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Preclinical research in the field of nanomedicine continues to produce a steady
stream of new nanoparticles with unique capabilities and complex properties. With
improvements come promising treatments for diseases, with the ultimate goal of
clinical translation and better patient outcomes compared with current standards
of care. Here, we outline engineering considerations for nanomedicines, with
respect to design criteria, targeting, and stimuli-triggered drug release strategies.
General properties, clinical relevance, and current research advances of various
nanomedicines are discussed in light of how these will realize their potential and
shape the future of the field. © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Nanomedical engineering involves the manipula-
tion of matter in the size range of 1-1000 nm
for medical applications. With the concurrent rise of
the fields of biomedical engineering and nanotech-
nology, the intersected field of nanomedical engi-
neering has grown remarkably in the past decades.!
Nanomedicine refers more specifically to medicines
with nanoscale size, properties or features that are
administered for patient benefit. There are numerous
types of nanomedicines, but they generally can be cate-
gorized as therapeutic agents, medical imaging agents,
or carriers for drug delivery. Nanomedicines also
hold potential for disease detection and diagnosis.?
Nanomedical engineering seeks to rationally design
and develop these, often with emphasis on size, shape,
degradation, and surface properties. An understand-
ing of the biological properties of both the target tissue
and the physiological route that must be traveled by
the nanoparticles to reach that tissue is beneficial.

A large research focus of nanomedicines has
been placed on cancer treatments,® although there
have also been intensive research efforts spent on other

*Correspondence to: jflovell@buffalo.edu

IDepartment of Biomedical Engineering, University at Buffalo, State
University of New York, Buffalo, NY, USA

2Department of Chemical and Biological Engineering, University at
Buffalo, State University of New York, Buffalo, NY, USA

Conflict of interest: The authors have declared no conflicts of interest
for this article.

Volume 7, March/April 2015

health problems including cardiovascular disease* and
respiratory diseases’ among many others.® Cancer
chemotherapy drugs are somewhat unique in that
they are often intended to be toxic. Traditional
small-molecule cancer therapeutics such as doxoru-
bicin, gemcitabine, fluorouracil, cisplatin, and pacli-
taxel suffer from limited selectivity between tumor and
healthy tissues, leading to considerable side effects.
Compared with the free drugs, nanoparticulate formu-
lations frequently exert less systemic toxicity owing to
their reduced volumes of distribution, which decreases
drug access to critical organs such as the heart and
kidney. In nanoparticulate form, the drug does not
pass as easily through fenestrations in the blood vessels
of those organs. Nanoparticles can also increase the
deposition of drugs in tumors owing to the enhanced
permeability and retention (EPR) effect, which takes
advantage of leaky tumor microvasculature and a lack
of developed lymphatic draining system.” It has also
been demonstrated that nanoparticles are able to over-
come biological barriers in the case of multidrug resis-
tance, a phenomena in which small-molecule drugs
are pumped out of cancer cell membranes by protein
efflux pumps after patients have undergone multiple
rounds of chemotherapy.?

Often, nanoparticle formulations are designed
to solve simple problems. When hydrophobic drugs
cannot be dissolved in water, nanoparticulate for-
mulations are considered because the alternative is
to dissolve the drugs with surfactants or nonaque-
ous solvents for administration.” Several successful
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BOX 1

MITIGATING TOXICITY OF EXISTING
CHEMOTHERAPIES

One of the keys to the success of two well-known
nanomedicines is their ability to reduce the tox-
icity of therapeutic agents. The liposomal dox-
orubicin formulation Doxil has been successful
more for its ability to reduce the cardiotoxicity
associated with the use of free doxorubicin than
for its therapeutic effects. Cardiotoxicity is the
main dose-limiting factor of doxorubicin and
is significantly reduced by nanoparticle encap-
sulation. In this case, the nanoparticles serve
to protect certain organs from accumulation
of the chemotherapeutic agent. Abraxane, a
nanoparticulate form of paclitaxel bound to
human albumin, also demonstrates the ability of
nanoparticles to reduce toxicity. In this case, the
toxicity is not of the drug but of the excipients
used to solubilize the drug. Paclitaxel is a poorly
soluble hydrophobic drug with a propensity for
aggregation and in order for it to be adminis-
tered it needs to be solubilized with surfactants
such as Cremophor EL. However, this surfactant
can induce severe allergic reactions and limits
the dosing of the paclitaxel. The development
of Abraxane eliminates the toxicities associated
with the delivery vehicle. In both cases, the use
of nanoparticles serves to reduce adverse effects
associated with an existing therapy.

nanomedicine formulations have become clinically
relevant just by solving the problems of more straight-
forward drug formulations (Box 1). Introduction
of a nanoparticulate system adds complexity that
makes reproducible drug formulation and also safety
regulation more difficult.’” Thus, a strong advantage
compared with existing standards of care should be
apparent for new nanomedicines to hope to make it
to the clinic. This is especially the case for the more
exotic and complex types of nanomedicines that are
in preclinical evaluation.!!

NANOPARTICLE DESIGN STRATEGIES

General nanoparticle design principles are useful to
consider for nanomedicines. Nanoparticle size, shape,
surface chemistry, and composition are all key criteria
that influence nanosystem behavior in biological
contexts.!> As shown in Figure 1, these numerous
variables lead to a virtually endless combination of
potential nanoparticles that could be developed and
therefore a semirational approach is required.
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Size affects the behavior of nanoparticles in the
body (Figure 2). It has been shown that nanoparticles
smaller than 30 nm can move into systemic circula-
tion following administration into the lungs.'3 After
nanoscale materials enter circulation in the blood
stream, if they are small enough to pass through the
glomerular basement membranes within the kidney,
they will leave circulation through renal clearance into
urine. Administration of quantum dots with hydro-
dynamic diameters of less than 5.5nm resulted in
rapid and efficient renal clearance.'* Renal clearance
of nanoparticles is attractive because the introduced
nanomaterials enter and leave the body, mitigating
many long-term safety concerns. However, renal clear-
ance typically occurs too rapidly to enable enough
accumulation of the nanoparticles into target tissues
and therefore most administered nanomedicines avoid
this effect. On the other hand, if nanoparticles are
too large, they are also rapidly cleared from circu-
lation. As blood passes through interendothelial cell
slits of the spleen, nanoparticles that are over 200 nm
in diameter get trapped and are rapidly cleared from
circulation.!s This is clearly affected by the deforma-
bility of the materials, because 8-pm-sized red blood
cells pass through these slits constantly and remain in
circulation for months.

For nanoparticles to be uptaken into solid
tumors, size is also a critical factor. However, there
can be variability depending on the type of tumor and
because most studies have been restricted to animal
models, there is less certainty on the topic. Following
extravasation from blood vessels, it has been shown
that nanoparticles that are less than 60 nm in diameter
can better navigate the collagen-containing extracellu-
lar matrix and more deeply penetrate the bulk of the
tumor.'® It has also been shown that compared with
larger ones, gold nanoparticles of 20 nm diameter can
more easily diffuse out of tumors and are less likely to
be retained.!”

While the size of nanoparticles has been exam-
ined extensively, there has been somewhat less
emphasis on their shape until recently. This is because
for the most part, traditional nanoparticles used in
vivo such as liposomes, polymeric nanoparticles,
and proteins are roughly spherical in shape. The
hydrodynamic radius, which is a standard measure
of nanoparticle size, presumes this. However, several
nonspherical nanoparticles such as gold nanorods
and carbon nanotubes (CNTs) as well as other
structures with high aspect ratios are now being
investigated. For example, PEGylated filomicelles,
which are long worm-like micelles, circulated for
1 week after intravenous injection in rodents, which
is a much longer than typical spherical particles.!®
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FIGURE 1| Combinatorial criteria to be considered when designing nanoparticles. These include the class of nanoparticle size, shape, surface
charge, targeting, and activation mechanism. Each factor affects the efficiency. Class determines the basic properties of the particle. Size, shape,
surface charge, and targeting generally affect pharmacokinetics and biodistribution. Activation can provide improved distribution or bioavailability of

encapsulated drugs.
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FIGURE 2| In vivo fate of nanoparticles following systemic administration. Small nanoparticles can be cleared by the kidneys, whereas larger
nanoparticles can be cleared by the liver and spleen. Nanoparticles then extravasate into the tumor tissue owing to the large fenestrations in the
tumor vasculature. Extravasated nanoparticles deliver drugs to target cells through endocytosis or through the breakdown of the nanoparticles and

release of the drug.

They could also be used for delivery of paclitaxel to
tumors. Quasi-one-dimensional single-wall carbon
nanotubes (SWNTSs) have shown high tumor accumu-
lation, with their nanoscale shape and flexibility likely
contributing.'® Magnetic iron oxide nanoworms also
demonstrated that unique shapes and structures can
result in improved in vivo behavior.?

In general, forming nanoparticles into complex
shapes can be technically challenging. New advances
in top-down nanofabrication using particle replica-
tion in nonwetting templates have opened the door
for opportunities to explore nanoparticles with shapes
that otherwise would be difficult to create.?! Another
approach makes use of viruses from nature, which
exhibit a wonderful diversity of shapes and there
have been efforts to use viral nanoparticles both as
nanocarriers as well as templates for assembling other
nanoparticles.”> DNA nanotechnology is another
area with great potential for designing nanoparticulate
shapes of virtually any desired form using a bottom-up
self-assembly approach?? and these are now increas-
ingly being used for in wvivo experimentation.?*
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Figure 3 shows some of the exotic shapes that are pos-
sible for nanomedicine. Based on the recent progress
in developing biocompatible nanoparticles with more
complex shapes, the relationships between nanopar-
ticle shape and in vivo behaviors will be more clearly
elucidated in coming years.

Surface charge is another important factor that
should be considered when designing nanoparticles.
Because the luminal surface of vascular endothelium
is negatively charged, positively charged molecules
tend to have a higher transvascular transport effi-
ciency compared with neutral or negatively charged
molecules of similar sizes.”* This suggests that using
cationic surface charges may enhance the delivery
of nanoparticles in the blood vessels of the target
tissues. However, positively charged molecules will
bind nonspecifically to all blood vessel walls and
therefore have a faster clearance rate compared
with neutral or negatively charged molecules, which
may counterbalance delivery advantages to target
tissues.>® Furthermore, cationic lipids and polymers,
which can be easily used to confer a cationic nature
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FIGURE 3| (a
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) Filomicelles, self-assembled diblock copolymers; yellow/green indicates hydrophobic polymer center, orange/blue indicates

hydrophilic polymer (left), fluorescence imaging of a single filomicelle showing its long size. (b) Scanning electron microscopic (SEM) images of
particles produced by PRINT technology; cubic particles, hydrogel boomerangs, hydrogel toroids, and hydrogel rods. (c) Schematic of
liposome-enclosed DNA nano-octahedron (DNO). The liposomes are fused to the DNO through DNA lipid complexes that bind the liposome bilayer to
the DNO. This system uses the PEGylated liposomes to function as a viral-like capsid shell to protect the nanoparticle. (Reprinted with permission from
Ref 18. Copyright 2007 Macmillan Publishers; Ref 21. Copyright 2011 John Wiley and Sons; and Ref 24. Copyright 2014 American Chemical Society)

upon nanoparticles of interest, pose concerns with
respect to their safety.?” It has been shown that strong
positive or negative charges lead to rapid clearance
of nanoparticles, whereas a slight negative charges
lead to a lesser amount of phagocytosis.”® Recently,
zwitterionic charge coatings, which contain a mix of
both positive and negative ionic charges, have been
shown to improve nanoparticle circulation times.>%-3%

Upon administration into the blood stream,
nanoparticles immediately become coated with a pro-
tein corona during the opsonization process. The sur-
face chemistry of the nanoparticle plays a critical role
in determining the corona composition, which can
rapidly flag the nanoparticles for removal.3! Coating

nanoparticles with a protective layer of hydrophilic
polyethylene glycol (PEG) has become standard prac-
tice for modifying surface chemistry.>> PEG coatings
for nanoparticle surface modification are widely com-
mercially available, may improve the solubility of the
nanoparticles, and in many cases have been shown to
provide a degree of protection from rapid liver clear-
ance by the reticular endothelial system.>? However,
there has been some controversy about mild immuno-
genic properties of the synthetic polymer.>* Function-
ally, PEGylation does not confer circulation time to
nanoparticles anywhere close to that of many native
blood components. Alternative approaches, such as
coating nanoparticles with red blood cell membranes,
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FIGURE 4 | Red blood cell (RBC)-membrane-coated polymeric nanoparticles. RBC membranes are isolated from the intracellular contents. The
isolated RBC membranes are then fused to the polymeric nanoparticles with the aim of creating particles with increased circulation time. (Reprinted
with permission from Ref 35. Copyright 2008 National Academy of Sciences)
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have been proposed.?® Figure 4 shows an illustrative
schematic diagram of such a process.

For drug nanocarriers, an additional consid-
eration is that drugs must be made bioavailable in
the target tissues. If the drug is immediately released
from the nanocarrier following administration, the
nanocarrier serves only as a solubilizing vehicle, which
in some cases is sufficient. If the drug is released too
slowly from the nanocarrier it may not be able to
reach its molecular targets to exert any effect. Thus, an
appropriate and defined release mechanism is desired.
Biocompatible polymeric nanoparticles have been
extensively developed for that purpose and can tune
the release rate of drugs from the carrier with exquisite
control.3® Other triggered release mechanisms can
be achieved through designing nanoparticles that are
responsive to certain environmental conditions such
as pH, or through external stimuli such as heat.

The perfect nanoparticle would be able to
target diseased locations without accumulating in
healthy tissue. In practice, nanomedicines are far
from this ideal. Similar to free drugs, nanoparticles
that are developed to deliver drugs will induce side
effects owing to drug accumulation in healthy organs.
Removal of the particles from the blood owing to
opsonization and uptake by the reticuloendothelial
system (RES) is a major barrier.’” Additionally, the
serum proteins that adsorb to nanoparticles when they
are introduced in the body may significantly interfere
with targeting or triggered release approaches.

Another challenge is bioavailability. That is in
this case having the drug in a form that can be toxic to
the target cells. While nanoparticles can accumulate
with large drug doses in some tumors, the drug often
remains within the nanoparticles in the extracellular
space outside of the cells. This is a challenge that
may be overcome by a triggering mechanism that can
release the drug from the nanoparticle at the target
site or by engineering the nanoparticles to be more
efficiently uptaken by cells. It is these barriers that
many researchers aim to overcome when designing
nanoparticles.

TARGETING MECHANISMS

Passive tumor targeting based on the EPR effect takes
advantage of the abnormal vasculature and lack of
lymphatic system in tumor tissue. Vessels in tumors
are irregularly shaped and leaky owing to the rapid
growth of tumors, resulting in abnormal blood sup-
ply. In tumor vasculature, the size of the gap between
leaky endothelial cells is in the range of 100-780 nm
depending on the type of tumor®® as opposed to
5-10nm in healthy vasculature.?® It appears likely
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that even with improvements, passive targeting will
still only achieve a relatively modest proportion of
drug deposition into tumor tissues, with most of
the drug being taken up by other organs. While
improved passive targeting strategies may greatly
enhance drug efficacy, the concept of a ‘homing mis-
sile’ that can specifically deliver nanoparticulate drug
payloads to target sites remains a highly appealing yet
elusive goal.

Active targeting involves functionalization of
the surface of nanoparticles with receptor-specific
agents such as small ligands, aptamers, peptides, and
antibodies.*” Ideally, the molecular target should be
overexpressed in the tissue of interest and minimally
expressed in nontargeted tissue as well as possess a
rapid internalization rate.*! Active targeting strate-
gies were initially expected to deposit more drugs in
the targeted tissues and reduce off-target effects. A
few targeted therapeutic agents have been clinically
approved, with many currently undergoing clinical tri-
als. Table 1 gives some examples of targeted thera-
peutic agents. However, numerous studies have shown
that active nanoparticulate targeting strategies fail to
dramatically increase the concentration of drugs in
tumors and, in many cases, the biodistribution of the
therapeutic is barely changed.*>*3 This growing evi-
dence suggests that the main factor that determines
the accumulation of drugs in tumors is the EPR effect.
However, it is important to note that in a number of
cases active targeting has shown enhanced antitumor
efficacy, including drug-loaded immunoliposomes.**
The mechanism for this enhanced efficacy often stems
from altered and improved cellular internalization.
Despite the challenges of active targeting, it is worth
describing several commonly used active targeting
strategies owing to their great potential.

Integrins, which comprise a large family of
membrane-bound dimer proteins, are expressed on
the blood vessels of tissues affected by vascular disor-
ders, angiogenesis, wounds, and other conditions.*>4¢
The tripeptide motif of arginine-glycine—aspartic acid
(RGD) binds to avp3-integrins that are expressed
in newly forming vasculature and has been used
extensively in targeting applications. For example,
drug-loaded, RGD-conjugated polymers and lipo-
somes have been shown to target tumor angiogenic
vasculature with higher biodistribution and efficacy
than the untargeted versions.*”4

Epidermal growth factor receptors (EGFR)
are transmembrane proteins that are expressed in
many cancers and promote solid tumor growth.*
EGFR is a family of receptors that comprises
four members including EGFR, human EGFR-2
(HER-2), HER-3, and HER-4. HER-2, the second
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TABLE 1 | Some Examples of Targeted Therapeutic Agents
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Name Nanoplatform/Agent Status Indications

Aurimune (CYT-6091)  Colloidal gold nanoparticles/recombinant Phase Il Solid tumors
human tumor necrosis factor alpha (rhTNF)

BIND-014 Prostate-specific membrane antigen (PSMA)  Phase Il Non-small cell lung cancer, prostate
PSMA-targeted polymer nanoparticle cancer
containing docetaxel

Cyclosert (CALAA-01)  Cyclodextrin siRNA Phase Ib Solid tumors

MBP-426 Transferrin-targeted oxaliplatin Phase lla Gastric and esophageal adenocarcinoma

Mylotarg Anti-CD33—calicheamicin conjugate Approved then Refractory acute myelogenous leukemia

withdrawn

Ontak Interleukin 2-targeted diphtheria toxin Approved in 2008 Cutaneous T-cell lymphoma (CTCL)
fragment

Rexin-G Targeting retroviral vector microRNA-122 Phase IIl (USA) Sarcoma, osteosarcoma, pancreatic

cancer, and other solid tumor

SGT-53 Transferrin-targeted liposomes for p53 gene  Phase | Various cancers
therapy

CRLX101 (IT-101) Cyclodextrin camptothecin formulation Phase Il Various cancers

member of the EGFR family, has been extensively = NANQOCARRIERS

researched for antibody-targeting drug delivery. For
instance, immunoliposomes were developed com-
bining anti-HER2 monoclonal antibodies (mAbs)
with the pharmacokinetics of sterically stabilized
liposomes.** The enhanced antitumor efficacy primar-
ily occurred through improved cellular internalization,
as opposed to better overall tumor biodistribution.

Transferrin, an iron-carrying blood plasma
glycoprotein, has been conjugated to nanoparticles to
enhance cellular internalization via endocytosis.’’
The transferrin receptor is expressed in many
types of tumors. For instance, CALAA-01 is a
cyclodextrin-based, transferrin-targeted nanoparticle
that has progressed to human clinical trials for siRNA
delivery.®! Similar to EGFR targeting, administration
of transferrin-targeted gold nanoparticles showed
that the targeting agent does not change nanoparticle
biodistribution, but enhances intracellular delivery.>?

Folate receptors are overexpressed in approx-
imately 40% of human cancers and are one of the
most intensively investigated targeting ligands.’?
Folate is an important metabolite for nucleobase
synthesis. Conjugation of carboxylic acid of folic
acid does not prevent recognition by the folate
receptor, which has enabled many different target-
ing approaches. Folate-targeted, doxorubicin-loaded
polymeric micelles were shown to be more effec-
tive than untargeted ones and also modestly
enhanced tumor biodistribution.** The 60nm
paclitaxel and folate-conjugated nanoparticles did
not deliver significantly more drug to tumors but
efficacy was enhanced compared with nontargeted
nanoparticles.

174 © 2014 Wiley Periodicals, Inc.

Research in developing nanoparticles as delivery vehi-
cles and imaging agents is ever increasing. Among
the most commonly used nanoparticles are liposomes,
polymer—drug conjugates, polymeric nanoparticles,
micelles, CNTs, and quantum dots. Some nanopar-
ticles have been successfully clinically applied and
many more are currently being clinically evaluated.
Table 2 lists representative nanomedicines that are
currently approved. Table 3 lists some representa-
tive nanomedicines currently in clinical trials. Note
that monoclonal antibodies are not included in these
lists, although they could be considered to be a
nanomedicine based on their size. It is likely that
next-generation nanoparticles will build upon the
existing foundation of current generation of nanopar-
ticles that have progressed to the clinic.

Liposomes

Liposomes are commonly used as nanomedicines
owing to their biocompatibility from being formed
from lipids that are already found in the body.
They are spherical vesicles composed of lipid bilay-
ers which surround an aqueous core. They were
first described by British hematologist Alec D Bang-
ham in 1965.%¢ Liposomes can be used as carriers
for administration of pharmaceutical drugs, with the
hydrophilic drugs encapsulated in the aqueous core
and hydrophobic drugs retained within the bilayers.
As of 2012, 12 liposomal drugs have been approved
and many more are in clinical trials. The first gener-
ation of liposomes had short circulation time owing
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TABLE 2 | Some Examples of Nanomedicines on the Market

Nanomedical engineering

Name Nanomedicine Status Indications
Abraxane Albumin-bound paclitaxel Approved in 2005 Metastatic breast and pancreatic
nanoparticles cancer
Ambisome Liposomal amphotericin B Approved in 1997 Fungal infections
Daunoxome Liposomal daunorubicin Approved in 1996 Kaposi's sarcoma
DepoDur Liposomal morphine Approved in 2004 Postsurgical pain relief
Doxil Liposomal doxorubicin Approved in 1995 Ovarian cancer, Kaposi's sarcoma
Genexol-PM Polymeric micelles with paclitaxel Available in Asian countries Breast and lung cancers
Myocet Liposomal doxorubicin (no PEGylation) Available in Canada and Europe Metastatic breast cancer
Neulasta PEG—granulocyte colony-stimulating Approved in 2002 Febrile neutropenia
factor (PEG-CSF)
Oncaspar PEG—L-asparaginase Approved in 1994 Lymphocytic leukemia,
non-Hodgkin's lymphoma
PEGASYS PEG-interferon a2a Approved in 2002 Hepatitis C
PEGIntron PEG-interferon a2b Approved in 2001 Hepatitis C
Visudyne Liposomal verteporfin Approved in 2000 Age-related macular degeneration

PEG, polyethylene glycol.

TABLE 3 | Some Examples of Nanomedicines Undergoing Clinical Trials

Product/Agent Nanoplatform/Agent Status Indications

Combidex Iron oxide nanoparticles Phase Il Tumor imaging

CPX-1 Liposomal irinotecan:floxuridine Phase I Colorectal cancer

CPX-351 Liposomal cytarabine and daunorubicin Phase Il Acute myeloid leukemia

S-CKD602 PEGylated liposomal belotecan Phase II Various cancers

SP1049C P-glycoprotein targeting pluronic (poloxamer) Phase Il Various cancers

micelle formulation of doxorubicin

VivaGel (SPL7013) Lysine-based dendrimer Phase Il Topical microbicide for prevention
of HIV and HSV

ThermoDox Heat-triggered liposomal Dox Phase Il Breast cancer, primary liver cancer

LiPlaCis PLA2-triggered liposomal cisplatin Phase | stopped Various cancers

PLA2, phospholipase A2.

to rapid clearance by the RES. RES is a part of
the immune system and consists of phagocytic cells
such as monocytes and macrophages located in liver,
spleen, lymph nodes, and bone marrow.>” Incorpora-
tion of lipid-anchored PEG derivatives prolongs the
circulating half-life of liposomes.*® PEGylated lipo-
somes, also named ‘stealth liposomes’, can reduce the
uptake by RES because the long hydrophilic PEG
chains act as a steric brush to suppress the clear-
ance by RES. Liposomes have been examined in
many different ways, including assessing the effects
of size, dose, and surface charge on pharmacokinetic
parameters and antitumor efficacy.’® In addition to
liposomes, lipid-based micelle-like nanoparticles are
viable carriers for therapeutic and imaging agents.®0-¢1
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One interesting approach is to use or mimic nat-
urally occurring lipoprotein nanoparticles for anti-
cancer applications.®?

Doxil, approved in 1995, was one of the first
nanodrugs approved by the United States Food and
Drug Administration (FDA) for the treatment of
HIV-related Kaposi’s sarcoma and was subsequently
approved for the treatment of platinum-resistant
ovarian cancer and multiple myeloma. Doxil
exemplifies long-circulating and stable PEGylated
liposomes that use active loading driven by a trans-
membrane ammonium sulfate gradient to stably
incorporate the doxorubicin (loading efficacy higher
than 90%).> AmBisome is a unilamellar liposo-
mal amphotericin B preparation for the systemic
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Post-laser

FIGURE 5 | Cryo-transmission microscopy images of Dox—PoP-liposomes before and after light irradiation. Arrows indicate the presence of
doxorubicin sulfate crystals. While the crystals are present in the 'before’ images they are not in the after images, indicating dissolution of the crystals
and release of the drug under light irradiation with minimal effect on the morphology of the nanoparticles. (Reprinted with permission from Ref 76.

Copyright 2014 Macmillan Publishers)

treatment of fungal infections.®* The liposomal
formulation has prolonged circulation time after
intravenous administration. AmBisome effectively
reduced amphotericin B-associated nephrotoxicity
without loss in efficacy.®® DepoDur, approved by
FDA in 2004, is an extended release multivesicular
liposomal epidural morphine. The main advantage
of DepoDur is its extended release property, which
reduces the frequency of dosing and more consistent
serum concentrations. DepoDur has been increasingly
used for treating acute postoperative pain without the
use of infusions.®®

A novel class of liposomes called porphysomes
comprising of lipids that are made up of a single fatty
acid side chain and a porphyrin group is recently
developed.®” Porphyrins have a long history of use as
theranostic agents.®® These liposomes can be assem-
bled using different lipid compositions and tailored to
different purposes. Among these uses are photother-
mal therapy (PTT),*” photodynamic therapy (PDT),”°
and biophotonic imaging.”! Porphysomes have been
shown to be effective at curing tumors as a PTT agent
where the intact nanoparticles are used to generate
heat. In contrast, they are also used as PDT agents in
which the dissociated porphyrins are used to generate
singlet oxygen. The ability of porphyrins to chelate
various metals makes them suitable for use as contrast
agents for magnetic resonance’> and radionuclide
imaging.”>”* They have also been shown to be excel-
lent photoacoustic imaging contrast agents’! owing to
their high near-infrared range (NIR) absorption and
high fluorescence quenching that results in conversion
of absorbed light into heat, which is required to gen-
erate photoacoustic signals. It has also been shown
that porphyrin-lipid-containing liposomes can entrap

176 © 2014 Wiley Periodicals, Inc.

anticancer drugs and release them upon exposure to
NIR irradiation.”> This is shown in Figure S.

Polymer-Conjugated Drugs
Polymer—drug conjugates form a well-established
and clinically successful class of nanomedicine.
PEG, N-(2-hydroxypropyl)methacrylamide (HPMA),
polyglutamate (PGA), and dextrans are among the
most frequently used hydrophilic polymers. Therapeu-
tic proteins and small drugs can be conjugated with
the hydrophilic polymers to increase circulation time,
reduce immunogenicity, and enhance the therapeutic
efficacy of the original drug. Polymer—-drug conju-
gate also have increased drug deposition in tumor
compared with free drug owing to the EPR effect.
Currently, there are several polymer—drug conjugates
approved by FDA, especially protein therapeu-
tics including PEG-asparaginase,”” PEG-interferon
a2a,’ PEG—interferon a2b,”” and PEG—granulocyte
colony-stimulating factor (PEG-CSF).8°

HPMA has been extensively studied. Typi-
cally, HPMA copolymers can be designed to be
biodegradable by conjugation with a short linker
peptide that can be degraded by the lysosomal
thiol-dependent protease cathepsin. Many HPMA
copolymer—drug conjugates are in clinical trials
including HPMA  copolymer—doxorubicin,’'—83
HPMA  copolymer—doxorubicin-galactosamine,?*
and HPMA copolymer—paclitaxel.®> Among them,
HPMA copolymer—doxorubicin—galactosamine is
notable because it contains galactosamine that can
promote liver targeting, through binding to the hepatic
asialoglycoprotein receptor, which is highly expressed
in normal hepatocytes. This is useful as targeting
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specific diseased organs could allow for the reduction
of cytotoxicity to other organs and healthy tissue.
However, in early clinical trials while targeting to
the liver was observed, significant preferential uptake
in the tumor was not. PGA and dextran conjugates
such as PGA—paclitaxel,?® PGA—camptothecin,®” and
dextran-doxorubicin®® have entered clinical trials.

Polymeric Nanoparticles

Polymeric nanoparticles are developed by polymers
encapsulating drugs into the polymer matrix. The
most frequently used polymers used to formulate poly-
meric nanoparticles are poly(lactic-co-glycolic acid)
(PLGA), polylactides (PLA), and polycaprolactone
(PCL) owing to their biodegradability and biocom-
patibility. The release rate can be tuned from days
to months by changing the ratio between lactide and
glycolide. Several polymeric nanoparticles are on the
market. Genexol-PM is a polymeric formulation of
paclitaxel.3%0 Paclitaxel is effective for a wide range
of cancers. However, owing to its hydrophobicity,
paclitaxel requires the use of solubilizing agents such
as Cremophor EL, which can cause serious hyper-
sensitivity reactions and compromises the therapeutic
value of paclitaxel. Polymeric paclitaxel addressed this
issue and was approved in Asia for the treatment of
breast and lung cancers. Considering that polypep-
tides are polymers, Abraxane could be considered
another polymeric paclitaxel formulation approved by
FDA for the treatment of breast cancer in 2005. It is a
130-nm, detergent-free and consists only of paclitaxel
bound to human albumin, thus avoiding the toxicity
and immunogenicity concerns of Cremophor. Binding
between paclitaxel and albumin is noncovalent and
reversible and allows for rapid release of the drug in
vivo.’!

BIND-014°2 is a PEGylated, PLGA-based
targeted polymeric nanoparticle formulation of doc-
etaxel. It has completed phase I clinical trial and
recently entered phase II clinical trial for non-small
cell lung cancer, prostate cancer, and metastatic
castration-resistant  prostate cancer. BIND-014
physically entraps docetaxel and is targeted to
prostate-specific membrane antigen (PSMA) expressed
on prostate cancer cells and the vasculature of most
non-prostate solid tumors. Clinical trials have indi-
cated that the BIND-014 is safe and has strong
antitumor activity.

Pluronics are large, mass-produced triblock
copolymers of polypropylene oxide and PEG that
are relatively well defined. SP1049C is a pluronic
micelle formulation of doxorubicin that targets
P-glycoprotein. Doxorubicin is noncovalently incor-
porated into micelles with the pluronic block
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copolymers (Pluronic L61 and Pluronic F127).
Pluronic L61 has been shown to enhance drug
uptake in multidrug-resistant (MDR) cells with high
expression of P-glycoprotein.”>?* The depletion of
ATP is significant as the mechanisms responsible for
multidrug resistance are energy dependent.

A family of novel pluronic nanoparticles
called nanonaps was recently developed that are
self-assembled with extremely hydrophobic naphthlo-
cyanines (Nc) dyes.”> Unlike conventional micelles,
nanonaps are kinetically stable and form frozen
micelles that can be purified and concentrated to high
dye concentrations. They withstood the harsh condi-
tions in gastrointestinal (GI) tract and safely passed
through it without systemic absorption, demonstrat-
ing that they can be used for safe GI imaging. It is
likely that this approach can be applied for forming
frozen drug micelles.

Dendrimers

Dendrimers are a relatively new class of polymeric
materials. Different from the polymeric nanoparti-
cles that are formed from linear polymers, den-
drimers are highly branched macromolecules with a
high degree of surface functionality and versatility.
Dendrimers have well-defined chemical structure and
can vary in size from 5 to 100nm. Drugs can be
covalently conjugated to the surface of the dendrimers
or physically entrapped in the interior of the core.”®
Most dendrimers used for drug delivery are covalently
conjugated with drugs to create a precisely defined
nanomedicine, which is the fundamental advantage
of dendrimers. Additionally, drugs that are physically
entrapped into dendrimer cores can easily leak out
when exposed to biological fluids before they reach
the intended sites. Dendrimers can be conjugated with
many different functional moieties such as imaging
agents and targeting moieties in addition to drugs
owing to their highly multivalent surface area.

The manufacturing process of dendrimers
involves a series of repetitive steps starting with a
central initiator core. Each growth step represents a
new generation of polymer with a larger molecular
diameter. Poly(amidoamine) (PAMAM), polypeptide,
and polyester can be built into dendrimers.”” Among
them, PAMAM dendrimer is the most extensively
investigated dendrimer. Surface-modified PAMAM
dendrimers are generally nonimmunogenic, water
soluble, and possess terminal modifiable amine
functional groups.

VivaGel is a topical dendrimeric microbicide
for prevention of HIV.”® A phase I clinical trial
demonstrated that VivaGel was generally safe and

© 2014 Wiley Periodicals, Inc. 177



well tolerated.”® VivaGel contains a highly charged
polyanionic surface to attach to targets on viruses,
preventing virus attachment and/or absorption thus
prevent infection.

Inorganic Nanoparticles

While most of the nanoparticles that have been trans-
lated to the clinic have been of organic nature, the field
of nanotechnology has shown most interest in inor-
ganic materials owing to their fascinating optical and
physical properties. Many of these have been explored
for use as nanomedicines with some examples of pro-
gression to early-stage clinical trials. Safety is a con-
cern because many inorganic nanoparticles are formed
from heavy metal ions with known toxicities and the
particles may also be nondegradable and persistent in
the body.!%?

Gold nanoparticles are versatile with a wide
range of applications from use as delivery vec-
tors, imaging agent, and photothermal therapeutic
agents.!”!  Gold nanoparticles comprise an inert
gold core and a surface that is readily modified via
sulfur—gold linkages. Depending on their shape, gold
nanoparticles exhibit plasmon resonance that converts
NIR light to heat, and can be engineered to remotely
trigger drug release'®> and have been used for pho-
tothermal ablation of cancer.'®® Varying shape and
size allow for tunable properties such as absorbance,
which can be tailored to specific applications such as
PTT for which the use of particles with absorbance in
the NIR of the spectrum is desired.!%*

Gold nanoparticles have been used for targeted
drug applications. Recombinant human tumor necro-
sis factor-a was bound to the surface of PEGylated
colloidal gold particles. Preclinical tests showed rapid
tumor accumulation following intravenous injection,
with little accumulation in the liver and spleen, likely
owing to the small size (27 nm) and RES-avoiding
properties.!® With promising preclinical results it
progressed to clinical trials under the name Aurimune
(CYT-6091).19 Phase I clinical trial results indicated
that CYT-6091 was well tolerated and show preferen-
tial uptake at the tumor site.'% Currently, CYT-6091
is undergoing phase II clinical trials.

Iron oxide magnetic nanoparticles have excel-
lent biocompatibility and have been approved for use
as imaging agents. Iron oxide nanoparticles gener-
ally have a core-shell structure, an iron oxide core
composed of magnetite or maghemite, a hydrophilic
shell, usually composed of starch, polyvinyl alcohol,
or dextrin. They typically exhibit superparamag-
netism. Magnetic nanoparticles have been used as
contrast agents for magnetic resonance imaging and
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as heat mediators for cancer hyperthermia therapy.!?”
Magnetic iron oxide nanoworms are elongated,
dextran-coated particles composed of a linear aggre-
gate of 5-10 iron oxide nanoparticles (50-80 nm).%°
Different from the spherical-shaped nanoparticles that
exhibit a high uptake by phagocytes, nanoworms with
a linear shape revealed a lower uptake by phagocytes
and have long circulating half-lives of 18 h. The elon-
gated structure of the nanoworms also enhances the
net magnetization and magnetic resonance contrast.
Quantum dots are nanometer-sized fluorescent
semiconductor nanocrystals and can be modified to
be water soluble and biocompatible.'%® Quantum dots
are well known for their wide range of excitation
spectra and narrow, symmetrical, and tunable emis-
sion spectra.'%’ They have been extensively studied
for bioimaging owing to their superior brightness
and photostability compared with organic dyes.!!?
They can be conjugated with many biological targets
including antibodies, proteins, and nucleic acids for
immunohistochemistry and iz situ hybridization.!!! It
has been shown that RGD-labeled quantum dots can
effectively be used for cancer imaging in vivo.'8
CNTs are emerging as a unique drug deliv-
ery system. CNTs are members of the fullerene fam-
ily. SWNTs and multiple-walled carbon nanotubes
(MWNTs) are the two main types of CNTs. SWNTs
are composed of a single-layer graphite sheet, whereas
MWNTs possess several graphite concentric layers.
Most SWNTs have a diameter of approximately 1 nm
while the length can vary to several hundreds or thou-
sands of nanometers.!> For MWNTs, the diameter
varies from 1.5 to 100nm with a length that gen-
erally ranges from 1 to 50 um. CNTs are insoluble
in water but can be made to dissolve by covalent
or noncovalent functionalization. Their hydrophobic-
ity also enables simple drug loading via adsorption
of drugs. CNTs demonstrate high tensile strength,
excellent chemical and thermal stability, and electri-
cal and optical properties, which make them intrigu-
ing nanomaterials for a wide range of applications
including the use of CNTs as ion channel blockers,'!?
nanovectors for the delivery of therapeutics,'’3 and
biosensors.!!* As CNTs are relativity new to biotech-
nology, much about them remains to be studied espe-
cially their long-term safety and biocompatibility.”®

STIMULATED DRUG RELEASE

There are at least two types of stimulated drug release:
environmentally triggered release and externally trig-
gered release. Environmental release occurs when
local stimuli, such as pH, cause the nanoparticles
to release their contents. Externally triggered release
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occurs when an external stimulus, such as applied heat
or light, induces release of entrapped contents. Both
concepts allow for the release of drug at a target site,
the main difference being that external release mech-
anisms offer more control, for on-demand release.
However, external release mechanisms also are signifi-
cantly more difficult to implement are limited to treat-
ing localized conditions such as a problematic primary
tumor as opposed to the metastatic disease.

pH Triggering
pH-triggered release can be subdivided into three cat-
egories: orally deliverable drugs, tissue-level mecha-
nisms, and cellular-level mechanisms.!'S In the case
of orally delivered drugs, the goal is often to encap-
sulate the drugs so they pass through the acidic con-
ditions of the stomach without degradation, and then
release into the higher pH environments of the duo-
denum, and other parts of the GI tract. In this case,
drug release is achieved by pH-dependent swelling,
dissolution, or changes in surface charge.!'® One
potential application for this system is through oral
administration of insulin-loaded nanoparticles. Orally
administered insulin-loaded polymer-based nanopar-
ticles have been shown to be able to protect their
contents through the stomach and deliver them into
the intestines.!'”” However, getting the insulin from
the intestines into the blood stream remains a chal-
lenge as enzymes in the intestines will degrade the
nanoparticles and insulin as well. Additionally, the
doses required to reduce blood glucose levels for orally
administered insulin are significantly higher than
required for injected insulin (30-100 vs 11U/kg).!8

Tissue-level mechanisms are related to the War-
burg effect, whereby the tumor environment exhibits a
pH value of 0.5-1 lower than physiologically normal
tissues.! 19120 Because of hypoxic conditions, tumor
cells switch to anaerobic respiration and generate
excessive lactic acid, which causes the more acidic
conditions. Nanoparticles are engineered to become
destabilized and release their drug content at this
reduced pH. 15120121 This may be achieved by design-
ing nanoparticles such as polymeric micelles that dis-
sociate under the mild acidic conditions of the tumor
environment,'?! or pH-induced swelling.'™

In cellular-level mechanisms, release of the drug
occurs after the nanoparticles have been uptaken by
cells. Following endocytosis, the nanoparticles are
subjected to an acidic pH environment of 5-6.5 in
endosomes and 4-5 in lysosomes.'??> Drug release
is achieved similarly to the other pH mechanisms
with release being induced by swelling, dissolution,
or acid-induced bond cleavage of the carrier as well
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as destabilization of the endosomal membranes.120-115

pH-sensitive liposomes have also been developed
extensively by the Szoka group that are activated
during endocytic uptake based on changes in charge
that occur in the acidifying endosomal and lysosomal
environments. 23

It is possible for multiple pH-targeting strategies
to be used concurrently. TAT peptide-based micelles
are an example. They are polymer-based micelles to
which are connected a PEG-conjugated TAT complex.
This complex at physiological pH (7.4) is shielded by
formation of a complex with a copolymer of PEG and
poly(methacryloyl sulfadimethoxine) (PSD). Under
the mild acidic conditions of the tumor environment
the PSD shielding complex dissociates leaving the
TAT exposed.'** TAT, a HIV-derived nonspecific
cell-penetrating peptide, increases the uptake of the
micelles through endocytosis. Following endocytosis,
the micelles disintegrate in the low pH environment,
releasing entrapped doxorubicin within the endo-
somes. This system has been shown to suppress tumor
growth in mice.'?’

Enzymatic Triggering
Enzymatic degradable nanoparticles work by releas-
ing their encapsulated contents when exposed to
the enzymes found at the target site. These delivery
systems can be designed to be responsive to many
different enzymes. This approach has been applied
extensively to functional imaging probes.'?%1?” For
example, nanoparticles made with peptide linkages
may be degraded by proteases, whereas those made
with phospholipids can be degraded by lipases.'?® This
system has the potential to induce minimal activa-
tion while the nanoparticles are in circulation in the
blood. However, as many enzymes can be found in
both healthy and diseased cells, the use of enzymes
must be complemented by a specific targeting strategy
or the use of enzymes that are present at greater levels
in the diseased cells.!20:128:129

An example of the application of this mech-
anism is liposomes designed to be degraded by
secretory phospholipase A2 (sPLA2). sPLA2 is a
lipid-hydrolyzing enzyme that is prevalent in the
extracellular space of tumors. The responsiveness of
liposomes to sPLA2 can by adjusted by altering the
lipid composition. Cisplatin-loaded sPLA2-responsive
liposomes were shown to effectively suppress tumor
growth in nude mouse xenographs.'3° Hydrophobic
drugs may also be conjugated directly to the hydroxyl
group normally occupied by the lipid fatty acid side
chain. At the target tissue, lipases may then cleave and
liberate the drug. Phospholipid-fused porphyrins,!'3!
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FIGURE 6 | Schematic of lipase-cleavable docetaxel prodrug concept. In this system, a lipophilic enzymatically cleavable prodrug is entrapped in
the phospholipid layer of the nanoparticle. The nanoparticle is targeted to cells through contact-facilitated drug delivery where the phospholipid layer
of the nanoparticle fuses with the cell membrane. The prodrug is then transferred into the cell where it undergoes enzymatic cleavage. (Reprinted

with permission from Ref 133. Copyright 2014 Ivyspring)

mycotoxins,'3? and taxanes have all been assem-

bled into nanoparticles for this lipase-activated
mechanism.'33 This concept is illustrated in Figure 6,
with a docetaxel-phospholipid prodrug.

Another family of enzymes that are linked to
cancers is the matrix metalloproteinases (MMPs).
These proteases degrade the extracellular matrix, thus
enabling the spread of tumor cells. One interesting
approach developed 100-nm nanoparticles that them-
selves contained smaller nanoparticles that could be
released upon cleavage of the larger nanoparticle by
MMP-2.13% This concept is shown in Figure 7. In this
manner, the larger nanoparticle can effectively accu-
mulate in the tumor via the EPR effect and upon pro-
teolytic cleavage the smaller nanoparticles are released
and can deeply penetrate the tumor.

Heat Triggering

Heat-triggered release typically involves heating
drug-encapsulated nanoparticles such as liposomes
or polymer-based nanoparticles to a point at which
entrapped drug becomes released. Generally, these
involve the use of an external heat source to induce
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FIGURE 7 | Protease-activated drug delivery. Multistage quantum
dot gelatin nanoparticles (QDGelNPs) experience a size reduction
through cleavage of their gelatin scaffold by matrix metalloproteinase 2
(MMP-2), a protease that is highly expressed in tumors. (Reprinted with
permission from Ref 134. Copyright 2011 National Academy of
Sciences)

a change in the nanoparticle which makes them
permeable.!3513¢ In the case of liposomes, for
example, heating above a critical transition tem-
perature causes the liposome bilayer to change from
a ridged crystalline phase to a more fluid liquid
crystalline phase.'>” While this is often achieved by
applying an external source of heat, other techniques
have been developed, which uses alternative external
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FIGURE 8| Heat-triggered drug release. Specially designed
Thermodox liposomes extravasate into the tumor through pores in leaky
tumor blood vessels (a). Hyperthermia increases the blood vessel pore
sizes (b). Hyperthermia triggers drug release from the liposomes in both
the tumor blood vessels (c) and the tumor tissue (d). Hyperthermia itself
can also be toxic to cancer cells (e). (Reprinted with permission from Ref
79. Copyright 2000 American Association for Cancer Research)

stimuli such as magnetic fields and light irradia-
tion, along with entrapped nanoparticles capable of
generating heat.'3%13% In order for these systems to
be clinically applicable they need to meet two key
requirements, first the drug should be released quickly
upon application of the stimuli; second release should
occur at temperature slightly above body temperature
(39-40°C), which is considered to be mild hyperther-
mia because at more elevated temperatures vascular
shutdown occurs.!40:141

Of these techniques, the use of an external heat
source with a special liposomal formulation, Thermo-
dox, has been successful in advancing through phase
II human clinical trials. Thermodox is a liposomal
formulation of doxorubicin with rapid release of
the drug under mild hyperthermia conditions. It is
currently being clinically studied for the treatment of
colorectal, breast, and liver cancers with one phase
I clinical trial for primary liver cancer having been
completed.!#>143 In addition to drug release from the
liposomes at elevated temperatures, Thermodox seeks
to take advantage of the therapeutic effects of hyper-
thermia itself. This includes increasing blood flow
and tumor vessel permeability to nanoparticles.!*! In
the clinical trials, the liposomes were combined with
radiofrequency ablation therapy, which itself kills
tumors by heating them to elevated temperatures. In
these trials, the goal was for the liposomes to treat
the cancer cells on the perimeter of the ablation zone
where the temperature would be high enough to
induce release but not sufficient to kill the cells on its
own.'** Figure 8 shows a schematic representation of
the Thermodox activation mechanism.

Magnetic Triggering

Magnetic-triggered release can be achieved by two
methods: through the use of heat-generating particles
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such as iron oxide or through mechanical mecha-
nisms. Although a few mechanical mechanisms have
been demonstrated these have not been as well
studied as the heat-based mechanisms. A mecha-
nism has been demonstrated in which release from
nanospheres is induced by a high-frequency magnetic
field which causes vibrations rupturing the shell of the
particle.'3%1%5 The heat-triggered mechanisms involve
entrapping heat-generating particles in a thermore-
sponsive nanoparticle. Upon the application of an
external magnetic field the particles generate heat that
induces drug release from the nanoparticles.!#6=14°
This system works similarly to the heat-triggered
release system above except that the source of the heat
is localized to the nanoparticles.

This has been demonstrated with magnetolipo-
somes, in which iron oxide particles were entrapped
within liposomes and loaded with doxorubicin.!# In
this case, liposomes with a release temperature of 42°C
were used and maximum drug release was achieved
after 6 min. Heating of the bulk solution was minimal,
though dependent on the concentrations used. While
this demonstrates release can occur in the absence
of significant heating, heating can also be beneficial.
Heat-based treatments in which magnetic nanopar-
ticles are used to induce hyperthermia are currently
being clinically evaluated.!’°

Ultrasonic Triggering
Ultrasound has been shown to be able to release the
contents from nanoparticles. This is achieved typi-
cally owing to cavitation induced under ultrasound
irradiation, 3 1=1* though ultrasound heat-mediated
release mechanisms also exist.!3 In this system, the
ultrasound causes the formation of vapor bubbles that
permeabilize the nanoparticle, allowing the entrapped
drug to be released. One advantage of this system is
that ultrasound is noninvasive; however, it can also
cause cellular damage.!33 154

This has been shown to be effective in vivo
with cisplatin-loaded liposomes and low-frequency
ultrasound (LFUS). In this study, a stealth formulation
of cisplatin liposomes that have been shown to suffer
from poor bioavailability due to slow release kinetics
was used with LFUS to treat C26 tumors on the
footpad of BALB/c mice. The results showed that
the combination of the liposomes and LFUS improves
the effectiveness of the liposomes owing to the increase
of the bioavailability of the liposomes.!3°

Light Triggering
Many nanotechnology-based mechanisms involv-
ing light activation have been developed.'’
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Photochemical mechanisms and heat-related mech-
anisms are the two main categories. Photochemical
mechanisms involve light-induced chemical reactions
that lead to the permeabilization of the nanoparticles.
These include reactions such as photooxidation, pho-
toisomerization, and photocleavage. The heat-related
mechanisms work similarly to the magnetic-triggered
release in that light-sensitive heat-generating particles
such as gold nanoparticles are entrapped within the
nanoparticles. When the nanoparticles are treated
with light, the heat-generating particles generate heat
and cause release of the entrapped contents owing to
thermally induced permeability. More novel methods
for light-triggered release have also been shown. For
example, the use of gold nanoparticle-tethered lipo-
somes has been shown to release the contents through
cavitation similar to the ultrasound mechanism,'%?
and the use of channel proteins embedded within
liposomes that open upon laser irradiation.!’®

For light-triggered release to be viable clinically,
the wavelengths of light used would optimally be in
the NIR of the spectrum as this is the most biologi-
cally compatible range. There are two primary reasons
for this: first, NIR light provides better tissue penetra-
tion than ultraviolet (UV) light on the other end of
the spectrum. Second, UV light poses phototoxicity to
healthy tissue and, therefore, may not be safe. In addi-

tion, many photochemical mechanisms also tend to
produce toxic reactive species, making them unlikely

to be widely used. Methods that rely on photophysi-
cal mechanisms that are activated in the NIR range are
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appealing because they may not have as many poten-
tial phototoxicity risks.!38159.160

CONCLUSION

The unique properties of carefully designed
nanomedicines hold potential for the treatment
of diseases. The goal of nanomedical engineering is to
develop nanoparticles that migrate to where they are
intended to go and exert therapeutic effect there. This
may be achieved by minimizing their removal from
the body by physiological barriers and the immune
system. Currently, the nanomedicines that have been
clinically approved generally are formed from rel-
atively simple, rather than complex formulations.
However, the potential payoff of targeted and trig-
gered delivery is high enough to warrant development
of more advanced systems. In addition to innovating
new and potentially revolutionary materials and
approaches for nanomedicines, it is imperative for
the success of the field that future works focus on
determining how to improve quantitative therapeutic
biodistribution and bioavailability to target tissues.
Collective and quantitative data are required to better
elucidate which strategies hold the most potential for
further research investment. From a clinical perspec-
tive, it is expected that nanomedical engineering will
bring an increasing number of unique treatments into
early-stage clinical trials for evaluation with hopes of
better disease treatments and outcomes.
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