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Abstract
The PRINT® (pattern replication in non-wetting templates) process has been developed as a simple,
gentle way to pattern films or generate discrete particles in arrays out of either pure biological materials
or biomolecules encapsulated within polymeric materials. Patterned films and particle arrays can be fabricated in a wide array of sizes and shapes using Fluorocur® (a UV-curable perfluoropolyether polymer)
from the nanometer to micron scale.
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1. Introduction
Arrays of proteins and nucleic acids have found many applications
from fundamental research to medical devices and drug delivery
(1, 2). Proteins and DNA arrays used in high-throughput analyses
allow rapid analysis of gene or protein expression either for diagnostics or fundamental biological research (1). Also, patterned
2D and 3D films of biomolecules can be used as substrates for cell
growth and tissue engineering (3).
Novel techniques developed for material science have now
found utility in these life sciences applications with the ability to
produce micro- and nanopatterned films and arrays. Beyond patterned surfaces, adaptations of soft lithography have recently been
developed that can lead to the formation of discrete particles with
controlled size and shape. Even arrays of pure biological molecules
or mixtures of biological molecules in polymers can be used to
generate discrete, size- and shape-controlled particles for drug
delivery (4).
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1.1. Background
of Patterned Surfaces

The majority of soft lithographic methods used for preparing
arrays of biological materials employ polydimethylsiloxane
(PDMS) molds. Crosslinked PDMS is a good material for these
applications due to its low toxicity, high flexibility, gas permeability,
and low surface energy. Microcontact printing or microtransfer
molding uses patterned PDMS brought into contact with a polymer,
protein, or DNA solution followed by transfer onto a suitable
substrate (1, 3). The channels or cups of a mold can be filled
using capillary forces between the fluid and the mold, which creates a pattern of the molded material on a suitable substrate after
evaporation or curing step (3, 5). Also of note are the step and flash
techniques using fluorinated glass stamps to create a patterned
film of DNA or proteins entrapped in a curable matrix, which is
then subjected to oxygen plasma to remove excess polymer
between the features (6).

1.2. Breakthrough
for Particle Generation

While PDMS molds are utilized with great success in preparing
patterned arrays, alternative mold materials, such as crosslinked
perfluoropolyethers (PFPE) (Fluorocur® molds, Liquidia Tech
nologies, Inc.) can provide distinct benefits in creating patterned
films and discrete particle arrays. PFPE materials (7, 8) have three
clear-cut advantages over PDMS based materials: (1) PFPE’s
have an extremely low surface energy, thus allowing for complete
filling of the mold cavities without wetting the land area above
the cavities. This results in the formation of discrete particles
without an inter-connecting flash layer. (2) PFPEs are non-swelling
to organic liquids; therefore, providing greater flexibility in
design of particle arrays, enabling one to engineer in surface chemistries, degradation characteristics, and deformability. (3) PFPEs
naturally have Teflon™-like characteristics allowing for an easy
removal of the particle arrays from the PFPE mold. These charac
teristics, along with Fluorocur resin’s ability to replicate features
down to the nanometer scale make it an ideal material for use in
molding.
The PRINT® (pattern replication in non-wetting templates)
platform technology utilizes the molding advantages of PFPE to
offer precise engineering of feature size, shape, composition, and
functionality (4, 9–16) Unlike many other nanoparticle and nanoarray fabrication techniques, the PRINT process is versatile and
mild enough to be compatible with virtually any biological materials. In fact, the PRINT technology is so gentle, that it can be used
to mold polymer micelles, carbon nanotubes, and even biological
material such as adenovirus with 0.4 nm resolution (10). Moreover,
the inherent mild conditions of the PRINT process can be leveraged to fabricate nanoarrays of pure biological materials (4) or
blends of GRAS materials and proteins or oligonucleotides (9, 14,
17). The beauty of the PRINT technology is its flexibility which
allows for the solidification of molded materials by lyophilization,
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solvent evaporation, photocuring, thermal curing, or crystallization
inside the individual cavities of a Fluorocur mold (4, 9–17). These
discrete objects inside a mold can be harvested onto a substrate,
yielding a nanoarray of biological or organic materials. The
PRINT technology has been used to make discrete particles in an
array out of pure biological materials such as insulin and albumin (4). Protein dissolution experiments are identical between
native protein and molded protein indicating no crosslinking or
aggregation occurring during particle fabrication in the PRINT
process (4).
Nanoarrays of particles containing biological material as a cargo
have been generated using the PRINT process. Particles in these
arrays are typically fabricated from biocompatible materials such as
poly(ethylene glycol) (PEG), poly(lactic-co-glycolic acid) (PLGA),
or poly(vinyl pyrrolidone) (PVP) combined with a bioactive oligonucleotide (9). Oligonucleotides including ssDNA, pDNA, siRNA
as well as proteins have been successfully entrapped as a cargo
within PRINT particle arrays. Proof of this encapsulation can be
observed by fluorescence microscopy when fluorescently labeled
proteins or oligonucleotides are molded in these types of polymer
matrices. Functional cell-based assays can then be used to test for
nucleic acid activity.
Moreover, the PRINT process allows for direct conjugation
(17, 18) of ligands such as proteins, antibodies, carbohydrates,
and peptides to the surface of each individual particle in the array.
For direct conjugation, nanoarrays must be designed to incorporate a reactive species, such as a primary amine, on the surface of
each discrete particle. Surface primary amines can easily be conjugated to a variety of electrophilic molecules, often sold as kits
from biochemical vendors. Alternatively, avidin can be attached to
the reactive species on the particle’s surface followed by exposure
to any biotinylated species.
Potential applications of nanoarrays of precisely molded bioactive materials are virtually endless (17) Surface ligands can be
used to illicit an immune response, to probe cell-specific interactions, or study cell adhesion. In fact, these surface-modified nanoarrays can be used to probe everyday biological interactions and
recognition events. In healthcare, these biological arrays can be
used to develop treatments by pathogen detection and characterization, to evaluate and diagnose disease susceptibility and progression with protein–protein and protein–ligand interactions,
and to discover potential therapeutic targets faster and more accurately than present techniques (17). In genetics, arrays of biomolecules or bioactive ligands could be used to determine special
biomarkers in serum or urine for personalized medicine; genetic
identification, and even forensics. If the arrays are harvested, the
resulting monodisperse, discrete particles can be used as non-viral
gene delivery vectors or shape-specific biosensors (5).
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2. Materials
2.1. Materials Needed
for Mold Fabrication

Fluorocur® resin was received from Liquidia Technologies, Inc.
2,2-diethoxyacetophenone photoinitiator was purchased from
Aldrich and the ELC-4001 UV lamp (l = 365 nm at >20 mW/
cm2) was purchased from Electro-lite corporation.

2.2. Particle
Components, Solvents,
and Reagents
for Monomer
Synthesis

Major components of particle synthesis include trimethyloylpropane
ethoxylate triacry late (MW = 428 g/mol) (Aldrich); poly(ethylene
glycol) monomethylether monomethacrylate (MW = 1,000 g/mol)
(Polysciences); Poly(ethylene glycol) diacrylate (MW = 400 g/mol)
(Aldrich); bis(ethyl methacrylate)disulfide was prepared as previously
described (19); 2-aminoethylmethacrylate hydrochloride (AEM.
HCl) (Aldrich); and acryloxyethyltrimethylammonium chloride
(Aldrich). Components such as fluorescein-o-acrylate (Aldrich)
and Polyfluor 570 (Polysciences) are incorporated for a fluorescent tag on the particles. DEAP, or 2,2-diethoxyacetophenone
(Aldrich) is used as a photoinitiator. In preparing reactive monomers, 1,1¢ carbonyl diimidazole (Aldrich) and Poly(ethylene glycol) monomethacrylate (MW = 485 g/mol) (Polysciences) are
used. Common solvents for particle synthesis include 2-propanol
(Acros Organics), DMSO (Acros Organics), PBS (Ambion),
Acetonitrile (Fisher Scientific), Methanol (Fisher Scientific), and
N,N-dimethylformamide (Acros Organics). Biomolecules used as
cargo have included Albumin (Sigma), fluorescein-isothiocyanatelabeled avidin (68 kDa) (Sigma), Cy-3-labeled avidin (68 kDa)
(Sigma), and DNA oligonucleotide 18 mer, sequence GCT ATT
ACC TTA ACC CAG containing a 3¢ fluorescein label (synthesized at Lineberger Comprehensive Cancer Center Nucleic Acids
Core Facility at UNC).

2.3. Harvesting
Materials

Filters used to filter solvents or particles include 0.22-mm PTFE
filter (Millipore) and 25 mm pore size filters (Fisher Scientific).
Particles can be collected on 100 nm pore size PVDF centricon
tubes (Millipore). Removing particles from the mold can be
accomplished with poly(cyanoacrylate) (Aldrich) or mechanical
force with Large Glass Microscope Slides (Fisher Scientific) and
solvents such as acetone (Fisher Scientific), chloroform (Fisher
Scientific), or water (Ambion).

2.4. Reagents
for Surface Treatment
of Particles

Particles with reactive end groups can be post-treated with AlexaFluor 488-labeled streptavidin (Invitrogen) or ethanolamine
(Aldrich). FITC-biotin (Invitrogen) can then be reacted with avidin
on the particle surface.

2.5. Reagents for
Particle Degradation

If the particle composition includes disulfides, they can be cleaved
with dithiothreitol (Acros).
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3. Methods
3.1. Description
of the PRINT
Process (9)

As mentioned above, the PRINT process (or Particle Replication in
Non-Wetting Templates) is the first general method to accurately
and gently mold size- and shape-specific features from most any
material (9). This process begins with the fabrication of a Fluorocur
mold from a patterned surface (Fig. 1), such as a nanopatterned
silicon master generated by traditional imprint lithography techniques (9). Fluorocur molds can then be filled with a variety of
organic materials comprised solely of biomolecules, mixtures of
biomolecules and GRAS materials, or even polymers alone (Fig. 2).
This particular example describes the fabrication of nanoarrays
comprised of poly(ethylene glycol)-based materials.

Fig. 1. (a) Fluorocur resin is poured over a patterned silicon wafer. (b) The resin is solidified on the wafer. (c) The mold is
peeled away revealing a perfect imprint of the patterned silicon wafer. (d) SEM image of a patterned silicon wafer.
(e) SEM image of a Fluorocur mold generated from the patterned silicon wafer on the left.

Fig. 2. (a) First, the material to be molded is spread evenly across the mold using a roller. (b) The excess material is removed
from the mold surface, leaving filled cavities without any material on the land area of the mold. (c) The liquid in the mold
cups is solidified. (d) Discrete particles are harvested from the mold, producing a nanoarray on a sacrificial adhesive layer.
(e) The nanoarray can be disrupted by dissolving the adhesive layer, leaving monodisperse nanoparticles in solution.
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3.1.1. Fabrication
of a Fluorocur Mold (11)

1. 20 mL of Fluorocur® resin (Liquidia Technologies, Inc.)
combined with a photoinitiator, such as 0.1 wt% 2,2-diethoxyacetophenone, is poured over the surface of an 8 in. silicon
master containing 200 × 200 nm cylindrical posts and allowed
to wet the surface completely.
2. The resin, now completely covering the master, is purged
with nitrogen gas for 3 min and then subjected to UV light
(l = 365 nm at >20 mW/cm2) while remaining under a nitrogen
gas purge for two additional minutes.
3. The cured resin can be easily peeled off of the silicon master,
yielding a mold with a perfect imprint of the patterned surface
(Fig. 1).

3.1.2. Fabrication
of Particles in an Array
from a Fluorocur Mold
(11, 13, 20)

1. A mixture containing 67% trimethyloylpropane ethoxylate
triacrylate (MW = 428 g/mol), 20 wt% poly(ethylene glycol)
monomethylether monomethacrylate (MW = 1,000 g/mol),
10 wt% 2-aminoethylmethacrylate hydrochloride (AEM⋅HCl),
2 wt% fluorescein-o-acrylate, and 1 wt% 2,2-diethoxyacetophenone was diluted to 10 wt/vol% solution in 2-propanol.
2. This solution is then deposited onto a mold containing
200 × 200 nm cylindrical cavities, laminated with a polymer
sheet, and the polymer sheet is removed to yield filled mold
cavities.
3. The filled Fluorocur mold is purged with nitrogen for 2 min
followed by exposure to 365 nm UV irradiation at >20 mW/
cm2 for an additional 2 min.
4. After curing, the particles are removed from the mold using a
medical adhesive such as poly(cyanoacrylate). Images of
nanoparticle arrays (9) of various sizes composed of polyethylene glycol based materials are shown in Fig. 3.

3.2. Methods
for Fabrication
of Protein Arrays
and Particles (4)

1. A 25 wt% of albumin was prepared by dissolving 25 mg lyophilized powder with 75 mL H2O.
2. This solution was spotted directly onto a Fluorocur mold
(patterned with 200 × 200 nm cylinders) at the contact point
of the patterned molded and an unpatterned polyethyleneterephthalate film affixed at the nip point on a laminator.
3. The solution was laminated between the mold and the PET
sheet at a speed 0.25 ft/min and a pressure of 50 psi. The
PET and mold were separated at the far side of the nip.
4. The solvent was allowed to evaporate from the filled mold by
maintaining the arrays exposure to the atmosphere.
5. To harvest discrete particles from the protein array in the
Fluorocur mold, 2 mL of a non-solvent (in this case chloroform) was placed on the mold surface and the particles were
removed by slowly scraping the surface with a glass slide.
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Fig. 3. PEG-based particles in various sizes and shapes (9). (a) 200 × 200 nm trapezoidal
particles. (b) 200 × 800 nm rod-like particles. (c) Conical particles with a 500 nm base
and a 50 nm tip. (d) 3-mm-sized arrows.

6. To harvest the discrete protein particles in an array on a glass
substrate, a small quantity of cyanoacrylate was laminated
between the surface of the filled mold and a glass slide.
7. After the polymerization of cyanoacrylate was completed, the
mold was slowly peeled from the surface of the glass yield a
patterned array of discrete protein particles.
8. The particles can then be released from the array by dissolving
the adhesive (see Fig. 4).
3.3. Fabrication
of Organic
Nanoparticle Arrays
with Encapsulated
Protein

Encapsulation of biomolecular cargo such as proteins (9, 14, 17)
is straightforward using the PRINT process. In one example,
avidin is blended with PEG diacrylate and solidified to yield a
protein embedded in a biocompatible polymer matrix. To make
this nanoarray (9) follow the steps outlined below:
1. Dissolve 1 mg of Cy-3-labeled avidin (68 kDa) in 1 mL of
water.
2. 50 mL of this solution is then mixed with 20 mL of PEG400
diacarylate monomer containing 1% photoinitiator.
3. This mixture is concentrated to remove the water completely.
4. Since the concentration in step 3 produces a cloudy suspension, 20 mL of water, the minimum amount of water necessary
to obtain a clear solution, is added back.
5. The PEG solution containing avidin is then thinly spread
across a mold containing cones with a 500 nm base and a
50 nm tip.
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Fig. 4. Albumin particles harvested on a cyanoacrylate layer.

Fig. 5. Images of conical poly(ethylene glycol) particles with a 500 nm base and a 50 nm tip. (a) Fluorescence image of
Cy-3-labeled avidin encapsulated within the PEG matrix. (b) Fluorescence image of FITC-labeled Biotin associated with
the array. (c) Overlap of the two images in (a) and (b) showing that the avidin and biotin are co-localized.

6. The mold is sandwiched against a fluorinated surface and
pressure (100 N/cm2) is applied to squeeze out any excess
protein/PEG glycol solution.
7. While remaining under pressure, the sample is purged with
nitrogen and exposed to UV light at 365 nm for 10 min.
8. Removal of the mold left the avidin-containing nanoarray on
the fluorinated substrate (Fig. 5a).
3.3.1. Activity Retained
of Avidin Encapsulated
in Nanoparticle
Arrays (9, 14)

In an effort to demonstrate that the avidin protein maintained its
integrity, an array containing Cy-3-labeled avidin-containing
poly(ethylene glycol) particles were fabricated from a mixture of
PEG acrylates) (3).
1. 70% PEG400 diacrylate and 30% PEG1000 monomethacrylate
were mixed with Cy3-labeled avidin and molded as described
above (Fig. 5a).

Micromolding for the Fabrication of Biological Microarrays

257

2. Fluorescein-isothiocyanate-labeled biotin was exposed to the
nanoarray of avidin-containing poly(ethylene glycol) particles
for 30 min and then washed well with water to remove any
unbound biotin.
3. As evident in Fig. 5b, c, the biotin binds with the avidin in the
nanoarray and is only localized on the nanoparticles not in
the area in between particles.
3.4. Conjugation
of Avidin
to Nanomolded
Poly(Ethylene Glycol)
Particles (17, 18)

In addition to fabricating nanoarrays out of pure protein or mixtures of protein and polymers, it is also possible to attach proteins
to the surface of biocompatible nanoarrays. In order to fabricate
these nanoarrays, a suitable biocompatible material should be
chosen that contains a reactive end group that can serve as a point
of attachment after array fabrication. In this example, arrays of
triacrylate-based particles containing a reactive carbonyl imidazole
group are fabricated as described below.
1. Poly(ethylene glycol) monomethacrylate (MW = 485 g/mol) is
treated with 1,1¢ carbonyl diimidazole to produce the reactive
monomer, PEG485 carbonyl imidazole monomethacrylate (18)
as shown in Fig. 6.
2. A solution of 59 wt% poly(ethylene) glycol428 triacrylate is
mixed with 40 wt% PEG485 carbonyl imidazole monomethacrylate and 1% 2, 2¢-diethoxyacetophenone photoinitiator.
3. This mixture is then spotted onto a Fluorocur mold with
200 × 200 nm cavities and covered with a plastic sheet.
4. The plastic sheet is then removed leaving a mold with filled
cavities.
5. Next, the filled mold is subjected to a nitrogen purge for
2 min followed by UV exposure (l = 365 nm, 20 mW/cm2)
for an additional 2 min.
6. The discrete particles in the mold can be removed onto a
cyanoacrylate harvesting layer by first placing a drop of cyanoacrylate onto a glass slide followed by lamination of the slide
to the mold surface.
7. After allowing the cyanoacrylate to polymerize (5 min),
the mold is removed leaving an array of nanoparticles on the
glass slide.

Fig. 6. Reaction of poly(ethylene glycol) monomethacrylate (MW = 485 g/mol) with carbonyl diimidazole to produce the
reactive monomer, PEG485 carbonyl imidazole monomethacrylate.
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8. If desired, the particles can remain in the array for surface
functionalization or be released into solution by exposure to
acetone.
9. The resulting 200 × 200 nm particles dispersed in DMSO are
then exposed to a 0.7 mg/mL solution of Alexa-Fluor
488-labeled streptavidin in PBS (18).
10. After stirring for 14 h at room temperature, the particle solution was treated with ethanolamine to quench any remaining
reactive end groups.
11. The particle solution was diluted 3× in deionized water, filtered through a 25 mm pore, and collected on a 100 nm pore
size filter membrane.
12. After concentration via centrifugal filtration, the particles are
resuspended in fresh water and imaged by fluorescence
microscopy to see if the avidin conjugation was successful.
13. Alternatively, the nanoarray could be treated directly with the
protein solution for a period of time, and then wash with
water to obtain conjugation of the protein to the nanoparticle
surface while remaining in the array.
14. If labeling of one side only is desired, it is possible to treat the
single exposed side of the nanoarray while the individual particles remain in the Fluorocur mold. Treat the exposed side of
the array with the protein solution for a period of time and
wash with water to obtain an array of particles with one
labeled side. It is of course possible to collect these particles
in solution as mentioned earlier in this section.
3.5. Encapsulation
of Oligonucleotides
in Organic
Nanoparticle Arrays

1. A solution of UV-curable monomers and a fluorescently
labeled DNA oligonucleotide (18 mer, sequence GCT ATT
ACC TTA ACC CAG containing a 3¢ fluorescein label) was
prepared by adding 2 mg of DNA in 2 mL of H2O to a mixture
of 13.65 mg of bis(ethyl methacrylate)disulfide, 1.53 mg of
acryloxyethyltrimethylammonium chloride, 0.075 mg of
Polyfluor 570, 0.15 mg 2,2¢-diethoxyacetophenone, 2.34 mg
of acetonitrile, 2.34 mg of methanol, 9.5 mg of N,Ndimethylformamide, and 0.4 mg of H2O.
2. The mixture was spotted directly onto a 2 × 2 × 1 mm patterned
Fluorocur mold and then covered with a plastic film.
3. The film was removed from the mold to leave filled mold
cavities.
4. The filled mold was then subjected to UV light (l = 365 nm)
for 2 min under a nitrogen purge that was passed through a
gas scrubber filled with N,N-dimethylformamide prior to
entering the curing chamber.
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Fig. 7. Percent release of oligonucleotide from degradable disulfide PRINT™ particles.

5. The isolated polymeric particles containing DNA can be
removed from the array in the mold by placing ~0.4 mL of
filtered acetone (0.22-mm PTFE filter) and scrapping the surface of the mold gently with a glass slide.
6. The particle suspension was transferred to a centrifuge tube,
the particles were pelleted, the supernatant removed, and the
particles were dried under vacuum.
7. The particles (1.44 mg) were then suspended in 1 mL of
H2O, vortex rigorously, and pelleted out to purify.
8. The DNA can be released from the particles by treatment with
0.1 M dithiothreitol in PBS with 1–2 h. The rate of release in
the absence of reductant is minimal (see Fig. 7).
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