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Over the last 15 years, a plethora of materials and different for-
mulations have been proposed for the realization of nanomedi-
cines. Yet drug-loading efficiency, sequestration by phagocytic
cells, and tumor accumulation are sub-optimal. This would
imply that radically new design approaches are needed to pro-
pel the clinical integration of nanomedicines, overcoming
well-accepted clichés. This work briefly reviews the use of
deformable discoidal nanoconstructs as a novel delivery strat-
egy for therapeutic and imaging agents. Inspired by blood
cell behavior, these nanoconstructs are designed to efficiently
navigate the circulatory system, minimize sequestration by
phagocytic cells, and recognize the tortuous angiogenic micro-
vasculature of neoplastic masses. This article discusses the
notion of nanoparticle margination and vascular adhesion, as
well as advantages associated with deformable particles.
Finally, details on the synthesis, physico-chemical properties,
and in vivo characterization of discoidal polymeric nanocon-
structs are provided, with particular emphasis on their ability
to independently control size, shape, surface properties, and
mechanical stiffness. These nanoconstructs could help in gain-
ing a deeper understanding of the mechanisms regulating the
behavior of nanomedicines and identifying optimal delivery
strategies for patient-specific therapeutic interventions.

Nanoparticles for the systemic delivery of therapeutic and imaging
agents have been demonstrated in pre-clinical studies for the early
detection and treatment of cancer' and cardiovascular,’ neurodegen-
erative,” and chronic inflammatory diseases.” A few successful clinical
applications are also starting to appear.”® Compared to freely admin-
istered molecules, nanoparticle-loaded agents (nanomedicines) pro-
vide improved bioavailability and blood longevity, protection from
enzymatic degradation, higher accumulation, and controlled release
at the biological target. Furthermore, nanoparticles can carry multiple
and different agents, enabling de facto what is known as combination
therapy (the controlled release of different therapeutic agents syner-
gistically contributing to cell death or repair”®), multi-modal imaging
(the interrogation of tissue morphological and biological features

>19)and theranostics (the

using two or more imaging modalities
co-delivery of therapeutic and imaging agents for disease treatment
and follow-up'"'?). In addition, multiple targeting moieties can be

conjugated on the nanoparticle surface and used to enhance the spe-
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cific recognition of vascular and extravascular biological targets."
Finally, the selection of proper materials for nanoparticle synthesis
can facilitate biodegradation and support the triggered release of ther-
apeutic molecules via both endogenous and exogenous stimuli."*
Despite all of these advantages, nanomedicines are yet to be fully in-
tegrated into clinical settings.

In the process of improving the performance of systemically injected
nanoparticles, three major challenges should be addressed: increasing
loading efficiency and controlled release of therapeutic molecules,
mitigating recognition by the mononuclear phagocytic system
(MPS), and enhancing tissue-specific accumulation. Over the last
15 years, a large variety of materials have been proposed for the real-
ization of nanomedicines. Yet amounts of encapsulated drugs are still
a minor portion of the overall nanoparticle mass, leading to inade-
quate loading efficiencies. In most lipid or polymeric-based delivery
systems, only up to 10% of the nanoparticle mass is constituted by
active therapeutic agents, whereas the remaining portion is therapeu-
tically inert."'® The loading efficiency reduces even more in the case
of non-organic nanoparticles where a small number of therapeutic
molecules are conjugated or adsorbed over the surface of a metallic
or carbon-based core.'” Indeed, these inadequate loading efficiencies
are of concern, in that large masses of inert materials would need to be
administered in order to reach therapeutically effective doses within
the diseased tissue. These materials would have to be disposed and
could lead to systemic or local toxicities, particularly in the case of
multiple and chronic treatments.

The second challenge is related to modulating the interaction of
nanoparticles with the MPS. Nanoparticles are seen as foreign objects
and they tend to be rapidly coated by small blood proteins from
the complement system that facilitate their recognition and sequestra-
tion by professional phagocytic cells, mostly located within the liver
(Kupffer cells) and the spleen (splenic macrophages).'®'® Results
from biodistribution studies indicated that over 50% of the injected
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dose of nanoparticles is trapped into filtering organs (liver and
spleen).”**> Although this feature could be exploited for the treat-
ment of systemic inflammatory diseases or hepatic and splenic abnor-
malities, it is definitely an undesirable effect when biological targets
reside in different tissues and vascular districts.

Non-specific MPS sequestration is closely intertwined with the
third challenge, which is related to enhancing the accumulation
of systemically injected nanoparticles at the biological target.
Importantly, a recent retrospective study, conducted on data pub-
lished over the past years and dealing with the accumulation of
spherical nanoparticles in cancer, documented that, on average,
only 0.7% of the injected nanoparticles actually reach the
neoplastic mass.*®
be affected by multiple factors (including the type and stage of
neoplasia, the animal model, dosing, and so on), it clearly empha-
sizes that much more should be done in order to boost the percent-
age of nanoparticles stably accumulating within the tumor tissue.
Importantly, these data strongly suggest that investigators should
explore new delivery strategies and move away from conventional
paradigms.

Although this is an average number and could

The Current Paradigm in Cancer Nanomedicine Design

In the early 1990s, Maeda et al.””** observed in pre-clinical animal
models that the rapidly growing tumor vasculature is characterized
by a discontinuous endothelium and exhibit irregular openings (fen-
estrations) ranging in size from several tens up to a few hundreds of
nanometers. As a consequence, sufficiently small blood-borne nano-
particles could passively permeate through these fenestrations and be
retained within the diseased tissue, following a process named the
enhanced permeability and retention (EPR) effect. Furthermore, pas-
sive tumor accumulation would be enhanced by longer circulation
half-lives, in that this would increase the number of passages through
the diseased vasculature of blood-borne nanoparticles. Inspired by the
EPR effect and the need for long circulation times, nanoparticles for
cancer treatment and imaging are synthesized with a spherical shape,
an average diameter of 100 nm, and a surface mostly decorated with
polyethylene glycol (PEG) chains. Currently, this is the major para-
digm for cancer nanomedicine design.

In the late 1990s and early 2000s, the US Food and Drug Administra-
tion approved the first liposomal chemotherapeutic drug (liposomal
doxorubicin®®) and the US federal government launched a vast fund-
ing initiative on nanotechnology. This has stimulated pharmaceutical
and material scientists, chemists, and biomedical engineers to develop
more nano-based delivery systems. Relying on self-assembly and
colloidal interactions, a plethora of nanoparticles satisfying the above
paradigm have been documented with varying material composi-
tions, sizes, and surface properties. In particular, organic materials
have been used, including lipids, polymers, block copolymers, and
combinations thereof, as well as non-organic materials, such as iron
oxide, gold, silver, and carbon-based materials.”’*” The nanoparticle
surface has been modified using different coatings, including lipid
and polymeric chains of different types and molecular weights, and

a large variety of moieties for specific molecular targeting. Impor-
tantly, this plethora of nanoparticles, accounting for over 10,000 sci-
entific papers published since the late 1990s, are mostly “alternate
takes” of the above-cited paradigm: nanoparticles with a spherical
shape, about 100 nm in diameter, and covered by a stealth coating
for enhancing blood longevity. Despite such an incredibly large num-
ber of formulations, tumor deposition is about 1% on average of the
injected dose.”® Although this level of tumor accumulation has been
clearly sufficient to eradicate or modulate disease progression in
immunocompromised mouse models, similar successes have not
been replicated in other species, including canine and porcine models
and humans. This again would imply that radically new design
approaches are needed to propel the clinical integration of
nanomedicines.

Biological Inspiration in Cancer Nanomedicine Design

Upon injection within the blood stream, nanoparticles are trans-
ported away by hemodynamic forces and can virtually reach any
vascular district within an organism. In this journey, nanoparticles
are not alone; rather, they are surrounded by a multitude of cells
and molecules, including the abundant red blood cells (RBCs) occu-
pying from 40% to 50% of the vascular volume. Under flow,
deformable RBCs tend to accumulate within the vessel core, leaving
a cell-depleted area (cell-free layer) next to the walls (Figure 1).**
Interestingly, the far less abundant leukocytes and platelets are
pushed laterally, toward the vessel walls, by the fast-moving
RBCs. This specific behavior facilitates the lateral margination,
wall adhesion, and extravasation of leukocytes and platelets. This
is particularly relevant at sites of inflammation, where leukocytes
abandon the vascular district and invade the tissue seeking the in-
flammatory source (extravasation), and at sites of vascular injury,
where platelets synergistically accumulate to resolve vessel damage
(adhesion).* ™!

Inspired by these natural processes, marginating nanoparticles can be
designed to drift laterally across the stream lines, navigate within the
cell-free layer, and efficiently seek vascular abnormalities, such as the
presence of fenestrations and expression of specific endothelial re-
ceptors. Note that since RBCs accumulate within the core of the
blood vessels forming a relatively compact shoal, only sufficiently
large nanoparticles would be pushed laterally and preferentially
kept within the cell-free layer in close proximity to the vessel walls.
Small nanoparticles, presenting a characteristic size in the tens up
to a few hundreds of nanometers, would move quite comfortably
in the shoal of RBCs and accumulate less efficiently within the
cell-free layer (Figure 1).** Moreover, non-spherical particles, such
as discoidal or cylindrical particles, would drift across the stream
lines, thus further increasing the likelihood of escaping the RBC
core.”” Therefore, lateral margination is boosted by designing nano-
particles comparable in size to platelets and characterized by a non-
spherical shape.

The second step is the realization of adhering nanoparticles. Impor-
tantly, the tortuous tumor microvasculature has significantly different
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Figure 1. Vascular Distribution of Red Blood Cells

and Nanoparticles

Deformable red blood cells (RBCs) tend to accumulate
within the vessel core, leaving a cell-depleted area (cell-
free layer) next to the wall. Sub-micrometric and micro-
metric nanoconstructs, which are comparable in size to
RBCs, tend to be pushed laterally and accumulate within
the cell-free layer moving next to the vessel walls. In
contrast, small nanoparticles can find their way within the
shoal of RBCs and tend to be distributed quite uniformly
across the blood vessel.*

tumor microvasculature is favored for discoidal
or cylindrical nanoparticles exhibiting a sub-
micrometric to micrometric characteristic size.

In recent years, this evidence has led to the
development of non-spherical micrometric

Red Blood Cell (=) Endothelial Cell
o
A "“i‘.
’ Discoidal Polymeric Nanoconstruct o 4; Healthy cell
@ Spherical Polymeric Nanoconstruct

biophysical features, as compared to healthy capillary networks. First,
the mean blood velocities in tumors are up to one order of magnitude
lower because of the overall higher hydraulic resistance and lower
perfusion, as compared to normal vascular networks.** Second,
tumor capillaries expose specific and more abundant endothelial re-
ceptors, as compared to healthy capillaries.*> The proper combination
of size and shape is crucial in facilitating nanoparticle adhesion to the
tumor microvasculature. For a given volume, discoidal or cylindrical
nanoparticles would expose a larger surface of adhesion to vessel walls
and simultaneously establish multiple molecular bonds and strong
colloidal interactions with endothelial cells, as compared to spherical
nanoparticles. Also, adhering discoidal and cylindrical nanoparticles
would feel lower hemodynamic dislodging forces. Therefore, for a
given nanoparticle volume, the non-spherical shape is pivotal in
maximizing vascular adhesive interactions while minimizing dis-
lodging hemodynamic forces, (Figure 2).***® Furthermore, it should
be emphasized here that small discoidal or cylindrical nanoparticles
would feel small dislodging hemodynamic forces even in healthy
capillaries, where they could readily deposit, leading to undesired,
non-specific accumulation. On the other hand, large discoidal or
cylindrical nanoparticles would feel large dislodging forces even
within the tumor microvasculature, where they would less likely
deposit. Consequently, preferential deposition within the tortuous
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and sub-micrometric particles for the delivery
of drug molecules and contrast agents. Table 1
summarizes some of the features of these
nanoparticles. For instance, P.D. has con-
tributed to the design and pre-clinical testing
of Ferrari’s discoidal mesoporous silicon parti-
cles that tend to preferentially deposit within
the tumor microvasculature because of a favor-
able balance between adhesion and margination
dynamics.**™*" Muro et al.” also documented
the advantages of using micrometric particles
for targeting the lung microvasculature. More
recently, Merkel et al.°"*? introduced the notion of mechanobio-
logical mimicry in the fabrication of long-circulating micrometric
particles as artificial RBCs. Indeed, the systemic administration of
sub-micrometric and micrometric particles raises concerns mostly
on the MPS sequestration, occlusion of small capillary beds, difficulty
in crossing the fenestrated tumor endothelium, and limited blood
longevity. However, these concerns could be addressed by employing
deformable particles.

Therefore, the final piece in the puzzle is related to the design of
deformable nanoparticles. Like RBCs, deformable particles would
drift away from the walls toward the core of the blood vessels.
However, particles in the sub-micron to micron size range would
still be pushed laterally by the far abundant RBCs and confined
to move within the cell-free layer, bouncing between the endothe-
lial wall and the RBC shoal (Figure 1). Also, deformable particles
would squeeze and more efficiently navigate through the smallest
vessels in the brain, pulmonary, and splenic microcirculation, re-
sulting in enhanced blood longevity.”">> Moreover, the intrinsic
resistance of deformable particles to macrophage uptake would
limit their sequestration by Kupffer cells (Figure 3).> In contrast,
small nanoparticles can be rapidly uptaken by Kupffer cells and
passively permeate the discontinuous liver endothelium ending
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Figure 2. Nanoparticle Accumulation within the
Tumor Parenchyma

Small nanoparticles passively cross the endothelial fen-
estrations and accumulate in a perivascular position.
Sub-micrometric and micrometric nanoconstructs, which
are sufficiently deformable, adhere to the vessel walls
and could squeeze in through fenestrations. Therefore,
both small nanoparticles and deformable particles would
expose their therapeutic cargo to the tumor parenchyma
from a perivascular position.
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up in the space of Disse. These features would allow deformable
particles to simultaneously accomplish two crucial objectives: (1)
sensing the vessel walls for abnormalities, like marginating nano-
particles; and (2) circulating in the blood for a long time, like
RBCs and platelets.

Deformable Discoidal Polymeric Nanoconstructs

Over the past few years, the authors have been developing dis-
coidal polymeric nanoconstructs (DPNs) to put into practice the
above-described notions of marginating, adhering, and deformable

nanoparticles. A hybrid fabrication strategy,
combining nanoscale lithographic techniques,
wet etching, and polymer chemistry, was
adopted to tailor the size, shape, surface prop-
erties, and mechanical stiffness of nano-
constructs.”>>* Specifically, the nanoconstruct
geometry (size and shape) is imposed with a
master silicon template, which is realized via
electron beam lithography for small sizes
(<500 nm), direct laser writing for sub-micron
to micron sizes (500 nm to 10 um), and optical
lithography for large sizes (>10 um). Circular,
rectangular, elliptical, hexagonal, square, trian-
gular, and other shapes can be readily realized.
Nanoconstruct thickness can also be modu-
lated by properly adjusting the etching of the
silicon wafers. Nanoconstructs with an aspect
ratio lower than unity (disks), larger than unity
(rods), and comparable to unity (cubes) can
be realized. Note that cubical nanoconstructs exposed to aqueous
solutions would turn into a quasi-spherical shape. Representative
images for circular, elliptical, and square DPNs are presented in
Figure 4.

The nanoconstructs are obtained by polymerizing a mixture of
poly(lactic-co-glycolic acid) (PLGA) and PEG chains in a sacrificial
template, which is then dissolved in water under gentle agitation
(Figure 4). Polymer concentrations affect the hydrophobicity of the
resulting matrix, thus influencing water content and deformability.

Table 1. Anti-cancer Non-spherical Nanoparticles: Materials, Size, Shape, Stiffness, Tumor Accumulation, and Circulation Half-Life of Non-Spherical
Nanoparticles That Have Been Documented to Have an Effect in Cancer Therapy and Imaging

Reference Material Size (um) Shape Young’s Modulus (kPa) Tumor (% ID/g) ty/, (hr)
Key et al.” polymeric 1 discoidal 1-15 ~20 24

van de Ven et al."” silicon 0.6-1 discoidal rigid 5-10 NA
Merkel et al.”’ polymeric 1-10 discoidal 6.5 no tumor 30-90
Merkel et al.” polymeric 5-6 discoidal 8-65 no tumor 3-90
Anselmo and Mitragotri®’ polymeric 0.2 spherical 0.1-3,000 no tumor 1-4
Smith et al.” SWNT 0.1-0.3 cylindrical rigid 10-15 NA

ID, injected dose; SWNT, single-walled nanotube; t;,, half-life.
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Figure 3. Liver Sequestration of Blood-Borne
Nanoparticles

The sub-micrometric size and deformability of discoidal
polymeric nanoconstructs minimizes permeation across
the liver endothelium and the non-specific sequestration
by hepatic Kupffer cells. In contrast, small nanoparticles
are rapidly taken up by phagocytic cells and can permeate
within the space of Disse of the liver sinusoids. Note that
the discontinuous endothelium of the liver sinusoids fea-
tures regular openings of approximatively 100 nm, which
are often comparable to that of tumor fenestrations.

long times and avoid rapid sequestration by
the MPS, which were major concerns associ-
ated with the systemic administration of sub-
micron and micron-sized particles.”” These

findings also demonstrate that the efficient
navigation of the vascular network and the

' Red Blood Cell

, Discoidal Polymeric Nanoconstruct E Hepatocyte
] Spherical Polymeric Nanoconstruct & Kupffer cell

Low PEG concentrations lead to more hydrophobic matrices, which are
characterized by reduced swelling and lower deformability, whereas
high PEG concentrations lead to more hydrophilic matrices, which
are associated with increased swelling and higher deformability.
Atomic force microscopy can be conveniently used for testing the me-
chanical properties of these nanoconstructs, whose Young’s modulus
can vary from a cell-like value (Young’s modulus of ~10 kPa) to that
of more rigid blocks (Young’s modulus on the order of 10 MPa).
Furthermore, surface properties can be readily modified after releasing
nanoconstructs and activating PLGA terminations for chemical conju-
gation with antibodies, peptides, aptamers, and various other ligands.
These nanoconstructs are constituted by polymer matrices comprising
both hydrophobic and hydrophilic micro-domains that serve as
pockets for a variety of therapeutic and imaging molecules. Also, lipid-
and polymer-drug conjugates and contrast agents can be readily incor-
porated within these polymeric matrices, leading to the development of
truly theranostic agents.

In pre-clinical studies involving mice bearing melanoma and brain
tumors, Key et al.>® showed that 1- um soft, discoidal nanoconstructs
can circulate over 48 hr and accumulate in the neoplastic tissues up
to 20% of the injected dose per gram tissue. Importantly, these re-
sults also demonstrate that deformable particles can circulate for
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E Endothelial Cell

ability to identify abnormal blood vessels are
key features in favoring tumor deposition of
nanoparticles. Not surprisingly, other authors
have shown that tumor accumulation of nano-
particles can also be enhanced by exploiting
long-circulating RBCs and macrophages as
vascular 5336 Burthermore, it is
important to recall that 1-um deformable
nanoconstructs were shown to pass through
400-nm filters and recover their size and
shape distribution afterward.”® This reversible,
morphing ability of DPNs would, on one
hand, limit the risk of entrapment in the pulmonary microcircula-
tion and occurrence of splenic infarction; on the other hand, it
could favor firm entrapment in sufficiently large endothelial fenes-

carriers.

trations, providing a new mechanism for tumor accumulation
(Figure 3). Although this is still to be observed in vivo, such a likely
scenario could definitely facilitate the release of therapeutic agents
from DPNs directly in the tumor parenchyma and surrounding
endothelial cells.

Additional work is still required in enhancing the encapsulation and
stability of payloads as well as in scaling up the production of DPNs.
In the first case, the traditional approach based on direct loading,
where therapeutic and imaging agents are dispersed within the poly-
meric paste and directly loaded into the wells of the template, is often
inefficient, leading to low encapsulation values. Per the stability of
payloads, Key et al. demonstrated in previous works that radioactive
(**Cu(DOTA))*? and fluorescent (Cy5.5 and Rhodamine B)** mole-
cules can be readily dispersed and retained within the polymeric ma-
trix for several days. Unpublished data confirm similar trends also for
Gd(DOTA) molecules and therapeutic agents. Nonetheless, further
efforts are needed to identify different loading strategies for achieving
encapsulation efficiencies well above 50% and triggering the release of
therapeutic agents via endogenous and exogenous stimuli. Finally,
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(A) Schematic representation of the process for the synthesis of DPNs. (B) Scanning electron microscopy images of the silicon master templates for circular, elliptical,
and square DPNs (left column); optical images of PVA sacrificial templates for circular, elliptical, and square DPNs (central column), filled with a fluorescent polymeric
paste; TEM images of circular, elliptical and square DPNs (right column). Red fluorescent is obtained by dispersing lipid-Rhodamine B complexes within the
nanoconstruct polymeric matrix.>® DPN, discoidal polymeric nanoconstruct; PDMS, polydimethylisiloxane; PVA, poly(vinyl alcohol); TEM, transmission electron mi-

Croscopy.

the DPN fabrication process can be integrated with roll-to-roll and
roll-to-plate industrial technologies, which allow scaling up in concert
with good manufacturing practices.

Conclusions and Future Perspectives
Although a variety of material compositions and formulations have
been tested for nanomedicines, the fundamental design paradigm

has not yet changed and is still firmly grounded in the notion of
the EPR effect. As a consequence, the majority of nanomedicines
are still spherical with an average diameter ranging from tens to a
few hundreds of nanometers. Using a mathematical metaphor, nano-
medicines appear to be trapped in a local optimum, which does not
necessarily coincide with the global optimum. As in mathematics,
the sole way to seek other optima, and eventually reach the absolute
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optimum, is to change the initial conditions or, in other words, to
reject well-received clichés.

Following biological inspiration, deformable nanoparticles with a
sub-micrometric, or even micrometric, characteristic size have been
demonstrated to resist sequestration by professional phagocytic cells,
circulate for long times, and efficiently deposit within the tortuous
tumor microvasculature. Moreover, template-based microfabrication
strategies allow the development of polymeric nanoconstructs whose
size, shape, surface properties, mechanical stiffness, and payloads can
be systematically and independently changed during the synthesis
process. This supports the realization of a broad spectrum of poly-
meric nanoconstructs.

As combinatorial chemistry allows the synthesis, development,
and testing of millions of compounds for a variety of applications,
these deformable DPNs could open the path toward a deeper under-
standing of the mechanisms regulating the behavior of nanomedi-
cines and the identification of optimal therapeutic strategies for
patient-specific drug delivery.
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