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This tutorial review presents an overview of strategies for the synthesis and fabrication of organic
nanomaterials, specifically those with potential for use in medical applications. Examples include

liposomes, micelles, polymer—drug conjugates and dendrimers.

Methods of driving shapia

“bottom-up” synthetic approaches and thermodynamics and kinetics are discussed. Furthermore,
methods of driving shapevia “top-down” physical and engineering techniques are also explored.
Finally, a novel method (referred to as PRINT) used to produce nanoparticles that are shape-

specific, can contain any cargo, and can be easily modified is examined along with its potential

future role in nanomedicine.

Introduction

The design and exploitation of materials and structures where
at least one dimension is measured in the nanometer range
broadly defines the term “nanotechnology.® Under the
umbrella of nanotechnology, a variety of research disciplines
are necessarily involved, ranging from the fabrication of
nanomachines, to the application of nanolithography, to the
development of nanoparticles. Nanoparticles both organic and
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inorganic based, have applications in a variety of fields
including catalysis, photovoltaics, and coatings as well as in
the emerging field of nanomedicine where they can be used as
imaging agents and drug-delivery vectors. This review is
intended as an introduction to the current methods of
synthesis and fabrication of organic nanoparticles and their
particular application in nanomedicine.

Inorganic nanoparticles are traditionally synthesized using
nucleation and arrested growth strategies from a solutioR-®
To produce structures that are not solely spherical, researchers
typically use additives or sacrificial templates to yield exotic
shapes. The peripheral surface of the resultant inorganic
materials produced can be further modified. Alternatively,
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of imaging and targetable controlled delivery of nanomaterials

employing the PRINT platform.
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Fig. 3 lllustration representing imprint lithography with the resulting
“scum layer”.

eliminated by using harsh etching processes, such as reactive

ion etching from an oxygen plasma (@-RIE) which works by
bombarding a surface with an anisotropic stream of high
energy particles that chemically ablate the resist uniformly to
remove the scum layef® While these processing methods are
well established in the semiconductor industry where hard,
robust, inorganic materials are the norm, they are certainly
incompatible with delicate organic materials and those that
contain biologically-derived moieties.

Simultaneous control over size, shape, function, and

cargo: PRINT (particle replication in non-wetting
templates)

The top-down approach of imprint lithography offers an
engineering alternative to produce monodisperse shape-speci-
fic nanocarriers. In 2004, DeSimone and colleagues in the
Chemistry Department at UNC reported a breakthrough in
the materials and methods used in imprint lithography which
enables the generation of sub-50 nm featuréd. They have
shown that specifically-designed, photochemically curable
perfluoropolyether-based elastomers (PFPES) could perform
accurate nanometer-scale molding when usedn lieu of
traditional materials, such as quartz, glass, silicon and
silicones, that are presently used in imprint lithography.
PFPEs have such a low surface energy that removal of molded
materials made from PFPE-based molds is facile. The
performance of PFPEs in imprint lithography was first
demonstrated using replica molds generated from master
templates created at IBM’s Almaden Research Center in
California that had features with a width of 140 nm, a depth of

y 50 nm and a separation of 70 nm. The molds cast using the
PFPE-based fluoroelastomer materials (0.4 nm roughness
factor) maintained preservation of the nanoscale features of
the patterned silicon wafer master. The features on the PFPE-
based mold as determined by AFM had an average height of
51 nm, which was in excellent agreement with the measured
54 nm height of the features in the silicon master.

As mentioned previously, one of the drawbacks of imprint
lithography is the ubiquitous scum layer that plagues this
technique when it is based on traditional materials such as
poly(dimethylsiloxane) (PDMS) (Fig. 3).2%47*8 PFPE-based
molds on the other hand, being so highly fluorinated, have
surface energies that were measured to be 12 dynes®mfar
lower than that of PDMS (20 dynes cnf?).%* With such non-
wetting, non-swelling characteristics, PFPE-based materials
enable the generation of harvestable, scum-free objects, or
particles, using what is referred to as particle replication in
non-wetting templates or PRINT (Fig. 4). PRINT enables the

Fig. 4 Inset: Schematic depicting the PRINT technology. PRINT is
able to produce isolated, harvestable “scum-free” objects because the
highly fluorinated elastomeric mold and the substrate are both non-
wetting producing isolated nanostructures. (Left) SEM image of the
attempted harvesting of 200 nm particles made using traditional
imprint lithography which results in the formation of a scum layer that
eliminates the fabrication of free standing objects or particles. (Right)
Particles made using PRINT and their harvesting using a doctor’s
blade demonstrating the fabrication of isolable, discrete objects.
Reprinted with permission from ref. 52. Copyright (2005) American
Chemical Society.

fabrication of monodisperse particles. PRINT utilizes the non-
wetting properties of the highly fluorinated elastomeric mold
and the substrate to produce isolated, harvestable objects with
applications ranging from photovoltaics to drug delivery®?
This is accomplished by taking advantage of the reversible seal
that is formed between the mold and the substrate as slight
downward force is applied. This is particulary important for
the organic liquid to be molded has a contact angle greater
than 90u with the fluorinated substrate. Under these condi-
tions, the organic liquid to be molded is either confined within
the shaped cavities of the mold or forced out due to the low
surface energy of both the mold and the surface (Fig. 4). This
methodology is a versatile and flexible method for the direct
fabrication and harvesting of monodisperse, shape-specific
nano-biomaterials. Unlike other particle fabrication techni-
ques, PRINT is delicate and general enough to be compatible
with a variety of important next generation cancer therapeutic,
detection and imaging agents, including various cargose(g.
DNA, proteins, chemotherapy drugs, biosensor dyes, radio-
markers, contrast agents), targeting ligandse(g. antibodies,
cell targeting peptides) and functional matrix materials €.9.
bioabsorbable polymers, stimuli responsive matricesgetc).
PRINT is the first general, singulamethod capable of forming
particles that: are monodisperse in size and uniform shape; can
be molded into any shape; can be comprised of essentially any
matrix material; can be formed under extremely mild condi-
tions (and therefore is compatible with delicate cargos); is
amenable to post functionalization chemistry for the biocon-
jugation of targeting ligands; and which initially fabricates
particles in an addressable array (which opens up combinator-
ial approaches since the particles can be “bar-coded” using
methods similar to DNA array technologies>® In contrast to
the present methods that utlize microfluidics techniques for
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Fig. 5 A) Atomic force micrograph of a 160 nm post master; B)
scanning electron micrograph of an unused, empty PFPE mold with
160 nm features (aspect ratio = 1 : 1); and C) a scanning electron
micrograph of harvested PEG-composite particles on the medical
adhesive sacrificial layer.

particle fabrication, PRINT has the ability for more breadth of
sizes ( 100 nm) and is more amenable to scalability.

In the PRINT process, a photocurable perfluoropolyether
(PFPE) precursor is cast against the patterned master to make
an elastomeric polymer mold®? The PFPE mold is brought
into contact with a liquid precursor on a non-wetting substrate
and pressure is applied to create a seal between the mold and
the substrate. The monomer precursor is polymerized, and
monodisperse, shape-specific polymer particles are obtained.
The key to making uniform particles of a specific shape using
PRINT is to have robust master templates that contain the
repetitive features of interest. Currently, the repetitive rectan-
gular features have sizes ranging anywhere from 50@m to
70 nm, where the length can be varied in all three dimensions.
The features are placed far enough apart so that sufficient
room is left in between features in order to ensure enough
room is available to manage excess liquid in the final
PRINTing process when using liquids that have a contact
angle greater than 90 with the fluorinated substrate. This is
also balanced with the goal of closely packing as many features
into an area as possible to increase the throughput of PRINT.

To demonstrate the scale-up possibilities with the PRINT
process, a permanently etched master was made by transfer-
ring a repetitive, uniform shape from an epoxy based resist
onto a silicon wafer using conventional photolithography and
reactive ion etching processes. The pattern, now permanently
etched into the wafer with well resolved entities (Fig. 5A), can

be used repeatedly to make a large number of identical
elastomeric PFPE replica molds by photochemically curing the
dimethacrylate functionalized PFPE oligomer (Fig. 5B)*? The

PFPE replica molds were used to fabricate individual,
monodisperse particles using the PRINT process (Fig. 5C),
which were then harvested to produce colloidal suspensions.

To date, monodispersearticles from a wide range of particle
matrix materials have been fabricated using PRINT. PRINT
can be used to make such particles from polg(-lactic acid)
(PLA) and derivatives thereof such as poly(lactideso-glyco-
lide) (PLGA). It is well known that PLA and PLGA have had
a considerable technological impact on the drug delivery and
medical device industries because they are bioabsorbable and
non-toxic.>® Monodisperse PLA particles using PRINT were
fabricated by treating a small amount of the cyclic lactide
monomer, (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione, with
the FDA-approved polymerization catalyst, stannous octoate,
at 110 uC in a PFPE mold designed to fabricate 200 nm
particles. After polymerization was achieved, the PFPE mold
and the flat, non-wetting substrate can be separated to reveal
an array of monodisperse 200 nm trapezoidal particles (Fig. 6,
middle).

Additionally, monodisperse, shape-specific 200 nm trape-
zoidal particles from poly(pyrrole) (Ppy) were generated. Ppy
has been used in a variety of applications, ranging from
electronic devices and sensors to cell-scaffoldé. The Ppy
particles were fabricated in a one-step polymerization by
placing a drop of a 1 : 1 v/v solution of THF—pyrrole and
perchloric acid into the molding apparatus, followed by
vacuum evaporation of the solvent. Monodisperse 200 nm
Ppy trapezoidal particles as well as 3um arrows were
fabricated and harvested (Fig. 6, right).

As stated previously, PEG is a material of tremendous
interest to the biotechnology community due to its commercial
availability, non-toxic nature, and biocompatibility (Fig. 7).
PRINT can be used to produce monodisperse, nanometer and
larger scale PEG particles in a wide range of compositiong(g.
with various crosslink densities of the hydrogel, with
incorporation of cationically charged monomers, linking
groups, etc) by molding PEG-diacrylate liquid monomer

Fig. 6 SEM image of 200 nm monodisperse, shape-specific particles made from a highly cross-linked triacrylate resin (left); bioabsorbable
poly(lactic acid) (middle), and conducting poly(pyrrole) (right). Reprinted with permission from ref. 52. Copyright (2005) American Chemical

Society.
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