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Abstract: Recent breakthroughs in nanoparticle research have led to improved drug deliv-
ery and have overcome problems associated with normal drug delivery methods. Optimizing
the design of nanoparticles in terms of controlled size, shape, and surface chemistry of
nanoparticles can maximize the therapeutic efficacy. To maximize therapeutic effects,
advanced formulation and fabrication methods have been developed. Biomedical applica-
tions of nanoparticles produced using the new fabrication techniques, including drug delivery
and molecular imaging, have been widely explored. This review highlights the simple and
versatile manufacturing techniques that can be used in the development of new types of
nanoparticles that have strictly controlled physiochemical properties and their multifaceted
advantages in drug delivery and molecular imaging.
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Introduction

In the past 50 years, intensive research has been carried out in the fields of nanoscience
and nanotechnology, which has led to great progress. New nano-drug delivery methods
have led to new paradigms for health care. The special characteristics of nanoparticles,
including their ease of accessibility and functionalization, biocompatibility, and stabi-
lity, have made them valuable candidates for targeted therapy.' These unique features
allow encapsulation of toxic drugs and specific transport to the tumor site using either
passive or active targeting methods.> However, despite many new approaches in drug
delivery using nanoparticles, only a few have actually led to tangible and significant
results. Fabrication of nanoparticles with specific functional properties, including size,
shape, and composition, is the key issue. This review provides an outline with respect
to the current challenges and potential of fabricating nanoparticles for general purpose
drug delivery and molecular imaging.

Various nanoparticle carrier designs have been developed and refined. But numer-
ous hurdles still remain. In nanoparticle-based therapeutics, conventional synthesis of
nanoparticles using techniques like emulsification produce polydispersed particles
whose physicochemical characteristics, drug release profiles, degradation kinetics,
and materials are troublesome to assess. Controlling these parameters is crucial for
the effective application of the nanoparticles. Advances in design methodologies
have succeeded in overcoming some of the limitations and have provided an excep-
tional approach in creating drug delivery particles with a rational design and highly
ordered structure with numerous functional characteristics. Recent and ongoing
studies related to design include top-down manufacturing approaches, such as soft
lithography, micro-molding, and imprinting. Several groups have effectively used
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top-down microfabrication strategies and have generated
drug delivery nanoparticles.® In this review, we consider
novel lithography-based fabrication approaches together
with their remarkable applications in drug delivery and
molecular imaging. Lithography can produce particles
with a homogeneous size as well as unique designs. Non-
spherical shapes have attracted increased attention in bio-
medical applications. Specifically, the penetration, pathway,
and cellular uptake are determined by shape and shape-
related factors, such as the aspect ratio and particle edge
character.*>

Lithography techniques in biomedical applications
have the possibility to make well-defined nanoparticles
and have become the alternative for the traditional method.
A top-down method provides consistency in terms of
particle size, shape, and geometry, and provides
a monodisperse population with better yields, allowing
the scale-up of manufacturing. Furthermore, this approach

also improves encapsulation efficiency and drug stability.®

Nanoparticles in molecular imaging
Molecular imaging noninvasively provides a detailed picture
that aids in the understanding of the biological behavior inside
organisms.” Molecular imaging is important in early disease
detection, screening, diagnosis, therapy, and image-guided
treatment of life-threatening diseases. However, current lim-
itations of some molecular imaging techniques include poor
target specificity, toxicity, expense, and low rate of tissue
penetration.”® For these reasons, nanoparticles are emerging
as a new class of molecular imaging agent because of their
exclusive properties, which include small size, large surface
area, improved in vivo pharmacokinetics, strong target binding
via multiple ligands, and multimodal signaling capacity. In
addition, nanoparticle-mediated molecular imaging has inher-
ently low toxicity compared to conventional imaging agents.
To expand the possibilities for nanoparticles in molecular
imaging, selective targeting component(s) should be conju-
gated to the surface of the nanoparticles. This aids in achieving
better image quality and also increases the applicability and
functionality of imaging. The evolution of medical imaging
from plain radiography to X-ray imaging, computer assisted
tomography (CT), ultrasound (US) imaging, magnetic reso-
nance imaging (MRI), and optical imaging holds enormous

potential for improved health care.’”

MRI

MRI is a non-invasive biomedical imaging technique that
provides diverse anatomical, physiological, and molecular

information from the interior of the organism. MRI is
often preferred as it offers high tissue penetration depth
and spatial resolution sufficient to visualize the entire
human body. For example, superparamagnetic iron oxide
nanoparticles act as contrast agent in MRI due to their
small size, which enables prolonged circulation, facilitates
surface modification to favor internalization, low toxicity,
and high relaxivity, which are important in MRI-mediated
diagnosis. Superparamagnetic iron oxide nanoparticles can
be used to detect disease in macrophage-rich tissues.
However, drawbacks of MRI include low sensitivity,
which has limited the use of MRI. MRI can be improved
by controlling physiochemical properties of the contrast
agent.'® For example Culver et al.'' showed that gold
nanostars incorporated with gadolinium are a promising
contrast agent for MRI.

X-ray imaging and CT

CT is a leading imaging technology that provides three-
dimensional anatomic imaging with high spatial resolu-
tion. Gold nanoparticles can be used as an X-ray contrast
agent. Their relevant properties include high X-ray
attenuation, lack of toxicity, colloidal stability, and tar-
geted delivery.'> However, disadvantages of CT include
high dose of ionizing radiation that is required and insuffi-
cient imaging sensitivity. Dual modality applications can
be applied to overcome these limitations.

Optical imaging

Advantages of optical imaging include high sensitivity,
low cost, and great potential for use with small animals.
Quantum dots are a form of nanoparticles that are used
extensively for optical imaging. However, optical imaging
is hindered by the limited depth of penetration of light,
which limits imaging deep within tissues, and the low
spatial resolution compared to CT and MRI.

Every molecular imaging modality has specific advan-
tages and disadvantages. A combination of imaging tech-
nologies is an important strategy to overcome the
shortcomings of an individual imaging technology. The
development of multimodal imaging nanoparticles has
intensified in recent years. These probes contain two or
more components that allow their detection by more than
one imaging technology. No single methodology is ade-
quate to provide all the fundamental data. The focal points
of one method can be combined with the advantages of the
other, while lessening the drawbacks of both at the same
time. Nanotechnology can facilitate combinations of two
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or three imaging modalities like MR-optical, MR-positron
emission tomography (PET), PET-CT, optical-PET, MR-
CT, and MR-PET-optical."® For example, PET imaging
provides qualitative information about the disease with
high sensitivity, with CT and MRI being important role
in providing a resulting high resolution image that conveys
anatomical information. Therefore, combinations of these
imaging modalities can provide highly sensitive, high spa-
tial resolution approaches that minimize the drawbacks of
the individual techniques.'*

Imaging by nanoparticles can be performed by single,
double, or triple imaging modalities. Triple model imaging
offers more unique and comprehensive information than
either the single or dual modality. However, single modal
imaging techniques are stable, target specific, less toxic,
and biocompatible.

The goal of nanoparticle research is to control biological
behavior and electromagnetic properties by controlling shape,
size, and surface characteristics to make them suitable for
imaging. The geometry of the nanoparticles influences their
efficacy both in vitro and in vivo. According to Hwang et al.,'
unlike spheres, disks have a directional preference to an exter-
nal magnetic field arising from their symmetrical shape. The
authors opined that the unique shape is the key to improve
their efficacy. Non-spherical particles outperform their sphe-
rical counterparts with several crucial advantages that include
prolonged circulation and reduced macrophage uptake.

An ideal nanoparticle imaging agent for clinical use
must have high sensitivity, sufficient resolution, low toxi-
city, and must be rapidly excreted and biodegradable.

Drug delivery with nanoparticles
The aim of nanoparticle-based drug delivery is enhanced
delivery to reduce the toxicity of the free drug to the non-
targeted organs, which can prevent drug degradation.
Many types of nanoparticles have been developed for
drug delivery, but only few have been approved and tested
in clinical trials.'® Nanoparticles can be comprised of
organic macromolecules, dendrimers, self-assemblies of
smaller molecules, carbon nanotubes, and other
components.'”2° Delivering therapeutic drugs to the target
organ is the major obstacle. Protecting the drug from rapid
degradation and clearance is also important.
Nanoparticles can help detect the location and extent of
disease, and can provide information about the response to
treatment. Design of nanoparticles that is characterized
according to particle composition, size, shape, and surface

properties define the therapeutic outcome. The size, shape,

and surface chemistry of nanoparticles can greatly influ-
ence cellular uptake and treatment efficacy. Smaller nano-
particles are typically internalized more into cells than
larger nanoparticles.”’ For example, one study described
particles with a diameter of 25 nm that were more effica-
ciously internalized into the cytoplasm of MCF-7 cells in
contrast to 150 nm nanoparticles.”* Improved control of
the size, structure, and biophysical properties of nanopar-
ticles have led to tailored effects on molecular and cellular
interactions.

Particle shape is another important parameter that
regulates the in vivo performance of delivery vehicles.
Uptake of nanoparticles is dependent on the particle
shape, which involves factors like cell-particle interac-
tion, strain energy required to wrap the membrane
around the particles, and particle concentration at the
cell membrane.”> Moreover, controlling the shape of
nanoparticles can be used to target the nanoparticles to
the desired cells and to avoid rapid clearance. The pro-
gression of advanced biomedical manufacturing techni-
ques has raised the possibility of producing nanoparticles
that are not spherical. Compared to spherical particles,
non-spherical nanoparticles can be more readily interna-
lized. For example, disk-shaped particles have higher
binding capability compared to spherical particles in
the interaction between the particles and cells.** These
non-spherical morphologies offer significant advantages
concerning key pharmacokinetic parameters in vivo. In
addition, several studies have clarified the relationship
between biological responses and shape and size of
nanoparticles. Size and shape can advantageously mod-
ulate immune activities like activation and suppression,
and can help guide the particles toward the desired
organ. For example, Lebre et al described that spherical,
micron-sized hydroxyapatite particles evoke a weaker
inflammatory response than smaller particles with
a sharp edge, and noted that the size and shape of
nanoparticles are profoundly pertinent physical attributes
that influence the interaction between nanoparticles and
living cells.”

Surface property also affects the interaction between
nanomaterials and cells. This property is directly related
with physical stability. Particles with neutral zeta poten-
tial tend to aggregate more rapidly. A stronger charge
can increase the stability of the particles, which extends
their shelf life. Strongly cationic nanoparticles interact
more favorably with cell membranes, which will
enhance their intracellular uptake. However, cationic
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particles are more toxic. This problem has spurred the
use of different chemistries to modulate the surface of
nanoparticles with the goal of improving their biomedi-
cal applications. Positively charged nanoparticles can be
taken up by cells to a greater extent than anionic nano-
particles. For example, one study compared chitosan
that was uncoated (positively charged) or coated with
hyaluronic acid (negatively charged). The uptake of
coated chitosan coated with hyaluronic acid was reduced
and a relatively large amount of uncoated chitosan nano-
particles were rapidly taken up by the cells.?®

Another important factor in the cellular uptake of nano-
particles is the elastic deformation of the particles. Key et al*’
demonstrated the avid deposition of soft discoidal polymeric
nanoconstructs (DPNs) in tumor tissue. Similarly, phagocy-
tic cells engulfed more rigid particles than did soft particles.
Rigid particles have low deformability, prolonged period of
interaction, and pronounced internalization. In contrast, soft
particles have high deformability, short interaction, and are
poorly internalized. While rigid DPNs are internalized more
avidly than soft DPNSs, the latter show extended circulation
time due to their deformability. It is also assumed that by
mimicking the vascular behavior of blood cells, soft DPNs
exhibit higher efficiency and better escape from macro-
phages. Thus, nanoparticle elasticity is also responsible for
low macrophage uptake, extended longevity in the blood,
and progressive accumulation within the tumor vascular bed
(Figures 1 and 2).2%2°

Nano sized, injectable drug carriers with modifiable
surfaces and precise geometries have several advantageous
properties, which include the ability to encapsulate a large
amount of drug, protection from biodegradation, increased
bioavailability, and drug release in a controlled manner.
The overall goals are to achieve a conceptual design that
produces nanoparticles that mimic biological cells, recog-
nize disease-related cells, and provide on-demand sys-
temic drug delivery, which all lessen side effects.

Despite various approaches in developing new nano-
particles for tumor cells, it is still difficult to produce
homogeneously sized nanoparticles in high quality yield
that can conveniently pass the leaky vasculature. For this
reason, various researchers have been striving to improve
the yield and generate homogeneously sized nanoparticles
through traditional chemical syntheses. A new method to
develop gold nanoparticles has produced dramatic
improvements, with a gain in yield exceeding 85% as
well as improved reproducibility.?” Table 1 summarizes
the results from various nanoparticle-based methods.

Experimental approaches for the

design of nanoparticles

Advancements in the top-down development of fabrication
of nanoparticles have created the possibility of developing
nanoparticles with uniform sizes and shapes. Such fabrica-
tion methods provide the desired structure with the
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Figure | Nanoparticle size, shape, and surface charge dictate biodistribution among the different organs including the lungs, liver, spleen and kidneys.

Notes: (A) Spherical particles, including gold nanoparticles, liposomes, and polymeric micelles/nanoparticles can vary in size and differ in vivo fates. Particles >150 nm are
entrapped within the liver and spleen while the small-sized nanoparticles are filtered out through the kidneys. (B) Different nanoparticle shapes exhibit unique flow
characteristics that substantially alter circulating lifetimes, cell membrane interactions and macrophage uptake, which in turn affect biodistribution among the different
organs. (C) Charge of nanoparticles influences opsonization, circulation times and interaction with macrophages. Positively charged particles are more prone to
sequestration by macrophages in the lungs, liver, and spleen. Neutral and slightly negatively charged nanoparticles have longer circulation lifetimes and less accumulation
in the aforementioned organs. Reprinted by permission from Springer Nature: Nature, Nature Biotechnology (https://www.nature.com/nbt/), Blanco E, Shen H, Ferrari M.
Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat Biotechnol. 2015;33(9):941-951, Copyright © 2015.>
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Figure 2 Intravital microscopy images showing soft (A) and rigid (B) discoidal
polymeric nanoconstructs (DPNs) within the tortuous and abnormal tumor micro-
vasculature, respectively. (C) Bar graph summarizing the level of DPN accumulation
with the tumor microvasculature.

Note: Reprinted with permission from Key ], Palange AL, Gentile F, et al. Soft
discoidal polymeric nanoconstructs resist macrophage uptake and enhance vascular
targeting in tumors. ACS Nano. 2015;9(12):11628-11641. Copyright © 2015
American Chemical Society.27

appropriate properties, which are difficult to obtain using
bottom-up approaches, such as thermodynamically driven
self-assembly. In this section, we focus on advancements
in fabrication methods for shape-specific nanoparticle drug
carriers and discuss their advantages and disadvantages.
Microfluidic devices can generate homogeneous nano-
particles with higher yield. Nanoparticle size is improved
compared to those obtained from conventional methods.
Microfluidic devices have been developed to synthesize
particles with diameters ranging from nanometers to
micrometers, using materials that include semiconductors,
metals, and polymers. For example, in one study,
a focused flow device was used to generate monodisperse
polymeric particles.’* The monodisperse particles were
synthesized with minimal variations in size (25 to
30 um), with a prevalent diameter of 28 pm. In the same
study, monodisperse microparticles were fabricated and
the release kinetics of bupivacaine was compared with
microparticles having the same size that had been gener-
ated by the conventional method. Monodisperse particles
generated from the microfluidic device displayed higher
yields and could encapsulate larger molecules.
Furthermore, the monodispersed particles prepared by the

microfluidic device released the drug more slowly than

conventional polydispersed particles of a similar size. In
addition, the initial burst release of drug from the mono-
dispersed microfluidic particles was significantly less com-
pared to conventional polydispersed particles (Figure 3).

Dong et al*!' used micro-fabricated devices manufactured
using thin-film deposition, photolithography, and etching uti-
lizing computer-aided design software. Soft lithography was
used to experiment with micro- and nano-scale patterns on the
surface of photomasks to make a unique structure. Soft litho-
graphy can be used to emulsify polymeric tools and particles,
since it is capable of better size control concerning structure
and composition. It is also inexpensive and capable of high-
throughput. Well-established techniques include replica mold-
ing, micro- and nano-transfer molding, and solvent-assisted
micro-molding, among others. However, to overcome the
synthesis problems with these methods remains challenging.

Other researchers introduced an injectable nanoparticle
generator to overcome multiple biological barriers to cancer
drug delivery.*® This technique can load various therapeutic
agents like cancer drugs and can control the total dosage of
loaded cancer agents through the linkage of conjugate mole-
cules on the surface of nanoparticles. The nanoparticles
developed by using the injectable nanoparticle generator
successfully accumulated in tumors of mice. Nanoparticles
made by an injectable nanoparticle generator can conjugate
with molecular imaging probes and can be used therapeuti-
cally in tumor imaging and treatment (Figures 4 and 5).

The technique of photolithography is based on a top-
down approach that manufactures a pattern on the polymer
layer of the photomask. Photolithography can provide high
resolution and can avoid contamination. Additionally, it
uses near-infrared light, which can minimize side effects
related to photodamage. These advantages of photolitho-
graphy have prompted its use to investigate and observe
deeper tissues and large-scale patterning. Although this
novel technique has many advantages compared to other
existing techniques, photolithography requires expensive
facilities. Electrospray is a plausible microencapsulation
method developed to overcome the limitations of bottom-
up approaches like solvent extraction. This method is
promising in the production of monodisperse particles
ranging in size from sub-micrometers to micrometers by
applying a high positive voltage between a needle and the
ground.>*** In one study, coaxial electrospray was used
for multimodal imaging and image-guided therapy.*
Experimental and theoretical studies on coaxial electro-
spray of poly(lactide-co-glycolide) microparticles have
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Figure 3 The left side shows (A) a schematic illustration of the procedure to fabricate monodisperse polymer microparticles and (B) optical microscopy image showing the orifice
of the flow-focusing region generating droplets of dichloromethane (DCM) in water. The right-hand side shows (A, B) scanning electron microscopy images of monodisperse poly
(lactic-co-glycolic acid) (PLGA) microparticles with a diameter of approximately 28 pm. (C) Size distribution of the microparticles measured using a coulter counter.

Note: Reprinted with permisson from Xu QB, Hashimoto M, Dang TT, et al. Preparation of monodisperse biodegradable polymer microparticles using a microfluidic flow-

focusing device for controlled drug delivery. Small. 2009;5(13):1575—-1581. Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.*

sought to overcome the limitations concerning poor encap-
sulation and loss of bioactivity during the nanofabrication.

Priyadarshana et al synthesized magnetite nanoparticles by
destructuring natural high purity ore using a top-down
approach in the presence of oleic acid. Various methods,
including precipitation, thermal decomposition, and sol-gel
techniques, have been reported for the synthesis of magnetic
nanoparticles. Nanoparticles generated using the wet grinding
approach have a narrower size distribution, smoother morphol-
ogy, and less agglomeration, along with a brief grinding time.*®

Merkel et al*” reported that top-down fabrication meth-
ods can easily control particle size and shape. The methods
also permit an extensive examination of the versatility of
Particle Replication In Non-wetting Templates (PRINT®).
This method permits good resolution of particle size and
shape, and can be easily scaled up at low cost (Figure 6).

Doshi et al induced the formation of red blood cell
(RBC)-like particles.*® Since RBCs can survive for approxi-
mately 120 days and circulate in the bloodstream, this bio-
material is a compelling candidate for drug delivery and

therapy. Aryal et al showed that polymeric nanoparticles
cloaked by RBC membrane displayed prolonged circulation
and permitted sustained drug release.>® The authors used two
different methods (physical encapsulation and chemical con-
jugation) to make nanoparticles loaded with doxorubicin.
While encouraging, challenges remain. RBC-like particles
are not natural, so that their elasticity and ability to contain
oxygen are not similar to natural RBCs. Additionally, since
the RBC-like particles are made with synthetic, rather than
biological, components, these particles are considered artifi-
cial synthesized nanoparticles.

Merkel et al also showed that particles replicated
through non-wetting templates can circulate longer than
conventional microparticles and can vary in their
biodistribution.** These nanoparticles were fabricated by
the PRINT technique to resemble RBCs that were resilient
and round.

Lin et al reported a novel way to create patterns on a solid
surface using bubble-pen lithography. Patterns can be applied

to develop well designed nanoparticles.*' The size resolution
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Figure 4 iNPG-pDox characterization and pDox (polymeric drug) assembly and release from iNPG (injectable nanoparticle generator).

Notes: (A) Schematic diagram depicting iNPG-pDox composition, pDox prodrug encapsulation, and pDox nanoparticle assembly and release from nanopores. (B) Z-series
confocal microscopy imaging of the iNPG-pDox particles, highlighting the presence of pDox (red) within the nanopores of the silicon carrier particle (gray). Scale bar, | pm.
(C) Three dimensional reconstruction following sagittal cross-sectioning of the iNPG-pDox particles, depicting pDox (red) within the nanopores of the silicon carrier
particle (gray), as well as the presence of pDox nanoparticles (red) released from the microparticles. Scale bar, | pm. (D) AFM analysis of size distribution of pDox
nanoparticles released from iNPG-pDox at pH 7.4. (E) Cryogenic TEM of pDox nanoparticles released from iNPG-pDox at pH 7.4. Scale bar, 150 nm. Reprinted by
permission from Springer Nature: Nature, Nature Biotechnology (https://www.nature.com/nbt/), Xu R, Zhang G, Mai }, et al. An injectable nanoparticle generator enhances
delivery of cancer therapeutics. Nat Biotechnol. 2016;34(4):414—418, Copyright © 2016.3

limitations of lithography to make nanoparticles made it chal-
lenging to create a pattern using photon, electron or ion beams,
and thus made it difficult to generate unique size-controlled
and designed colloidal particles. However, the authors

overcame these difficulties by using a single laser beam to
generate a microbubble pattern on the substrate. Plasmon-
enhanced photo-thermal effects have been applied to this
technique to generate well designed and size-controlled
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Figure 5 Inhibition of tumor growth and prolonged survival in mice bearing 4T| tumor metastases to the liver and lung after treatment with iNPG-pDox.
Note: Reprinted by permission from Springer Nature: Nature, Nature Biotechnology (https://www.nature.com/nbt/), Xu R, Zhang G, Mai }, et al. An injectable nanoparticle
generator enhances delivery of cancer therapeutics. Nat Biotechnol. 2016;34(4):414—418, Copyright © 2016.32
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Figure 6 Scheme showing the imprint lithography method used to fabricate different shapes of nanoparticles.
Note: Reprinted with permission from Merkel TJ, Herlihy KP, Nunes ], Orgel RM, Rolland JP, DeSimone JM. Scalable, shape-specific, top-down fabrication methods for the
synthesis of engineered colloidal particles. Langmuir. 2010;26(16):13086—13096. Copyright © 2010 American Chemical Society.>”
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Figure 7 Schematic illustration of the pattern-writing process using an optically controlled microbubble on a plasmonic substrate.
Note: Reprinted with permission from Lin LH, Peng XL, Mao ZM, et al. Bubble-Pen Lithography. Nano Lett. 2016;16(1):701-708. Copyright © 2016 American Chemical
Society.!
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nanoparticles with a diameter of approximately 200 nm.
Usually, nanoparticles of approximately 100 nm can be deliv-
ered successfully to nuclei of living cells and particles less than
200 nm can penetrate the bilayer of erythrocytes.*” Particles of
different sizes show various degrees of cellular uptake and
responses after the surface modification of nanoparticles. The
image presented in Figure 7 shows that well-controlled nano-
particles can be patterned on the surface.

Gratton et al demonstrated a series of particles having
varying sizes and shapes, which were designed using
a top-down lithographic fabrication method.** These nano-
particles were made with polyethylene glycol to study the
effects of the various sizes, shapes, and surface charges
once the nanoparticles became distributed in cells. Cell-
binding and interaction can be affected by the shape and
size of nanoparticles. Thus, approaches to maintain an
exact particle size and modify particle shape can be
another way to improve cell uptake and interaction rate,

which can be critical for the cellular uptake and penetra-
tion of nanoparticles. The uptake and penetration of nano-
particles by living cells is very complex. The process
following internalization or passage across the cell mem-
brane is not well-known. Doxil has been approved by the
United States Food and Drug Administration. It has low
cardiotoxicity compared to the original therapeutic agent,
doxorubicin.*> However, the clinical data for doxil has not
indicated compelling efficacy. This could be because of the
low biodistribution of doxil in tumor cells and the ineffi-
cient intra-release profile of the drug from nanoparticles
that are approximately 100 nm in size to tumor cells.**
Nanoparticles of various sizes and shapes were made to
investigate basis of the interaction and subsequent events
between nanoparticles and living cells. Figure 8 illustrates
representative nanoparticles that were made. In this study,
they also compared the interaction of particles with the

cell membranes of living cells.*?

Figure 8 Micrographs of PRINT particles varying in both size and shape.

Note: (A—C) Scanning electron micrograph of the cubic series of particles (diameters = 2 um [A], 3 um [B], and 5 pm [C]). (D—F) Fluorescence micrographs of the cubic series of
particles (diameters = 2 um [D], 3 pm [E], and 5 um [F]). (G and H) Scanning electron micrographs of the cylindrical series of microparticles having the same height (I um), but varying
diameters (diameters = 0.5 um [G] and | um [H]). (I-K) Scanning electron micrographs of the series of cylindrical nanoparticles (diameters = 200 nm, height = 200 nm [I]; diameter =
100 nm, height = 300 nm [J]; diameter = 150 nm, height = 450 nm [K]). Scale bars, A-F, 20 um; G-K, | pum. Reprinted with permission from Gratton SE, Ropp PA, Pohlhaus PD, et al.
The effect of particle design on cellular internalization pathways. Proc Natl Acad Sci USA. 2008;105(33):11613—11618. Copyright © 2008 National Academy of Sciences.*?
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Synthesizing nanoparticles by physical and chemical
processes is expensive and involves the use of toxic and
otherwise hazardous chemicals that pose environmental,
biological, and personnel risks. Ekta et al described the
preparation of different silver nanoparticles by “green
chemistry” using starch derived from boiled raw rice.
The authors fabricated spherical, rod, hexagonal, and
flower-shaped silver nanoparticles using green synthesis,
with simple, cost-effective, and eco-friendly procedures
that did not involve the use of hazardous agents and
materials. Along with plant extracts, green synthesis is
also used in unicellular organisms like bacteria and
fungi.*’

Hager et al proposed a new electron microscopy-based
approach in which individual array methods were har-
nessed to develop single-stranded DNA structures on car-
bon “nano-islands”.*® This method is highly compatible
with the detection of single molecules using fluorescence
microscopy, and biophysical and cell biological
approaches, where it allows mimicking of cell surfaces
and enables the study of cell adhesion and signaling pro-
cesses. A technique to array nanostructures on the surface
can facilitate the creation of a unique microarray or

PEG
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Figure 9 Scheme illustrating the generation of nanoarrays of individual DNA
strands using 50 nm islands (left) and arrays with multiple DNA strands per
100% 100 nm islands (right).

Note: Reproduced from Hager R, Halilovic A, Burns JR, Schaffler F, Howorka S.
Arrays of individual DNA molecules on nanopatterned substrates. Sci Rep.
2017;7:42075 (https://creativecommons.org/licenses/by/4.0/).*

a single nanomolecule that can be used therapeutically or
for drug delivery. Biomolecules like DNA, RNA, and
antibodies can avidly affiliate with cell membranes or
can be internally localized where they trigger therapeutics
effects while binding with each other. Conventional meth-
ods to develop unique structures and nanomolecules using
such biomolecules are difficult. In living cells, the activ-
ities of biomolecules can be impeded by disintegration and
discharge of toxic cations from the nanomaterial surface,
which inhibit respiratory pathways, ATP generation, and
other activities. This ultimately leads to death of the bac-
teria. Retaining bioactivity is crucial in conventional che-
mical synthesis procedures. Efforts to improve this
limitation have included the development of new materials
that contain biomolecules. In one approach, single-
stranded DNA was immobilized by the electron beam of
an electron microscope. Furthermore, multiple DNA
strands could be mobilized on 100x100 nm islands and
could be used to overlay DNA arrays or for other relevant
applications (Figure 9).

Huanbutta et al described a novel approach to load ther-
apeutic molecules into nanoparticles for colon-specific drug
delivery.*’” Nanoparticles containing the anti-inflammatory
drug prednisolone were made by electrohydrodynamic ato-
mization with various concentrations of Eudragit® S100
(EDS) concentrations and prednisolone/EDS weight ratios.
Electrohydrodynamic atomization may prove useful in the
simple manufacture of drug containing nanoparticles for the
delivery of the payload. Bowerman et al demonstrated that
a commercial anticancer drug can be loaded in nanoparticles
using an imprint lithography based on PRINT.** These rod-
shaped poly(lactic-co-glycolic acid)-docetaxel nanoparticles
displayed increased circulation time and similar docetaxel
exposure to the tumor compared to nanoparticles alone.

Ishida et al*’ described a Langmuir-Blodgett technique
that was used to fabricate two-dimensional arrays of
50 nm gold nanoparticles. The hydrophobic nanoparticles
were about 50 nm in diameter and stable. The stability was
maintained in the dry state, which allowed their subse-
quent re-dispersion in chloroform.

Zhan et al reported that non-lithographic, nanopattern-
ing approaches fabricate nanoparticles of 100 nm or smal-
ler in size on substrates having a large area.’® Current
specialized lithography techniques are intricate and expen-
sive compared to conventional fabrication. By combining
the nanoimprinting method with an ultrathin alumina
membrane, homogeneous nanoparticle patterns can be
inexpensively made on large areas of substrates. The
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ultrathin alumina membrane does not require coating and
heating of nanoparticles, and is more environmentally
friendly and simple.

Inorganic nanoparticles are an attractive candidate in
drug delivery. In particular, silica nanoparticles feature
unique properties, such as tunable void volume, low
density, large surface area, ease of surface modification,
stability, and biocompatibility. Zhang et al fabricated
hollow mesoporous silica nanoparticles based on soft-or
-hard-templating methods. The nanoparticles exhibited
relatively high drug loading capacity and protein adsorp-
tion capacity, as well as controlled pH-responsive release
behavior. Compared with conventional silica nanoparti-
cles, the hollow mesoporous silica nanoparticles with
a large cavity and a permeable mesoporous shell had
obvious advantages in mass diffusion and transportation,
as well as in storage capacity. This fabrication method is
desirable as it enables the preparation of high quality
nanoparticles with a tunable particle size, high surface
area, and controlled morphology. Currently, however, the
manufacture of the desired quantity of mesoporous silica
nanoparticles needed to scale-up to a commercial scale is
challenging.”’

Particle stretching is another technique of fabricating
nano- and microparticles with different shapes. Spherical
particles prepared by the bottom-up method can be used to
produce anisotropic shapes. In this fabrication method, the
shape varies with the physical properties of the particles,
and with the film and the interaction between them.
Champions et al produced more than 20 different shapes
of nano- and microparticles using particle stretching meth-
ods. Spherical polystyrene particles were used as the start-
ing material and polyvinyl alcohol as the aqueous phase.
The prepared particles displayed the same polydispersity
index as spherical particles before stretching. The particle
yield was high, with 10® to 10° particles produced per
stretching apparatus. The uniqueness of the particle
stretching technique is the capacity to compare varied
shaped particles molded from the same stock.>

The fabrication process is limited by high operating
cost, low throughput, surfactants exposed to corrosive
etchants, high energy radiation, relatively high tempera-
ture, and the wavelength used. These limitations have
proven unfavorable to the use of conventional lithographic
techniques for many researchers. These drawbacks moti-
vated the exploration and development of a new nanofab-
rication technique. Recent nanofabrication techniques have
created opportunities for fabrication on the nonplanar

surface and over a large surface area. These techniques
are also applicable to biological materials and to sensitive
organic and organometallic materials. Moreover, they
enable fabrication at low cost and offer high-throughput
compared with conventional lithographic methods.>®

Conclusions and outlooks

This review considered recent top-down nanofabrication
strategies to achieve therapeutics and imaging performances
that are superior to the current performance of nanoparticles.
However, despite the tremendous development and accep-
tance of nanoparticles for clinical uses that include therapeu-
tics and molecular imaging, nanomedicine faces a critical
bottleneck in moving nanoparticles from the bench to the
bedside. Major obstacles preventing the clinical translation
of nanomedicine are the inability to increase specific target
site accumulation, decrease off-target site accumulation, and
lessen rapid clearance by immune cells. With the emergence
of recent top-down nanofabrication techniques like lithogra-
phy, monodispersed particles with controlled shape and size
can be generated. They can be used to increase the accumu-
lation of nanoparticles in tumor sites, with significantly
enhanced binding with and uptake into target cells.
Furthermore, with the advancement in microfluidic technol-
ogies to mimic organs, organ functions in the diseased tissues
as nanoparticle interactions can be investigated to gather
fundamental information with regard to drug delivery to
predict in vivo performances. The top-down nanofabrication
approach used to synthesize nanoparticles is proving to be an
alternative tact to overcome the disadvantages and barriers of
the bottom-up method. However, challenges such as scale-up
of manufacture, stability of nanoparticles, and effective
delivery remain to be overcome.

Abbreviation list

CT, computed tomography; DCM, dichloromethane; DNA,
deoxyribonucleic acid; DPN, discoidal polymeric nanocon-
structs; EDS, Eudragit® S100; iNPG, injectable nanoparticle
generator; MRI, magnetic resonance imaging; PET, positron
emission tomography; PLGA, poly(lactic-co-glycolic acid);
PRINT, particle replication in non-wetting templates; RBC,
red blood cells; RNA, ribonucleic acid.
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