
fiction have been transformed through extensive research into
practical strategies for sophisticated therapies. Many exciting
drug delivery technologies are now beginning to realize the
concepts of targeted miniature submarines or autonomous
cyborg implants. However, the battle against disease is far from
won, and the continued technological development of these
strategies remains an urgent priority to further improve the
efficacy and outcomes for drug therapy. Though it has long
been understood that spatiotemporal drug presentation is a
critical determinant of efficacy, achieving optimal spatiotempo-
ral presentation within the hostile physiological milieu remains
a challenge in need of new and innovative solutions. This
challenge is unlikely to be conquered without collaboration and
integration between several scientific disciplines. Fifty years ago,
“Fantastic Voyage” envisioned a miniature submarine on a
mission to deliver a therapy to a vascular target within the brain.
This mission was successful through the joint efforts of an
interdisciplinary team of scientists, engineers, and clinicians.
This interdisciplinary approach remains a crucial component
for success in the field of drug delivery today. Close
collaboration between scientists in the fields of materials,
pharmaceutics, engineering, biology, and medicine is necessary
to form a deeper appreciation for the many complicated
interfaces between drugs, materials, and the human body in
health and disease. This crucial insight will serve as the
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blueprint in order to transform science fiction therapies into
technological realities.
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