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The eruption of the design and use of “nanotechnology” in both the academic and industrial sectors has been quickly followed by the realization that the risks of such new materials have not been clearly identified.  The concerns that have been raised by the public sector have prompted clear commitments to research in this field--yet we still lack the research tools and methodology necessary to fully evaluate the emerging technologies.  The diversity of the platform of engineered nanomaterials having varied size, shape, composition, surface characteristics, and more requires equally tunable methods and standards to evaluate it. 
To date, researchers in the nanotechnology field have focused most of their efforts on inorganic particles (metals, metal oxides and quantum dots) or carbon-based systems (fullerenes and carbon nanotubes).  Generally, the diverse field of “organic” nanoparticles has largely been forgotten or even disregarded in favor of research centered around gold, silica, or titania nanoparticles, to name a few.  However, organic nanomaterials have the potential to offer the fine control needed for reproducible, definitive results in the laboratory through deliberate particle design.  Therefore, materials development toward the control over these aspects of novel nanomaterials is of paramount importance. 

Recent studies examining the toxicity of engineered nanomaterials in cell cultures and animals have shown that size, surface area, surface chemistry, solubility and possibly shape all play a role in determining the potential for engineered nanomaterials to cause harm. Fully understanding the implication of each of these variables on health and the environment requires an extensive set of tools and methodology.  Inorganic particles that are traditionally synthesized using nucleation and growth techniques offer some variability in size and shape, but minimal choices on composition and surface chemistry.  These nanomaterials as a whole fall far short of the ideal system needed to investigate health and safety issues.  While carbon nanotubes and buckyballs have continued to be hot topics of research, the properties of these materials are hardly representative of nanomaterials as a whole.  Thus, EHS studies focused on these materials will only be applicable to a small subset of the nanomaterials world.  Organic nanoparticles have traditionally been produced via self-assembly and emulsion techniques.  These routes allow for the encapsulation of cargo and some surface modification; however, all of these nanostructures are derived from “bottom-up” chemical approaches which yield heterogeneous structures having no shape specificity and little capability for the rational design of uniform vectors with specific form and function.  
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The microelectronics industry, on the other hand, has evolved over the last 25 years to the point where the shape-specific nanoscale features of an integrated circuit, such as transistors and interconnects, can be mass fabricated with spatial uniformity and precision within a few nanometers of variance.  Recent advances in imprint lithography have merged the precision and uniformity associated with the microelectronics industry with organic chemistry to yield an engineering-based alternative to producing [image: image2.png]Particle Replication in Non-wetting Templates
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monodisperse organic particles with complete control over surface and bulk properties.  These versatile, shape-specific organic carriers having specific chemical functionality and tailored mechanical properties can provide new, highly efficacious approaches nanoparticle safety studies.

These recent breakthroughs in the nanofabrication of organic particles to develop a delivery system for use in nanomedicine can be used to explore the health and environmental implications of nanotechnology.  The technique, called PRINT (Particle Replication in Non-wetting Templates), utilizes a unique class of fluoropolymers and breakthrough soft lithography methods, as is illustrated in Figure 1.  These fluoropolymers, known as perfluoropolyethers (PFPEs), are liquids at room temperature that can be photo-chemically cross-linked into elastomeric solids that enable high resolution imprint lithography, an emerging technique from the microelectronics industry, to fabricate organic particles.  The PRINT technology can uniquely make nanotechnology studies an á la carte approach with unmatched versatility.  PRINT allows for the precise control over particle size (20 nm to >100 micron), particle shape (spheres, cylinders, discs/platelets, toroidal), particle composition (organic/inorganic, solid/porous, textured/untextured), particle cargo (hydrophilic or hydrophobic therapeutic molecules, biologicals, peptides, proteins, oligonucleotides, siRNA, imaging agents such as MR contrast agents, positron emitters, fluorophores, etc), particle modulus (rigid, flexible, deformable) and particle surface properties (avidin/biotin complexes, targeting peptides, antibodies, aptamers, cationic/anion charges, stealth PEG chains for steric stabilization).

PRINT is actually an adaptation of the highly precise mass production technologies used today for the fabrication of nano-scale, silicon-based devices found in the microelectronics industry.  Truly monodisperse, shape-specific organic nanoparticles have never been fabricated before.  The uniformity of PRINT particles can be confirmed using dynamic light scattering (DLS) and scanning electron microscopy (Figure 2).  With the ability of the PRINT technology to precisely and independently control particle size, shape, composition, cargo, modulus, and surface properties, one question that we can easily answer is, “What interrelated role does shape, size and mechano-chemico functionality play on the bio-distribution of nanoparticles in vivo?”  As such, PRINT is a significant scientific and technological breakthrough which will allow the fabrication of heretofore inaccessible populations of nano-materials. PRINT is the only particle generation technique available that can generate particles with nanometer precision and as such could be used to develop a definitive biodistribution map of particles every 5 nanometers in size from 20 nm to 8 microns (the size of a red blood cell).  The modulus and the surface chemistry of the PRINT particles can be systematically varied to aid in the elucidation of the impact of a myriad of mechanical and chemical properties.  Designing methodologies for evaluating toxicity is more straightforward, due to the ease and flexibility of incorporating “tracking molecules” during fabrication.  By taking advantage of the delicate nature of PRINT, it is possible to incorporate a myriad of materials into the precursor PRINT polymer solution prior to particle formation, including imaging contrast agents (e.g. superparamagnetic iron oxide particles or Gadolinium), or organic dyes.  Furthermore, one can use traditional organic chemistry methods to surface functionalize the nanoparticles after fabrication to attach additional probe molecules, such as radiolabeled tracers.  The PRINT technology is amenable to high throughput, continuous fabrication techniques capable of producing kilogram quantities of the well-defined nanoparticles, enough material to conduct in vitro as well as in vivo studies.  

Understanding how the characteristics of the nanoparticles influence the biocompatibility, biodistribution and toxicity of nanoparticles and nanomaterials is exceedingly important for fabrication of safe and effective nanomaterials whatever their purpose.  We are developing a number of programs to elucidate the interaction of polymeric nanoparticles in vitro and in vivo, emphasizing the use of these nanomaterials as therapeutics. Preliminary cellular studies are focusing on the understanding how nanoparticle properties influences cell uptake, as well as the health and immunological response of the cells as a function of size, shape, composition, surface chemistry, and targeting strategies.  Initial in vivo work will focus on the biodistribution of polymeric nanoparticles again as a function of size, shape, composition, surface chemistry, and targeting strategies.  Impact of the route of exposure will also be investigated, as PRINT nanoparticles are amenable to a variety of dosage forms to assess respiratory tract, skin, digestive tract or injection routes to administration as well as the magnitude of the exposure.  This work will result in an improved understanding of the mechanism of interaction and transport for the nanomaterials in the body and in vitro and in vivo assays and models to aid in predicting biological responses to nanomaterial exposure.
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Figure 2:  Results of the PRINT Process. Top Row, left to right: A) SEM of an etched silicon wafer master template of 3 µm posts having a height of 1.7 µm; B) Cured PFPE mold of the master template shown in A; C) PFPE mold containing PEG particles prior to harvesting; D) Harvested and dispersed PEG PRINT particles. Bottom Row, left to right: E) SEM of an etched silicon wafer patterned with approximately 400 billion posts that are 100 nm in diameter and 400 nm tall; F) A cured PFPE mold of the silicon master template shown in E; G) 100 nm particles made using PRINT and transferred to a medical adhesive layer for surface functionalization and subsequent harvesting.
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Figure 1: Illustration of PRINT.  The master template (grey) is fabricated using advanced lithographic techniques (box, upper left).  A unique liquid fluoropolymer (green droplet) is then added to the surface of the master template (top row) where it has a positive spreading coefficient allowing it to wet the nanoscale features of the master template. While the liquid fluoropolymer is wetting the master template it is photochemically cross-linked and peeled away to generate a precise mold having nanoscale cavities (upper right). The low surface energy and high gas permeability of the PRINT mold enables the organic liquid precursor to the drug carrier particles (red) to fill the cavities (middle row) through capillary action but it does not form an inter-connecting “flash” layer of liquid wetting the land area between the cavities.  Such specific wetting and filling enables the fabrication of free-standing and harvestable particles which have the same precise shape of the master template they were derived from. Once the liquid in the mold cavities is converted to a solid using a wide range of gentle chemistries, the array of organic particles (red) can be removed (bottom row of the illustration) from the mold (green) by bringing the mold in contact with an adhesive layer (e.g. surgical adhesive, water soluble excipient layer) that enables the particles to be easily handled, chemically modified, and inspected/analysed (e.g. fluorescence spectroscopy).  At this point free flowing particles or stable dispersions of drug carrying particles can be obtained by dissolving away the adhesive layer from the red particles.











