International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

REVIEW

Nanomedicine for drug targeting: strategies
beyond the enhanced permeability
and retention effect

Hayley Nehoff'
Neha N Parayath'
Laura Domanovitch'

Sebastien Taurin'
Khaled Greish'?

'Department of Pharmacology

and Toxicology, University of Otago,
Dunedin, New Zealand; Department
of Oncology, Faculty of Medicine,
Suez Canal University, Egypt

Correspondence: Khaled Greish
Adams Building, 3rd Floor, 18 Frederick
Street, Dunedin, New Zealand

Tel +64 3 479 4095

Fax +64 3 479 9140

Email khaled.greish@otago.ac.nz

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

22 May 2014
Number of times this article has been viewed

Abstract: The growing research interest in nanomedicine for the treatment of cancer and
inflammatory-related pathologies is yielding encouraging results. Unfortunately, enthusiasm is
tempered by the limited specificity of the enhanced permeability and retention effect. Factors
such as lack of cellular specificity, low vascular density, and early release of active agents prior
to reaching their target contribute to the limitations of the enhanced permeability and retention
effect. However, improved nanomedicine designs are creating opportunities to overcome these
problems. In this review, we present examples of the advances made in this field and endeavor
to highlight the potential of these emerging technologies to improve targeting of nanomedicine
to specific pathological cells and tissues.
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Introduction

The use of nanotechnology for medical applications encompassing drug delivery and
diagnostics has attracted increasing interest due to the ability of nanosized (macromo-
lecular) formulations to favorably alter drug pharmacokinetics. These macromolecules
have a different biodistribution profile, a prolonged plasma half-life, and reduced
metabolism of the encapsulated drug.! One of the most commonly cited reasons,
however, for the use of nanomedicine is the ability of macromolecular compounds
to exploit the enhanced permeability and retention (EPR) effect to specifically target
tumor (Figure 1) and inflamed tissues.!

The enhanced permeability observed in the vasculature of tissues undergoing
certain pathologies, such as cancer or inflammation, is a result of deregulated angio-
genesis and/or increased expression and activation of vascular permeability factors.
The imbalance in expression and activation of proangiogenic and antiangiogenic
molecules results in a discontinuous endothelial layer, where fenestrations between
the endothelial cells may range from 300 nm to 4,700 nm in size.? In addition to the
formation of this porous vasculature, impaired lymphatic drainage may also occur in
tumor tissue due to dysfunctional lymphangiogenesis and compression of the lymphatic
vessels by growing numbers of cancer cells. As a result of this insufficient lymphatic
drainage, constructs present in the interstitial fluid of tumors are retained for longer
than in normal tissues with functional lymphatics.**

Exploitation of the EPR effect via use of nanoconstructs has been shown to
consistently increase the fraction of the injected drug dose that reaches the tumor
tissue.” Furthermore, the absence of large fenestrations in nonpathological tissues
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e Tight endothelial cell junctions
e Functional lymphatics
e Functional smooth muscle layer

® | ittle macromolecule
extravasation

Pathological tissue

e Loose endothelial cell junctions

e Non-functional lymphatics
e High interstitial fluid pressure

® Extravasation of macromolecules

Figure | Enhanced permeability and retention effect results from loose endothelial junctions allowing extravasation of macromolecules and nonfunctional lymphatics, result-
ing in prolonged retention of macromolecules within the pathological tissue, in this representation tumor tissue. This tissue also shows a high interstitial fluid pressure and a

lack of a functional smooth muscle layer surrounding the blood vessels.

prevents the extravasation and deposition of macromolecular
constructs in healthy tissue and thereby reduces the level of
systemic side effects. The two notable exceptions to this
rule are the liver and spleen, because both of these organs
commonly have large fenestrations.” As a result of reduced
nonspecific extravasation and circulating free drug, adverse
effects are greatly reduced with the use of nanomedicine.
This effect was clearly demonstrated with a reduction in
doxorubicin-induced cardiotoxicity following treatment with
Doxil®, a liposomal formulation of doxorubicin.® However,
an increased incidence of palmar—plantar erythrodysesthesia
has been observed to occur as a consequence of use of this
construct.’

Despite the ability of the EPR effect to improve the
accumulation of macromolecules in pathological tissue,
there remains the potential for improvement of tissue target-
ing. Inclusion of alternative techniques that are beyond the
modification of size, coating, and charge has the ability to
enhance the level of drug accumulation within pathological
tissue. This review discusses and examines the methods that
are being developed to improve the targeting of pathologi-
cal tissues and cells by macromolecular therapeutics. We
examine the innovative techniques being developed by
researchers in this field and discuss the potential problems
that must be overcome to ensure the successful transition of
nanomedicine into the clinic.

Challenges to the EPR effect

High interstitial fluid pressure

Interstitial fluid pressure (IFP) in tumor tissue is a sig-
nificant barrier that prevents the penetration of therapeutic
agents.!® The elevation of IFP that is commonly seen in
tumor tissue has been found to occur as a result of numerous
factors. Firstly, the fenestrated vasculature observed in
cancerous and inflamed tissues allows plasma fluid and
proteins to leak from the capillaries. Secondly, the high
protein content of the interstitial space increases the col-
loidal pressure and impedes the movement of extravasated
nanoconstructs. Thirdly, compression of lymphatic vessels
as a result of the pressure of the growing tumor results in
a reduction of interstitial fluid drainage and thereby a net
gain in IFP." Finally, IFP is also increased as a response to
contraction of the interstitial space, an effect mediated by
stromal fibroblasts.!> All of these factors play a key role in
elevating the IFP of tumor tissue and consequently reducing
the penetration of therapeutic macromolecules. Therefore,
there is the potential to target these pathological factors and
in turn reduce the IFP, thereby increasing the quantity of
cancerous cells exposed to the nanomedicine.

A well investigated mechanism for decreasing IFP
involves normalization of the vasculature in order to reduce
extravasation of plasma fluid and proteins. This has previ-
ously been demonstrated by the use of DC101, a vascular
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endothelial growth factor (VEGF) receptor-2 antibody, to
normalize the vasculature of subcutaneous MCalV tumors.
Treatment with DC101 40 mg/kg increased the penetra-
tion of TRITC-BSA (molecular weight 71,000 Da)"® from
7.26 um to 11.23 um from the blood vessel one hour post
administration. This enhanced infiltration was suggested to
be the consequence of treatment with DC101 lowering IFP
by approximately 45%.'* Repeated administration of a VEGF
monoclonal antibody (six doses of 100 g per mouse) was
reported to decrease IFP in tumors by up to 74% in a mouse
model of colorectal adenocarcinoma.”® However, given
that no investigation into the correlation between IFP and
the integrity of the vasculature has been conducted, other
potential mechanisms, such as tumor cell death or a reduc-
tion in microvessel density, may account for the decreased
IFP. Promisingly, a 73% reduction in IFP was observed in
four patients with rectal carcinoma treated with bevaci-
zumab, a humanized monoclonal antibody targeting VEGF-
A,'® indicating that an efficient reduction in IFP is achievable
in the clinic. However, normalization of blood vessels and
thereby reduced IFP is also expected to significantly reduce
extravasation, because vascular normalization also reduces
permeability of the vasculature to macromolecules such as
albumin by up to 51%.'* Furthermore, the temporal window
for efficacy of these drugs is narrow, as little as 6 days,
and may show a great deal of heterogeneity depending on
the patient and tumor being treated.'”

Although normalization of lymphatic vessels may appear
to be a suitable method for decreasing IFP, pursuit of this
technique is likely to produce unfavorable results and cause
more damage than what would be observed in tissues with
compressed lymphatics. This is due to the observation that it
is through functional lymphatics that tumor cells metastasize,
so normalization of these vessels may increase the risk of
metastasis.'

IFP may also be lowered via pharmacological modulation
of stromal fibroblasts, because these cells are responsible for
increased pressure via contraction of the interstitial space.
Simulation of the platelet-derived growth factor receptor
(PDGFR) has been shown to increase IFP via contraction
of stromal cells, the integrins of which interact with the
extracellular matrix.!*?! Administration of the PDGFR-P
inhibitor, STI-571, was shown to decrease IFP in colon car-
cinoma by 32%? and in thyroid carcinoma by 58%,% while
imatinib, a PDGFR inhibitor, reduced IFP in a mouse
model of non-small-cell lung cancer by 28%.%' Inhibition of
PDGFR activity, while appearing to be less effective than
vascular normalization in terms of lowering IFP, does not

result in reduced vascular fenestrations, thereby preserving
extravasation of macromolecules.?

Despite the presence of elevated IFP, our view is that
this pathological feature does not negate the extravasation
of nanoconstructs in tumor tissue. Elevated IFP primarily
acts on the venous end of tumor vessels because this site
maintains a lower hydrostatic pressure than that at the arte-
rial end. Without continuous blood circulation involving
venous return in the tumor tissue, growth and survival of
tumor cells would not be possible. Furthermore, variations
in IFP measured in human tumors range from —1 mmHg to
94 mmHg, making it unreasonable to generalize the role of
elevated IFP to all types of human cancer.?

Tissue penetration

Tissue penetration is a significant barrier to the efficacy of a
nanomedicine. Although tumor and immune cells are capable
of endocytosing these constructs, the macromolecule must
first penetrate a number of layers to reach these cells. Due
to the presence of the extracellular matrix and dense “rings”
of cells around blood vessels, where the supply of nutrients
and oxygen necessary for cellular growth is most abundant,
the ability of nanomedicines to penetrate to cells beyond the
blood vessel is significantly impaired. Consequently, the
anticancer efficacy of macromolecules is often restricted to
the cells surrounding the blood vessels.

An example of the importance of tissue penetration in
successful delivery of nanoconstructs is delivery of macro-
molecules to brain tissue. The issue of effective utilization
of nanomedicine for the treatment of brain disorders is
particularly challenging due to the diverse properties of the
central nervous system. The blood-brain barrier provides
a formidable challenge to delivering therapeutics to treat
pathologies of the central nervous system. This is primarily
due to the ability of the blood—brain barrier to block passive
diffusion of large or hydrophilic constructs and effectively
efflux small molecules as a protective mechanism. In certain
brain tumors, such as glioblastoma multiforme, the blood—
brain barrier does show a degree of disruption, allowing
macromolecules to penetrate into the central nervous
system.?** However, infiltration of macromolecules into this
tissue is impeded by the inability of large molecular weight
constructs to diffuse easily through the interstitial space.
Furthermore, glioblastoma multiforme cells are highly inva-
sive, and the presence of even a small number of remaining
cells makes post-surgical recurrence essentially universal
within this patient population.?® The residual cells that remain
in the brain are supported by the existing vasculature and due
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to the lack of neoangiogenic vessels in the spreading tumor
lesion, the blood—brain barrier still prevents chemotherapeu-
tics from reaching the invasive cell population, and therefore
continues to pose a considerable challenge to the effective
treatment of central nervous system tumors.

These factors have traditionally made treatment of central
nervous system tumors difficult and resulted in the applica-
tion of systemic antibodies, macromolecular drug carriers,
and cytolytic viruses being negatively impacted.?’” For
these reasons, convection-enhanced delivery (CED), which
involves the utilization of a positive pressure gradient applied
during an infusion, has been investigated as a possible
mechanism to overcome these challenges. This technique is
intended to enhance the distribution of therapeutic molecules
and constructs into the brain whilst circumventing potentially
harmful systemic exposure (Figure 2A). The use of this
procedure is currently being investigated for the treatment
of central nervous system pathologies such as glioblastoma
multiforme and Parkinson’s disease.?’

The use of CED has the potential to facilitate the effi-
cient distribution of macromolecular constructs through the

interstitial space in a manner not possible by simple bolus
injection. Clear evidence of CED-mediated improvement
has been demonstrated, with one study showing a 115-fold
increase in volume of distribution of 50 nm lipid nanocap-
sules when compared with a classical injection of the same
nanoparticles.?

When considering the use of CED, nanomedicine also
allows for increased retention and volume of distribution
within the central nervous system, whilst also reducing
toxicity to cells in the central nervous system. For example,
administration of liposomal irinotecan or topotecan into the
central nervous system of Sprague-Dawley rats via CED has
been seen to cause a 65.6-fold and 15-fold increase, respec-
tively, in half-life relative to that of the free drug.’*! Simi-
larly, liposomal and micellar doxorubicin administered via
CED showed a 4.6-fold and 3.9-fold increase in the volume
of distribution when compared with the free drug.*

Although the potential to apply drugs directly to the cen-
tral nervous system and thereby avoid systemic exposure is
an attractive idea, CED is still a technique that requires a
good degree of refinement beyond the current methodology.

E

AT-Il receptors react by constricting the
blood vessel to keep blood flow consistent
in healthy vessels.

Lack of AT-Il receptors and a functional
smooth muscle layer results in blood flow
increasing specifically in tumor tissues.

Figure 2 Gross tissue level targeting. (A) Convection enhanced delivery utilizes a positive pressure gradient to cause the dispersion of the active agent through the in-
terstitial space. (B) Magnetic targeting is utilized in order to facilitate the extravasation of magnetic nanoparticles specifically into target tissues using magnetic stimulation.
(C) pH-dependent release of drug from nanoconstructs allows specificity of drug release in regions with low pH such as hypoxic tumor regions. (D) Enzyme-mediated
release allows release of the active agent from the encapsulating agent specifically in tissue with elevated levels of these enzymes confering a degree of specificity to the site
of release. (E) Increased blood pressure, due to the lack of a functional smooth muscle layer and AT-I receptors in tumor blood vessels, allows specific increases in blood

flow and subsequently nanomedicine delivery in pathological tissue.
Abbreviation: AT-Il, angiotensin Il.
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More research into CED needs to be conducted before
consistent and efficacious results can be achieved in
the clinic. For example, movement of constructs through
the central nervous system is defined by the character-
istics of the tissue, wherein gray matter shows isotropic
transport, and movement through white matter is depen-
dent on the density and direction of the axons. Transport
through tumor tissue is also highly complex, with macro-
molecules showing differential distribution depending on
the homogeneity of the tumor tissue itself.** In addition
to this, factors such as preinfusion sealing time, rate of
infusion, size of the delivery cannula, and concentration
and leakage of the infusate into the subarachnoid space
or surgical cavity must also be considered when applying
this technique.?*

Nonvascular tumor tissue

Although tumors must have a blood supply to continue
growth because of their demand for oxygen and nutrients, the
degree of vascularization varies considerably depending on
the tumor being treated. For example, the microvessel density
in hepatocellular carcinoma and colorectal carcinoma may
be up to 127.2 vessels per field and 145 vessels per field,
respectively.” Conversely, squamous cell carcinoma and
stage -1l non-small-cell lung cancer may have a microvessel
density of only 14.8 vessels per field and 23.6 vessels per
field, respectively.” In tumor tissues where the microvessel
density is low, the capacity to deliver nanomedicine effec-
tively is significantly reduced, given that the distance that
the macromolecule will have to diffuse through is signifi-
cantly increased. Furthermore, the absence of an adequate
microvessel structure prevents the supply of a sufficient
amount of blood to the tumor tissue, resulting in hypoxia,
acidosis, and oxidative stress, all of which lead to develop-
ment of a necrotic region. These factors make the pursuit of
systemically applied nanomedicine for nonvascular tumor
tissue insufficient.

Liver and spleen accumulation

The liver and spleen have large endothelial fenestrations
(~100 nm and 5 um, respectively),***’ so macromolecules
will extravasate into these tissues. However, the extent to
which these macromolecules accumulate within the liver
and spleen is determined by several parameters. Greater
accumulation of macromolecules within the liver is some-
times observed in preclinical studies despite the larger
fenestration size in the spleen,’ a distribution pattern likely
to be a consequence of the high blood flow through the liver

relative to the spleen (1.8 mL versus 0.09 mL per minute
in mice, 13.8 mL versus 0.63 mL per minute in rats, and
1,450 mL versus 77 mL per minute in humans).’® Previ-
ous research has shown that the degree of accumulation
of macromolecules within these organs may be further
influenced by the nature of the construct. Modulation of
construct parameters such as size, shape, and charge” may
therefore alter the accumulation of these macromolecules in
various organs and prevent the development of unwanted
effects. For example, cylindrical silicone particles have been
shown to accumulate in the liver with a quantity two-fold
that of spherical and quasihemispherical particles and five-
fold that of discoidal particles.*® Nevertheless, it has been
demonstrated that nanomedicines can accumulate and be
retained in hepatic tumors at a concentration higher than
that of the surrounding healthy liver,* an effect which can
be attributed to differential lymphatic drainage in healthy
and cancerous tissues.

Improvement of the EPR effect
at the tissue level

Magnetic nanoparticles

Although targeting mechanisms utilizing tumor-specific
receptor ligands confer a degree of specificity to tissue
accumulation, receptors that may be overexpressed in patho-
logical conditions are often also expressed in healthy tissues.
Therefore, the use of these ligands leaves open the possibility
of increasing the delivery of nanoconstructs to not only
pathological target tissue but also to healthy tissues. Magnetic
nanoparticles allow targeting of a wide variety of tissues
via application of a magnetic field to specifically increase
nanoparticle accumulation within a specific and restricted
area. Due to the atypical nature of the magnetic stimulus, the
application of a magnetic field to a specific section of tissue
has the potential to offer a greater degree of specificity as
regards tissue accumulation (Figure 2B).

The design of magnetic nanoparticles is complex, requir-
ing consideration of a number of factors. Magnetic nanopar-
ticles are typically metal-based, which limits the number
of materials suitable for application. Iron nanoparticles,
such as Fe,O, and gamma-Fe O

273
utilized, and are well tolerated due to the body’s ability to

are the most commonly

store iron effectively. In comparison, metals such as nickel
and neodymium are not well tolerated by the body, so are
avoided in the design of magnetic nanoparticles. The size of
the construct must be carefully considered beyond the ability
to escape renal filtration and selectively extravasate from the
tumor or inflamed blood vessels. For example, the construct
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must be small enough to pass safely through the capillaries
and not precipitate in response to gravitational force, but
must also be large enough to overcome the hemodynamic
force of the blood flow and to have a suitable magnetic
susceptibility.

The premise of magnetic targeting has been previously
demonstrated in a rodent model of glioblastoma multiforme,
where accumulation of iron oxide nanoparticles adminis-
tered to rats bearing orthotopic tumors was measured in
the presence or absence of an external magnetic field. This
study showed an 11.5-fold greater accumulation of iron
oxide nanoparticles in tumor tissue when the animals were
concomitantly subjected to a localized magnetic field (0.4 T)
relative to control animals.*® Furthermore, in animals exposed
to magnetic targeting, accumulation of iron oxide nanopar-
ticles in tumor tissues was 9.5-fold higher than accumulation
within the contralateral brain,* indicating significant tissue
specificity.

Magnetic targeting typically involves the use of external
magnets, which have a variety of drawbacks. Primarily,
external magnets limit the ability of magnetized nanopar-
ticles to be targeted to deep tissues. This drawback may
be overcome by the use of surgically implanted magnets,
alone or in combination with external magnets, to attract the
magnetized nanoparticles to deeper tissues. Small implants
placed directly into the target tissues may be magnetized via
application of an external magnetic field, thereby creating
an internal magnetic field that may be significantly more
effective than an external field, particularly in the case of
deep tissues. However, whilst appealing, this option does
require that the patient be suitable for and consent to this
type of invasive surgery.

Furthermore, due to the size of the human body in com-
parison with animal models, the strength of the magnetic field
will need to be scaled up in order to be successful in a human
due to the increased working distance. This may result in the
applied magnetic strength exceeding the 8 T considered safe
by the US Food and Drug Administration.*!

Ultrasound

Ultrasound has been utilized for a number of years in a
wide variety of pathological conditions to increase the
uptake of therapeutics, both small and large molecular
weight. The mechanism by which ultrasound increases
the cellular uptake of therapeutics, although not indisput-
able, is thought to be due to membrane disruption. This
disturbance results in increased permeability to macromo-
lecular agents and the drugs they release in response to

ultrasound.* Ultrasound serves as a noninvasive, highly
manipulable method to disrupt cell membranes and enhance
capillary permeability. Most importantly, the effects of
ultrasound are able to be tuned in order to affect deep tis-
sues that may not be possible, practical, or safe to reach
with surgical methods.

The effect of ultrasound on drug uptake by cells has been
previously investigated in a mouse model of intraperitoneal
ovarian cancer. In these studies, the uptake of micelles loaded
with doxorubicin was significantly improved following appli-
cation of ultrasound (30 seconds with 1 mHz)*** and was
sustained for at least 8 hours.* However, it must be noted that
there has been an indication that areas not subject to direct
sonication also show evidence of an increased concentration
of doxorubicin, indicating nonspecific effects of ultrasound
that could be potentially detrimental.** In addition to these
findings, the extended use of ultrasound has the potential to
adversely affect the integrity of the nanomedicine formula-
tion. This ultrasound-induced breakdown has been utilized
by some researchers to induce site-specific drug release, as
opposed to increased internalization or extravasation of the
whole nanoconstruct. For example, administration of lipo-
somal cisplatin to mice bearing peritoneal J6456 lymphoma
lesions showed that 120 seconds of low frequency ultrasound
application induced release of 70% of the encapsulated cis-
platin, representing a 23.3-fold increase compared with the
release in the absence of ultrasound.**

Ultrasound can also be utilized to increase the perme-
ability of tissue barriers. As discussed previously, the blood—
brain barrier is a formidable obstacle to drug delivery into the
central nervous system. A potential method to overcome this
barrier is to disrupt the blood—brain barrier temporarily and
therefore allow for the selective entry of macromolecules into
the sonicated area of the brain. Creation of this temporary
disruption to the blood—brain barrier is achieved by a process
known as cavitation. This technique uses microbubbles that
collapse under ultrasonic pressure to generate mechanical
stress that can then act to transiently increase the permeability
of the blood-brain barrier.**¢ This method is already being
examined in order to treat pathologies such as glioblastoma
multiforme and Alzheimer’s disease.**° Utilization of
ultrasound in animals larger than mice may, however, be
problematic due to the effect of cranial bone attenuation
and scattering. In a porcine model of ultrasound-induced
blood-brain barrier disruption, ie, 1 mHz for 30 minutes,
the increase in Evans blue dye extravasation in ultrasound-
treated portions of the brain increased by ~30% relative to
nontreated portions.*® Unfortunately, the groups were highly
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heterogeneous and the effect was abolished 120 minutes
following sonication.*

Exploitation of systemic physiology

Blood pressure

A particular characteristic of tumor vasculature is the poor
regulation of blood pressure. Examination of this feature
has shown the involvement of several factors, including a
lack of a functional smooth muscle layer around the blood
vessels,’'*? a significantly reduced density of angiotensin
IT (AT-II) receptors®~° and bradykinin receptors,* and an
increased concentration of nitric oxide,’” presumably as a
consequence of increased levels of inducible nitric oxide
synthase’®* within tumors.

These factors contribute to the efficacy of AT-II-
induced hypertension, because AT-II may be used to
increase blood pressure and therefore the quantity of blood
flowing specifically through the tumor vasculature, while
minimally affecting healthy vasculature (Figure 2E). This
tissue-specific effect occurs because healthy vasculature,
in response to intravenously administered AT-II, will
contract the smooth muscle layer surrounding the blood
vessels. This reduction in the size of the blood vessel lumen
results in a systemic increase in blood pressure. Conversely,
tumor vasculature has fewer AT-II receptors, a defective
smooth muscle layer, and a higher concentration of nitric
oxide.®® These parameters mean that, while healthy tis-
sues may respond appropriately to AT-II and maintain the
same blood flow, the blood flow through tumor vasculature
will increase as the vessel lumen enlarges in response to
increased blood pressure.

The use of AT-II has been demonstrated to be highly
efficacious at enhancing the selective delivery of nano-
medicine to tumor tissue while increasing the tumor blood
flow by 2—6-fold relative to normal tissues.®' The increase
in blood flow will cause a greater amount of drug to pass
through the tumor vasculature, which in turn will also aug-
ment the EPR effect. Enhancement of the EPR effect has
been demonstrated by administration of the 3!Cr-labeled
nanomedicine known as styrene-co-maleic-acid polymer
conjugated to neocarzinostatin (SMANCS) following AT-II-
induced hypertension. This treatment resulted in a 1.3—3-fold
increase in tumor accumulation of SMANCS, depending on
blood pressure.®? Remarkably, use of AT-II also showed the
potential to decrease the quantity of SMANCS in healthy tis-
sues because constriction of healthy blood vessels decreases
the size of the endothelial fenestrations.®* The degree of
selectivity for tumor tissue achieved using this process is

remarkable and constitutes the first example of this type of
manipulation, thereby providing a platform for advancement
of this technique and the development of others.

Enzyme-mediated targeting and release

Enzymes serve essential functions, and as a consequence, are
typically tightly regulated by the cell. In tumors and inflamed
tissues, the expression and/or activity of enzymes can be sig-
nificantly different due to alterations in cellular metabolism,
proliferation, and invasion. Enzyme targeting is an intriguing
mechanism that could be used in two distinct ways to increase
the delivery of nanoconstructs to tumor tissue.

Firstly, nanoconstructs could be conjugated to specific
substrates that are targeted by enzymes overexpressed in
pathological tissue. This may be utilized to allow for selec-
tive accumulation of nanomedicine at the therapeutic site. An
example of successful use of an enzyme-targeting system is
chlorotoxin. Chlorotoxin is a 36 amino acid peptide derived
from the venom of the deathstalker scorpion. Despite the
name, garnered from early experiments that appeared to
suggest chlorotoxin affected cellular chloride channels,
this peptide works by selectively binding to surface-bound
matrix metalloproteinase 2, resulting in internalization of
matrix metalloproteinase 2. Chlorotoxin has been found to
react with membranous matrix metalloproteinase 2, which
is specifically expressed in a wide variety of tumor tissues,
including glioblastoma multiforme, pilocytic astrocytoma,
small cell lung carcinoma, and Ewing’s sarcoma.®® Chlo-
rotoxin targeting produces a significant increase in tumor
localization of nanoparticles in mouse models of glioblas-
toma multiforme®® and specific localization of radioactive
iodine conjugates in humans with glioblastoma multiforme
lesions in Phase I/II trials.*®*¢” This method of targeting shows
immense promise; however, no extensive Phase III clinical
trials involving chlorotoxin-conjugated nanomedicine have
been carried out in humans to date.

Secondly, enzymes may also be used to confer tissue
specificity to the action of a nanomedicine by exploiting
enzymes to promote the specific release of small molecular
weight drugs from the carrier in the target tissue (Figure 2D).
These small molecular weight drugs may then diffuse
through solid tissue and into the cell. Although this
mechanism does not strictly improve accumulation of the
nanomedicine at the tumor site, it is a mechanism by which
the enhanced accumulation made possible through utiliza-
tion of the EPR effect can be coupled with site-specific
drug release following either extravasation or endocytosis.
A particular example of nanoconstructs showing an

International Journal of Nanomedicine 2014:9

submit your manuscript

2545

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Nehoff et al

Dove

enzyme-specific response is the synthesis of liposomes that
are sensitive to degradation by secreted phospholipase A,.
Secreted phospholipase A, hydrolyses phospholipids to form
arachidonic acid and lysophospholipids, ie, the process which
is physiologically responsible for inflammation and throm-
bosis. Secreted phospholipase A, shows increased expression
in a range of tumor types (including esophageal adenocar-
cinoma, prostate cancer, and hepatocellular carcinoma)®®-"
and inflammatory conditions such as psoriasis and rheumatoid
arthritis.”"’? Liposomes sensitive to degradation by secreted
phospholipase A, have been synthesized with the purpose
of producing a long circulating nanomedicine that can
be selectively degraded at pathological sites.”’* Curiously,
the degree of liposome degradation by secreted phospholi-
pase A, increases with the quantity of poly(ethylene glycol)
(PEG)-lipid conjugates incorporated into the liposome, in a
charge-dependent manner.”’ Unfortunately, to the authors’
knowledge, studies to validate the efficacy of this system
in vivo have not been published.

Currently, the research into enzyme-mediated delivery
and/or release has predominantly focused on the treatment of
cancer, although the potential for utilization in the treatment
of inflammatory conditions is present. Cleavage of a formula-
tion to release a payload must be carefully undertaken, given
that both the uncleaved construct and the cleaved carrier
must be nontoxic and the cleaving enzyme must be specific
so as to assure that the toxic payload will not be delivered
to nontargeted tissues.

pH targeting

Nanoparticle modification via pH targeting is one of the
major methods utilized for targeted drug delivery using
the external stimuli of pH change. This technique makes
use of the variable pH gradient seen across different tissues
or subcellular compartments to allow for site-specific drug
release.

Cancer cells

The pH of the tumor microenvironment is known to be acidic
(as low as pH 5.7). Rapidly growing tumor cells accumulate
lactic acid as a result of their high rate of glucose metabo-
lism, insufficient blood supply, poor lymphatic drainage,
and reduced rates of oxidative phosphorylation.” Thus,
the acidic pH of the tumor microenvironment can be
harnessed for pH-dependent drug delivery (Figure 2C).
The role of the acidic environment in increased uptake of
nanoparticles was first shown by Maeda et al who observed
that SMANCS, under acidic conditions, showed a ten-fold

increase in tumor cell binding.” Paclitaxel-loaded acrylate
polymers with a pH-sensitive 2,4,6-trimethoxybenzala-
dehyde linker have also been developed and shown to be
stable at neutral pH but cleaved at acidic pH, leaving the
hydroxyl groups of the polymer exposed. This transforma-
tion causes swelling of the nanoparticles and subsequent
release of almost all paclitaxel within 24 hours, compared
with the nonexpansile nanoparticles which showed rapid
release independent of pH. The expansile pH-sensitive
nanoparticles loaded with paclitaxel were shown to inhibit
rapid growth of Lewis lung carcinoma tumors compared with
non-pH-sensitive nanoparticles, which were associated with
a nonsignificant reduction in tumor size in a 14-day study
performed in C57B1/6 mice.”

Polymers with other acid-labile bonds have also been
developed so as to specifically release drug from the
polymer in the acidic conditions of the tumor environ-
ment. Hydrazone linkages are one such example, and have
been used widely for preparation of hyaluronic hydrogels
for pH-responsive drug release. These hydrazone-linked
hyaluronic acid hydrogels release 60% of their linked
immunoglobulin G in 8 hours at pH 5, while 60% release
is achieved at 400 hours at pH 7.4.7® A major challenge to
utilizing low pH for targeting tumor tissues is the lack of an
efficient blood supply for delivery of the nanoconstructs to
the hypovascular tumor center. This is further complicated
by the impedance of particulate convection in the extracel-
lular space as described in the section on tissue penetration.
A combinational approach using this strategy is thus a
plausible solution.

Intracellular delivery

Rapid endosomal acidification occurs during the endocytosis
process due to ATPase-mediated proton influx. This activity
results in a drop in pH levels to <6 in early endosomes, sort-
ing endosomes, and multivesicular bodies.” Subsequently,
pH-sensitive liposomes have been developed to release
their content in response to acidic pH. The first liposomes
developed containing the pH-sensitive lipid palmitoyl
homocysteine showed release of a fluorescent marker in
a manner that was inversely proportional to the pH of the
serum.® Furthermore, pH-sensitive liposomes, generated
by surface modification of egg yolk phosphatidylcholine
liposomes with MGlu-Dex, have been shown to be taken up
efficiently by dendritic cells to deliver entrapped ovalbumin
molecules into the cytosol. Subcutaneous administration of
MGlu-Dex-modified liposomes loaded with ovalbumin to
mice induced antigen-specific humoral and cellular immunity
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more effectively than the unmodified liposomes loaded with
ovalbumin.®!

Nanoparticles are often coated with stealth PEG layers,
which are stable in the circulation but released in endo-
somes. PEG layer shedding helps in nanoparticle endosomal
escape by reducing the steric and electrostatic hindrance
from the PEG layer.®” These PEG layers are grafted onto
the nanoparticles with pH-sensitive linkers favoring drug
release.®® This endosomal acidification is used as a trig-
ger for endosomal escape by a mechanism hypothesized
to occur via the “proton sponge” effect. This procedure
involves nanoparticles absorbing protons at endosomal pH
to maintain the pH, causing an increase in osmotic pressure
in the endosomal compartment, followed by disruption of the
plasma membrane and subsequent release of nanoparticles
into the cytoplasm.* For example, polyhistidine is known to
have endosomal membrane disruption activity induced by the
“proton sponge” mechanism. This activity causes disruption
of the compartment membrane and release of doxorubicin
into the cytosol, thus producing much higher in vitro and
in vivo anticancer activity.?® Lysosomal escape is also an
important step towards achieving nuclear targeting. For
example, layered double hydroxide nanorods have shown
endosomal escape through deacidification of layered dou-
ble hydroxide nanoparticles followed by translocation to
the nucleus. Since nuclear targeting of layered double
hydroxide nanorods is rapid and requires an active process,
it has been suggested that the active transport occurs via a
microtubule-mediated trafficking process.3¢

Polymers containing amine group monomers are often
used for intracellular delivery due to pH buffering in endo-
somes. Reducible polymers of poly(amido ethylenimine)
(PEI) were developed for intracellular delivery of small
interfering RNA (siRNA) for VEGF. These PEI polymers
contain multiple disulfide linkages, which can be cleaved into
amidoamine monomers in the reductive endosomal environ-
ment and therefore allow release of siRNA into the cyto-
plasm. Subsequently, PEI polymeric nanoparticles showed
two-fold higher suppression of VEGF than linear PEI formu-
lations.?” However, the cationic nature of polyamine nano-
particles leads to increased affinity towards the negatively
charged cell membrane, so these nanoparticles tend to have
toxicity issues, such as activation of apoptotic pathways.*

Gastrointestinal tract

An excellent example of a pH gradient that may be exploited
to trigger release from nanoconstructs is the gastrointestinal
tract. The parietal cells of the stomach lining secrete acids

and digestive enzymes such as pepsin that are essential for
denaturation of ingested proteins, so the stomach has a pH
as low as 1.2.* The small intestine contains bile salts and
other basic enzymes such as pancreatin, resulting in a pH of
around 6.5 in this section of the gastrointestinal tract.? It is
also important to note that pH varies throughout the gastro-
intestinal tract in the fasted and fed state.”

Release of drug from polymers in response to a change
in pH can occur in various ways. Release of drugs by
pH-dependent swelling of a polymer has previously been
demonstrated using insulin-loaded poly(methacrylic acid)
(PMAA)-PEG diblock copolymers to achieve a swelling
ratio of 40-90-fold depending on copolymer composition
and PEG graft length. At pH 7.4, the copolymer is in the
swollen state and releases 90% of its loaded insulin while
the remaining 10% is released at pH 1.2 in the complexed
state.”! Acrylic-based polymers such as PMAA retain their
complexed state in the stomach due to protonation of car-
boxyl groups, while in the intestine these nanoparticles swell
due to the increased pH, causing carboxyl ionization and
breakage of hydrogen bonds.*?

Release of drugs via pH-dependent dissolution of poly-
mers has extensive applications for targeting specific areas
of the gastrointestinal tract and for this reason has already
been commercialized. PMAA copolymer modifications,
such as polyethylacrylate (PMAA-PEA, commercially
available as Eudragit L100-55) dissolve at pH >5.5 and
are therefore suitable for release in the duodenum, while
polymethacrylate (PMAA-PMA, commercially available as
Eudragit S100), dissolves at pH >7 and is therefore more
suitable for ileal drug release or to increase the bioavail-
ability of therapeutics such as cyclosporin.”

Another principle of drug release in response to pH
change is the surface charge reversal of nanoparticles.
Mesoporous silica is one such nanoparticle that is surface-
functionalized with different densities of positively charged
functional trimethylammonium groups. These trimethylam-
monium groups facilitate loading of anionic drugs such as
sulfasalazine (an anti-inflammatory drug for inflammatory
bowel disease) at pH <3. However, in conditions of higher
pH, such as 7.4, a partial negative surface charge on the
nanoparticles is generated by deprotonation of silanol
groups, causing electrostatic repulsion and release of the
drug.®* Use of chitosan nanoparticles loaded with heparin for
the treatment of Helicobacter pylori infection has also been
demonstrated to have significant promise. These constructs
are stable at the lower pH of the stomach along the gastric
epithelium but, when in contact with H. pylori infection along
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the gastric epithelium (pH 7.4), deprotonation of chitosan
occurs, which weakens the electrostatic interactions and leads
to collapse of the nanoparticles and release of heparin.®

Exploiting inflammatory mediators

In inflammatory conditions, the EPR effect is also seen to
develop, with vascular permeability induced via contraction
of the inflammatory cells lining the capillaries (Figure 3).
This pathological response is induced by expression of
histamine, bradykinin, leukotrienes, and serotonin in the
inflamed tissue and results in increased intraendothelial gaps
(Figure 3).%% These fenestrations allow extravasation of
nanoparticles specifically into the inflamed tissue, as has been
previously demonstrated in the case of polystyrene nanopar-

Normal vessel

Macrophage

Extracellular matrix

Monocyte

ticles in the rodent trinitrobenzenesulfonic acid model of
colitis.!® Furthermore, in inflammatory conditions induced
by infection, the pathogen itself may secrete factors that
increase the permeability of blood vessels.'?!? The inflam-
mation also causes expression of inflammatory biomarkers,
such as reactive oxygen species, that allow the active and
regulated release of drug encapsulated in nanomedicines that
are sensitive to these biomarkers (Table 1).

The use of siRNA against proinflammatory cytokines
is a highly effective option for the treatment of intestinal
inflammation. However, administration of siRNA is associ-
ated with an increased risk of infection, lymphoma, and car-
diac dysfunction due to systemic depletion of proinflammatory
cytokines. For this reason, application of siRNA cannot be

Inflamed vessel

Inflammatory mediators

/' Bradykinin
Histamine
Serotonin
Leukotrienes

Nitric oxide
Hydrogen peroxide
Peroxynitriate
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$
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Figure 3 Effect of inflammation on the development of the EPR effect in inflammatory tissue. Inflammatory tissue will release a range of mediators that will induce the EPR
effect. Inflammation will cause the vessel to dilate resulting in a higher blood flow. Furthermore, the contraction of endothelial cells will allow the penetration of nanoparticles
into the tissue. The major difference between inflammatory tissue and tumor tissues in relation to macromolecular targeting is the presence of a functional lymphatic system
in inflammation. Retention of nanomedicine in this case can be attributed to macrophage uptake.

Abbreviation: EPR, enhanced permeability and retention.
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Table | Examples of studies utilizing inflammatory targeting in in vivo models

Drug Nanoparticle Experimental model = Comparison of therapeutic parameters Reference
5-ASA PCL nanoparticles ~ TNBS-induced murine MPO activity of 5-ASA PCL (0.5 mg/kg) was 15.2+5.6 U/mg 127
colitis while that of free 5-ASA (30 mg/kg) was 16.2+3.4 U/mg.
Betamethasone PLA nanoparticles  EAU rat models Similar anti-inflammatory effects with 5 times lower dose of 128
betamethasone-PLA nanoparticles (500 |1g) as compared
with free betamethasone (100 ug).
Anti-inflammatory ~ PLA nanoparticles ~ DSS-induced murine Similar anti-inflammatory effects of 25.2 ng/day KPV-PLA 129
tripeptide KPV colitis model nanoparticles and 200 pg/day of free KPV solution.
CMP SSM conjugated CIA mouse model A significantly lower paw swelling and clinical arthritis score 130
with VIP was observed with CMP-SSM-VIP as compared with free
CMP and CMP-SSM and CMP-SSM-VIP.
Dexamethasone SLX liposome EAU mouse model Dexamethasone-SLX liposomes showed 2-fold higher 106

accumulation (13.8445.1 mg/ug) of dexamethasone in inflamed
eye as compared with free dexamethasone (6.67+0.3 mg/Lig)

whereas no dexamethasone was detected with nontargeted

liposome.

Abbreviations: 5-ASA, 5-aminosalicylic acid; CIA, collagen-induced arthritis; CMP, camptothecin; DSS, dextran sulfate sodium; EAU, experimental autoimmune uveoretinitis;
PCL, poly(e-caprolactone); PLA, polylactic acid; SSM, sterically stabilized micelles; TNBS, trinitrobenzene sulfonic acid; MPO, myeloperoxidase; VIP, vasoactive intestinal

peptide; SLX, Sialyl Lewis X antibody.

systemic, making use of targeted nanomedicine a particularly
attractive alternative. The use of thioketal nanoparticles,
prepared from poly-1,4-phenyleneacetone dimethylene
thioketal and possessing reactive oxygen species-sensitive
thioketal linkages, has been pursued for targeted delivery
of tumor necrosis factor alpha (TNF-o)) siRNA to inflamed
intestinal tissue. Since the inflamed intestinal tissue contains

high concentrations of reactive oxygen species generated by
activated phagocytes, use of these thioketal nanoparticles
would allow TNF-o siRNA to be specifically targeted to
the site of inflammation (Figure 4B). Oral administration of
thioketal nanoparticles loaded with TNF-o siRNA showed
diminished levels of TNF-o messenger RNA in the colon in
a murine model of ulcerative colitis.'*”

siRNA

siRNA

Target cell

Non-target cell

Target cell

Figure 4 Specific cellular delivery. (A) Receptor-mediated endocytosis involves the use of a specific ligand to a receptor that is preferentially expressed in the pathological
tissue. (B) Inflammatory mediators can be utilized in order to cause degradation of the carrier in the region of the inflammation and release the payload. (C) Antibody target-
ing involved the use of a specific antibody directed against a protein of interest that is specifically expressed in pathological cells but not in nonpathological cells.

Abbreviations: siRNA, small interfering RNA; ROS, reactive oxygen species
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Inflamed tissues recruit leukocytes via expression of cell
adhesion molecules on the cell surface in an effort to remove
pathogens from the tissue. These cell adhesion molecules
bind to the sialyl Lewis X (SLX) tetrasaccharide which is
present on the plasma membrane of polymorphonuclear
leukocytes!™ and is therefore considered to be a promising
target for drug delivery at sites of inflammation.'® This
observation has led to the development of intravenously
administered SLX-conjugated liposomes encapsulating dexa-
methasone, which resulted in a two-fold higher accumulation
of dexamethasone in the inflamed eye of a murine experi-
mental autoimmune uveoretinitis model when compared with
intravenous injection of free dexamethasone.'* Nontargeted
liposomes loaded with dexamethasone resulted in no detect-
able level of dexamethasone in the inflamed eye using this
model.' SLX conjugated to liposomes encapsulating the
dyes CY5 or CY3 showed accumulation in inflamed tis-
sue on in vivo fluorescent imaging in a collagen-antibody
induced arthritis model.'”” Histopathological sections showed
fluorescence in the hyperplastic synovium of periarticular soft
tissue and pannus invasion with inflammatory cells in the
collagen-antibody induced arthritis mouse model. On admin-
istration of targeted SLX-liposome with Cy3, accumulation
of'the fluorescence signal was observed in the synovial tissue
after 24 hours, while no accumulation was seen in control
mice administered untargeted liposomes.'”’

Exploiting unique cell
characteristics at the tumor level
Folic acid receptor
Tumor cells often show altered expression of receptors
due to transformed metabolism or an altered cell replica-
tion rate. Targeting upregulated receptors that endocytose
their ligands following binding may allow increased uptake
of nanomedicines (Figure 4A). There is a wide range of
receptor targeting mechanisms being utilized today, includ-
ing transferrin receptor-mediated, low density lipoprotein
receptor-mediated, and folic acid receptor (FR)-mediated
endocytosis.!0%8110

Folate has a high affinity for the FR, which is often
overexpressed on human tumor cells and taken up by
receptor-mediated endocytosis following binding to the
receptor.''!'? In this way, the interaction between folate and
the FR can be used for tumor-specific drug delivery.''* There
are two different glycosyl phosphatidylinositol-anchored
isoforms of the FR, ie, FR-a, which is found on about 40%
of human epithelial cancers, and FR-3, which is expressed
on activated macrophages in association with chronic

inflammatory diseases.''*!"* Overexpression of FRs has been
observed in a variety of tumor types, including ovarian and
endometrial cancers, where FR overexpression occurs in
90% of cases.'"

Encapsulation of drugs in folate-targeted nanomedicine
has been pursued in a variety of nanoconstructs micelles and
liposomes.''%!'¢ In vivo, folate targeting of liposomes has
shown the ability to increase the quantity of nanomedicine
associated with J6456 lymphoma cells by 17-fold relative
to nontargeted liposomes.'"” It must be noted that activated
macrophages also express the FR, so it is possible that the
therapeutic activity of the liposomes is partially due to
targeted elimination of FR-expressing tumor-associated
macrophages.''®

High expression of FRs suggests that the folic acid
requirements of the cell are high and that appropriate che-
motherapeutics may be utilized in order to fully exploit this
characteristic. For example, methotrexate is utilized because
of its ability to inhibit dihydrofolate reductase, an enzyme
that converts dihydrofolate to tetrahydrofolate, before it is
converted to the folate cofactor methylene tetrahydrofolate. !
Therefore, folic acid targeting (such as in PAMAM dendritic
polymers conjugated with methotrexate) has been used to
increase the concentration of free methotrexate in sensitive
tumor cells. This approach allows reduction of methotrexate
toxicity and improvement of methotrexate efficacy relative
to the nontargeted construct.'?

Antibodies
The use of antibodies for specific cell targeting of patho-
logical cells is perhaps the technique most reminiscent of
Ehrlich’s “magic bullet” idea due to the sheer diversity of
molecules which may be targeted by the variable domains
of the antibodies. Antibodies may be engineered to have
higher sensitivity and specificity for their targets than recep-
tor ligands. Counterintuitively, the high affinity of antibodies
can impede effective tissue delivery through a phenomenon
known as the “binding site barrier”. This term is used to
describe the high affinity binding of antibodies to target cells
close to the extravasation site which prevents the antibod-
ies, and their associated nanomedicines, from penetrating
deep into tumor tissue. As a consequence, antibodies must
be engineered to have a high enough affinity so that the
antibody is still specific and able to effectively target the
nanomedicine while not having an affinity high enough to
prevent diffusion.'”!

Antibody targeting has two potential mechanisms for
increased efficacy. Firstly, the use of antibodies may increase
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the quantity of the nanomedicine that reaches the pathologi-
cal tissue; for example, an antibody to CD22 increases the
quantity of doxorubicin in non-Hodgkin lymphoma-bearing
mice by 80%."?? The second method by which the efficacy
of antibody-targeted nanomedicines may be enhanced does
not involve increased delivery of the construct to gross tis-
sue but rather increased delivery to specific cell types within
the tissue (Figure 4C). For example, no difference in gross
localization of doxorubicin liposomes in tumor tissue was
observed relative to whether or not the liposome was targeted
with an antibody to the epidermal growth factor (EGF)
receptor. However, the efficacy of EGF receptor-targeted
liposomes was significantly greater in mice bearing
MDA-MB-231 and U87 tumors. These data indicate that
internalization of the liposomes specifically by cells targeted
by the EGF receptor antibody was the determining factor for
the increased efficacy of the construct, as opposed to increased
accumulation at the tumor site.!?> This same phenomena was
also described by Kirpotin et al who reported that nontargeted
and HER-2 targeted immunoliposomes showed comparable
accumulation in tumor xenografts, but that only HER-2 tar-
geted immunoliposomes localized primarily in tumor cells,
while nontargeted immunoliposomes showed localization
within the stroma and tumor-associated macrophages.'**

Regardless of the sensing and targeting advantages of
antibodies for delivering a specific anticancer agent, the pres-
ence of antibodies on the cell surface can lead to antibody-
dependent cell-mediated cytotoxicity. This biological mecha-
nism makes antibody targeting even more appealing as a
therapeutic strategy.

There are, however, a number of drawbacks to studies
that examine the use of antibody-targeted nanomedicines.
A common experimental flaw observed when utilizing
antibody targeting is that nontargeted antibodies serving
as a control to assess the effect of antibody conjugation on
biodistribution and pharmacokinetics are often not included.
Moreover, because of financial restraints, many researchers
fail to humanize their antibodies before preclinical in vivo
testing. A further problem with this method of targeting
is related to the heterogeneous nature of the tumor tissue
itself. In tumors, even those which express a high level of
the antigen towards which the antibody is directed, there will
be a fraction of cells that do not express the antigen and so
these cells will evade antibody targeting. Consequently, these
cells survive and repopulate the tumor, with recurrence of
tumors that are refractory to initial treatment. Tumors may
also shed their antigen into the stroma or plasma, resulting
in the antibodies being bound to a target that was not present

on the cell surface and thereby defeat the purpose of using
antibody targeting.

Combinational approaches

The treatment of cancer using a combination of chemo-
therapeutics is often the preferred method to improve the
efficacy of treatment. In the same way, a combination of
techniques to improve delivery and/or cell specificity may
further increase the efficacy of the system in the target tis-
sue. The combination of a number of the above techniques
has been used by researchers keen to improve the efficacy
of their systems beyond what is possible using a single
technique. This approach has merit but is in the early stages
of development.

An example of a combinatorial approach currently being
investigated is the combination of CED and receptor targeting.
CED combined with specific receptor targeting is an attractive
idea due to the potential of CED for gross tissue delivery
while further utilizing receptor targeting for specific cellular
delivery. This approach has been utilized for the treatment
of glioblastoma multiforme, wherein antibodies against an
EGF receptor mutant (EGFRVIIIADb) were conjugated with
iron oxide nanoparticles (EGFRVIIIAb-IONPs). Mice with
orthotopic glioblastoma multiforme lesions treated using
CED with EGFRVIIIAb-IONPs had a 15% and 10.5% longer
survival time than mice treated with IONs or EGFRvVIIIAb,
respectively.'” Furthermore, boronated dendrimers conjugated
to EGF were developed to target EGFR-expressing glioblas-
toma multiforme. In mice with EGFR-expressing glioblastoma
multiforme lesions, CED resulted in 47.4% of ID/g being pres-
ent in the lesion relative to 33.2% of ID/g following simple
injection at 24 hours post administration. Unfortunately, there
was no control performed in this study to compare boronated
dendrimers without EGF.'*¢

Conclusion

The majority of the nanoconstructs designed for drug tar-
geting to date have relied intensively on the EPR effect,
eschewing consideration of the diverse factors related to
human tumors, such as doubling time, vascular density, and
preferential uptake of nanomedicine by off-target organs.
Furthermore, consideration of the EPR effect as a universal
phenomenon within a given patient population or even within
the pathological tissue of a single patient has resulted in a
disparity between successful preclinical studies and limited
clinical transition. The emerging targeting strategies being
developed to enable increased specificity of delivery of mac-
romolecular agents on subcellular, cellular, and gross tissue
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levels are increasingly showing their potential and may serve
as an essential component in all future macromolecular drug
design. Furthermore, close understanding of the biological
nature of the tumor being targeted is essential for the design
of nanoconstructs and the appropriate targeting mechanism.
Although the EPR effect alone shows the potential to sig-
nificantly improve the efficacy of medicine directed towards
certain pathologies, the current research highlights the means
by which this may be further enhanced.
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