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Non-spherical micro- and nanoparticles
in nanomedicine

Xingjun Zhu, †a Chau Vo,†a Madelynn Taylora and Bryan Ronain Smith *ab

Recent studies have revealed the effects of shape on in vivo nanoparticle circulation, distribution,

extravasation, and cellular uptake. Morphology is therefore becoming a key factor to be considered in

the rational design of nanoparticulate systems for specific biomedical applications such as targeted drug

delivery. Technologies for reliable and scalable fabrication of shape-specific micro- and nanoparticles

are emerging, which will allow further investigations into this crucial parameter that is poised to

substantially impact nanomedicine.

1. Introduction

There is considerable interest in the use of micro- and nano-
particles (M&NPs) as therapeutic and contrast agent carriers
due to their fundamental advantages over traditional methods.
One of the key advantages of encapsulating drug and imaging
agents in micrometer and nanometer-sized delivery vectors is
the precise control over carrier size and shape, which can allow
fine control over delivery kinetics.1–3 Most early M&NP studies

focused on spherical particles due to the optimization of the
ratio between volume and surface area (e.g., for maximal cargo
loading), as well as the facility in the fabrication method, cost,
and simplicity. The effects of size and chemical composition on
biological effects have been studied extensively for spherical
M&NPs.4–8 However, less attention has been paid to M&NPs
with non-spherical shape. In fact, recent data indicate that
M&NP particle geometry of is an important factor in determining
biodistribution,9–12 tumor penetration,13–15 entry pathways,16,17

and cellular uptake.18,19 Geometry often affects the in vivo
behavior of M&NPs in a more complex manner than the effects
of particle size or composition across all stages of delivery.20–28

The interactions of M&NPs with cells in the blood stream and
blood vessels, transport across endothelial walls into tumor (via
extravasation and diffusion), subsequent cellular binding, uptake,
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intracellular transport, and even clearance rates of unbound
particles are highly dependent on particle geometry.20,29–36 For
instance, non-spherical particle design can display significantly
increased circulation time and targeted drug delivery efficiency in
living subjects.37–40 They can also marginate, explore, and bind to
tumor vasculature more efficiently,41 as well as penetrate into
some tumor types more rapidly than spherical particles.31,32,42–44

In this review, we will summarize the roles of non-spherical
M&NPs in biomedical applications, their chemistry, and
explore how shape-dependent effects can improve therapeutic
and diagnostic efficacy through optimized particle design. The
unique features of non-spherical nanocarriers suggest that
intelligent control over M&NP geometry can shift the paradigm
in nanomedicine from spherical M&NPs to those with more
complex geometries. We envision that once the geometrical
dependence of M&NP movement and uptake is fully characterized
across the various phases of in vivo delivery, these features, along
with other factors such as size and surface chemistry, can then be
mapped to the desired therapeutic and imaging outcomes. This
will provide experimental design rationale that can be combined
with simulations of the physical forces M&NPs undergo for de novo
prediction of the physical properties (e.g., shape, size) needed to
optimally perform specific functions and to localize properly
within a patient. Thus, computational simulations will eventually
enable scientists and clinicians to choose a particle geometry that
optimizes the therapeutic or diagnostic effect of the particle by
taking into account the entire delivery process, from injection
through clearance from the body (Fig. 1). Clearly, these highly-
customizable particles promise huge potential in advancing
personalized medicine. We envision that nanoparticles could
be engineered and optimized to: (1) avoid unwanted clearance
by the mononuclear phagocyte system (MPS); (2) extravasate
optimally; and (3) diffuse through the tumor interstitium efficiently
to (4) target either a pathological cell type or a certain tissue/organ
very specifically, with loaded contrast agents that can be applied
with imaging strategies to confirm the preferential accumulation of
these particles in each individual patient.

2. What does shape matter?

Recent studies show that particle geometry is crucial in various
biological and biophysical processes, including biodistribution,

cellular internalization and trafficking, and cytotoxicity (please
also refer to the summary shown in Table 1). Therefore, shape
will be a critical design parameter in intelligent control of M&NP
interactions with various target tissues, which is likely to be
crucial for future biomedical applications of these systems.

2.1. Biodistribution

An M&NP system must possess desirable pharmacokinetic features
suitably matched to its applications, such that the M&NPs reach
their intended target in living subjects despite biological barriers.
Once injected in the systemic circulation, M&NPs must overcome
a number of obstacles, including rapid excretion, nonspecific
binding/trapping, metabolism, and delivery barriers.46,47 Then,
the M&NPs must remain at the intended target site at an
adequate concentration and for a sufficient amount of time,
either to be detectable by imaging modalities or to deliver
therapeutic agents efficiently.46,48

When travelling through the vasculature, M&NPs are typically
cleared through accumulation in certain MPS organs—the spleen
and liver, where monocytes and macrophages collect M&NPs.
Phagocytosis is the principle internalization mechanism of the
immune system in which macrophages and polymorphonuclear
neutrophils (PMNs) internalize relatively large particles (up to
10 mm in diameter) by formation of cell membrane protrusions.22,49

Precisely because phagocytosis is the major MPS uptake mechanism
for particle collection in the body, the ability of M&NPs to evade
capture by these professional ‘‘eaters’’ is critical to their circulation
time (unless they are taken up by circulating cells, which can
lengthen their effective circulation times).50–53 While longer
circulation times are typically desirable for delivery, shorter
circulation times may be desirable in the case of MPS organ
targeting, e.g. liver and spleen, because these organs inherently
rapidly take up M&NPs,54 as well as cases in which minimizing
exposure of blood cells or leukocytes to M&NPs is crucial
because of toxicity (such as with some quantum dots with the
risk of leaching out heavy metal ions55). Maximizing macro-
phage uptake may also be favorable for treatments designed
to target these cells, such as with leishmania, AIDS, and
atherosclerosis.56–58

Numerous studies on clearance mechanisms have focused
on the considerable influence of particle size and surface chemistry
for good reason. Particle size strongly affects clearance: roughly,
larger microparticles (45–7 mm) are typically trapped in lung

Fig. 1 Overview of nano–bio interactions and their impact on the nanoengineering process. Reprinted with permission.45 Copyright 2012, Annual Reviews.
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capillary beds,59 while smaller microparticles (B1–5 mm) are
captured by the liver, spleen, and lungs through internalization
by macrophages.20,60,61 Nanoparticles larger than 200 nm are
mechanically filtered in the spleen, whereas particles of
B100 nm can interact with endothelial cells on blood vessels,
enter in liver, spleen, and bone marrow by crossing the fenestrations
in the endothelial lining.62 Smaller particles (less than B5–20 nm)
can traverse tight endothelial junctions and may be rapidly excreted
through the glomeruli of the kidneys (Fig. 2).63,64 Moreover, the
effects of size on biodistribution are also accompanied by other
physical parameters such as surface chemistry. For instance,
decoration of the surface with a hydrophilic polymer such as
polyethylene-glycol chains (PEGylation) reduces opsonization
and adsorption of plasma proteins on the particle surface,
thereby slowing clearance by the MPS and extending the blood
circulation half-life.65 Many studies have reported on the role of
size in biodistribution; for instance, Davis et al. reported that
biodistribution may be affected in part by endothelial uptake as
a function of particle size.66,67

Unlike size and surface chemistry, the effect of M&NP shape
on biodistribution was not well-studied until recently. Incorporating
this critical parameter into the design of nanoparticle systems will
undoubtedly allow an additional degree of flexibility and control
of particle distribution behavior. A number of studies have been
conducted to elucidate the crucial interplay between particle
geometry and biodistribution.68–71

Compared with spherical M&NPs, some types of non-spherical
M&NPs tend to display longer circulation half-lives and differential

accumulation in certain tissues or organs.34,38,39,72,73 Trans-
formation of liposomes (B100–150 nm) from spherical particles
to disk-like shapes increased the circulation half-lives in rat
models from 19 hours to 34.6 hours.72 Similarly, anti-ICAM-
coated elliptical polystyrene disks (0.1 � 1 � 3 mm) that
specifically targeted the endothelium displayed greater lung
tissue specificity and increased circulation times compared with
spherical particles (ranging from 0.1–10 mm) because of lower
hepatic uptake.34 Other studies in living subjects, such as those
employing photolithographically-defined silica particles (1–2 mm
in diameter) with diverse geometries (discoidal, spherical, hemi-
spherical, and cylindrical), confirmed the lower accumulation of
oblate discoidal particles in the liver.20 Because internalization by
Kupffer cells is the major liver sequestration mechanism, these
results reflect the tendency of oblate particles to evade phago-
cytosis by macrophages. This study suggests that discoidal
particles may be the most effective intravascular carriers among
the four tested because they can partially escape sequestration
by the liver while maximizing accumulation in target organs.20

Interestingly, recent evidence suggests elongated nanoparticles,
such as rods and worms, even further improve circulation half-lives
in vivo. Intravenously-injected filamentous micelles (diameter
B20–60 nm, length B500–8000 nm) persisted in circulation
about ten times longer than analogous spherical polymersomes,
up to one week.38 Consistent with these results, rod-shaped
(10 � 45 nm) gold nanoparticles possessed longer circulation
half-lives than their spherical counterparts.74 There are many
contributing particle parameters that may explain these varied

Table 1 Shape related biological properties of different types of nanomaterials

Materials Shape Biological properties attributable to shape (compared to spherical M&NPs) Ref.

Biodistribution
Liposome Disk Prolonged circulation 72
Polystyrene particles Disk Prolonged circulation; lung tissue specificity 34
Silica particles Discoidal Reduced accumulation in liver 20
Di-block polymer micelles Filamentous Prolonged circulation 38
Gold nanoparticles Rod Prolonged circulation 74
Mesoporous silicon particles Disk & rod Vascular adhesion 102
SWNTs Tube/rod Enhanced tumor vascular extravasation 31

Cell uptake
Hydrogel particles Rod Enhanced cell uptake in HeLa cells 33
Mesoporous silica nanoparticles Rod Enhanced uptake and internalization rate in A375 human melanoma cells 126
Mesoporous silica nanoparticles Rod Enhanced uptake in HeLa and A549 cells 127
SWNTs Tube/rod Selective internalization in Ly-6Chi monocytes 50

Intracellular transport
Nanodiamonds Sharp shape Endosomal escape in HepG2 cells 142
Layered double hydroxide nanoparticles Rod Nuclear targeting in NIH 3T3 cells 143
Fe3O4@C nanoparticles Biconcave Nuclear targeting in U87 MG glioblastoma cells 144

Cytotoxicity
Poly(3,4-ethylenedioxythiophene)
(PEDT) nanoparticles

Ellipsoids Significant drop in cell viability (425 mg ml�1) in IMR90 and J774A.1 cells 152
Proinflammatory in macrophages

Gold nanoparticles Flower-shaped Flower-shaped M&NPs are more toxic than spherical particles in human
endothelial cells

155

Gold nanoparticles Star-shaped Less toxic than spherical M&NPs at 400 mg ml�1 in human skin fibroblasts
and rat fat pad endothelial cells

156

SWNTs Tube/rod SWNTs coated with PEG, dose-dependent toxicity after 24 h with 0.1 mg ml�1

of SWNTs-PEG (toxicity B15%), 1 mg ml�1 (toxicity B40%), 10 mg ml�1

(toxicity B45%), 100 mg ml�1 (toxicity B50%) was observed in neuronal PC12 cells

169
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results, such as particle flexibility, material, and size, which all
vary between these experiments. Primarily because of the lack of
standardization across experiments, a comprehensive under-
standing of non-spherical M&NP biodistribution in living sub-
jects has yet to be fully elucidated. Nonetheless, it is unlikely
that a single shape will prove favorable in all contexts. This is
the case in part because geometry is only one of several key
parameters that ultimately determine the biodistribution of
particles, which must be considered in that context.

In an example of the variability of M&NP biodistribution as a
function of geometry, some studies indicate that cylindrical
particles and some filamentous particles with large cross-
sectional diameters exhibit preferential accumulation in MPS
organs compared with spherical particles of small diameters,
presumably due to higher rates of internalization by phagocytic
cells.20,38,75 In contrast, others found that gold nanorods display
less liver uptake than their spherical counterparts.74 These mixed
results necessitated systematic studies on variation of aspect ratio
(AR) within the same system: one such study of mesoporous silica
M&NPs with an aspect ratio (i.e., the ratio of length to width) of

1.5 and 5 (lengths of 185 nm and 720 nm respectively) revealed a
temporally complex picture in which particle shape differentially
affected uptake by various organs at multiple time-points.76

These results, while inconclusive regarding the precise role of
AR in biodistribution, implicate particle geometry in M&NP
intrinsic homing to specific organs.77,78 The mechanism is not
yet fully understood, but is likely related to each system’s
evolution in its ability to efficiently remove bacteria, viruses,
and cellular debris by virtue of their shape.79 Therefore, the
effect of particle shape on biodistribution at various time
points is potentially tied to a crucial (and consistent) biological
response. This insight, once the mechanism is better under-
stood, could eventually be used in computational models to
simulate and optimize the geometric design of particles intended
to target a specific organ (Fig. 1).

Several mechanisms have been proposed to explain the
effects of geometry on the in vivo circulation and biodistribution
of M&NPs. First, for flexible M&NPs (e.g., filomicelles) with a
high AR, blood flow can ‘pull’ particles away from bound
macrophages before complete internalization; the flexible tails
evade contact from macrophages and are drawn away by hydro-
dynamic shear forces (Fig. 3A).80 Interestingly, the optimal
length of filomicelles for long circulation was found to be
8 mm, approximately the length of flexible red blood cells. The
longer filomicelles rapidly degraded to 8 mm and continued to
circulate for one week (as opposed to spherical M&NPs, which
remained in the blood stream only 1–2 days). Secondly, M&NPs
with at least one small dimension (down to several nanometers)
may be able to traverse extremely small openings, such as those
found in the kidneys or spleen.81,82 Thirdly, non-spherical
M&NPs exhibit a propensity for evading clearance due to varying
contact angles between the M&NPs and phagocytic cells (Fig. 3B).49

A computer simulation of elongated M&NPs showed that a larger
contact angle can increase internalization time as much as six-
fold.68 These results were confirmed by an elegant in vitro
experiment by Champion and Mitragotri in which they revealed
that the local shape of the particle at the point of initial contact
with the cell dictates whether the particle is internalized.49 If an
elliptical M&NP approaches a macrophage at the particle’s
pointed end, the M&NP would be expected to internalize rapidly,
while contact on the flat side would more likely fail to result
in phagocytosis. This phenomenon occurs independently of
the particle size and opsonization, highlighting the critical
importance of geometry. Minimizing curvature over the majority
of a nanoparticle system could therefore significantly inhibit
phagocytosis, as demonstrated by in vitro experiments using
worm-like polymeric particles and gold nanorods with high AR
(B20).74 Evasion of phagocytosis has a pronounced effect on
circulation half-life, as phagocytic avoidance eliminates a major
mechanism of clearance (see Section 2.2. Cell uptake). This can
have pronounced effects on M&NP localization due to the
repeated cycles of circulation through disease sites, increasing
the probability of interaction and deposition. Finally, differential
interactions between the vasculature, blood flow, and particles
with varied shapes likely play a key role in the localization of
these particles in living subjects (see 2.1.1. Vascular targeting).

Fig. 2 Mechanisms of particle sequestration from the circulation after
intravenous injection: (A) entrapment in small capillaries; (B) engulfment
by phagocytic cells; (C) extravasation through fenestrated endothelium;
(D) excretion through the kidney glomeruli; (E and F) adhesion to the blood
vessel walls. Reprinted with permission.20 Copyright 2010, Elsevier Ltd.
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Although many details remain to be further investigated and
quantified, the importance of the role of particle morphology in
biological interactions has been conclusively demonstrated.
In particular, M&NPs with high AR shapes exhibit several
intriguing features such as long circulation half-life or specific
accumulation in certain tissues, which is highly valuable in
biomedicine.83 With intentional geometrical design, M&NPs
can be expected to display prolonged efficacy and increased
selectivity to lesion sites, thereby improving their performance
in biomedical applications.

2.1.1. Vascular targeting. Vascular targeting develops effective
methods for binding particles to the blood vessel luminal surface
for imaging or treatment of blood vessels. Blood vessels are a
common target because they are ubiquitous throughout the body
and typically either feed disease sites (e.g., cancer) or comprise the
disease site (e.g., atherosclerosis).84,85 Even if they are not directly
involved in the disease, due to their proximity to disease, surface
markers indicating disease state and/or site often emerge on the
vascular endothelial cells. These markers are often ideal for
targeting. Indeed, the advent of phage display has revealed a
striking diversity in specific marker expression on the endothelium
of normal and diseased tissue vasculature.86 These findings
imply the existence of a ‘‘vascular zip code’’87 and encourage the
development of biomolecule-conjugated M&NPs that can recognize
and bind firmly to the surface of vasculature at highly specific
disease sites via ligand–receptor interactions.88 Consequently,
M&NPs loaded with drugs and/or contrast agents could be
specifically delivered to blood vessels in order to perform
clinical therapeutic or imaging functions.31,89,90

For M&NP–endothelial cell interaction to occur, efficient
movement of the particles toward the vessel wall (known as
margination) must occur. Hydrodynamic shear force is a well-
understood physical parameter applied to particles in computational
models, particularly in the diffusion-dominated paradigm.
We briefly discuss computational modeling here, noting that
approaches for computational modeling of biological nano-
particle behavior were recently reviewed.91 Numerical simulations
of particle behavior in shear flow are supported by analytic theory92

and can resolve not only the fluid forces, but also interactions of
nanoparticles with both the cellular93 and the fluid phases of
blood flow in endothelial vessels of any geometry. Critically, these
types of simulations can also solve for the forces exerted on
nanoparticles of any geometry. Thus, if the key biological para-
meters are well-defined and known, including fluid shear rate,
blood vessel geometry, the sizes and shapes of pores that exist
between vascular endothelial cells, pressure differences between
intra- and extravascular spaces, hematocrit levels, the frequency
and type of white blood cells, as well as nanoparticle dimensions,
then these could eventually be incorporated into a simulation that
accurately predicts in vivo M&NP behavior in tumors. Brownian
dynamics simulations were also recently applied to predict the
ability of nanoparticles to contact the vascular wall and extravasate
from blood vessels (as described in Section 2.1.2) under shear
and pressure forces.29,92,94,95 For example, Shaqfeh and Smith
et al. provided an analytical, computational and experimental
examination of the extravasation of Brownian finite-sized particles.
According to the Brownian dynamics simulations of the particles
in a simplified model of the tumor microvasculature, they
quantitatively showed that particles with different geometries
display different extravasation rates under different flow conditions.
In general, extreme aspect ratio particles (e.g., long, thin rods)
provide a greater flux through the pore because of favorable
alignment with streamlines entering the pore and less hindered
interaction with the pore (Fig. 4).95 They also predicted physical and
hydrodynamic conditions under which extreme aspect ratio particles
are no longer so optimal. As clinical imaging techniques improve the

Fig. 3 Mechanisms of geometric effects on the M&NP–cell interactions
that determine in vivo circulation and biodistribution. (A) An immobilized
macrophage in a flow chamber interacts with a spherical micelle and
internalizes it (left). Flexible filomicelles align with the flow and pass the
macrophage, eventually breaking off a small fragment retained by the
macrophage (right). Flow velocity is B25 mm s�1. (B) Schematic diagram
illustrating how membrane progresses tangentially around an elliptical
disks (left). %T is average of tangential angles from y = 0 to y = p/2. O is
the angle between %T and membrane normal at the site of attachment, %N.
Membrane velocity (distance traveled by the membrane divided by time to
internalize). Decreases with increasing O for a variety of shapes and sizes of
particles. K, Nonopsonized particles. &, IgG-opsonized particles. The
internalization velocity is positive for O r 451. Above a critical value of
O E 451, the internalization velocity is zero and there is only membrane
spreading after particle attachment, not internalization. Reprinted with
permission,38,49 Copyright 2007, Nature Publishing Group and Copyright
2006, The National Academy of Sciences of the USA.
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ability to quantify the input parameters to the model and
computational techniques enhance the predictive value of
increasingly realistic simulations, it will be possible to reproducibly
predict optimal particle shapes and sizes for use in patients,
such as in extravasation, vascular targeting, and diagnosis and
treatment of disease.

M&NPs margination is amenable to mathematical simulation
because it is a physical process that depends upon measurable
physical properties. Simulations suggest that elongated particles
are likely to exhibit complex, asymmetric motions that lead
to increased propensity to marginate under laminar blood
flows because they are susceptible to tumbling and torque.96

Alternatively, spherical particles tend only to deviate from their
mainstream motion and drift laterally toward the walls if they
experience certain external forces (e.g., jostling by blood cells),
and hence may pass through the circulation without contacting
the walls of targeted vessels.81 These predictions were confirmed
by studies demonstrating that non-spherical (in this case discoidal,
quasi-hemispherical, and rod-like) particles exhibited higher
margination tendency compared to spheres under both low
and high shear rates.97,98 Firm adhesion, another quantifiable
physical process, is the strong binding between particles and
the targeted vascular endothelial cells despite dislodging hydro-
dynamic forces. Theoretical work has established a relationship
between particle AR and adhesive strength, which predicts that for a
certain volume, oblate M&NPs adhere to a planar substrate (resem-
bling luminal vascular endothelial cell membranes) more effectively
than spherical particles due to a larger available surface area for
firm adhesion and smaller dislodging forces.99

Additionally, a few experimental studies provide direct evidence
of the enhanced vascular wall migration and attachment by non-
spherical M&NPs.100 For example, Eniola-Adefeso et al. compared
the margination efficiency of spherical polystyrene microparticles
and prolate ellipsoids (elongated shape) to human inflamed
endothelial vasculature. The results show that elongated micro-
particles with high ARs (9 and 11) display better margination than
their spherical counterparts.98 Moreover, using protein-coated
microchannels in a flow chamber system, elliptical disks adhered
more successfully to these surfaces under physiological shear
flow forces than spherical particles (Fig. 5).101,102 In a more
comprehensive study, mesoporous silicon particles with spherical,
elliptical/circular disks, and rod shapes were designed to investigate
adhesion to vessels. With similar volume, elliptical particles
exhibited improved adhesion compared to spherical particles.
Interestingly, disk-shaped particles showed adhesion two times
more efficient than rods.103 According to the opinions of Peter
and Davis et al., disks display more contact surface area, lower
rotational inertia, and exert smaller hydrodynamic forces than
rods, resulting in improved adhesion.100 Higher surface areas
may provide ligand-targeted M&NPs more opportunities to bind
a surface due to more available ligands (depending on shape),
resulting in higher binding avidity.

These results experimentally and theoretically suggest that
non-spherical M&NPs can offer more efficient tumor vasculature
targeting; in fact, spherical M&NPs may be the worst geometry
for vascular binding. Only a small subset of all possible shapes
has been experimentally studied thus far. Of those studied, the
discoidal shape appears to be optimal for vascular binding.99

Fig. 4 Computational study of M&NPs extravasation. (A) Schematic of the extravasation process. NPs migrate to channel periphery and extravasate through
pores in tumor blood vessels. (B) A close-up of a single pore, i.e., the region in the gray circle in (A) is shown. Near the pore, one can have both shear and suction
flows, which may combine to form rich fluid structures upstream. (C) A schematic of the physical model for mass transport near a pore is shown. The Cartesian
coordinate system (x, y, z) is shown. (D) A schematic of the capture tube phenomenon is shown. The superposition of the shear and Sampson flows causes the
streamlines to form a capture tube upstream. This is a surface that separates the streamlines that enter the pore from those that do not. The concept of the
capture tube is useful in explaining some numerical results for finite-sized particles. Reprinted with permission,95 Copyright 2018, Biophysical Society.
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As shown by the simulations mentioned above, disc shapes
benefit from improved interactions with shear flow and inter-
facial events. These particles therefore currently hold the most
promise for targeting tumor vasculature.

2.1.2. Extravasation and margination. The organization of
blood vessel networks in normal tissues differs from tumor
tissues,104 due in part to the rapid angiogenesis that is critical
for tumor initiation, progression, and metastasis.105 Blood vessels
of tumors are haphazardly formed, and thus typically poorly
organized and leaky, due to this accelerated neoangiogenesis.
Tumors, among several other inflammatory diseases, often exhibit
these effects.69 As a result of the leakiness, M&NPs tend to passively
accumulate and remain in tumors more (and for longer) than
normal tissues, a phenomenon termed the enhanced permeability
and retention (EPR) effect.106 The EPR effect can enable preferential
delivery of drug molecules and imaging agents to tumors, owing to
the passive transport of these molecules through the inter-
endothelial pores into tumor tissues (i.e., extravasation).90,107

Interestingly, depending on tumor type, even relatively small
M&NPs may not extravasate out of tumor blood vessels.108,109 In
addition, tumors at distinct locations in the same body often
lead to tumor blood vessels with broadly varying extravasational
competence.70,84,85 This offers an exciting area of study: because
the vasculature can impede M&NP access to tumor cells, the
relationship between physical parameters and delivery through
pores in the endothelium must be clarified. In addition to
the well-studied impact of particle size on extravasation,110,111

provocative hints of the geometrical dependence of extravasation
have recently arisen. Most studies indicate that spheres may not be
the most optimal geometry.85,112 Indeed, non-spherical elongated
and chain-like particles may not only penetrate into the tumor more
efficiently, but are also readily trapped and retained in the tumor,
producing more effective diagnostic imaging or drug delivery
efficacy.32,113,114 To provide theoretical support, in addition to

extravasation simulations (Fig. 4), Lee et al. simulated the
interaction between M&NPs and vascular structure in laminar
flows. Based on their simulation results, elongated particles,
especially low aspect ratio discoidal particles, displayed the
largest propensity to marginate toward the vessel wall in a
linear laminar flow, thus leading to attachment on the vessel
wall, and subsequent extravasation. The mechanism is explained
as follows: sub-micrometer non-spherical particles oscillate
around their trajectory to periodically reduce the separation
distance from the vessel walls, which increases the probability
of the interaction between particles and vessel. But a fast lateral
drift leads non-spherical microparticles to marginate toward
vessel walls.96 As a proof-of-concept, Toy et al. prepared spherical
and rod-like gold nanoparticles to investigate their margination
rate to the wall of the vessel. The results indicated that shapes
displayed significantly different deposition because of different
margination rates (Fig. 6). Gold nanorods displayed 8 times
higher margination rate than their spherical counterparts.3,115

However, given the variability in tumor physical properties,
it has become clear that extravasation strongly depends on both
tumor type and particle geometry.31,37 In U87MG tumors, for
example, nanoparticles with very high ARs (2 nm � 200 nm)
displayed increased extravasation, likely because they could
traverse, in the smaller dimension, through very narrow pores
in the endothelium that spherical particles (25 nm in diameter)
cannot cross. However, these nanospheres proved better at
extravasating in another tumor model (LS147T), while neither
type of particle extravasated through the vasculature of a third
tumor type (SKOV3) (Fig. 7).31 These results indicate that the
mechanism for particle extravasation is more complex than
simple pore size/particle size comparisons.

Collectively, current studies indicate that particle morphology
interacts with many other physiological factors to play a crucial
role in extravasation. A more complete understanding of these

Fig. 5 Effect of (A) spheres and (B) elliptical disks microparticles on adhesion in the synthetic microvascular networks at different shear rates. The
difference in the adhesion propensities between spheres and elliptical disks can be clearly observed especially at low shear rates. Reprinted with
permission.101 Copyright 2010, Elsevier Ltd.
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multifaceted effects will be important in the design of optimal
and efficient disease-targeting nanoparticles. Ultimately, information
on the physical parameters of a patient’s tumor will prove essential
to providing personalized oncological care, because a particle
morphology can then be intelligently designed and altered for
maximum penetration under specific disease conditions31 that
could be identified through imaging.

2.2. Cell uptake

Cell uptake of M&NPs is a critical event for many drug and
contrast agent delivery applications for several reasons. First,
as discussed in Section 2.1 (Biodistribution), the ability of
phagocytic cells to take up the particles plays a major role in
determining whether M&NPs can avoid the typically undesir-
able capture by the MPS. Second, in oncological applications
the uptake properties of tumor cells often directly dictate
whether M&NPs can perform their designated functions, which
is particularly important for therapeutics. M&NPs enter cells
through two major mechanisms of endocytosis: particle-dependent
phagocytosis and fluid phase pinocytosis,116 both of which display
geometrical dependence.22 Additionally, the way in which M&NPs
are taken up by cells can strongly affect the intracellular compart-
ment in which drugs and imaging agents are released, which may in
turn affect their function. It may, for instance, be favorable to target
or avoid a specific region of the cell, such as the nucleus (further
explored in Section 2.3. Intracellular transport)117 or in the cytosol;
deposition into the wrong compartment for the application could
ultimately result in lack of function. Thus, future particle systems
should ideally be engineered with specific geometries to reduce the
probability of phagocytosis by the MPS while simultaneously
increasing the rate of endocytosis by target cells. Particle geometry
could also dictate the endocytic route in order to target specific
subcellular compartments.118–123 The combination of shape-
dependent factors required to target M&NPs to specific sites
in vivo therefore becomes a multi-dimensional problem to converge
on a specific geometry amenable to each ‘stage’ of delivery.

Pinocytosis—the fluid-phase internalization of particles—is
the most common route of cell uptake that occurs across all

cell types, including tumor cells.116 Pinocytosis includes non-
specific micropinocytosis, receptor-mediated endocytosis
(clathrin- and caveolae-mediated), and clathrin- and caveolin-
independent endocytosis.116 Shape affects the rate at which
particles are endocytosed;33–35,124–127 in particular, the cellular
internalization of non-spherical particles tends to be reduced
compared to similarly-sized spherical particles.124 To explain
this, a theoretical model based on free energy minimization
predicted that nanospheres can be internalized via receptor-
mediated endocytosis with minimum wrapping time, while
particles with sufficiently high ARs may not be taken up by
cells at all (Fig. 8).124

Fig. 6 Effect of shape on nanoparticle margination. Spherical nanoparticles
tend to remain in the center of the flow. Variable forces and torques exerted
on rods under flow allow them to marginate and drift towards the vessel wall,
where they can bind to wall receptors or extravasate through gaps between
endothelial cells. Reprinted with permission.3 Copyright 2014, Future
Medicine Ltd.

Fig. 7 The extravasation of spherical quantum dots and single wall carbon
nanotubes (SWNTs) with large AR from the vasculature of murine models
of human tumors. (a) The extravasation (averaged over all mice per
nanoparticle/tumor group) of quantum dots is compared with that of
SWNTs for each tumor type. There is a significant difference between
the extravasation of the two nanoparticle types for U87MG brain tumors.
The extravasation difference is also significant for LS174T colorectal
adenocarcinoma tumors, but surprisingly the nanoparticle types are
reversed in terms of their extravasational competence compared with
U87MG tumors. Note that quantum dots displayed nearly zero average
extravasation for both U87MG and ovarian adenocarcinoma SKOV-3
tumors, as did SWNTs in the SKOV-3 condition. Note also that SWNTs
do appear to extravasate from LS174T, though quantum dots extravasate
much better. * Denotes significance with p o 0.05. (b) Overview depiction
of nanoparticle extravasation. The schematic shows that quantum dots
extravasate from LS174T tumor but not U87MG tumor, while SWNTs
extravasate from U87MG tumors but only minimally from LS174T. Reprinted
with permission.31 Copyright 2012, American Chemical Society.
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This prediction agrees qualitatively with results from a
number of in vitro experiments: gold nanospheres are taken
up by HeLa cells to a markedly larger extent than chemically-
similar nanorods.125 In this experiment, uptake efficiency was
inversely proportional to AR. Moreover, this trend holds regard-
less of whether the particles are coated with a cell-targeting
ligand.128,129 Similarly, microspheres coated with either poly-
peptide or anti-ICAM are internalized by human umbilical vein
endothelial cells (HUVECs) faster than disk-like and elongated
elliptical particles of comparable volumes and similar surface
modifications.34,35 However, other studies have indicated the
opposite effect: some non-spherical M&NPs may be taken up by
cells in larger amounts and at faster rates than spheres. For
example, hydrogel nanoparticles and mesoporous silica nano-
particles (MSNs) with large AR were endocytosed by cells faster
than their spherical or small AR counterparts.33,126,127 Interestingly,
decreasing the size of these particles while keeping the AR constant
did not result in a significant increase in cell uptake, emphasizing
that particle geometry, such as the AR, can play a key role in the
endocytic mechanism (Fig. 9).33

While a consensus on the geometric dependence of M&NP
uptake by cells has yet to be reached, several reasons for the
contradictory results have fortunately been elucidated. First, the

differences in nonspecific cell uptake between particles with
spherical and non-spherical geometries may be attributed to
differential M&NP curvatures. For example, rod-like particles
with relatively large diameters have larger contact area with the
cell membrane than spherical particles when the longitudinal
axis of rod-like particles interacts with cells.126 Hence, they
display better adhesion (see Section 2.1. Biodistribution) and
cellular internalization. On the other hand, particles with an
ultra-high AR and small cross-section may also display efficient
cell uptake.130–132 For instance, SWNTs can enter cells through a
‘‘spearing’’ mechanism. Owing to their extremely small cross-
section and enormous AR, they can slice through the lipid
membrane of cells without damaging them.130 Another work
showed that short SWNTs can enter cells through a clathrin-
mediated endocytosis process.132 The fact that SWNTs can be
selectively internalized by monocytes50 may also be geometry
related; nevertheless, it is also likely to be an active uptake
mechanism not driven solely by shape, but also by other parameters
dependent on SWNT functionalization. Notably, this strategy can
enable M&NP entry into tumors without the EPR effect, instead
relying upon active cell-mediated delivery into disease sites.

Second, factors other than shape should also be considered,
as endocytosis is known to depend on other physiochemical
properties of the particle system and the biological properties
of the cells tested. For example, gold nanoparticles are much
stiffer than hydrogels,133 and this mechanical property can

Fig. 8 Theoretical simulation of the mechanism of non-spherical particle
internalization. (A) Scheme of a non-spherical particle sitting on a cell
membrane during the internalization process. (B) The variation of the cell
half-wrapping time and wrapping length ratio xmax/R1 as a function of the
aspect ratio G, for a fixed R2 = 50 nm. With an increase in aspect ratio, the
half-wrapping for the cell to internalize the particle becomes longer and
the wrapping length ratio decreases, indicating that non-spherical particles
have a reduced tendency toward cell internalization compared to
similarly-sized spherical particles. Reprinted with permission.124 Copyright
2008, the Biophysical Society.

Fig. 9 Internalization profile of particles made by Particle Replication In
Nonwetting Templates (PRINT) method with HeLa cells over a 4 h incubation
period at 37 1C. Legend depicts the particle diameter per particle volume.
Reprinted with permission.33 Copyright 2008, the National Academy of
Sciences of the USA.
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strongly affect the cell uptake pathway to require a clathrin-
dependent mechanism, whereas more compliant materials are
driven into cells by non-specific macropinocytosis.134

The differing results suggest that multiple competing endo-
cytic routes engender internalization, and further experiments
using standardized systems must be performed to reveal how to
exploit these routes in M&NP design. Current experiments
(within and between studies) in which the surface area and
volume are not always kept constant across particles of varying
shape may not be reliable indicators of mechanism. Hydrogel
particles, for example, are often an order of magnitude larger
than gold nanoparticles33,128,133 and the interaction may be
driven by size rather than geometry. Differences in surface area,
volume, and flexibility may also result in differential inter-
actions with cells, necessitating ‘isolation’ studies which fix
all other physical particle parameters than geometry.

Finally, the nature of the cells addressed is of crucial
importance.135 The cellular internalization mechanism varies
vastly between different cell models and primary cell types, so
comparisons between M&NPs can only reasonably be drawn
between experiments conducted on similar cells.

Even though the exact mechanisms underlying cellular entry
and the precise origin of variation in endocytotic rates of M&NPs
both require further study, these early findings highlight the
influence of nanostructure geometry on endocytosis. Further
experiments on standardized M&NPs and cells are required to
clarify some of the contradictions in the field, and these studies
are envisioned to serve as crucial inputs for computational
simulations of particle design. Such simulations are likely to
reveal the possibility of engineering nanomaterials with optimal
shapes that exhibit properties desirable for specific therapeutic
and diagnostic applications. For example, simulations could
potentially help optimize evasion of capture by the MPS to
increase circulation half-life while simultaneously maximizing
targeted cellular internalization for efficient drug delivery by
mathematically identifying the ‘middle ground.’ Simulations
could thus help produce ideas for more complex designs that

can simultaneously optimize for multiple in vivo transport
parameters such as biodistribution and cellular uptake.

2.3. Intracellular transport

We have described how systemically injected M&NPs distribute
throughout the body and are taken up by cells as a function of
their geometry. However, the function of an M&NP is often not
complete even once it enters a cell, particularly for therapy.
Understanding the properties underlying the intracellular
distribution of non-spherical M&NPs is highly valuable for
delivery,136 as it will unlock the possibility for subcellular
targeting of specific cell compartments. While only preliminary
data exist about the effects of particle geometry on subcellular
transport after internalization, we will describe here the current
understanding and discuss its potential value in constructing
therapeutic systems.

2.3.1. Endosomal/lysosomal escape. Once internalized into
the cell, M&NPs are typically enveloped by endosomes.137,138

When an endosome fuses and is transformed into a lysosome,
these M&NPs are likely to be degraded in the harsh lysosomal
environment or removed from the cells too early to display
optimal utility.129,139 Medical M&NPs are usually designed to
act on subcellular targets located in compartments other than
endosomes or lysosomes. Hence, in order to avoid clearance
and selectively deliver the payload to the targets, in many
applications it is critically important to develop effective methods
to enable endosomal/lysosomal M&NP escape.140 Several methods
exist, such as the strategy of triggering ion transport into
endosome/lysosomes (also known as the proton sponge effect)
and use of peptides;141 yet sometimes the simple expedient of
specific particle shape can also achieve endosomal/lysosomal
escape. Li et al. reported that nanoparticles with sharp corners
can pierce endosomal membranes and enter the cytoplasm
(Fig. 10).142 This penetration occurs spontaneously and is
independent of the surface chemistry, size, and composition
of the nanoparticles. The mechanism of this shape-specific
effect involves the reduced mechanical stability and increased

Fig. 10 Schematics of intracellular trafficking of nanoparticles with different morphological features. Left: A nanoparticle with low sharpness enters the
cell via endocytosis with the endosome as the vehicle, stably resides in the endosome, which evolves into the lysosome by endosomal maturation, and
finally exits the cell via exocytosis with the lysosome as the vehicle. Right: A sharp-shaped nanoparticle enters the cell via endocytosis with the endosome
as the vehicle and escapes the endosome by rupturing the endosomal membrane before the lysosome is formed. Without a lysosome as the vehicle, the
nanoparticle has a very low excretion rate and will stay in the cytoplasm for a long time. Reprinted with permission.142 Copyright 2014, Springer Nature.
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strain of the endosomal membrane induced by the sharp-
shaped M&NPs, enabling easy penetration.

2.3.2. Cell nucleus targeting. In some cases, treatments
may only be functional once particles accumulate in specific
subcellular compartments. For example, gene therapy demands
that M&NPs carrying nucleic acid sequences accumulate primarily
in the nucleus. Xu et al. compared rod shaped (30–60 nm wide and
100–200 nm long), layered double hydroxide (LDH) M&NPs to their
hexagonal sheet (50–150 nm laterally wide and 10–20 nm thick)
counterparts (Fig. 11).143 The results showed that, once taken up
by the cells, LDH nanorods could be quickly transported into
the nucleus while LDH nanosheets remained in the cytoplasm.
According to the authors’ interpretation, the widths of LDH
nanorods were likely reduced from 30–60 nm to 20–30 nm after
neutralization within the endosome and endosomal escape.
LDH nanorods with this shape can pass through the approxi-
mately cylindrical nuclear pores (25–30 nm in width) and thus
enter the nucleus. However, LDH nanosheets are planar, with a
lateral dimension of B30–100 nm after endosomal escape
(reduced from 50–150 nm), which does not fit the nuclear pores,
restricting them to the cytoplasm. It is worth noting that the
LDH nanorod reported herein was the first non-spherical nano-
material to exhibit specific subcellular compartmental targeting
for therapeutics.

In another case, the nuclear targeting effect of carbon-coated
iron oxide (Fe3O4@C) M&NPs with spherical, spindle, biconcave,
and tubular morphologies was assessed both in vitro and
in vivo.144 Biconcave M&NPs delivered drug molecules to the
nucleus of U87 glial cells more efficiently than the other three
shapes of M&NP, with 455% enhancement in uptake. Notably,
the authors also found that Fe3O4@C nanotubes could specifi-
cally deliver payloads to the cytoplasm. Although the exact
mechanism for nuclear entry remains unclear, the M&NP shape
clearly influences, if not controls, their nuclear transport.

2.4. Cytotoxicity

In considering M&NP systems for in vivo biomedical applications,
it is imperative to fully understand their toxicity. This extends to
consideration of the variety of cells they interact with (requiring
an understanding of biodistribution), whether transiently or as
part of cell uptake processes, as well as cell signaling.

Much M&NP toxicity research concerns their inhalation or
ingestion.145–148 While these are important avenues of work, parti-
cularly because inhalation and oral administration are excellent
medical delivery strategy candidates, this review focuses primarily
on intravenous injection and the resulting risks of different
geometries. To date, intravenous injection remains the most
widely used method for in vivo M&NP delivery.

Fig. 11 Schematic illustration of LDHFITC nanorod endocytosis and cellular trafficking. (A) TEM image of LDHFITC nanorods; (B) CHO cells after addition of
LDHFITC nanorods to the cell culture medium; (C) schematic of pumping protons into the endosome to facilitate acidification for subsequent proteolysis
of nutrients, followed by an influx of chloride ions; (D) acid-driven dissolution of LDHFITC nanorods in the late endosome to buffer acidification and
release many ions; (E) entrance of water molecules to the endosome due to an increase in ionic strength, leading to osmotic swelling and endosome
burst which releases LDHFITC nanorods into the cytoplasm. Step (I) adhesion of LDHFITC nanorods to the cell membrane; (II) clathrin-mediated
endocytosis; (III) endosomal changes; (IV) nuclear localization of LDHFITC; (V) cytoplasmic distribution of LDHFITC; (VI) lysosomal pathway; (VII) unspecific
uptake through macropinocytosis. (VIII–IX) Caveolae-mediated endocytosis; (X) microtubule directing the freed LDHFITC nanorods to the nucleus.
Reprinted with permission,143 Copyright 2008, Elsevier B.V.
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M&NP cytotoxicity is closely linked to materials and surface
composition, immunogenic properties, and cellular uptake—clearly,
the more likely an M&NP is to cross the cell membrane, the
more likely it is to cause intracellular mechanical or oxidative
disruption.149–151 Since the rate of cellular uptake and intra-
cellular destination are shape-dependent, it follows that many
of the toxic effects of M&NPs can also be tightly bound to shape.
For example, Oh et al. examined the shape-dependent cytotoxicity of
poly(3,4-ethylenedioxythiophene) (PEDT) nanoparticles.152 Across a
range of concentrations, the particle toxicity increased as the AR
decreased. Smaller ellipsoids were the most toxic, particularly due to
the production of reactive oxygen species (ROS) in the bloodstream
and within cells, which is known to disrupt mitochondrial function.
Small ellipsoids are more easily taken up by cells than rod- or tube-
shaped M&NPs as in the case of this work, so the authors suggest
they are more likely to cause membrane damage and decreased ATP
and ROS generation.

As discussed in Section 2.1, M&NPs with certain geometries
can evade macrophage clearance by frustrating the process of
phagocytosis. However, such strategies may evoke unintentional
damage to nearby cells as frustrated macrophages can release
oxidants and hydrolytic enzymes into the surrounding tissues
when phagosomes cannot fully form.153 This can trigger an
inflammatory response in regions where M&NPs accumulate,
giving rise to indiscriminate toxic processes initiated by local
M&NP-caused insults. Therefore, understanding the effects of
M&NPs geometry may help strike a balance between limiting
toxicity in the bloodstream and maximizing efficacy at tumor
sites. Here, we discuss the shape-dependent toxicity of two
commonly-used nanomaterials.

2.4.1. Gold nanoparticles. Gold nanoparticles (GNPs) have
much promise, and various chemistries have produced a wide
variety of shapes, enabling studies on the effect of geometry
using the same base materials. Note that, for simplicity and
direct comparison, we discuss only PEGylated M&NPs in this
section.154 For example, the in vitro toxicities of three distinct
shapes, flowers, stars, and rods were evaluated in contrast with
spherical GNPs. Flower-shaped GNPs displayed more toxicity
than spherical GNPs (both with a diameter of B50 nm) in
human umbilical vein endothelial cells (HUVEC) because of
the increased cell uptake and rapid internal transport to the
nucleus.155 In particular, the branched geometry of the flowers
can destabilize the cell membrane and affect internal cell
mechanisms, leading to decreased viability. Thus, while gold
nanoflowers may serve as efficient agents for photothermal therapy,
deleterious effects on the normal biological environment must
also be considered. A 2015 study, however, reported potentially
conflicting results in a comparison between gold nanostars and
spheres: cells remained viable under 400 mg ml�1 of nano-
star incubation, while spherical M&NPs were lethal at only
40 mg ml�1.156 Yet because the two shapes were of somewhat
different sizes (the average hydrodynamic diameters of the
stars and spheres were 41.5 nm and 70.8 nm, respectively),
the geometric comparison between the two is difficult to
deconvolute because size also plays an important role for gold
M&NP toxicity.150

Several other differences between the studies may help
explain the disparate results. First, the cell lines employed are
fairly distinct: HUVEC were used in Sultana et al.’s155 study to
investigate the cytotoxicity of gold nanospheres and nanoflowers
(Fig. 12), while human skin fibroblasts and rat fat pad endothelial
cells (RFPECs) were used in Favi et al.’s work to investigate the
toxicity of gold nanostars.156 Second, the studies measured cell
viability with two different assays—Methylthiazolyldiphenyl-
tetrazolium bromide (MTT) and 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assays, respectively. While MTS is more convenient than MTT, the
presence of nanostars with strong light absorbing properties likely
affects the accuracy of the optical density value, decreasing its
accuracy. The difference between the flower and star shapes is
most notable. While the flower has many branches that extend
in all directions (Fig. 12B), the stars only have between one and
six branches, effectively imparting a less ‘spherical-like’ shape
(Fig. 12E–J). This geometrical difference could account for the
increased membrane disruption observed with the flower-
shaped GNPs. Similarly, it could explain the higher internalization
rates of the flowers, which have increased relative surface area for
interactions with cell membranes. In addition to these studies,
others have compared the cytotoxicity of nanorods vs. spheres of
varying, comparable sizes (length and diameter of 30 nm to 50 nm,
respectively) and found that neither shape had a significant
negative effect on a human prostate carcinoma cell line.157 Despite
substantial cellular uptake of GNPs at 1.5 nM, an MTT assay
revealed no change in cell viability compared to the control.
Notably, measuring toxicity solely via an MTT assay does not
account for more subtle effects on cells, such as disruption of
the cytoskeleton and internal function. That is, even if GNPs-
treated cells are still metabolically viable, they may not behave
normally in other respects. For example, if cytoskeletal organization
is disrupted, then the spreading, migration, and vascular tube
formation of the cells may be profoundly altered.155 It should also
be pointed out that none of these studies evaluated toxic effects for
longer than four days, so longitudinal chronic toxicity observations
are also required to discount other routes of cell distress and death,
such as apoptosis or autophagy. Ideally, future studies would
measure these subtler effects and for longer time periods.

2.4.2. Carbon nanotubes. Of all nanomaterials, carbon
allotropes appear to have the most varied cytotoxic effects.158–160

Multiple labs have shown acute toxic effects on various cell lines at
many different concentrations of carbon nanotube, graphene, or
fullerene.158,161–163 However, a preponderance of recent evidence
suggests that, overall, these results may be false positives. For
example, it has been shown that carbon nanotubes (CNTs) do not
cause harmful effects linked to ROS production; rather, the metal
contaminants associated with them appear to be responsible.164

When CNTs were properly purified, the cytotoxic effects nearly
vanished. An elegant study in 2006 chronicled the formation of
MTT–formazan–CNT cluster during the MTT assay that led to the
reduction of MTT content interacting with cells, thus rendering
the procedure inaccurate.165 The authors concluded that CNT
toxicity cannot be measured with an MTT assay and any
measurement of cell viability should thus be verified by more
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than one method (e.g., WST-1, LDH, FACS-assisted mitochondrial
membrane potential determination, Annexin-V/PI staining).

While the study of shape-dependent CNT cytotoxicity leaves
much to be desired owing to perturbing factors such as material
impurities and surface functionalization,54 there are theories that
begin to explain the effects that have been observed.54,112,125 It is
thought that spherical particles cause the least membrane dis-
ruption upon cell entry.91 However, spherical M&NPs can also
cause mechanical changes within cells, including interference
with the mitotic spindle, especially during cell division.153,166

Comparisons between spherical and rod-like M&NPs are dis-
puted. Some suggest that rods are the most disruptive to the cell
membrane,167,168 while others have shown that the toxic effect
of SWNTs with large ARs is limited.130,168 This may be due in
part to the ‘‘spearing’’ mechanism of SWNTs, i.e. the passive cell
entrance via their smallest dimension, previously discussed in
Section 2.2.33,92,130

As previously discussed, M&NP materials, surface properties,
and more all heavily influence the impact of M&NP cytotoxicity,
and even the test method chosen can substantially influence
conclusions. These properties thus must be standardized, and
assay chemistry fully understood, in order to accurately measure
the effect of geometry on toxicity. The concentration of M&NPs
at a site is also a primary determining factor in toxicity.

Therefore, as parameters that inherently influence the con-
centration of M&NPs, the biodistribution, persistence, and
localization of M&NPs in the body are tightly intertwined with
their potential for toxic effects.

Collectively, the studies described in this section underscore
the toxicity of nanocarriers to living cells as a function of their
geometry. To date, the perspectives concerning cytotoxicity
within a certain particle shape are not fully consistent across
reported works because effective, flexible nanomaterial fabrication
methods for different shapes are, despite impressive recent
advances, still relatively limited. Generally accepted conclusions
on the cytotoxicity of M&NPs with different shapes call for the
development of fabrication methods that can generate nano-
particles not only of specific sizes, chemical compositions, etc.,
but also with well-defined, reproducible geometries. Moreover,
for practical medical applications, these methods also must be
inexpensive and scalable.

3. Strategies for shape-specific
particle fabrication

In this section, we review the most prominent methods for
fabricating non-spherical particles, their possible applications

Fig. 12 TEM images of varying shapes of gold nanoparticles. (A) Gold nanosphere, (B) gold nanoflower and gold nanostars with different branch
numbers: (C) one, (D) two, (E) three, (F) four, (G) five, (H) six. Reprinted with the permission.155,156 Copyright 2015 IOP Publishing Ltd and 2015, Wiley
Periodicals, Inc.
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in drug and contrast agent delivery, and the potential for
intelligent particle design as it relates to their fabrication and
medical application.

With interest in the use of non-spherical M&NPs increasing
across many disciplines,170 from photonic materials171 and
electronic systems172 to drug delivery vectors,39,71,135 a variety
of methods for scalable and reproducible fabrication of M&NPs
with various geometries have been developed, ranging from
self-assembly to lithography. These methods can be divided
into bottom-up approaches, which rely primarily on the self-
assembly of matrix molecules into the geometries that are most
thermodynamically favorable under specific environmental
conditions, and top-down approaches which, in contrast, generally
entail controlled transfer of desired features from a template or a
mask to the M&NPs. Each procedure has its own advantages and
limitations with respect to throughput, shape fidelity, cargo
delivery, etc., and is suitable for certain material compositions,

sizes, and particle geometries. It follows therefore, that selection
of the appropriate procedure should derive from choice of
M&NP application and knowledge of the desired physicochemical
and biological properties.

Recently, several strategies for producing biomedically-
relevant non-spherical particles with desirable features has been
reported, some of which have proven potential for large-scale
production (Table 2). Here, we describe the most promising
non-spherical biomedical particle fabrication strategies and
map them to potential uses in the clinic. In this section, we
focus on how the chemistry of non-spherical nanoparticle
fabrication can and will drive imminent clinical applications
for M&NPs.

3.1. Bottom-up approaches

Bottom-up fabrication of non-spherical micro- and nanostructures
relies on the interactions and spontaneous assembly of constituent

Table 2 Prominent methods of fabrication for non-spherical micro and nanoparticles for biomedical applications

Fabrication
approach Geometry Dimension Material Cargo examples

Throughput and
scalability

Chemical
synthesis

Rods, triangles, urchins 5–100 nm Gold, silica, etc. Fluorescein (for
silica M&NPs)126

Readily scalable to large
batches
Batch process

Self-assembly Sphere, lace-like net,
vesicle, cylinder and
filament

5 nm–10 mm Amphiphilic molecules
(block copolymers,
lipids, etc.)

Fluorescent dyes,
anticancer drug
(paclitaxel),38

Dann173

Readily scalable to large
batches
Batch process

Microfluidics:
droplet-based

Spherical derivatives:
rod, disk and ellipsoid,
defined by channel
architecture.

5–200 mm174 Photo-polymerizable
materials (photo-
polymerizable PEG gels,
polyTPGDA mixed
with photoinitiator),
low-melting-point
materials (e.g. low-
melting bismuth alloy
or agarose solution),
soluble polymers

CdSe qdots,175

colloids,176 protein
(FITC-labeled
bovine serum
albumin)177

105–106 particles h�1 175

320 ml h�1 (5 g min�1

of 96 mm acrylate
particles)178

Continuous process

Microfluidics:
flow methods

Complex shapes:
pyramids, rectangle,
spheres, toroids, etc. as
defined by photomasks

1–200 mm174 Photo-polymerizable
materials, PDMS-
compatible

Colloids,179 DNA,180

cells181
6000 particles min�1

for continuous-flow
lithography,182

107 particles min�1

for SFL.183

Continuous process
Photolithography Complex shapes:

defined by mask, any
arbitrary 2D shape,
drawn with computer-
aided design. Height of
particles controlled by
thickness of photoresist
layer

Thickness Z100 nm,184

lateral dimension
Z400 nm185

Photopo-lymerizable
materials (photoresists
(e.g. SU8), hyperbranched
polyglycerol,186 silicon185)

Organic dyes,
iron-oxide
nanoparticles184

108 particles min�1 184

Qdots and SWNTs
(in porous Si
particles)187

Batch process

Hard template
methods

Tube and rod, high
aspect ratio possible

Diameter 5–100 nm,
length 60–2000 nm188,189

Metals, polymers,
inorganic compounds,
semiconductor

DNA,189 protein190 Templates with up to
1011 pores per cm2

Batch process
Soft lithography
methods

Complex shapes: cube,
cone, trapezoid, bar,
arrow, cylinder, etc.
Shapes are two-
dimensional (flat
in the 3rd dimension)

20–10 000 nm, for bar
and cylinder shape
80–2000 nm �
180–5000 nm135,191,192

PEGDA, PLA, PPy,
triacrylate, natural
proteins

Cy3 dye, doxo-
rubicin, Fe2O3,
Gd-DOTA
protein193–198

Particle
stretching

Elliptical disk,
ellipsoid, rod,
worm, UFO

240–50 000 nm, for
rod or worm shape
130–4000 nm �
360–20 000 nm199,200

Polystyrene, PLGA Protein (FTIC-
labeled bovine
serum albumin)201
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molecules into ordered aggregates, with minimal or no external
forces.202 This method has several advantages, such as highly
scalable and simple processes,203 and some disadvantages, such
as lack of fine control over particle size and dispersity as well as
restriction on the types of shapes that can be produced. Recently,
several bottom-up strategies have been employed for production
of non-spherical inorganic and organic nanoparticles, some of
which hold promise for medical applications.204,205 The two major
bottom-up methods for preparation of biomedical particles
with specific shapes are chemical synthesis and self-assembly
of macromolecules.

3.1.1. Chemical synthesis. Chemical synthesis is the inten-
tional generation of products by a controlled reaction; in M&NP
synthesis, this approach can be used to generate non-spherical
geometries by selection of appropriate reaction conditions
during particle formation.135 For example, gold M&NPs, which
exhibit strong surface-enhanced Raman scattering and have
been used in a range of cancer diagnostic and therapeutic
applications,206,207 are usually formed by reduction of chloro-
auric acid in the presence of preformed gold seeds. An established
method can generate gold nanorods with the use of a suitable
surfactant, such as cetrimonium bromide (CTAB).208,209 Using
CTAB, the aspect ratio can be varied, ranging from 2 to 4, and
optimized by changing amounts of reagents during the synthesis
procedure.209 The exact growth mechanism is unclear, but one
hypothesis suggests that surfactants can either protect the new gold
atoms as they are incorporated into the nanocrystal lattice, or may
form a soft template into which the nanorods can grow.208 Complex
structures such as nanoscale urchins210,211 and prisms212 have also
been successfully synthesized with this method. However, in such
work, the M&NP monodispersity and size distribution are not well-
controlled. The large particles in the products can lead to toxicity in
living subjects, which impedes the in vivo use of these nanomater-
ials. Additionally, free CTAB in solution is toxic to cells by disrupting
cell membranes and causing cell death.213 Several methods have
been developed to increase the biocompatibility of gold M&NPs,
either by coating the particles with polyelectrolytes,214 using a
polymerizable version of CTAB215 to reduce desorption of CTAB
in the solution, or exchanging this surfactant with a more bio-
compatible molecule, such as PEG, citric acid, or phospho-
lipids.128,216 Specifically, in vitro studies with surface-modified
gold nanorods do not display cytotoxicity and demonstrate a
geometrical dependence in cell uptake processes,128,157 as
discussed in Section 2.4.1. Gold nanoparticles. However, these
particles typically can not degrade in the body and their long-
term toxicity has not been well-characterized.135

Silica M&NPs also provide a highly robust and tunable
delivery platform for controlled release of therapeutics and
imaging agents,217 as they are biocompatible, non-toxic, and
can be readily conjugated with chemical and targeting moieties
with great versatility through silane chemistry.126,217,218 In
general, mesoporous spherical silica particles can be produced
via the base-catalyzed condensation of organoalkoxysilane pre-
cursors (the Stöber process219). Co-condensation of tetraethoxysilane
with various organoalkoxysilanes (3-aminopropyltrimethoxysilane,
N-(2-amino-ethyl)-3-aminopropyltrimethoxysilane, etc.) in the

presence of a low concentration of CTAB surfactant leads to
the production of particles with non-spherical morphologies,
such as tubes and rods.220 The concentration, molecular size,
and hydrophilicity of the organoalkoxysilane precursors all play
a role in determining particle morphology. Varying the amounts
of surfactants also influences the aspect ratios of rod-like
mesoporous silica nanoparticles prepared from the chemical
synthetic approach.126

3.1.2. Self-assembly. The spontaneous assembly of amphi-
philic fatty acids and polymers in aqueous solution has been
widely used to generate a variety of micro/nanoscale micelles
that can encapsulate cargo in their hollow interior. Upon
exposure to water, these molecules orient themselves so that
the hydrophilic domains point outward and the hydrophobic
domains inward, creating thermodynamically stable sphere-like
structures possessing a hydrophobic pocket. While spherical
M&NPs like liposomes have been used for decades, aspect ratios
other than spherical were only more recently achieved by varying
the chemical composition and the ratio of the hydrophobic and
hydrophilic segments in these amphiphilic molecules.221,222 For
instance, filamentous micelles (25 nm in diameter � 10 mm) were
successfully prepared from block copolymers that have a more
symmetric ratio of hydrophilic to hydrophobic ratios than
commonly found in lipids, with poly(ethylene oxide) as the
hydrophilic block and either poly(ethylethylene) or poly(caprol-
actone) forming the hydrophobic portion. Experiments in
tumor-bearing mice have shown that filamentous micelles may
persist in circulation up to 10 times longer than their spherical
analogues, and an increase in the length of drug-loaded filomicelles,
keeping the dosage constant, can lead to more efficient delivery to
the target site and thus better therapeutic efficacy.38 Cargos,
both hydrophobic and hydrophilic, have been successfully
incorporated into these micellar systems due to their amphi-
philic nature.135,173,223

However, the lack of mechanical stiffness of the above types
of particles may be a major concern for their stable in vivo
performance. Because the macromolecules are held together by
relatively weak intermolecular forces rather than stronger covalent
bonds, the sizes and shapes of these structures may be affected by
the external environment, and, in some cases, the structure of the
M&NPs may be more malleable than desirable for a robust
platform.224 Hence, it can be critical to improve the stability of
self-assembled M&NPs and their morphological reproducibility.
A recently-developed technique named polymerization-induced
self-assembly (PISA) provides a useful solution to the above
problems.225 PISA employs macromolecular chain transfer
agents (macro-CTA), which are block copolymer molecules to
control the morphology of polymeric M&NPs. In the reversible
addition–fragmentation chain transfer (RAFT) emulsion poly-
merization process, macro-CTA can be self-assembled as a
template with specified shape and copolymerized with additional
monomers like styrene to form non-spherical M&NPs. Since the
self-assembly structure of macro-CTA is fixed after polymerization,
the shape stability of M&NPs is significantly improved compared
to those assembled by intramolecular forces. Notably, Davis
and Whittaker and their coworkers recently made a series of
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contributions to improve the performance of self-assembled
M&NPs based on the PISA method. For example, by tuning the
self-assembly conditions, including organic solvent, water addition
rate, and polymer concentrations, different M&NP shapes such as
sphere, vesicle, flower-like, and worm-like structures can be
prepared from the same copolymers, with good reproducibility.
The particles are stable in buffer and can be loaded with
payloads for further biomedical applications.226 Moreover,
efforts have been made to conquer the morphological instability
induced by the addition of surfactant.227,228 To achieve this, poly-
(di(ethylene glycol)ethyl ether methacrylate-co-N-(2-hydroxypropyl)-
methacrylamide) (P(DEGMA-co-HPMA)), with low binding to
surfactants, is used as a macro-CTA. The as-synthesized non-
spherical M&NPs exhibited high morphological stability in
concentrated sodium dodecyl sulfate (SDS) solution (up to
10 mg ml�1).225 This synthetic strategy is suitable for fabricating
not only styrene-based polymers, but also a variety of metha-
crylates.226 The same group also found that P(DEGMA-co-HPMA)-
based copolymers are thermo-responsive and can be self-assembled
upon heating above cloud-point temperatures. By utilizing this
feature, they proposed a non-spherical M&NP fabrication method
based on well-defined thermo-responsive copolymers that can form
different morphologies with moderate heating.229,230 Owing to the
ease of shape-forming by simple heating, this promising method
may be used for large scale synthesis of non-spherical M&NPs.

In general, chemical synthesis and self-assembly both have
advantages and disadvantages. Chemical synthesis approaches
have gained considerable attention for biomedical applications
because they provide a straightforward method for generating
non-spherical particles that are readily scalable to large batches.
These methods are particularly suitable for synthesizing inorganic
nanomaterials such as noble metal-based structures231 and various
magnetic M&NP shapes.232 It should be noted that chemical
synthesis typically requires relatively extreme reaction conditions
(such as high temperature or pressure) and experienced personnel
to obtain uniform M&NP morphologies; yet once the synthetic
route is established, the reproducibility of high-quality M&NPs is
simple to maintain. There are also many advantages to self-
assembly methods that can be used to prepare organic M&NPs
with non-spherical shapes such as micelles, rods, and vesicles.233

The synthetic conditions of this method are usually mild, allowing
a wider variety of drugs such as biological molecules to be loaded,
and the operation is relatively simple. Moreover, these methods
can allow fabrication of very complex structures, e.g., multi-
compartment hierarchical micelles.234 However, the precise size
and shape of the self-assembled nanomaterials are generally
difficult to control, and the lack of batch-to-batch consistency is
undesirable.

3.2. Top-down approaches

Although bottom-up approaches are typically scalable, energy
efficient, and cost effective, they inherently provide relatively
little capacity for size or shape adjustment and lack direct
control of particle morphology.224 These drawbacks signifi-
cantly limit their use in the intelligent design and fabrication
of micro- and nanoparticle systems. Top-down approaches, on

the other hand, are emerging as prominent methods for shape-
specific particle generation, as recent advances have demon-
strated much-improved scalability, in addition to the excellent
shape control, that they offer for particles across a wide range of
material compositions and incorporated cargos. Herein, we
will discuss the most promising approaches for generation of
non-spherical top-down M&NPs, including microfluidics, photo-
lithography, hard-template methods, nanoimprint lithography,
and particle stretching. In vitro and in vivo studies employing
these well-defined M&NPs continue to uncover how particle
shape influences a range of biological events. These findings
will be very useful in clinical applications involving detection
and treatment of a wide range of diseases.37

3.2.1. Flow lithography. Microfluidic devices have been
increasingly used for the preparation of M&NPs of a wide range
of materials, from polymers to oxides, metals, and semi-
conductors (e.g., quantum dots).174,235–238 In a typical procedure,
a solution of the particle matrix material flows through
micrometer-sized channels in small emulsion droplets, which can
then be solidified to form particles by cooling, solvent evaporation,
or photo, thermal, or chemical polymerization.174,239 Because
droplet formation relies on passive deformation of the micro-
channel edges and the adhesive forces caused by the laminar
flow field of immiscible liquids at T junctions240 or via
flow-focusing channels,241 rather than on active mechanical
manipulations, mixing between different liquids is limited—this
allows for sharp boundaries between liquid phases and results in
well-defined droplets with small size variance.224,242 Because
the minimization of interfacial energy inherently leads to the
formation of spherical droplets, particles produced in micro-
channels have generally been spherical in shape. To form non-
spherical particles, microfluidic techniques have recently been
modified by, for instance, incorporating extrinsic forces under
appropriate conditions. For example, droplets of matrix material
can be formed by shear forces, e.g., at a junction243 or in a micro-
fluidic flow-focusing device,175,244 coaxed into non-spherical
shapes utilizing suitable microchannel shapes prior to solidifi-
cation in situ. Specifically, by use of a channel with a rectangular
cross-section of very low height, spherical droplets of matrix
materials can be pressed into disk-like particles when passing
through a narrow channel (Fig. 13).243 Shape tuning can be
achieved by varying fluid flow properties (e.g. flow rate) or the
microchannel geometry, width, and height. The nature of this
method limits shape design to basic geometries that are derived
from the sphere such as the plug, disk, rod, and ellipsoid.175,243

Core–shells245 and hemispheres245 have also been successfully
produced with droplets formed from co-flowing streams of
different materials in microchannels. Toroidal (doughnut-shaped)
particles can be fashioned by employing asymmetrical particle
solidification: differential diffusion of the solvent from droplets into
the continuous phase that surrounds these droplets leads to
selective solidification of the circumferential region and leads
to control over the size of the central hole.246

Recently, microfluidic devices have been coupled with
photolithography to make particles of more complex shapes
without involving droplet formation.247,248 In continuous flow
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lithography (CFL), a mixture of oligomers and photosensitive
initiators is exposed at regular intervals to UV light patterned by
a photomask while flowing through a polydimethylsiloxane
(PDMS) channel.182 Photopolymerization under these conditions
leads to the formation of discrete microparticles with geometry
defined by mask features. Importantly, PDMS prevents channel
blockade by oxygen-mediated inhibition of polymerization near
the wall surface, which effectively creates an oxygen-lubrication
layer.249 This method has generated microparticles of various
shapes, such as rings, flat polygons, prisms, cylinders, and
commas. The shape of the particles in the x–y plane is determined
by the shape of the feature on the photographically-defined mask,
whereas the z-plane projection is dependent on the height of the
channel used and the thickness of the oxygen inhibition layer. In
this method, the shape tolerance of the particle is limited not only
by the smallest feature on the mask (B10 mm),182,250 but also by the
exposure time, as higher flow velocity and smaller features could
lead to shape deformation (e.g., blurring or smearing of particles).224

Improved resolution also comes at the cost of decreased depth of
field, i.e., decreased height in the z-dimension. However, coupling of
two-photon lithography with continuous flow lithography (TP-CFL)
could increase throughput and resolution. Two-photon lithography,
in which photopolymerization of particle components can only
occur upon near-simultaneous absorption of two photons, delimit-
ing the particle volume to the region of focus, allows fabrication of
three-dimensional particles.251 TP-CFL has generated large
AR M&NPs (such as polymeric fibers and helical particles) with
surface roughness as low as 10 nm, which are favorable geo-
metries for efficient cell internalization.252

Higher resolution and throughput could also be achieved
with stop-flow lithography (SFL).253,254 In this approach, during
each exposure, the flowing stream of matrix solution is stopped
briefly before polymerization. After polymerization takes place,
the solidified particles are flushed out of the microchannel and

a new cycle begins, repeating the process. Compared to the
continuous flow approach, this method allows for the fabrication
of smaller particles at a higher rate without particle geometry
deformation, because the particle solution ceases flow prior to
photolithography. While the time required for the flow to stop
and restart during each cycle may limit the throughput of SFL,
cycle period optimizations have still enabled production of up to
107 particles min�1 per channel. With the advent of CFL and SFL,
microparticles with complex shapes and chemical anisotropy
have been successfully fabricated at high yield, demonstrating
the potential and versatility of microfluidic methods in the large-
scale production of well-defined drug and imaging carriers.
These methods are readily scalable; for instance, the technology
can be parallelized by stacking multiple devices to significantly
increase production.

With respect to the precursor materials, one criticism of flow
lithography is that the technique is limited to only polymerizable
solutions or fluids; the swelling of PDMS walls further limits the
choice of solvents that are compatible with the devices.224

Recently, flow lithography has been extended to non-PDMS micro-
fluidic devices with the use of inert fluid-lubrication layers, an
innovation that greatly enhances chemical compatibility and offers
the potential for the synthesis of complex microparticles.255 Flexible
fluid-lubrication layers also allow for real-time adjustments of
channel heights by tuning the flow parameters, which is effective
for the preparation of anisotropic particles.255

Like particles synthesized by many other technologies,
microfluidically-generated particles have the capacity for cargo
delivery. PEG-based microgels generated via SFL were able to
encapsulate particularly large cargoes—mouse fibroblast cells.
This approach could potentially be used in multi-cell drug
assays and immune-isolation of cells for implantation.181 In a
very different application, CFL-created multifunctional particles
bearing over a million unique codes were generated in order to

Fig. 13 Microchannel geometry used to create plugs and disks. Schematic of channel with plug and disk creation zones marked. Reprinted with
permission.243 Copyright 2005, American Chemical Society.
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fluorescently detect DNA oligomers with high specificity in a
flow-through microfluidic channel.180 The dawn of non-PDMS
devices extends the cargo delivery capability to hydrophobic
entities such as quantum dots and SWNTs.255

3.2.2. Photolithography. Photolithography is a relatively
simple method that, in principle, transfers a pattern from a
mask onto a substrate via UV illumination.256,257 Photolithography
is amenable to the production of well-defined, monodisperse
non-spherical particles. In a typical process, a sacrificial layer is
spin-coated onto a silicon wafer, followed by a photoresist layer.
The photoresist layer is then exposed to UV light through a mask
imprinted with a well-defined pattern. If a negative photoresist is
used, cross-linking upon UV exposure will solidify the exposed
regions, while the unexposed regions will be dissolved during
the subsequent development in an organic solvent. After the
unexposed photoresist is completely removed, the sacrificial layer
is dissolved, releasing discrete particles composed of the photo-
resist material. Modifications to the procedure can be used to
fabricate particles made of the underlying silicon or generate
porous silicon particles.258 This approach has been used to
produce particles of well-defined geometries with high shape
fidelity.184,259 Photomasks with any arbitrary 2D feature, drawn
with computer-aided design, can be readily created to produce
particles with such features, as illustrated by the generation of
colloidal particles possessing the shapes of all letters in the Latin
alphabet. The height of these particles is controlled by the
thickness of photoresist layer, which can be reduced down to
100 nm.184 The photolithographic approach is also amenable
to creating multilayered particles by subsequent coatings and
exposures to UV light.184

Photolithographically-defined particles offer many potential
applications in biomedicine, as illustrated in recent studies.
Non-spherical poly(ethylene glycol)diacrylate (PEG-DA) particles
fabricated with photolithography have been used for DNA sensing
and cell-based sensing with geometric codes.260 Researchers are
using non-spherical silicon microparticles defined by photolitho-
graphy to investigate the effects of particle shape on biodistributions
in living mice due to the very high reproducibility and mono-
dispersity of the particle population.20,185

The photolithographic approach is not without limitations.
For instance, while the 2D geometry may be arbitrary, the
particles are flat on two sides. Additionally, particle throughput
has historically been a critical problem with photolithography in
biomedicine. Although new technologies are enabling increased
rates of particle production (up to 108 particles min�1), e.g., via
use of an automated wafer handling system, this time estimate
does not take into account the time needed for the post-exposure
bake, development, and release steps.184 Furthermore, the
enormous capital expenditure required for making and running
a robotic automatic tracking system and acquiring projection
optics or advanced illumination sources challenges the general-
izability, scalability, and practicality of this approach. Costs can
be reduced using holographic interference lithography, in which
constructive and destructive interference of multiple laser beams
define particle geometry, thereby eliminating the need for photo-
masks.261 However, particles produced with holographic interference

lithography show higher polydispersity and roughness262,263 and the
spatial resolution of the fabrication is restricted to Rayleigh limit;
since the resolution is generally half of the wavelength of the
exposure light, based on the wavelength of lasers that are currently
used for photolithography, the resolution typically ranges from
50 to 300 nm.262–264 This constraint could significantly limit
their biomedical applications.

3.2.3. Soft lithography. Soft lithography is a nanomolding
process in which the topography of a template defines the
patterns created on a substrate. Soft lithography was first
envisioned as a high-throughput and cost-efficient alternative
to traditional photolithographic methods for micro- and nano-
scale pattern replication.265–267 Generation of M&NPs by imprint
lithography,268 a method that employs a hard mold with a surface
relief pattern to imprint specific shapes, usually results in the
challenge of flash layer formation. This material is the residual
layer that connects otherwise monodisperse M&NPs.269 With
many efforts directed toward removing or avoiding the formation
of the flash layer, soft lithography successfully generates M&NPs
with well-defined size and shape. One promising soft lithography
strategy for particle generation is PRINTt (Particle Replication In
Nonwetting Templates). This approach uses low surface energy,
chemically-resistant fluoropolymers (e.g. perfluoropolyether-
based elastomers, PFPE) as molding materials. The details of
this technique are summarized schematically in Fig. 14.

PRINTt has been used to generate particles across a diverse
range of size and shape. It enables top-down particle fabrica-
tion to sub-100 nm dimensions with orthogonal control of size,
shape, and composition by taking advantage of significant
advances in soft lithographic molding technology. The major
advantage of this approach over traditional imprint lithography
is that the use of PFPE molds avoids the formation of the inter-
connecting flash layer, resulting in discrete and well-defined
M&NPs. The technique also enables the possibility of continuous
fabrication of particles by automated handling and scale-up.
Furthermore, PRINTt particles have demonstrated the ability to
carry a diverse array of cargos, such as chemotherapeutics, magnetic
resonance contrast agents, and fluorophores,271,272 opening up a
wide range of exciting biomedical applications. A potential limitation
of PRINTt is that the fluorinated molding matrices employed are
usually more expensive than silicone material; however, this can be
mitigated by the development of continuous-mold manufacturing
processes that apply an inexpensive backing material coated with a
thin film of PFPE.273 The fabrication of organic polymeric M&NPs
using PRINTt is still unexplored mainly because effective strategies
for shape control are not well established. This is likely to be solved
with further PRINTt development.274

3.2.4. Particle stretching. In all the methods described
above, the particle geometry is defined during particle synth-
esis. Particle stretching is therefore unique, because the final
particle geometry is introduced post-synthesis by physical
manipulation of spherical particles.275–277 In this approach,
spherical particles are cast into thin films, then liquefied and
stretched to produce distinct geometries (Fig. 15).

Particles of varied distinct shapes, such as worms, elliptical
and circular disks, ellipsoid, unidentified flying objects (UFOs),
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Fig. 14 The PRINTt Process. (A) Delivery sheet casting: poly(lactic-co-glycolic acid) (PLGA) and docetaxel are dissolved in dimethylformamide and
dimethyl sulfoxide (4 : 1 solvent ratio) to create a true solution (red). A Mayer rod is then used to draw a film from this solution on a polyethylene
terephthalate (PET). The solvent is removed under heat, generating a solid state solution film referred to as the delivery sheet, as it will deliver the
composition to the mold. (B) Particle fabrication: a perfluoropolyether elastomeric mold (green) is brought into contact with a PLGA (red) film, passed
through a heated roller (gray) and split. The cavities of the mold are filled. (C) Particle harvesting: a filled mold is brought into contact with a high energy
film or excipient layer (yellow) and passed through the heated nip without splitting. After cooling, the mold is removed to reveal an array of particles on
the high-energy film or excipient layer. Reprinted with permission.270 Copyright 2011, American Chemical Society.

Fig. 15 Methods used for making ‘‘stretched’’ particles with different shapes can be categorized into two general schemes. (upper) Scheme A involves
liquefaction of particles using heat or organic solvents, stretching the film in one or two dimensions and solidifying the particles by extracting toluene
or cooling. The example shown here produces elliptical disks. (lower) Scheme B involves stretching the film in air to create voids around the particle,
followed by liquefaction using heat or toluene and solidification. Reprinted with permission.275 Copyright 2007, the National Academy of Sciences
of the USA.
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and barrels, have been generated using this method.275 In
general, the particle geometry is controlled by the extent of
stretching, particle viscosity, film thickness, and particle-film
wetting properties. One limitation of this approach is that only
axisymmetric shapes that result from spherical particle deformation
are feasible. Also, due to the technique’s nature, the particle matrix
material is limited to polystyrene275 and PLGA.35 The throughput of
the stretching method can be dramatically increased (e.g., 108 to
1012 particles in a single stretcher) by utilizing thicker films or by
using a stack of films at a single time, but the full scalability of this
method remains unknown.

In summary, both bottom-up and top-down methods can be
adapted to prepare non-spherical particles loaded with small
molecules, proteins, or nanoparticles for biomedical applications
such as bioimaging, drug delivery, and therapy. A question then
naturally arises: How does one choose a suitable method to
synthesize non-spherical M&NPs? We summarize here several key
reference points: (1) generally, particles obtained by bottom-up
methods display smaller sizes, which may yield improved delivery
efficiency or tissue penetration effects (such as in oncologic
applications278) than those particles synthesized by top-down
methods. (2) Bottom-up methods are limited in the non-spherical
particle shapes they can produce. A substantially more diverse array
of non-spherical shapes is available using top-down methods, which
paves the way toward a deeper understanding of particle–cell
interactions and provides a broader palette for drug delivery
scientists to select from. (3) The details of the specific synthetic
method and material type must be carefully investigated, and
the characterization methods of the morphology should be
comprehensive because of the downstream effects on particle
in vivo behavior. Recent studies suggest that dynamic adsorption
of biomolecules on the surface of M&NPs may affect their
morphology. Therefore, the surface properties of M&NPs, which
are governed by their respective synthetic methods, must be
considered and require further investigation. Moreover, the
morphology and dispersity of some M&NPs may be different
between dehydrated and hydrated states, so that information
and data obtained from morphology characterization techniques
(such as electron microscopy, atomic force microscopy, etc., that
are suitable for characterizing dehydrated and hydrated M&NPs, as
well as dynamic light scattering which is useful for studying the
polydispersity) must be considered in light of the preparation/
analysis conditions.279

In the following section, we propose several outstanding
biomedical problems and suggest the appropriate non-spherical
M&NPs that may resolve these problems with brief descriptions
of the roles of the synthetic methods.

4. Guidelines for designing
non-spherical micro- and nanoparticles
for specific biomedical applications

The exploration of non-spherical M&NPs for biomedical appli-
cations is proceeding, but the principles for intentional design
of non-spherical M&NPs are still lacking. Existing research

articles and reviews have reported or discussed a variety of
non-spherical M&NPs and their unique advantages in certain
bio-applications,3,28,71,81 but few provide detailed guidelines for
designing non-spherical M&NPs to realize specific purposes. In
this section, based on our experience and perspectives, we will
demonstrate how to choose the non-spherical M&NPs and
introduce the corresponding synthetic methods in overcoming
several common challenges in current biomedical research,
serving as a review summary and enabling deeper insights into
the usage of non-spherical M&NPs.

The general concept of how to design non-spherical M&NPs
for specific bio-applications (Fig. 16) is intended to help researchers
better integrate and utilize the information in this review. First,
when designing biomedically-related M&NPs, it is critical to identify
the specific biomedical question(s) that needs to be addressed
through use of the M&NPs. Once the goal is established, it will be
possible to directly weigh the advantages and disadvantages in order
to select and design a suitable M&NP shape based on established
relationships between shape and function. According to the
feasibility, costs, and scale-up capability of fabricating the desired
non-spherical M&NPs, fabrication strategies can be determined,
followed by morphology characterization and functional proof-of
principle in vitro. Finally, the non-spherical M&NPs will be applied
in vivo to test the original goal. Ensuing sub-sections describe
application of these guidelines with specific biomedical questions.

4.1. Enhancing the penetration of nanoparticles to lesions

The therapeutic efficacy of an agent is almost invariably dependent
on its concentration at the disease site. Thus, it is critical to
develop suitable methods to enhance agent penetration at such
sites. Recent years have witnessed the development of drug
delivery systems based on nanomaterials. For example, in cancer
therapy, intravenously administered M&NP-based agents typically
rely on the EPR effect combined with active targeting. However,
considerably less than 10% of the engineered M&NPs are delivered
to the tumor site via EPR and active targeting.53 More effective
methods for enhancing lesion penetration and agent localization
clearly must be developed.

Under many conditions, non-spherical M&NPs with rod or
discoidal shapes display increased tumor penetration effects
and higher accumulation levels compared to their spherical
counterparts with similar size.280 These non-spherical M&NPs
often display very small size in at least one dimension, allowing
them pass through pores within the tumor more effectively
than spherical particles. This phenomenon may be due to
reduced steric hindrance and viscous drag near pore walls.52

Furthermore, nanorods with high elasticity will better exploit
this mechanism as they may slightly modulate their shape to
adapt to the pore during transport.51 To improve tumor penetrance
through M&NP shape engineering, a bottom-up M&NP fabrication
method is likely favored with use of certain types of organic
nanomaterials such as macromolecule-based components or
micelles, which may be more elastic than inorganic nanomaterials.
Identification of quantitative relationships between M&NP geometry
and biological parameters such as shear rates and pressure
differentials, such as that obtained through computational
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simulations, will support appropriate particle shape selection
according to the needs of the biomedical problem.

4.2. Avoiding recognition and clearance in the living body

The recognition and clearance of therapeutic agents in circulation,
especially M&NP-based agents, generally presents major delivery
problems that must be carefully resolved to prevent treatment-
limiting effects. However, sometimes strategies to circumvent
recognition and clearance are difficult to implement. For example,
M&NPs too small in their shortest dimension may be cleared
quickly by the renal filtration system,56 while M&NPs too large in
the longest dimension are more likely to be recognized by the
mononuclear phagocyte system (unless the particles are suffi-
ciently flexible).57 Hence, investigation into optimized particle
shapes is crucial to balance maximal penetration and accumulation
in lesion sites with minimal undesired clearance prior to the advent
of designed treatment.

Standardized experiments using a series of M&NPs with
varied morphologies and elasticities are needed to fully char-
acterize their performance in living systems. Ideally, such a
strategy would likely employ M&NPs generated using a top-down
preparation method to obtain M&NPs with well-defined, reprodu-
cible and controllable shapes. This approach would reveal the
influence of shape in the retention and clearance of M&NPs in
various organs and disease sites in living systems and help identify
optimal morphologies for each in vivo biomedical application.

4.3. The in vivo journey of non-spherical M&NPs: a thought
experiment

Here we consider the in vivo travel of M&NPs from intravenous
injection through intracellular delivery in a tumor. With the

intent to illustrate how particle geometry may shape optimal
performance in in vivo transport processes at different stages of
the journey, the content described in this review is woven together
to help serve as a guide for the design of non-spherical particles for
oncological and other biomedical applications.

Upon injection, the key initial parameter is circulation time:
to achieve persistent circulation times in the blood, M&NPs with
disk-, rod-, or worm-like shapes are preferred because M&NPs with
these shapes are more likely to be pulled away from phagocytes in
blood flow38 and can effectively avoid hepatic uptake.20,34 M&NPs
will circulate through tumor blood vessels, with the opportunity to
extravasate into tumor tissue. To marginate toward the vessel lining,
M&NPs should also optimally be non-spherical, such as a disk-, rod-,
or worm-like shape. Though the physical parameters for extravasa-
tion are complex, under typical conditions, M&NPs should ideally be
more rod-like in shape and the aspect ratio (AR) should be high (e.g.
AR 4 10).31 Moreover, M&NPs with large AR and high flexibility
exhibit better diffusion within tumor tissues.32,113 After extravasation
into tumor tissue and achieving proximity to tumor cells, elongated
M&NPs also tend to be efficiently taken up into cells.33,126,127 Once
inside the cells, M&NPs with large AR are likely to achieve endosome/
lysosome escape with their sharp ends142 and pass through the
cylinder-like nuclear pores to realize nucleus targeting.143 Hence, out
of a handful of potential shapes including sphere, disk, and rod, an
ideal geometry for in vivo tumor cell targeting may be sharp, rod- or
worm-like M&NPs with large AR.

4.4. Opportunities for developing new generations of
non-spherical M&NPs

As summarized in this review, shape-function relationships of
various non-spherical M&NPs have recently been revealed.

Fig. 16 Concept map for designing non-spherical M&NPs for specific biomedical applications.

Materials Horizons Review

Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
10

/1
2/

20
21

 9
:2

5:
36

 P
M

. 
View Article Online

https://doi.org/10.1039/c8mh01527a


This journal is©The Royal Society of Chemistry 2019 Mater. Horiz., 2019, 6, 1094--1121 | 1115

While some non-spherical M&NP types successfully navigate
several steps along the in vivo journey, there remain weaknesses
in essentially every type of non-spherical M&NP which make it
difficult to generalize usage in living subjects. The main functional
strengths and weaknesses of several common non-spherical M&NP
types are summarized in Table 3. A key problem that will need to
be addressed by future studies is to exploit the advantages of those
non-spherical M&NPs while circumventing or minimizing their
disadvantages.

To aid in synthesizing the information in this review, we
briefly describe one potential approach to exploit the advantages of
non-spherical M&NPs: by combining them intelligently, different
non-spherical M&NPs could be integrated into a single entity
for cooperative shape-dependent effects. For example, one way
to combine different non-spherical M&NPs is to build shape-
transformable M&NPs. In one use case, consider that the
vascular margination and adhesion of disk-shaped particles
are better than those of rod shape,103 while the rod shape
displays other merits such as enhanced cell uptake and nuclear
targeting.33,143 By fabricating a core–shell M&NP with a rod-
shaped core and a degradable disk-shaped shell, an ideal drug
delivery system may result that simultaneously enhances both
the efficiencies of vascular margination at the lesion site and
intracellular drug concentration.

5. Conclusion

Emerging studies reveal that particle geometry strongly influences
particles’ biological properties, which are relevant for the develop-
ment of optimal drug and imaging reagent delivery systems.
Non-spherical particles, particularly high AR rods, worm-like
shapes, and disks, outperform their spherical counterparts with
several crucial advantages such as persistent circulation time in
vasculature, reduced macrophage uptake, and enhanced vascular
margination and extravasation.38,74,282 These findings firmly estab-
lish particle geometry as a key parameter in the intelligent design
of particle systems for in vivo biomedical applications. Although
some recent studies yield conflicting results with respect to how
and to what extent particle geometry affects a specific biological
interaction, standardized studies are envisioned to rigorously
identify the specific contributions of shape. Moreover, in the
design of the optimal in vivo particle, particle geometry is only a
single factor to consider, in addition to parameters such as size,
surface chemistry, charge, mechanical stiffness, etc., which
impact behavior and often further convolute our understanding

of geometric effects. Historically, progress in the field has been
hampered by a lack of reliable methods for making non-
spherical M&NPs. Although there remain numerous challenges
to be overcome, including the need for increased throughput,
reproducibility, material biocompatibility, etc., the recent nano-
chemistry advances discussed herein of a wide array of techniques
for the shape-specific generation of well-defined M&NPs are
expected to begin to provide a rigorous platform that will lead to:
(i) full characterization of the shape dependence of particle behavior
for further investigation; and (ii) provide a formidable repertoire of
particles for physicians to choose from for disease diagnostics and
therapeutics in the future.
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18 M. Möhwald, S. R. Pinnapireddy, B. Wonnenberg,
M. Pourasghar, M. Jurisic, A. Jung, C. Fink-Straube,
T. Tschernig, U. Bakowsky and M. Schneider, Adv. Health-
care Mater., 2017, 6, 1700478.

19 J. Zhang, B. Xu, W. Tian and Z. Xie, Chem. Sci., 2018, 9,
2620–2627.

20 P. Decuzzi, B. Godin, T. Tanaka, S. Y. Lee, C. Chiappini, X. Liu
and M. Ferrari, J. Controlled Release, 2010, 141, 320–327.

21 M. B. Fish, A. J. Thompson, C. A. Fromen and O. Eniola-
Adefeso, Ind. Eng. Chem. Res., 2015, 54, 4043–4059.

22 J. Wang, J. D. Byrne, M. E. Napier and J. M. DeSimone,
Small, 2011, 7, 1919–1931.

23 A. Muheem, F. Shakeel, M. H. Warsi, G. K. Jain and
F. J. Ahmad, J. Pharm. Sci., 2017, 106, 3050–3065.

24 M. Wang, Y. Xu, Y. Liu, K. Gu, J. Tan, P. Shi, D. Yang,
Z. Guo, W.-H. Zhu and X. Guo, ACS Appl. Mater. Interfaces,
2018, 10, 25186–25193.

25 W. Xie, Z. Guo, F. Gao, Q. Gao, D. Wang, B.-S. Liaw, Q. Cai,
X. Sun, X. Wang and L. Zhao, Theranostics, 2018, 8, 3284.

26 P. Gupta, E. Garcia, A. Sarkar, S. Kapoor, K. Rafiq, H. Chand,
M. Nair and R. Jayant, Cardiovasc. Hematol. Disord.: Drug
Targets, 2018, 19, 33–44.

27 M. Frey, S. Bobbala, N. Karabin and E. Scott, Nanomedicine,
2018, 13, DOI: 10.2217/nnm-2018-0052.

28 C. Kinnear, T. L. Moore, L. Rodriguez-Lorenzo, B. Rothen-
Rutishauser and A. Petri-Fink, Chem. Rev., 2017, 117,
11476–11521.

29 P. Jurney, R. Agarwal, V. Singh, D. Choi, K. Roy, S. V.
Sreenivasan and L. Shi, J. Controlled Release, 2017, 245,
170–176.

30 A. B. Jindal, Int. J. Pharm., 2017, 532, 450–465.
31 B. R. Smith, P. Kempen, D. Bouley, A. Xu, Z. Liu, N. Melosh,

H. Dai, R. Sinclair and S. S. Gambhir, Nano Lett., 2012, 12,
3369–3377.

32 V. P. Chauhan, Z. Popovic, O. Chen, J. Cui, D. Fukumura,
M. G. Bawendi and R. K. Jain, Angew. Chem., Int. Ed., 2011,
50, 11417–11420.

33 S. E. A. Gratton, P. A. Ropp, P. D. Pohlhaus, J. C. Luft,
V. J. Madden, M. E. Napier and J. M. DeSimone, Proc. Natl.
Acad. Sci. U. S. A., 2008, 105, 11613–11618.

34 S. Muro, C. Garnacho, J. A. Champion, J. Leferovich, C. Gajewski,
E. H. Schuchman, S. Mitragotri and V. R. Muzykantov, Mol.
Ther., 2008, 16, 1450–1458.

35 J.-W. Yoo, N. Doshi and S. Mitragotri, Macromol. Rapid
Commun., 2010, 31, 142–148.

36 C. Kinnear, T. L. Moore, L. Rodriguez-Lorenzo, B. Rothen-
Rutishauser and A. Petri-Fink, Chem. Rev., 2017, 117,
11476–11521.

37 R. Mathaes, G. Winter, A. Besheer and J. Engert, Expert
Opin. Drug Delivery, 2015, 12, 481–492.

38 Y. Geng, P. Dalhaimer, S. Cai, R. Tsai, M. Tewari, T. Minko
and D. E. Discher, Nat. Nanotechnol., 2007, 2, 249–255.

39 J. Chen, N. E. Clay, P. No-hyung and H. Kong, Chem. Eng.
Sci., 2015, 125, 20–24.

40 R. A. Meyer and J. J. Green, Wiley Interdiscip. Rev.: Nanomed.
Nanobiotechnol., 2016, 8, 191–207.

41 A. L. van de Ven, P. Kim, O. Haley, J. R. Fakhoury, G. Adriani,
J. Schmulen, P. Moloney, F. Hussain, M. Ferrari, X. W. Liu,
S. H. Yun and P. Decuzzi, J. Controlled Release, 2012, 158,
148–155.

42 J. Zhao, H. Lu, S. Wong, M. Lu, P. Xiao and M. H. Stenzel,
Polym. Chem., 2017, 8, 3317–3326.

43 Y.-R. Zhang, R. Lin, H.-J. Li, W.-L. He, J.-Z. Du and J. Wang,
Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol., 2019,
11, e1519.

44 H. Li, H. Liu, T. Nie, Y. Chen, Z. Wang, H. Huang, L. Liu
and Y. Chen, Biomaterials, 2018, 178, 620–629.

45 A. Albanese, P. S. Tang and W. C. Chan, Annu. Rev. Biomed.
Eng., 2012, 14, 1–16.

46 T. F. Massoud and S. S. Gambhir, Genes Dev., 2003, 17,
545–580.

47 N. Poovaiah, Z. Davoudi, H. Peng, B. Schlichtmann,
S. Mallapragada, B. Narasimhan and Q. Wang, Nanoscale,
2018, 10, 16962–16983.

48 K. B. Hartman, L. J. Wilson and M. G. Rosenblum, Mol.
Diagn. Ther., 2008, 12, 1–14.

49 J. A. Champion and S. Mitragotri, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103, 4930–4934.

50 B. R. Smith, E. E. Ghosn, H. Rallapalli, J. A. Prescher,
T. Larson, L. A. Herzenberg and S. S. Gambhir, Nat.
Nanotechnol., 2014, 9, 481–487.

51 S. Behzadi, V. Serpooshan, W. Tao, M. A. Hamaly, M. Y.
Alkawareek, E. C. Dreaden, D. Brown, A. M. Alkilany,
O. C. Farokhzad and M. Mahmoudi, Chem. Soc. Rev.,
2017, 46, 4218–4244.

52 C. von Roemeling, W. Jiang, C. K. Chan, I. L. Weissman
and B. Y. S. Kim, Trends Biotechnol., 2017, 35, 159–171.

53 S. Wilhelm, A. J. Tavares, Q. Dai, S. Ohta, J. Audet, H. F.
Dvorak and W. C. W. Chan, Nat. Rev. Mater., 2016,
1, 16014.

Materials Horizons Review

Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
10

/1
2/

20
21

 9
:2

5:
36

 P
M

. 
View Article Online

https://doi.org/10.1039/c8mh01527a


This journal is©The Royal Society of Chemistry 2019 Mater. Horiz., 2019, 6, 1094--1121 | 1117

54 Y. Liu, Y. Zhao, B. Sun and C. Chen, Acc. Chem. Res., 2013,
46, 702–713.

55 A. M. Derfus, W. C. W. Chan and S. N. Bhatia, Nano Lett.,
2004, 4, 11–18.

56 B. M. Alvarenga, M. N. Melo, F. Frezard, C. Demicheli,
J. M. M. Gomes, J. B. Borba da Silva, N. L. Speziali and
J. D. Correa Junior, J. Mater. Chem. B, 2015, 3, 9250–9259.

57 H. Dou, C. J. Destache, J. R. Morehead, R. L. Mosley, M. D.
Boska, J. Kingsley, S. Gorantla, L. Poluektova, J. A. Nelson,
M. Chaubal, J. Werling, J. Kipp, B. E. Rabinow and H. E.
Gendelman, Blood, 2006, 108, 2827–2835.

58 J. R. McCarthy and R. Weissleder, Adv. Drug Delivery Rev.,
2008, 60, 1241–1251.

59 J. D. Slack, M. Kanke, G. H. Simmons and P. P. DeLuca,
J. Pharm. Sci., 1981, 70, 660–664.

60 L. Ilium, S. S. Davis, C. G. Wilson, N. W. Thomas, M. Frier
and J. G. Hardy, Int. J. Pharm., 1982, 12, 135–146.

61 Q. He, Z. Zhang, F. Gao, Y. Li and J. Shi, Small, 2011, 7,
271–280.

62 S. Stolnik, L. Illum and S. S. Davis, Adv. Drug Delivery Rev.,
1995, 16, 195–214.

63 W. H. De Jong, W. I. Hagens, P. Krystek, M. C. Burger,
A. N. J. A. M. Sips and R. E. Geertsma, Biomaterials, 2008,
29, 1912–1919.

64 H. Soo Choi, W. Liu, P. Misra, E. Tanaka, J. P. Zimmer,
B. Itty Ipe, M. G. Bawendi and J. V. Frangioni, Nat.
Biotechnol., 2007, 25, 1165–1170.

65 T. Niidome, M. Yamagata, Y. Okamoto, Y. Akiyama,
H. Takahashi, T. Kawano, Y. Katayama and Y. Niidome,
J. Controlled Release, 2006, 114, 343–347.

66 S. Y. Khor, N. P. Truong, J. F. Quinn, M. R. Whittaker and
T. P. Davis, ACS Macro Lett., 2017, 6, 1013–1019.

67 S. Y. Khor, M. N. Vu, E. H. Pilkington, A. P. R. Johnston,
M. R. Whittaker, J. F. Quinn, N. P. Truong and T. P. Davis,
Small, 2018, 14, 1801702.

68 P. Decuzzi, B. Godin, T. Tanaka, S. Y. Lee, C. Chiappini,
X. Liu and M. Ferrari, J. Controlled Release, 2010, 141,
320–327.

69 A. L. van de Ven, P. Kim, O. H. Haley, J. R. Fakhoury,
G. Adriani, J. Schmulen, P. Moloney, F. Hussain, M. Ferrari,
X. Liu, S.-H. Yun and P. Decuzzi, J. Controlled Release, 2012,
158, 148–155.

70 E. Blanco, H. Shen and M. Ferrari, Nat. Biotechnol., 2015,
33, 941.

71 N. P. Truong, M. R. Whittaker, C. W. Mak and T. P. Davis,
Expert Opin. Drug Delivery, 2015, 12, 129–142.

72 S. Li, J. Nickels and A. F. Palmer, Biomaterials, 2005, 26,
3759–3769.

73 D. L. Jasinski, H. Li and P. Guo, Mol. Ther., 2018, 26, 784–792.
74 Arnida, M. M. Janat-Amsbury, A. Ray, C. M. Peterson and

H. Ghandehari, Eur. J. Pharm. Biopharm., 2011, 77, 417–423.
75 S. Kaga, N. P. Truong, L. Esser, D. Senyschyn, A. Sanyal,

R. Sanyal, J. F. Quinn, T. P. Davis, L. M. Kaminskas and
M. R. Whittaker, Biomacromolecules, 2017, 18, 3963–3970.

76 X. Huang, L. Li, T. Liu, N. Hao, H. Liu, D. Chen and
F. Tang, ACS Nano, 2011, 5, 5390–5399.

77 S. Shukla, F. J. Eber, A. S. Nagarajan, N. A. DiFranco,
N. Schmidt, A. M. Wen, S. Eiben, R. M. Twyman, C. Wege
and N. F. Steinmetz, Adv. Healthcare Mater., 2015, 4, 874–882.

78 T. Wu and M. Tang, J. Appl. Toxicol., 2018, 38, 25–40.
79 K. D. Young, Microbiol. Mol. Biol. Rev., 2006, 70, 660–703.
80 N. S. Oltra, P. Nair and D. E. Discher, Annu. Rev. Chem.

Biomol. Eng., 2014, 5, 281–299.
81 R. A. Petros and J. M. DeSimone, Nat. Rev. Drug Discovery,

2010, 9, 615–627.
82 C. H. J. Choi, J. E. Zuckerman, P. Webster and M. E. Davis,

Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 6656–6661.
83 R. M. Fratila, S. Rivera-Fernandez and J. M. de la Fuente,

Nanoscale, 2015, 7, 8233–8260.
84 J. E. Dahlman, C. Barnes, O. F. Khan, A. Thiriot,

S. Jhunjunwala, T. E. Shaw, Y. Xing, H. B. Sager, G. Sahay,
L. Speciner, A. Bader, R. L. Bogorad, H. Yin, T. Racie, Y. Dong,
S. Jiang, D. Seedorf, A. Dave, K. Singh Sandhu, M. J. Webber,
T. Novobrantseva, V. M. Ruda, A. K. R. Lytton-Jean, C. G.
Levins, B. Kalish, D. K. Mudge, M. Perez, L. Abezgauz,
P. Dutta, L. Smith, K. Charisse, M. W. Kieran, K. Fitzgerald,
M. Nahrendorf, D. Danino, R. M. Tuder, U. H. von Andrian,
A. Akinc, D. Panigrahy, A. Schroeder, V. Koteliansky, R. Langer
and D. G. Anderson, Nat. Nanotechnol., 2014, 9, 648.

85 C. Wu, L. Leon, E. J. Chung, M. Tirrell and Y. Fang,
Circulation, 2015, 132, A16526.

86 A. Sergeeva, M. G. Kolonin, J. J. Molldrem, R. Pasqualini
and W. Arap, Adv. Drug Delivery Rev., 2006, 58, 1622–1654.

87 E. Ruoslahti, Nat. Rev. Cancer, 2002, 2, 83–90.
88 P. Decuzzi, R. Pasqualini, W. Arap and M. Ferrari, Pharm.

Res., 2009, 26, 235–243.
89 D. Fukumura and R. K. Jain, Microvasc. Res., 2007, 74,

72–84.
90 R. K. Jain and T. Stylianopoulos, Nat. Rev. Clin. Oncol.,

2010, 7, 653–664.
91 L. Chen, S. Xiao, H. Zhu, L. Wang and H. Liang, Soft Matter,

2016, 12, 2632–2641.
92 P. A. Tran, L. Zhang and T. J. Webster, Adv. Drug Delivery

Rev., 2009, 61, 1097–1114.
93 C. Corredor, W.-C. Hou, S. A. Klein, B. Y. Moghadam,

M. Goryll, K. Doudrick, P. Westerhoff and J. D. Posner,
Carbon, 2013, 60, 67–75.

94 J. W. Myerson, A. C. Anselmo, Y. Liu, S. Mitragotri,
D. M. Eckmann and V. R. Muzykantov, Adv. Drug Delivery
Rev., 2016, 99, 97–112.

95 P. N. Shah, T. Y. Lin, I. L. Aanei, S. H. Klass, B. R. Smith
and E. S. G. Shaqfeh, Biophys. J., 2018, 115, 1103–1115.

96 S. Y. Lee, M. Ferrari and P. Decuzzi, Nanotechnology, 2009,
20, 495101.

97 F. Gentile, C. Chiappini, D. Fine, R. C. Bhavane, M. S. Peluccio,
M. M. C. Cheng, X. Liu, M. Ferrari and P. Decuzzi, J. Biomech.,
2008, 41, 2312–2318.

98 A. J. Thompson, E. M. Mastria and O. Eniola-Adefeso,
Biomaterials, 2013, 34, 5863–5871.

99 P. Decuzzi and M. Ferrari, Biomaterials, 2006, 27, 5307–5314.
100 H. T. Ta, N. P. Truong, A. K. Whittaker, T. P. Davis and

K. Peter, Expert Opin. Drug Delivery, 2018, 15, 33–45.

Review Materials Horizons

Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
10

/1
2/

20
21

 9
:2

5:
36

 P
M

. 
View Article Online

https://doi.org/10.1039/c8mh01527a


1118 | Mater. Horiz., 2019, 6, 1094--1121 This journal is©The Royal Society of Chemistry 2019

101 N. Doshi, B. Prabhakarpandian, A. Rea-Ramsey, K. Pant,
S. Sundaram and S. Mitragotri, J. Controlled Release, 2010,
146, 196–200.

102 G. Adriani, M. D. de Tullio, M. Ferrari, F. Hussain,
G. Pascazio, X. W. Liu and P. Decuzzi, Biomaterials, 2012,
33, 5504–5513.

103 G. Adriani, M. D. de Tullio, M. Ferrari, F. Hussain, G. Pascazio,
X. Liu and P. Decuzzi, Biomaterials, 2012, 33, 5504–5513.

104 D. Neri and R. Bicknell, Nat. Rev. Cancer, 2005, 5, 436–446.
105 D. W. Siemann, in Vascular-targeted Therapies in Oncology,

ed. D. W. Siemann, John Wiley & Sons Ltd, West Sussex,
England, 2006.

106 Y. Matsumura and H. Maeda, Cancer Res., 1986, 46, 6387–6392.
107 H. Sarin, A. S. Kanevsky, H. Wu, A. A. Sousa, C. M. Wilson,

M. A. Aronova, G. L. Griffiths, R. D. Leapman and H. Q. Vo,
J. Transl. Med., 2009, 7, 51.

108 B. R. Smith, Z. Cheng, A. De, J. Rosenberg and S. S. Gambhir,
Small, 2010, 6, 2222–2229.

109 B. R. Smith, Z. Cheng, A. De, A. L. Koh, R. Sinclair and
S. S. Gambhir, Nano Lett., 2008, 8, 2599–2606.

110 F. Yuan, M. Dellian, D. Fukumura, M. Leunig, D. A. Berk,
V. P. Torchilin and R. K. Jain, Cancer Res., 1995, 55,
3752–3756.

111 S. D. Perrault, C. Walkey, T. Jennings, H. C. Fischer and
W. C. Chan, Nano Lett., 2009, 9, 1909–1915.

112 Y. Zhang, D. Petibone, Y. Xu, M. Mahmood, A. Karmakar,
D. Casciano, S. Ali and A. S. Biris, Drug Metab. Rev., 2014,
46, 232–246.

113 J.-H. Park, G. von Maltzahn, L. Zhang, M. P. Schwartz,
E. Ruoslahti, S. N. Bhatia and M. J. Sailor, Adv. Mater.,
2008, 20, 1630–1635.

114 D. Rosenblum, N. Joshi, W. Tao, J. M. Karp and D. Peer,
Nat. Commun., 2018, 9, 1410.

115 R. Toy, E. Hayden, C. Shoup, H. Baskaran and E. Karathanasis,
Nanotechnology, 2011, 22, 115101.

116 S. D. Conner and S. L. Schmid, Nature, 2003, 422, 37–44.
117 A. Schroeder, D. A. Heller, M. M. Winslow, J. E. Dahlman,

G. W. Pratt, R. Langer, T. Jacks and D. G. Anderson, Nat.
Rev. Cancer, 2012, 12, 39–50.

118 L. Rajendran, H.-J. Knoelker and K. Simons, Nat. Rev. Drug
Discovery, 2010, 9, 29–42.

119 Y. Guo, S. Zhao, H. Qiu, T. Wang, Y. Zhao, M. Han, Z. Dong
and X. Wang, Bioconjugate Chem., 2018, 29, 1302–1311.

120 P. Desai, A. Venkataramanan, R. Schneider, M. K. Jaiswal,
J. K. Carrow, A. Purwada, A. Singh and A. K. Gaharwar,
J. Biomed. Mater. Res., Part A, 2018, 106, 2048–2058.

121 A. Kostopoulou, K. Brintakis, E. Fragogeorgi, A. Anthousi,
L. Manna, S. Begin-Colin, C. Billotey, A. Ranella, G. Loudos
and I. Athanassakis, Nanomaterials, 2018, 8, 315.

122 A. Garcı́a-Rodrı́guez, L. Vila, C. Cortés, A. Hernández and
R. Marcos, Part. Fibre Toxicol., 2018, 15, 33.

123 Q. Sun, T. Ojha, F. Kiessling, T. Lammers and Y. Shi,
Biomacromolecules, 2017, 18, 1449–1459.

124 P. Decuzzi and M. Ferrari, Biophys. J., 2008, 94, 3790–3797.
125 X. Zhao, D. Lu, F. Hao and R. Liu, J. Hazard. Mater., 2015,

292, 98–107.

126 X. Huang, X. Teng, D. Chen, F. Tang and J. He, Biomaterials,
2010, 31, 438–448.

127 H. Meng, S. Yang, Z. Li, T. Xia, J. Chen, Z. Ji, H. Zhang,
X. Wang, S. Lin, C. Huang, Z. H. Zhou, J. I. Zink and
A. E. Nel, ACS Nano, 2011, 5, 4434–4447.

128 B. D. Chithrani, A. A. Ghazani and W. C. W. Chan, Nano
Lett., 2006, 6, 662–668.

129 B. D. Chithrani and W. C. W. Chan, Nano Lett., 2007, 7,
1542–1550.

130 D. Pantarotto, R. Singh, D. McCarthy, M. Erhardt, J. P.
Briand, M. Prato, K. Kostarelos and A. Bianco, Angew.
Chem., Int. Ed., 2004, 43, 5242–5246.

131 T. Tree-Udom, J. Seemork, K. Shigyou, T. Hamada,
N. Sangphech, T. Palaga, N. Insin, P. Pan-In and
S. Wanichwecharungruang, ACS Appl. Mater. Interfaces,
2015, 7, 23993–24000.

132 N. W. Kam, Z. Liu and H. Dai, Angew. Chem., Int. Ed., 2006,
45, 577–581.

133 I. Canton and G. Battaglia, Chem. Soc. Rev., 2012, 41, 2718–2739.
134 X. Banquy, F. Suarez, A. Argaw, J.-M. Rabanel, P. Grutter,

J.-F. Bouchard, P. Hildgen and S. Giasson, Soft Matter,
2009, 5, 3984–3991.

135 N. Daum, C. Tscheka, A. Neumeyer and M. Schneider,
Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol., 2012, 4,
52–65.

136 E. Hinde, K. Thammasiraphop, H. T. T. Duong, J. Yeow,
B. Karagoz, C. Boyer, J. J. Gooding and K. Gaus, Nat.
Nanotechnol., 2016, 12, 81.

137 B. Yameen, W. I. Choi, C. Vilos, A. Swami, J. Shi and
O. C. Farokhzad, J. Controlled Release, 2014, 190, 485–499.

138 O. Shimoni, Y. Yan, Y. Wang and F. Caruso, ACS Nano,
2013, 7, 522–530.

139 J. P. Luzio, P. R. Pryor and N. A. Bright, Nat. Rev. Mol. Cell
Biol., 2007, 8, 622–632.

140 C. Xu, F. Haque, D. L. Jasinski, D. W. Binzel, D. Shu and
P. Guo, Cancer Lett., 2018, 414, 57–70.

141 O. Boussif, F. Lezoualc’h, M. A. Zanta, M. D. Mergny,
D. Scherman, B. Demeneix and J. P. Behr, Proc. Natl. Acad.
Sci. U. S. A., 1995, 92, 7297–7301.

142 Z. Chu, S. Zhang, B. Zhang, C. Zhang, C. Y. Fang, I. Rehor,
P. Cigler, H. C. Chang, G. Lin, R. Liu and Q. Li, Sci. Rep.,
2014, 4, 4495.

143 Z. P. Xu, M. Niebert, K. Porazik, T. L. Walker, H. M. Cooper,
A. P. J. Middelberg, P. P. Gray, P. F. Bartlett and G. Q. Lu,
J. Controlled Release, 2008, 130, 86–94.

144 P. Chaturbedy, M. Kumar, K. Salikolimi, S. Das,
S. H. Sinha, S. Chatterjee, B. S. Suma, T. K. Kundu and
M. Eswaramoorthy, J. Controlled Release, 2015, 217, 151–159.

145 W. H. De Jong and P. J. A. Borm, Int. J. Nanomed., 2008, 3,
133–149.

146 G. L. Baker, A. Gupta, M. L. Clark, B. R. Valenzuela,
L. M. Staska, S. J. Harbo, J. T. Pierce and J. A. Dill, Toxicol.
Sci., 2008, 101, 122–131.

147 E.-J. Park, E. Bae, J. Yi, Y. Kim, K. Choi, S. H. Lee, J. Yoon,
B. C. Lee and K. Park, Environ. Toxicol. Pharmacol., 2010,
30, 162–168.

Materials Horizons Review

Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
10

/1
2/

20
21

 9
:2

5:
36

 P
M

. 
View Article Online

https://doi.org/10.1039/c8mh01527a


This journal is©The Royal Society of Chemistry 2019 Mater. Horiz., 2019, 6, 1094--1121 | 1119

148 Y. Qi, E. Shi, N. Peroutka-Bigus, B. Bellaire, M. Wannemuehler,
A. Jergens, T. Barrett, Y. Wu and Q. Wang, J. Biomed. Nano-
technol., 2018, 14, 978–986.

149 H. F. Krug and P. Wick, Angew. Chem., Int. Ed., 2011, 50,
1260–1278.

150 Y. Pan, S. Neuss, A. Leifert, M. Fischler, F. Wen, U. Simon,
G. Schmid, W. Brandau and W. Jahnen-Dechent, Small,
2007, 3, 1941–1949.

151 H.-J. Yen, S.-h. Hsu and C.-L. Tsai, Small, 2009, 5, 1553–1561.
152 W.-K. Oh, S. Kim, H. Yoon and J. Jang, Small, 2010, 6,

872–879.
153 S. Sharifi, S. Behzadi, S. Laurent, M. Laird Forrest, P. Stroeve

and M. Mahmoudi, Chem. Soc. Rev., 2012, 41, 2323–2343.
154 J. W. Stone, A. M. Alkilany, M. A. Hamaly and S. Canonico-

May, in Anisotropic and Shape-Selective Nanomaterials:
Structure-Property Relationships, ed. S. E. Hunyadi Murph,
G. K. Larsen and K. J. Coopersmith, Springer International
Publishing, Cham, 2017, pp. 399–426.

155 S. Sadequa, D. Nadia, B.-F. Sanda, S. Milena, C. Nathalie,
A. Simion, H. Hanna and C. Marc Lamy de la, Nanotech-
nology, 2015, 26, 055101.

156 P. M. Favi, M. Gao, L. Johana Sepúlveda Arango, S. P. Ospina,
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234 A. H. Gröschel, F. H. Schacher, H. Schmalz, O. V. Borisov,
E. B. Zhulina, A. Walther and A. H. E. Müller, Nat. Commun.,
2012, 3, 710.

235 M. Li, D. Joung, J. A. Kozinski and D. K. Hwang, Langmuir,
2017, 33, 184–190.

236 K. S. Paulsen and A. J. Chung, Lab Chip, 2016, 16,
2987–2995.

237 K. S. Paulsen, D. Di Carlo and A. J. Chung, Nat. Commun.,
2015, 6, 6976.

238 K. Choi, M. Salehizadeh, R. B. Da Silva, N. Hakimi, E. Diller
and D. K. Hwang, Soft Matter, 2017, 13, 7255–7263.

239 I. Cohen, Science, 2001, 292, 265–267.
240 T. Nisisako, T. Torii and T. Higuchi, Lab Chip, 2002, 2,

24–26.
241 S. L. Anna, N. Bontoux and H. A. Stone, Appl. Phys. Lett.,

2003, 82, 364–366.
242 G. F. Christopher and S. L. Anna, J. Phys. D: Appl. Phys.,

2007, 40, R319–R336.
243 D. Dendukuri, K. Tsoi, T. A. Hatton and P. S. Doyle,

Langmuir, 2005, 21, 2113–2116.
244 R. Riahi, A. Tamayol, S. A. M. Shaegh, A. M. Ghaemmaghami,

M. R. Dokmeci and A. Khademhosseini, Curr. Opin. Chem.
Eng., 2015, 7, 101–112.

245 Z. H. Nie, S. Q. Xu, M. Seo, P. C. Lewis and E. Kumacheva,
J. Am. Chem. Soc., 2005, 127, 8058–8063.

246 B. Wang, H. C. Shum and D. A. Weitz, ChemPhysChem,
2009, 10, 641–645.

Materials Horizons Review

Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
10

/1
2/

20
21

 9
:2

5:
36

 P
M

. 
View Article Online

https://doi.org/10.1039/c8mh01527a


This journal is©The Royal Society of Chemistry 2019 Mater. Horiz., 2019, 6, 1094--1121 | 1121

247 S. Xu, Z. Nie, M. Seo, P. Lewis, E. Kumacheva, H. A. Stone,
P. Garstecki, D. B. Weibel, I. Gitlin and G. M. Whitesides,
Angew. Chem., Int. Ed., 2005, 117, 734–738.

248 K. S. Paulsen, D. Di Carlo and A. J. Chung, Nat. Commun.,
2015, 6, 6976.

249 C. Decker and A. D. Jenkins, Macromolecules, 1985, 18,
1241–1244.

250 K. Robertson, Chem. Cent. J., 2017, 11, 4.
251 S. Maruo, O. Nakamura and S. Kawata, Opt. Lett., 1997, 22,

132–134.
252 S. C. Laza, M. Polo, A. A. Neves, R. Cingolani, A. Camposeo

and D. Pisignano, Adv. Mater., 2012, 24, 1304–1308.
253 K. W. Bong, J. J. Kim, H. Cho, E. Lim, P. S. Doyle and

D. Irimia, Langmuir, 2015, 31, 13165–13171.
254 L. Chen, H. Z. An and P. S. Doyle, Langmuir, 2015, 31,

9228–9235.
255 K. W. Bong, J. Xu, J.-H. Kim, S. C. Chapin, M. S. Strano,

K. K. Gleason and P. S. Doyle, Nat. Commun., 2012, 3, 805.
256 M. Genua, N. Reinhardt, J. Faure-Vincent, R. Calemczuk,

T. Livache and Y. Hou, Sci. Adv. Mater., 2015, 7, 1779–1784.
257 Z. Zhang, C. Geng, Z. Hao, T. Wei and Q. Yan, Adv. Colloid

Interface Sci., 2016, 228, 105–122.
258 B. R. Smith, A. J. Nijdam, M. C. Cheng, X. Liu, D. Davis,

S. C. Lee and M. Ferrari, Mater. Technol., 2004, 19, 16–20.
259 S. Badaire, C. Cottin-Bizonne, J. W. Woody, A. Yang and

A. D. Stroock, J. Am. Chem. Soc., 2007, 129, 40–41.
260 J. E. Meiring, M. J. Schmid, S. M. Grayson, B. M. Rathsack,

D. M. Johnson, R. Kirby, R. Kannappan, K. Manthiram,
B. Hsia, Z. L. Hogan, A. D. Ellington, M. V. Pishko and
C. G. Willson, Chem. Mater., 2004, 16, 5574–5580.

261 J.-H. Jang, C. K. Ullal, S. E. Kooi, C. Koh and E. L. Thomas,
Nano Lett., 2007, 7, 647–651.

262 S.-G. Park, T. Y. Jeon and S.-M. Yang, Langmuir, 2013, 29,
9620–9625.

263 J.-H. Jang, C. K. Ullal, S. E. Kooi, C. Koh and E. L. Thomas,
Nano Lett., 2007, 7, 647–651.

264 M. Campbell, D. N. Sharp, M. T. Harrison, R. G. Denning
and A. J. Turberfield, Nature, 2000, 404, 53.

265 T. Kamibayashi, H. Kuwae, A. Nobori, S. Shoji and J. Mizuno,
2017 International Conference on Electronics Packaging (ICEP),
2017.

266 H. Schift, Appl. Phys. A: Mater. Sci. Process., 2015, 121,
415–435.

267 N. Mohamed-Noriega, G. Mondin, J. Grothe and S. Kaskel,
Mater. Chem. Phys., 2016, 182, 450–458.

268 S. Y. Chou, P. R. Krauss and P. J. Renstrom, J. Vac.
Sci. Technol., B: Microelectron. Nanometer Struct.–Process.,
Meas., Phenom., 1996, 14, 4129–4133.

269 J. Dumond and H. Y. Low, Adv. Mater., 2008, 20, 1291–1297.
270 E. M. Enlow, J. C. Luft, M. E. Napier and J. M. DeSimone,

Nano Lett., 2011, 11, 808–813.
271 M. C. Parrott, J. C. Luft, J. D. Byrne, J. H. Fain, M. E. Napier

and J. M. DeSimone, J. Am. Chem. Soc., 2010, 132,
17928–17932.

272 J. Nunes, K. P. Herlihy, L. Mair, R. Superfine and J. M.
DeSimone, Nano Lett., 2010, 10, 1113–1119.

273 S. S. Williams, S. Retterer, R. Lopez, R. Ruiz, E. T. Samulski
and J. M. DeSimone, Nano Lett., 2010, 10, 1421–1428.

274 J. Xu, D. H. C. Wong, J. D. Byrne, K. Chen, C. Bowerman
and J. M. DeSimone, Angew. Chem., Int. Ed., 2013, 52,
6580–6589.

275 J. A. Champion, Y. K. Katare and S. Mitragotri, Proc. Natl.
Acad. Sci. U. S. A., 2007, 104, 11901–11904.

276 R. Ellahi, M. Hassan and A. Zeeshan, Mech. Adv. Mater.
Struct., 2017, 24, 1231–1238.

277 C. Palazzo, G. Ponchel, J. J. Vachon, S. Villebrun, F. Agnely
and C. Vauthier, Int. J. Polym. Mater., 2017, 66, 416–424.

278 M. A. Islam, S. Barua and D. Barua, BMC Syst. Biol., 2017,
11, 113.

279 M. Faria, M. Björnmalm, K. J. Thurecht, S. J. Kent, R. G.
Parton, M. Kavallaris, A. P. R. Johnston, J. J. Gooding,
S. R. Corrie, B. J. Boyd, P. Thordarson, A. K. Whittaker,
M. M. Stevens, C. A. Prestidge, C. J. H. Porter, W. J. Parak,
T. P. Davis, E. J. Crampin and F. Caruso, Nat. Nanotechnol.,
2018, 13, 777–785.

280 M. Owyong, N. Hosseini-Nassab, G. Efe, A. Honkala,
R. J. E. van den Bijgaart, V. Plaks and B. R. Smith, Drug
Resist. Updates, 2017, 33–35, 23–35.
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