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Abstract: A versatile “top-down” method for the fabrication of particles, Particle Replication In Nonwetting
Templates (PRINT), is described which affords absolute control over particle size, shape, and composition.
This technique is versatile and general enough to fabricate particles with a variety of chemical structures,
yet delicate enough to be compatible with sophisticated biological agents. Using PRINT, we have fabricated
monodisperse particles of poly(ethylene glycol diacrylate), triacrylate resin, poly(lactic acid), and poly(pyrrole).
Monodisperse patrticle populations, ranging from sub-200 nm nanopatrticles to complex micron-scale objects,
have been fabricated and harvested. PRINT uses low-surface energy, chemically resistant fluoropolymers
as molding materials, which eliminates the formation of a residual interconnecting film between molded
objects. Until now, the presence of this film has largely prevented patrticle fabrication using soft lithography.
Importantly, we have demonstrated that PRINT affords the simple, straightforward encapsulation of a variety
of important bioactive agents, including proteins, DNA, and small-molecule therapeutics, which indicates

that PRINT can be used to fabricate next-generation particulate drug-delivery agents.

Particle devices that possess programmed responses

tetructures is sensitive to the chemical composition of the particle

external stimuli and recognition events (i.e., “smart” particles) and could be adversely affected by the incorporation of
are necessary for many advanced delivery, targeting, andfunctional agent? On the other hand, “top-down” fabrication

recognition applicationk.# Furthermore, the morphology of the

of particles using lithography suffers from a lack of compatibility

particle (i.e., size and shape) needs to be engineered accordingvith organic materials because it typically requires processing
to the function of the particle agent. Ideally, the particle steps, such as reactive ion etching, baking, ultrasonication, and
morphology and composition should be co-designed to enhancesolvent processing, to define particle shape and remove residual
the utility of the device. Most current techniques for particle “scum layers” or sacrificial film£5-2! While these processing

fabrication are inherently incompatible with this seamless methods are well established in the semiconductor industry,

integration of form and function. For example, it is not

where hard, robust, inorganic materials are the norm, they are

straightforward to control morphology and structure using incompatible with organic materials that are delicate or that
“bottom-up” self-assembly techniques, such as liposomal en- contain biologically derived moieties. Rigorous processing

capsulatior?, heterogeneous polymerizatiént® and inorganic
colloid synthesidl~13 Energetically driven assembly of these
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techniques associated with the microelectronics industry, such
as ion etching or high-temperature annealing, will often lead to
the degradation of organic materidfssuch as biologically

derived particle cargos and molecular recognition elements.
Heretofore, no single particle fabrication strategy to date has
afforded the rigorous control of size, shape, composition, and
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Figure 1. lllustration of the PRINT process compared to traditional imprint lithography in which the affinity of the liquid precursor for the surface results
in a scum layer. In PRINT, the nonwetting nature of fluorinated materials and surfaces (shown in green) confines the liquid precursor insidestloé¢ featu
the mold, allowing for the generation of isolated particles.

chemical structure that would be necessary to fabricate andfabrication methodologies employed by the microelectronics
harvest organic particles. industry—for fabricating delicate organic particles necessary for
Here, we report a very general technique, Particle Replication use in nanomedicine and other emerging nanotechnologies.
In Nonwetting Templates (PRINT), for the fabrication of  Here, we have used photocurable perfluoropolyether (PFPE)
monodisperse particles with simultaneous control over structure molds to emboss liquid precursor compounds using highly
(i.e., shape, size, composition) and function (i.e., cargo, surfacefluorinated surfaces that are nonwetting to organic materials,
structure). To demonstrate the utility and generality of PRINT which enables the fabrication of isolated objects with superior
for particle generation, we have fabricated monodisperse, shape and composition control but without harsh processing
multifunctional particles from technologically relevant materials, steps (Figure 1). We have previously demonstrated that these
including poly(ethylene glycol), polgtlactic acid), poly-  PFPE molds have superior replication properties for use in
(pyrrole), and a triacrylate resin, with sizes below 200 nm and lithographic applications in the microelectronics industry,
with precise shape control. The compatibility of PRINT with including sub-50 nm lateral resolution, clean surface release,
fragile biological cargos and recognition agents is demonstratedand precise control over replication morpholdgynlike other
by incorporating DNA, proteins, and small-molecule therapeu- materials, such as poly(dimethylsiloxane) (PDMS), PFPE-based
tics into sub-200 nm poly(ethylene glycol) nanoparticles using molds are both nonwetting and nonswelling to both inorganic
a simple and general encapsulation technique. The ability to and organic materiaf. Though PRINT is akin to other soft
independently control particle characteristics, such as size, shapelithographic molding methods, it is unique because it produces
composition, cargo, and surface structure, makes PRINT jsolated particles instead of embossed films. This is especially
uniquely suited to fabricate particles for many applications.  important as one gets to nanometer size ranges because the
PRINT addresses many of the fundamental shortcomings of dimensions of the desired objects approach the dimensions of
other particle fabrication methods. It enables the top-down the residual film, typically called a “scum layer” or “flash
fabrication to below 100 nm dimensions with orthogonal control |ayer” 16-1° Other soft lithographic molding techniques typically
of size, shape, and composition by taking advantage of produce scum layers because the material to be molded has
significant advances in “soft lithographic” molding technology
that were developed to achieve this goal. This scalable method(22) Rolland, J. P.; Hagberg, E. C.; Denison, G. M.; Carter, K. R.; DeSimone,
to generate and harvest nanoparticles enables the possibility of,, ., J; M- Angew. Chemint. Ed. 2004 43, 5796-5799.

B X N . X K (23) Rolland, J. P.; Van Dam, R. M.; Schorzman, D. A.; Quake, S. R.; DeSimone,
a “particle foundry*-the functional equivalent of the continuous J. M. J. Am. Chem. So@004 126, 8349-8349.
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significant interfacial interactions with the surface and the mold.
PRINT is able to produce isolated, harvestable “scum-free”
objects because the highly fluorinated elastomeric mold and the

downward pressure is applied, and 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. This is in contrast to traditional imprint

lithography with PDMS, silicon, glass, or quartz molds, where |
it is difficult to eliminate this residual material between objects.

Results and Discussion

To demonstrate the utility and flexibility of PRINT, shape-
specific organic particles composed of four different materials
were generated from a variety of engineered silicon master
templates. First, silicon master templates were either made by
conventionally transferring a repetitive, uniform shape from a
poly(methyl methacrylate) (PMMA) resist that was patterned
using e-beam lithography into a silicon wafer or by acquiring
commercially available master templates (Figures 2A and 3A,B,
and Supporting Information). Second, elastomeric PFPE replica

molds of the silicon master templates were generated by — _ _ . )
photochemically curing a dimethacrylate-functionalized PFPE F/9ure 2. Trapezoidal-shaped particles fabricated using the PRINT process.

. . - (A) SEM image of the original trapezoidal silicon master (200 nm feature
oligomer that was pooled onto the various silicon master sjze) used to generate the PFPE mold that was used to generated the 200
templateg? The PFPE replica molds were used to fabricate and nm trapezoidal particles. (B) SEM image of 200 nm trapezoidal PLA

harvest individual, monodisperse, nanometer scale particles inPa”iC'eSf- _(C)I SE(;V'ZiB"Oage of 200 n'_rg FI’PY tfaFl’eZOidﬁ“ _pi‘ﬂ”iC'esd- ED) SEMd
. . image of isolate nm trapezoidal triacrylate particles and harveste
a variety of shapes by using the PRINT process. mechanically using a doctor blade. The ability to harvest particles offers

Poly(-lactic acid) (PLA) and derivatives thereof, such as conclusive evidence for the absence of a scum layer. (E) SEM image of an
poly(lactideeo-glycolide) (PLGA), have had a considerable atter_npted harves_,ting of 200 nm trapezoidal tri_acrylate particles that are
impact on the drug delivery and medical device communities not isolated but instead are interconnected with a scum layer, offering

. . . conclusive evidence that the particles in B, C, and D are isolated, shape-
because they are bioabsorbable and nontoxic. To fabricatespecific objects. (F) Fluorescent confocal micrograph of 200 nm trapezoidal
monodisperse PLA particles using PRINT, a small amount of PEG nanoparticles containing 24-mer oligonucleotides tagged with CY-3
(39)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione with stannous oc- fluorescent dye.

toate catalyst was heated to 110 and molded in its liquid

state. After polymerization was achieved, the PFPE mold and Ization. Becaus'e'the mqrphology of the particles is cpntrolled
by the master, it is possible to generate complex particles on a

:jhlse lfé’engg\ger:?%rzuzg%; Wirretzicslssaz;ifds:%r:ﬁzfoﬂ Tg:g;variety of length scales (Figure 4). Confirmation of the structural
(Fipures 2B and 3C) P P similarity between the silicon master and replicate PEG particles
g ' . was confirmed via atomic force microscopy (AFM) and is

To further demonstrate the versatility and breadth of the illustrated in Figure 3B,D, respectively
PRINT technique, we chosg to generate specifically shaped With the PRINT meth'oo,lology particle harvesting is straight-
particles of 200 nm trapez.0|ds from pqu(pyrrole) (PPY)' PPy forward and can be accomplished by simply gliding a doctor’s
has been used in a variety of applications, ranging from blade across the flat substrate. Figures 2D and 3E show
: : s ! .
glsctronltc_ Ol'e"'c‘?s and sttens%nx;? cell s_caféglgs?. \INe_fabncgted successful harvesting of triacrylate nanoparticles. This mechan-
y particies via one-step polymerizativhy placing a drop ical harvesting procedure lends itself to continuous fabrication
of a 1:1 v/v solution of THF:pyrrole and perchloric acid into

the molding apparatus, followed by vacuum evaporation of the processes using PFPE molds in a conveyor belt-like apparatus.
. ’ . . Figure 2E shows an attempted harvesting of triacrylate particles
solvent. Monodisperse 200 nm PPy particles were fabricated 'au W P ng acry part

with good fidelity (Figure 2C). that are interconnected by a scum layer, which prohibits the

v(ethyl veol . Al of q isolation of discrete objects. A comparison of Figure 2E with
Poly(ethylene glycol) (PEG) is a material of tremendous Figures 2D and 3E offers conclusive evidence that PRINT

interest to the biotechnology community due to its commercial nanofabrication leads to truly isolated objects. Further evidence

availability, nontoxic nature, and biocompatibility. Here, PRINT ¢ 6 jsolated nature of these particles is shown in Figures 2D,F,
was utilized to produce monodisperse, nanometer scale PEGSF,G, and 4B, where vacancies within the particle array and

pargcles in a variety of shapes by molding a PEdiacrylate disruptions of its regular structure are observed. Vacancies arise
liquid monomer followed by room temperature photopolymer- from isolated particles remaining in the PFPE mold (most

probably due to mechanical entrapment by the walls of the

(24) Trojanowicz, M.Microchim. Acta2003 143 75-91.

(25) Schmidt, C. E.; Shastri, V. R.; Vacanti, J. P.; LangerPRic. Natl. Acad. mold), and the disruptions of the regular array occur when
Sci. U.S.A1997 94, 8948-8953. Fi ; i

(26) Su, M.; Aslam, M.; Fu, L.; Wu, N. Q.; Dravid, V. Rppl. Phys. Lett. I|m|t_ed adhesion between t_he particles and the mold causes the
2004 84, 4200-4202. particles to be moved during mold release. We are currently
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for multiple molding experiments and have seen no degradation
of the replicate morphologies.

Using PRINT, we are able to introduce a wide range of
particle cargos, including oligonucleotides, proteins, and small-
molecule pharmaceuticals, to generate functional nanobioma-
terials. We have arguably generated DNA delivery vectors that
are, themselves, first-generation “synthetic viruses” (monodis-
perse populations of shape-specific particles containing DNA).
Furthermore, these biomolecule-containing particles could be
used as nanoscale, shape-specific bioseffséfsor next-
generation therapeutic ageAt8.Encapsulation of the fluores-
cently labeled, 24 bp oligonucleotide in 200 nm trapezoidal
particles was accomplished by adding it to a PEiBacrylate/
water precursor solution and molding this mixture as described
earlier. Using this methodology, therapeutic cargos and particle
matrix precursors are co-sequestered within the patterned regions
of the PFPE molds. We were able to confirm the encapsulation
of the oligonucleotides by observing fluorescence from mono-
disperse particles using confocal microscopy (Figure 2F).
Similarly, we have applied this method to other important
compounds, including proteins and small-molecule therapeutics.
The encapsulation of fluorescently labeled avidin (MW 68 000
Da) in 500 nm conical particles is shown in Figure 3F, and
Figure 3G shows the encapsulation of doxorubicin, which is
an important chemotherapy agent. PRINT has several distinct
advantages over other vector fabrication techniques in that the
particles are monodisperse and shape-specific. In addition, no
surfactants, condensation agents, etc. are required for encapsula-
tion using this simple methodology. Given the simplicity of the
Figure 3. Conical-shaped particles fabricated using the PRINT process. PRINT process, we anticipate that we can encapsulate a host
(A) SEM image of the original conical-shaped silicon master (500 nm feature Of important agents (e.g., gene fragments, pharmaceuticals, cell-
size) used to generate the PFPE mold that was used to generate the 500 nmenetrating peptides, viruses). Because of the range of chem-
conical-shaped particles. (B) Representative AFM image of silicon master istries compatible with the PRINT process, we also expect to
cones. (C) SEM image of 500 nm conical-shaped PLA particles generated . . .
by using PRINT. (D) AFM image of replicate PEG particles. (E) SEM D€ able to decorate the surface of the particles with targeting
image of conical triacrylate particles that ar0 nm at the tip and harvested  ligands and other structurés-urthermore, the simplicity of
mechanicall_y using a doctor blad(_a. (F) FIUO(e_scent pqnfocal micrograph of pRINT allows for the straightforward adjustment of particle
500 nm conical-shaped PEG particles containing avidin (68 000 Da) tagged . . . .
with FITC fluorescent dye. (G) Fluorescent confocal micrograph of conical propertles,.s.uch as cross-link density, charge, and composition
PEG particles containing doxorubicin. by the addition of other reagents.

One of the key advantages of the PRINT process is the
intrinsic gentleness of the method, especially toward the delicate
cargos encapsulated within the particles. We have confirmed
that the biological activity of specific cargos can be maintained
during PRINT encapsulation by performing biotin-binding
experiments with avidin-containing particles. Briefly, fluores-
cently labeled avidin (CY-3 fluorescent dye) was encapsulated
in 500 nm conical PEGacrylate PRINT particles (70% PEG
diacrylate, 30% PEG&monomethacrylate) as described previ-
ously. The PEGmonomethacrylate was added to the particle
formulation to increase the mesh size of the particles, which
enhances the biotin diffusion rate. These avidin-containing
PRINT particles were exposed to a fluorescein-labeled biotin
solution for 30 min, washed with water, and observed using
confocal microscopy. As shown in Figure 5, CY-3-labeled

10 p0m

(27) Meiring, J. E.; Schmid, M. J.; Grayson, S. M.; Rathsack, B. M.; Johnson,

Figure 4. Manipulation of shape using PRINT: (A) 200 nm trapezoidal D. M.; Kirby, R.; Kannappan, R.; Manthiram, K.; Hsia, B.; Hogan, Z. L.;
PEG particles; (B) 200 nnx 800 nm bar PEG particles; (C) 500 nm conical 52?4952288\ D.; Pishko, M. V.; Willson, C. GChem. Mater2004 16,

PEG particles that are50 nm at the tip; (D) 3um arrow PEG particles. (28) Revzin, A.; Russell, R. J.; Yadavalli, V. K.; Koh, W. G.; Deister, C.; Hile,

. L. D. D.; Mellott, M. B.; Pishko, M. V.Langmuir2001, 17, 5440-5447.
developing methods to optimize the release of the molds to (29) Russell, R. J.; Pishko, M. V.; Gefrides, C. C.; McShane, M. J.; Cote, G. L.
H _ i _ Anal. Chem1999 71, 3126-3132.
fabricate error free particle arrays. Importantly, PFPE-based 30) Sirkar, K.: Pishko, M. VAnal. Chem1998 70, 28882894,
elastomeric molds are very robust; we have used the same mold31) Quick, D. J.; Anseth, K. SI. Controlled Releas2004 96, 341—-351.
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Figure 5. Confocal micrographs showing encapsulation and binding of fluorescently labeled avidin/biotin complexes within 500 nm conricalriP&®
particles. (A) Fluorescence image of particles with encapsulated CY-3-labeled avidin. (B) Fluorescence image of fluorescein-labeledugatesc¢n)
Differential image contrast micrograph showing the locations of the P&sBylate particles. (D) Overlay of the fluorescence images in A and B, showing
co-localization of the avidin and biotin.

avidin (red) was co-localized with fluorescein-labeled biotin tion in a relevant size range for drug deliverg200 nm),
(green), which indicates preferential binding of biotin to the sensing, and other applications. Finally, PRINT can be readily
avidin-containing particles. Control experiments with PRINT employed in a continuous manner (e.g., to enable larger
particles that were identical in all regards, except that they did quantities of particles for extended analysis, such as for clinical
not contain encapsulated avidin, showed no binding of biotin trials) through simple modifications to existing soft lithography
(see Supporting Information). These results suggest that biologi-roller technology? or silk screen printing methods.
cal biotin/avidin recognition is preserved during PRINT pho-
toencapsulation, which is consistent with a variety of previous
studies which demonstrate the preservation of biological activity
of proteing’—30 and DNA! after UV photopolymerization within
PEG—acrylate-based hydrogels.

PRINT is a highly versatile method for the production of
isolated, monodisperse organic particles of nearly any size and
shape that contain delicate organic functional agents. The shape

chosen in this wqu were engineered nonar_bltrary shapes, bUtobtaunlng an AFM calibration standard. We would also like to
PRINT could easily be used to mold and replicate shapes found . . . .
. . . thank Peter Allen for assistance with the preparation of Figure
in nature, such as viruses, crystals, and proteins, or could be . .
. . . : 1. Partially supported by the Office of Naval Research, the STC
extended beyond the biological realm to fabricate monodisperse - . . -
program of the National Science Foundation, and the William

particles for taggants, imaging agents, and other applications. S .
The fact that particles were made using three different synthetic R. Kenan Jr. Distinguished Professorship.

schemes (free radical polymerization, metal-catalyzed high-  Supporting Information Available: Experimental methods,
temperature reaction, oxidative coupling using strong acid) images of 200 nm trapezoidal masters, and detailed descriptions
demonstrates that PRINT is chemically flexible and tolerant. and images of the biotin/avidin binding control experiments.
The facile, biocompatible encapsulation of DNA, proteins, and This material is available free of charge via the Internet at
small-molecule therapeutics suggests that PRINT could be usedhttp:/pubs.acs.org.

to encapsulate many cargos simply by dispersing them into the
precursor solution, followed by solidification. These studies
demonstrate orthogonal control over size, shape, and composi{32) Xia, Y. N.; Qin, D.; Whitesides, G. MAdv. Mater. 1996 8, 1015-1017.
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