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Abstract

Many diseases and conditions affect a relatively localized area of the body. They can be treated
either by direct deposition of drug in the target area, or by giving the drug systemically. Here we
review nanoparticle-based approaches to achieving both. We highlight advantages and
disadvantages that nanoscale solutions have for locally administered therapies, with emphasis on
the former. We discuss strategies to enable systemically delivered nanoparticles to deliver their
payloads at specific locations in the body, including triggering (local and remote) and targeting.
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1. Introduction

Drug delivery technologies can be categorized according to the method of administration
(i.e. how they are introduced into the body) and the intended site of action.[1] Both of these
can be local or systemic (Figure 1).[1-4] This review addresses the use of nanoparticles for
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local effect, administered either locally or systemically. Please note that administration is not
the same as delivery; the former denotes how an agent is introduced into the body, the latter
can also relate to where in the body the agent ends up. As we will see, a systemically-
administered targeted nanoparticle can deliver drugs to a given site in the body, where the
drug will have localized effect.

Systemic effect is usually achieved after intravenous or oral administration of drugs: the
drug is distributed throughout the body, even if the target is a relatively small part of the
body. For example, one might take acetaminophen by mouth for a headache, or amoxicillin
by mouth for middle ear infections, or intravenous propranolol for an abnormal cardiac
rhythm. In all those cases, the drug is distributed throughout the body in order to achieve a
therapeutic concentration at the intended target site. The presence of high drug
concentrations at off-target sites leads to side effects (liver toxicity, diarrhea, and
bronchospasm respectively in the examples in the preceding sentence). It is partly the
avoidance of those side effects that makes local administration or delivery for local effect
appealing.

With local drug action, the pharmacologic effects (both desirable and undesirable) are
ideally restricted to a relatively localized part of the body: a specific nerve, an extremity, a
particular organ, etc. Often such localization is not perfect but rather achieves an
improvement in the proportion of the drug dose in the target tissue. The major advantages of
localized drug action are that efficacy can be improved and perhaps drug access to off-target
sites can be reduced, minimizing toxicity. In this way, the therapeutic ratio can be improved
(Figure 2a), allowing either safer treatment for the same effect, or dose escalation (better
effect) with the same toxicity.

Local effect can be achieved by direct local administration of the DDS at the desired site of
action: by injection or implantation, by inhalation, topically, etc. Systemic effect can also be
achieved by local administration. In both cases, the drug or drug depot is placed in contact
with the total body water. However, with local administration for systemic effect, the dose
given is sufficient to spread throughout the body at therapeutic concentrations (Figure 2a);
examples would be subcutaneous growth hormone, free or encapsulated. With local
administration for local effect, the dose is only sufficient for local effect (Figure 2b);
examples include peripheral nerve blocks with local anesthetics, free or encapsulated. For
locally administered DDS, which are usually depot systems, one often wants the DDS to
contain as much drug as possible, and release the drugs for as long as possible to reduce the
need for repeated administration. These design considerations argue against the use of
nanoparticles, which generally have worse loading efficiencies,[5-7] tend to leave the site of
injection more rapidly,[8] and degrade and release drug more rapidly.[9] There are however,
situations where the nanoscale is advantageous even for local administration. For example,
because of their small size, nanoparticles are better able to penetrate a variety of tissues.[10—
12] Their greater surface area-to-volume ratio also enhances surface binding.[13] (The
volume of a sphere is proportional to the third power of the radius (V = 4/3rr3), while the
surface area (SA) is proportional to the second power (SA = 4rr?). The surface area-to
volume ratio is therefore inversely proportional to the radius.) Targeting or binding functions
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can be further enhanced by surface modification with ligands or cell penetrating peptides
(CPP).[14-18]

Local effect can also be achieved after systemic (intravenous) administration. This usually
entails achieving means of causing drug delivery systems in the bloodstream to accumulate
in a particular location. Methods of administration of drug delivery systems, and their
intended site of delivery and action are summarized in Table 1.

Here, the use of small — usually nanoscale (less than 400 nm) — particles is mandated by the
need to avoid causing emboli [19] in the blood stream and to take advantage of size-
dependent phenomena, [20] such as altered blood vessel permeability in some organs and
disease states.[21,22]

2. Local administration of nanoparticles for local effect

As discussed above, larger particles have many properties that one would find advantageous
in localized drug delivery. However there are circumstances where nanoscale particles might
be advantageous.

2.1. Enhancing tissue penetration

There are many biological barriers preventing drugs from getting to their intended sites of
action.[23] These barriers may be obvious physical entities, such as skin, or may be more
poorly defined, such as the connective tissue around a nerve and/or the various sheaths that
surround it (per-, epi-, and endoneurium), and/or the lipid-rich Schwann cells around some
axon types. Barriers in other tissues (such as the stratum corneum in skin, mucus in
intestines and lungs, the blood-brain barrier, etc.) only allow drugs with fairly specific
physicochemical properties to cross.[24-33]

DDSs also can have difficulty crossing barriers, although nanoscale DDSs may have less
difficulty than do larger (micron-scale) systems. For example, 15 nm gold nanoparticles
(AuUNPs) penetrated the stratum corneum better than did 102 nm and 198 nm AuNPs, and
after crossing it, the smaller nanoparticles reached deeper into skin.[34] The shape and
surface characteristics of nanoparticles can also influence tissue penetration.[35,36] For
example, more gold nanorods (~20 nm width, 2.8 + 0.5 aspect ratio) penetrated into skin
than did spherical AuNPs (~15 nm);[35] colloidal AuNPs modified with cell-penetrating
peptides (CPPs) accumulated in skin to a greater degree than did than polyethylene glycol
(PEG)-functionalized AuNPs, and they were able to penetrate more deeply.[35] Negatively
charged AuNPs penetrated skin more readily than did neutrally and positively charged
AUNPs of the same size (~15 nm).[36]

The impact of smaller size within the nanoscale is seen in some other tissues. In local
anesthesia, drugs are deposited outside of nerve bundles and then diffuse inward, where they
have their pharmacological effects. This diffusion can be particularly difficult for very
hydrophilic compounds.[37,38] A variety of approaches have been developed to increase
that flux, including the use of chemical permeation enhancers and ultrasound. Hollow silica
nanoparticles smaller than 70 nm in diameter (Figure 3a) can also penetrate nerve (Figure
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3b,c); larger cannot.[39] Such particles loaded with the local anesthetic tetrodotoxin and
injected at the sciatic nerve in rats increased the frequency of successful nerve blocks and
significantly prolonged the duration of local anesthesia duration compared to free drug.

Mucus is a viscoelastic gel layer that typically protects surfaces of the gastrointestinal tract,
lung airways, and other mucosal tissues.[40] Particles targeted to these tissues can be
trapped and removed by mucus,[40,41] thereby limiting their effectiveness.
Nanoformulations ~200 nm in diameter achieved higher mucus distribution and tissue
penetration than did micron-scale formulations; budesonide-loaded nanoformulations
provided enhanced drug delivery in a murine model of inflammatory bowel disease (IBD).
[42] As in skin, particle morphology could have an effect: cylindrical nanoparticles had
superior transport in mucus compared with nanospheres with the same chemical
composition and surface charge.[43]

2.2. Improved binding to surfaces

Prolonged local retention of DDS is important for sustained local release and prolonged
local effect. Microparticles usually are retained in tissues longer than are nanosized particles,
e.g. after injection.[44,45] However, in some circumstances, tissue retention may be
primarily dictated by particle binding to tissue. In those cases, nanoparticles may have an
advantage because of their higher surface area to volume ratio.

One example of this is seen with intravenous regional anesthesia (IVRA, also known as the
Bier block), which is commonly used to anesthetize extremities for surgery.[46—48] Here
local anesthetics are infused into an extremity that is isolated from the circulation by a
tourniquet. Attempts to improve the efficacy and duration of IVRA by infusing
nanoformulations showed that smaller particles were more effective than larger ones, and
better than free drug.[13] Specifically, 15 nm micellar bupivacaine infused into the veins of
an isolated rat tail provided regional anesthesia that lasted twice as long as that from a larger
dose of free bupivacaine. 100 nm liposomes with similar release kinetics did not provide any
local anesthesia. It was hypothesized that the longer anesthesia from small particles was
related to better binding to cells (Figure 4a) and blood vessels (Figure 4b,c), presumably
from the better surface area to volume ratio.

Nanoparticle binding can be enhanced by using specific ligands to molecules present on the
surfaces of interest.[14—18] For example, a nanoscale liposomal eye drop formulation
provided prolonged topical local anesthesia due to immobilization on the corneal surface by
binding to glycans via succinyl-concanavalin moieties on the liposomal surface.[49] Topical
local anesthesia from these targeted liposomes was much longer than that from free drugs or
untargeted liposomal formulations.

2.3. Nanosized materials to trigger drug release from larger DDSs

In recent years there has been interest in drug delivery systems where the patient (or health

care providers) can change the rate of drug release in response to changing patient needs.[3]
One such approach uses the fact that gold nanostructures of particular dimensions will heat
up when exposed to near-infrared (NIR) light of certain wavelengths, by surface plasmon
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resonance.[50,51] The heat produced by this process elicits drug release from a
thermosensitive device.

In one example, gold nanorods were attached to the lipid bilayers of liposomes loaded with
the local anesthetic tetrodotoxin and the adjuvantic compound dexmedetomidine (Figure
5a).[52] Irradiation with NIR light (808 nm, continuous wave) lead to rapid release of drug.
When injected at the sciatic nerve, these particles caused an initial nerve block. Once that
wore off, nerve block could be induced again for a few days by irradiating the site of
injection with NIR light. The intensity and duration of local anesthesia could be adjusted by
modulating the intensity and/or duration of irradiation, allowing repeatable and adjustable
on-demand local anesthesia (Figure 5b). Gold nanorods have also been incorporated into
chlorhexidine microspheres coated with a multilayer polyelectrolyte capsule;[53] the gold
nanorods produced heat in response to NIR irradiation, which dissolved the microparticles
and burst the capsule, releasing chlorhexidine.

2.4. Strategies for enhancing local penetration and retention of nanoparticles

Many strategies have been proposed to enhance the penetration of locally-applied
nanoparticles. These have included chemical penetration enhancers (CPEs),[54]
microneedles,[55] and externally applied ultrasound or electric fields.[56,57]

Many classes of compounds have been proposed as CPEs, including small hydrophobic and
hydrophilic compounds, surfactants, lipids and organic solvents,[54,58,59] which have
usually been used to increase the penetration of small molecule drugs into skin, but have
also been used in other tissues such as nerve.[23,38] They can also increase penetration of
nanoparticles, depending on the latter’s properties. Pretreating skin with dimethyl sulfoxide
(DMSO) enhanced the penetration of hydrophilic (citrate stabilized) gold colloid but
reduced the penetration of hydrophobic (cetrimide-coated) gold nanoparticles, as a result of
aggregation in the top layers of the stratum corneum.[61]

Microneedle technology is an effective minimally invasive method for delivery because it
can help drugs or DDSs to directly cross the stratum corneum.[59,60-62] Polymer-based
microneedle platforms have been used to deliver peptide/DNA nanoparticles loaded with
DNA into tissues.[60] Dissolving microneedle arrays have been used to deliver antigen-
carrier poly-D,L-lactide-co-glycolide (PGLA) nanoparticles to dendritic cell networks
within the skin, [61] which increased antigen immunogenicity and significantly improved
treatment of murine melanoma.

Ultrasound treatment in the presence of microbubbles can enhance the penetration of
nanosized fluorescent particles into MCF-7 breast cancer spheroids,[63] with the penetration
of smaller (20 nm and 40 nm) particles being increase more than that of larger (100 nm)
ones. Pre-treatment of skin with ultrasound and sodium lauryl sulfate enhanced transdermal
penetration by quantum dots by 500-1300%.[64] lontophoresis has also been used to
enhance the penetration of 100 nm PLGA nanoparticles loaded with indomethacin and
coumarin-6 into skin.[65]
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3. Systemic administration for local effect

In some diseases, direct local administration is difficult, usually because of anatomical
difficulty of access, or because the precise anatomical location of the target tissue is not
known. Therefore, local effect must be achieved by systemic administration so that the drugs
may reach the diseased tissues through the circulation. Since systemic administration
potentially exposes the entire body to drugs, it becomes important to enhance the drugs’
accumulation at the desired target location. Thus, the proportion of drug at off-target sites is
decreased, and the therapeutic index is improved.[66,67] Systemic administration usually
entails intravenous injection, which usually requires the DDSs to be nanoscale to avoid
embolic phenomena. The circulation half-life of small molecule drugs can be prolonged
after nanoencapsulation,[68] especially if the surface of the DDSs is modified with special
techniques, such as PEGylation or cell membrane coating.[68-71]

Ideally, DDS administered systemically for local effect would have the following
characteristics:[3] 1) they would not release drugs while traveling through the circulation,
i.e. until they reach their destination; 2) they would preferentially accumulate at the lesion
site and 3) they would preferentially release drugs there. However, although thousands of
nanoparticle types have been reported, made from a wide range of materials (polymers,
liposomes, inorganic materials, small molecular assemblies, proteins, etc.),[72-75] it is
uncommon for them to fully meet those three criteria. Nevertheless, efforts persist to
enhance the local accumulation of nanoparticles, or the local release of drugs, using cues
inherent to the target tissues or provided by external energy sources.

3.1. Strategies for local delivery via systemic administration

3.1.1. Targeting—One approach seeks to increase the accumulation of nanoparticles in a
particular tissue, often referred to as “targeting”. Targeting is often categorized as passive
and active (we have argued that that nomenclature is flawed).[3]

3.1.1.1. Passive targeting: In passive targeting, the targetable characteristics of the disease
sites are their pH, [76—78] the permeability of their vasculature, [79-81] the presence of
enzymes,[82,83] etc. (These tissue properties also are the drivers of intrinsic [or passive]
triggers, §3.1.2.1.) Targeting is achieved by particle properties such as size, shape, or
material type.[84—-86]

An example of passive targeting is seen in the accumulation of nanoparticles in tumors,
commonly referred to as enhanced permeation and retention (EPR).[79-81] This
phenomenon is ascribed to a more permeable vasculature and defective lymphatics. The
improved performance of nanoformulations - such as doxorubicin liposomes and albumin
paclitaxel,[87,88] - compared to free drugs is attributed to the EPR effect. For example,
nanoparticles formed by co-assembly of a photosensitizer (chlorine e6) and Dox (70 nm)
(Figure 6a) had improved accumulation compared to free chlorine e6 (Figure 6b) in tumors,
due to EPR.[89]

A study of accumulation in tumors of gold nanoparticles with different sizes and shapes
demonstrated that 55 x 60 nm nanospheres accumulated more in tumors than did 80 x 180
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nm and 80 x 320 nm gold nanorods.[84] A clear demonstration of the effect of size was seen
with docetaxel-containing ~100 nm nanoparticles composed of modified spiropyran, which
accumulated in tumors by the EPR effect. When irradiated with 365 nm light, these
nanoparticles would shrink to ~50 nm, enhancing tissue penetration and drug release.[90]

Phenomena analogous to EPR can lead to nanoparticle accumulation in other tissues and
diseases, such as in myocardial ischemia,[91-93] inflammation and choroidal
neovascularization.[94-96] Size and surface modification can influence the accumulation of
particles in the injured heart.[91-93] For example, PEG-modified polystyrene nanoparticles
with core diameters between 20 nm and 2 um accumulated more readily in the myocardium
after ischemia-reperfusion injury in mice than did larger particles.[92] This accumulation
occurred only in the injured myocardium.[97]

3.1.1.2 Active targeting: In many diseases, there is overexpression of specific molecules
in the diseased tissue. Modifying nanoparticle surfaces with ligands that bind those
molecules can enhance nanoparticle accumulation in diseased tissues after systemic
administration. This form of targeting is sometime called ‘active’.[98-100]

One example of active targeting involves targeting integrina,, 3 with the peptide sequence
Arg-Gly-Asp (RGD).[101-103] RGD peptides have been widely used to modify the surfaces
of various nanoparticles for cancer targeting because of the overexpression of integrina,p3
on tumor cells and tumor angiogenic endothelial cells. For example, gold nanorods modified
with RGD exhibited much higher tumor targeting than particles modified with the amino
acid sequence RAD (which has no targeting function), so that they could deliver
chemotherapeutic drugs to tumors. Similarly, RGD-modified exosomes achieved more
accumulation in tumors than did non-modified ones.[104]

With growing understanding of cancer biology, more cellular and noncellular components of
the tumor microenvironment have been investigated as potential targets, such as cancer-
associated fibroblasts (CAFs), tumor-associated macrophages (TAMSs), and the extracellular
matrix (ECM).[105-108] For example, nanoparticles coated with an antibody against
fibroblast activation protein-a. (FAP-a a CAF marker) achieved tumor targeting, with an
efficiency much higher than with a non-targeting 1gG molecule.[106]

Injured areas of organs may undergo structural changes that encourage nanoparticle
accumulation, and may also overexpress biomarkers which can be used for nanoparticle
targeting. For example, myocardial ischemia and/or myocardial infarction may cause blood
vessels to become more permeable, so that hanoparticles may accumulate in the injured area
perhaps by a process analogous to EPR.[109] Moreover, the angiotensin Il type 1 receptor is
overexpressed in the injured area; targeting can be improved by decorating the surface of
nanoparticles with a ligand to that receptor.[91]

Some proteins with cage or hollow structures can encapsulate drugs, and some of these
proteins exhibit targeting effects. For example, apo-ferritin constructed from heavy (H) chain
subunits can target the transferrin receptor, which is overexpressed on tumors. This targeting
ability enabled doxorubicin-loaded H-ferritin (12 nm in size) to specifically deliver
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doxorubicin to tumors.[110] In a separate example, GroEL (a 10 nm protein) contains a
hollow into which drugs can be loaded. It also has a specific affinity for a tumor-cell-specific
structural protein, plectin, which allows GroEL loaded with drugs to be delivered to tumors.
[111]

3.1.1.3 Intracellular targeting: Localization of drug delivery - whether by local or
systemic administration - has been taken down to the subcellular level, targeting specific cell
compartments (such as mitochondria, endoplasmic reticulum, Golgi apparatus and nucleus);
there is now a substantial literature on this matter.[112-114] In this context, localization of
drug delivery is not intended in quite the same sense as in the rest of this article, in that the
localization could, in theory, occur in every cell in the body. Here we provide two examples
of such.

Many diseases are related to gene overexpression and mutation.[115-117] Delivering gene
therapy agents into target cells has been demonstrated as a potential strategy for modulating
gene expression to suppress disease.[115-117] Naked RNA agents have difficulty reaching
diseased sites via the bloodstream (due to their short circulation time and lability to
degradation by RNases), and in entering cells (due to their negative charge).[115] To be
taken up by cells, it is generally important for carriers to be < 200 nm in size unless they can
be taken up by phagocytosis.[118,119] Many nanoscale gene delivery systems have been
developed and have been reviewed elsewhere.[115-117]

Other diseases are related to mitochondrial dysfunction, such as cancer, neurodegenerative
and neuromuscular diseases, obesity, and diabetes.[120-122] In cancer treatment,
mitochondria can be therapeutic targets, because disrupting the cellular energy supply can
kill tumor cells or reverse the drug resistance of tumor cells.[123-125] To approach the
mitochondria, nanoparticles need to have the capability to escape from lysosomal/endosomal
compartments, and should bear mitochondria targeting motifs (such as
triphenylphosphonium compounds or specific peptides) to achieve targeted delivery.[126]

3.1.2 Triggered drug delivery

Another way to achieve local delivery of drugs from systemically administered nanoparticles
is to induce the particles to release their payload more rapidly at a specified location, a
process referred to as “triggering”.[127,128] Nanoparticle targeting (i.e. accumulation) can
also be triggered, as we shall discuss. The triggering stimuli can be intrinsic to the local
environment of the disease site (e.g. local pH) and/or external (e.g. external energy sources
such as light and ultrasound).

3.1.2.1 Intrinsic triggers—Intrinsic triggering relies on special properties of the
diseased environment, either extracellular or intracellular, such as the weakly acidic
environment (pH6.5-7.0) of solid tumors, [76,77,129] the overexpression of multiple
proteases in tumors and sites of inflammation, [82,83,130] and the acidic pH in lysosomes
(pH4-5).[131-133] Intrinsic triggers are often termed “passive” stimuli. “Smart” materials
can be designed that will undergo drug delivery events in response to those stimuli in
particular diseased environments.
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The mild acidity (pH 6.6-7.0) of the microenvironment of solid tumors, [76] has been widely
used as a trigger for drug delivery events.[77,129] Designing materials that would respond
rapidly to modest changes in pH has been challenging. Polymer based nanoparticles have
been developed that respond to tumor pH by changing surface charge from negative to
positive to enhance cell uptake, or by disassembling to release drugs.[77,129] Nanoparticles
were formed at physiological pH (7.4) by self-assembly of an amphiphilic molecule
composed of 3-diethylaminopropy! isothiocyanate (DEAP) (which is hydrophobic at pH 7.4)
conjugated to a hydrophilic tumor-targeting peptide (hydrophilic). When the nanoparticles,
loaded with doxorubicin, accumulated at the tumor site (pH6.6-7.0), the DEAP was
protonated and became hydrophilic, resulting in nanoparticle disassembly and doxorubicin
release.[134] In another example, dextran (Dex) was conjugated with doxorubicin (DOX)
via a pH-sensitive imine bond, and the resulting prodrug (Dex-DOX) with amphiphilic
properties self-assembled into nanoparticles. The Dex-DOX nanoparticles maintained
integrity at neutral pH but disintegrated at the more acidic pH of the lysosome, so that the
DOX could be released to kill tumor cells.[135]

Enzymes or other molecules with specific chemical properties (such as the reductive agent
glutathione) are often overexpressed in diseased tissues, and are therefore used as triggers
for cargo release.[136-138] Micelles encapsulating doxorubicin have been formed from a
polymer composed of poly(ethylene glycol) (PEG) conjugated to poly(e-caprolactone)
(PCL) by disulfide bonds (-S-S-). Once the micelles entered the cytoplasm of tumor cells,
the disulfide bonds would be cleaved by the overexpressed glutathione, allowing
doxorubicin to be released.[139] Nanoassemblies have been developed from amphiphilic
peptides that are cleaved by fibroblast activation protein-a (FAP-a.), a protease specifically
expressed on the surface of CAFs, allowing drug release.[140] This release disrupted the
tumor stromal barrier and enhanced local drug accumulation. In another example, an
amphiphilic peptide that could be cleaved by matrix metalloproteinase-2 (MMP-2) was
inserted into the lipid membrane of liposomes.[141] The liposomes, loaded with the anti-
fibrosis drug pirfenidone (PFD), would release PFD when in the MMP-2-rich environment
of the pancreatic tumors site. This anti-fibrosis formulation reduced multiple components of
the extracellular matrix (such as collagen I, laminin) by suppressing the activity of stromal
cells and thus increasing the penetration of gemcitabine into tumor tissue.[141]

Tissue hypoxia is a salient feature of some diseases, including rheumatoid arthritis, ischemic
stroke, and solid tumors.[142-144] Consequently, hypoxia has been investigated as a trigger
for stimulus-responsive DDSs. In hypoxia-responsive systems, drugs are attached to
nanocarriers by electron acceptor moieties, such as nitroimidazoles, nitrobenzyl alcohols and
azo groups. Drug release occurs when these electron acceptor moieties are cleaved or change
polarity when they accept electrons. For example, nanoparticles were formed by self-
assembly of a hydrophobically modified 2-nitroimidazole derivative (electron acceptor)
conjugated to the backbone of carboxymethyl dextran.[143] In hypoxic environments, the 2-
nitroimidazole accepted electrons and converted to 2-aminoimidazole, decreasing the
affinity between doxorubicin and the nanoparticles, which accelerated the rate of drug
release.[143]
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3.1.2.2 External triggers: Nanoparticles can also be made responsive to external
stimuli such as light, ultrasound, electrical and magnetic fields.[145-147] After systemic
administration of the nanoparticles, application of the stimulus at a particular anatomical
location leads to a localized drug delivery event.

Many external stimuli have been used a triggers, including light, microwave, ultrasound, and
others, as has been described and reviewed elsewhere.[3,128,148-151] Here, we will use
light as an example, since it has been has been the most commonly studied external trigger.
Photo-triggering can be achieved by a variety of mechanisms including photocleavage
reactions, photoisomerization, upconversion, photodynamic reactions and photothermal
effects.[95,152-155] The pros and cons of light as a stimulus, and of the various
wavelengths that can be used, has been reviewed elsewhere.[3,128]

Light, and other external stimuli, can trigger drug release from nanoparticles, or trigger
nanoparticle targeting by eliciting the deployment of targeting ligands or other means.

3.1.2.2.1 External triggering of drug release: External stimuli can be used to trigger
release of drugs from nanosystems. For example, a nanoformulation that encapsulated both
siRNA and upconversion nanoparticles was created from a cationic conjugated
polyelectrolyte brush (CCPEB) containing UV light-cleavable bonds. Irradiation with 980
nm light excited the upconversion nanoparticles to generate UV light, which cleaved the UV-
cleavable bonds, so that the cationic side-chain of CCPEB became zwitterionic, accelerating
SiRNA release.[156] Triggered drug release can be also achieved with other stimuli, such as
ultrasound and magnetic fields.[3,148-151]

3.1.2.2.2 External triggering of nanoparticle targeting: An early example of photo-
triggered targeting was seen in 300 nm polystyrene particles whose surfaces were decorated
with a peptide ligand with the amino acid sequence YIGSR, which binds to 1-integrin,
which is found throughout the body. Binding of nanoparticles to cells was inhibited by
covalently binding a nitrobenzyl group to the YIGSR.[152] Upon irradiation of the particles
with ultraviolet light, the nitrobenzyl moieties were cleaved, allowing the YIGSR to become
active, and permitting nanoparticle binding to cells. An interesting benefit of this approach is
that it allows anatomically precise targeting in the absence of a ligand specific to the target
tissue. A potential challenge is that one may need to know where the target is.

This approach has been used to target tumors and as well as non-cancerous conditions.
[153,95] As an example of the latter, nanoparticles were developed to target lesions of
choroidal neovascularization (CNV) in the posterior segment of the eye — an anatomical
location difficult to reach except by intravitreal injection (Figure 7a).[95] The nanoparticles
were decorated with cell-penetrating peptides (CPPs) which were inactivated (“caged”) by
covalent modification with a coumarin-like molecule. Irradiation of the retina through the
pupil led to cleavage of the coumarin-like molecule (Figure 7b), which allowed nanoparticle
binding within the CNV lesions in the choroid (Figure 7c). The resulting delivery of
doxorubicin was therapeutically effective (Figure 7d). Note that the success of approaches of
this kind may depend on the concurrent presence of a second mechanism for nanoparticle
accumulation, such as EPR.
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Note that it is possible for external stimuli to trigger both drug release and targeting. For
example, irradiation of the spiropyran-docetaxel nanoparticles described in §3.1.1.1 caused
both particle shrinkage — which increased accumulation in tumors — and drug release.[90]

3.2 Enhanced permeability of regional blood vessels and tissues

EPR can increase the accumulation of particles although the degree to which this occurs is
variable (and debated) and can be variable within individual tumors and between tumor
types.[157-160] The longer a drug delivery system stays in the circulation, the more likely it
is to extravasate into the tumor through the EPR effect, but it can also extravasate into
normal tissues albeit at a slower rate. Many investigators have therefore developed means of
increasing blood flow and/or vascular permeability within target tissues, to enhance particle
delivery and accumulation. For example, polymer-lipid-peptide nanoparticles have been
used to deliver an antiplatelet antibody to tumors, where platelet depletion by the antibody
would enhance the permeability of tumor blood vessels.[161] In another approach,
mesoporous silica nanoparticles (112 x 205 nm) containing gemcitabine and coated with
gold nanoshells were used to treat pancreatic tumors in mice. NIR laser irradiation induced
tumor site-specific heating of the gold nanoshells by the photothermal effect. The heating
enhanced local tumor blood flow and vascular permeability, which increased accumulation
of nanocarriers, resulting in improved therapeutic efficacy.[162] Ultrasound-induced
microbubble cavitation can cause enhanced permeability across biological barriers within
tumors such as vessel walls, extracellular matrix (ECM) or cellular membranes,[163-166]
allowing for enhanced penetration of nanoparticles into target tissues. For example,
performing ultrasound at the tumor site after systemically administering PLGA-PEG
nanoparticles loaded with microRNA together with microbubbles increased the depth of
penetration of the nanoparticles 1.3- to 3-fold, which led to a 7.9-fold higher delivery of the
microRNA.[164] In a separate report, high-intensity focused ultrasound loosened the
structure of ECM in tumor tissues,[165,166] resulting in enhanced penetration and
accumulation into tumors of extravasated paclitaxel-loaded thiolated human serum albumin
nanoparticles conjugated onto microbubbles.[166] Ultrasound also caused the disruption of
the microbubbles, leading to release of the nanoparticles.[166]

4. Perspectives and challenges of nanoscale DDSs for local delivery

As we have seen, local delivery using nanoparticles occurs by basically two broad methods:
direct placement (e.g. injection at the intended site of use), or a targeted/triggered approach
after systemic administration. There are many ways in which these can and are being
improved.

Local delivery of DSS could be enhanced by advances in imaging (to precisely identify
targets),[158,167-170] endoscopy (to identify and reach them),[171,172] and other
technologies. For example, it is now the standard of care for injection of local anesthetics
near nerves for peripheral nerve blockade to be performed under ultrasound guidance, to
improve targeting and to avoid injuring tissues with the needle.[173,174] Theranostic
nanoparticles, or nanoparticles for imaging, could also be helpful.[175-179] Systemic
administration could delineate targets for either surgical resection,[180-184] radiation
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therapy,[185] or targeting with nanotherapies such as those described above. A special case
of such approaches is nanoparticles that are injected locally or systemically so that they are
taken up in a particular type of tissue (e.g. lymphatics, tumor).[179] During subsequent
surgery, the location of the particles — and therefore of the specific tissue to be resected can
be detected by irradiation of the surgical field.[186]

Improving methods of increasing nanoparticle accumulation at specific sites is the subject of
a large body of literature. It has correctly been pointed out that the percentage of an injected
dose of nanoparticles that actually reaches tumors (for example) is very small.[158] That is
perhaps not surprising given that the target tissues are themselves very small, in comparison
the potential volume of distribution of a systemically delivered material. Moreover, it could
be argued that what really matters is not the absolute amount of nanoparticle reaching a
diseased site but the fractional change in that amount due to targeting, which could in theory
increase the therapeutic index. Strategies to improve targeting will therefore be important.
One approach would be to increase the tissue depth at which targeting and triggering by
external energy sources can be effective,[187,188] which may involve making drug delivery
systems more sensitive to the stimuli, improving photosensitizers, making upconversion
more effective, etc. With upconversion, the goal is to allow the nanoparticles in the target
tissue to be reached by NIR light (which has greater tissue penetration than light of shorter
wavelengths),[189] where it is converted in situ to light of shorter wavelength and higher
energy. That upconverted light then has sufficient energy to cleave covalent bonds, etc.,
enabling drug delivery events. Targeting can also be improved by the discovery of more
specific targeting receptors, and perhaps by combinations of targeting modalities.

Developing methods to enhance drug loading could also be beneficial, since achieving drug
loading is often problematic with nanoscale DDSs, and since the mass of nanoparticle that
reaches target sites is usually small. The use of synergistic drug combinations can serve a
similar purpose,[190,191] allowing a smaller mass of delivered drug to have a greater effect.
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Highlights:
. Advantages and disadvantages of nanoscale drug delivery systems for local
drug delivery.
. Strategies for local nanoscale drug delivery by local and systemic
administration.
. Targeting and triggering of nanoscale drug delivery systems

Nano Today. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ji and Kohane Page 21

Local administration for local effect Systemic administration for local effect

Targetin

Local Effect

@ Nanoscale drug carrier © Drug YTargeting motif a Nerve J Tumor cell and bio-marker

Figure 1.
Administration and effects of nanoscale drug delivery systems (DDSs). Schematic

illustration showing drug delivery system being administered locally for a local or systemic
effect, or administered systemically but targeted to have a local effect.
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Figure 2.
Drug levels after local administration for systemic effect or local effect. (a) Drug level

needed for systemic effect. (b) Drug level for local effect.
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Figure 3.
Penetration of hollow silica nanoparticles (HSN) can penetrate. (a) TEM image of ~30 nm

HSN. (b,c) HSN distribution in the sciatic nerve tissue after 4 h injection. The HSN were
fluorescently labeled with fluorescein (green). The scale bars is 200 pm. Adapted from [39],
copyright from American Chemical Society, 2018.
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Comparison of binding by smaller micelles (M-Bup-Rhd, 15 nm) and larger liposomes (L-
Bup-Rhd, 100 nm), both containing bupivacaine (Bup) and the fluorophore rhodamine
(Rhd). (a) Confocal laser scanning microscopy of cells incubated with M-Bup-Rhd or L-
Bup-Rhd. Red, rhodamine (Rhd); blue, nuclei (Hoechst33342). Scale bar = 25 um. (b) Time
course of fluorescence in the tail after intravenous regional anesthesia with M-Bup-Rhd or
L-Bup-Rhd. (c) Proposed actions of nanoformulations. Adapted from [13] with permission,

copyright from American Chemical Society, 2019.

Nano Today. Author manuscript; available in PMC 2020 October 01.



Ji and Kohane Page 25

== Burstrelease - 141 mW/em?®
= 22 mWicm® ™ 75 mWicm®

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Inj Trigger #1 Trigger #2 Trigger #3 Trigger #4

A |

84

o
]
2
81
&
2]

Figure 5.
Repeated light-triggered on-demand local anesthesia with liposomes containing tetrodotoxin

and dexmedetomidine and decorated with gold nanorods, (a) Scheme and
cryoelectromicrograph of liposomes. Arrows indicated gold nanorods, (b) Time course of
local anesthesia (y-axis) after injection of liposomes, followed by irradiation of the injection
site (purple arrows) one to four days later. Adapted from [52] with permission, copyright
from American Chemical Society 2016.
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Figure 6.
Accumulation in tumors of nanoparticles formed by assembly of a photosensitizer (chlorine

e6) and doxorubicin, (a) Schematic representation of nanoparticles, (b) In vivo fluorescence
images of mice after administration of free chlorine e6 solution or the nanoparticles.
Nanoparticles accumulated at the tumor site because of the EPR effect. The black circled
area indicates tumor tissue. Adapted from [89] with permission, copyright from American
Chemical Society 2016.
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Figure 7.
Treatment of choroidal neovascularization (CNV) by photo-triggered targeting of

systemically-administered nanoparticles. (a) Scheme of administration and light-triggered
targeting. (b) Scheme of light-triggering of nanoparticle targeting. Irradiation removes the
caging groups from the targeting motifs, which also allows them to come to the surface of
the nanoparticles. (c) Targeting efficiency evaluation by confocal laser scanning
microscoscopy. Accumulation of nanoparticles labeled with the fluorescent dye AMF (NP-
AMF) in CNV lesions. NP-AMF-[CPP]: nanoparticles with caged cell penetrating peptide
(CPP). NP-AMF-[CPP] + hv: such nanoparticles with photo-triggering. The scale bar = 100
pum. (d) Representative isolectin GS 1B4-stained (red, indicating the vasculature) images of
CNV lesions after treatment with doxorubicin (doxo)-containing formulations. NP-[CPP]-
doxo: nanoparticles with caged CPP containing doxorubicin. Scale bar = 100 ym. Adapted
from [95] with permission, copyright from Nature Publishing Group, 2019.
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Methods of administration of drug delivery systems, and their intended site of delivery and action. The shaded
boxes are the subject of this review.

Method of administration

Local

Systemic

Intended site of
drug delivery (and
action)

Concept. DDS applied at particular site to affect
adjacent structures.

Concept. DDS applied into systemic circulation but
targeted to affect a specific site.

Lozl Example. Nanoparticles deposited next to nerve, Example. Intravenous nanoparticles photo-targeted
to penetrate that nerve to bind in the eye.
Concept. DDS applied at an accessible location, Concept. DDS applied into systemic circulation, to
Systemic with drugs intended to affect remote locations. affect the entirely of the body.

Example. Subcutaneous microparticles containing
growth hormone.

Example. Intravenous nanoparticles containing an
antifungal agent.
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