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Abstract
We describe the fabrication of filamentous hydrogel nanoparticles using a unique soft lithography
based particle molding process referred to as PRINT (Particle Replication in Non-wetting
Templates). The nanoparticles possess a constant width of 80 nm, and we varied their lengths
ranging from 180 nm to 5000 nm. In addition to varying the aspect ratio of the particles, the
deformability of the particles was tuned by varying the cross-link density within the particle
matrix. Size characteristics such as hydrodynamic diameter and persistence length of the particles
were analyzed using dynamic light scattering and electron microscopy techniques, respectively,
while particle deformability was assessed by atomic force microscopy. Additionally, the ability of
the particles to pass through membranes containing 0.2 μm pores was assessed by means of a
simple filtration technique, and particle recovery was determined using fluorescence spectroscopy.
The results show that particle recovery is mostly independent of aspect ratio at all cross-linker
concentrations utilized, with the exception of 96 wt% PEG diacrylate 80 × 5000 nm particles,
which showed the lowest percent recovery.
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Introduction
In the growing field of nanomedicine, a number of nanoparticle properties have been shown
to play a significant role in biodistribution, circulation, and cellular uptake. Such properties
include, but are not limited to, particle geometry, size, charge, surface functionality, and
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modulus.1-6 Of these properties, modulus, being one of the least studied properties among
nanoparticles, can notably affect these biological processes. For example, soft spherical
acrylamide-based nanogels were recently reported to deform and pass through membrane
pores several times smaller than their hydrodynamic diameter under physiological
pressures.7 Also, varying the moduli of similar acrylamide-based nanoparticles has been
shown to affect their rate of uptake by macrophages in vitro.8 Additionally, non-spherical
hydrogel-based microparticles with low moduli have been reported to pass through narrow
microfluidic channels.9 This behavior was also observed with hydrogel-based red blood cell
mimics, which were also studied in vivo and showed prolonged circulation of up to five
days.10

Among the various nanoparticle geometries available for study, filamentous or high aspect
ratio particles represent a particularly interesting geometry that is difficult to access in a
systematic and controllable fashion. Such shapes are found repeatedly throughout nature in
the form of bacteria such as E. coli and the filoviridae family of viruses,11 leading to the
theory that the filamentous shape of these pathogens is the result of adaption to external
conditions and selective forces.12 Recent investigations show promise for filamentous
nanoparticles to act as efficient therapeutic and imaging agents, capable of encapsulating
and delivering cargos such as Paclitaxel and siRNA.13-16 In addition to this, these particles
have shown a higher propensity for avoiding macrophage uptake in vitro than their spherical
counterparts.2,6,17-19 Carbon nanotubes and metallic nanorods and nanowires fall into the
class of filamentous nanoparticles;20 however, their rigid structure and chemical
compositions often make them incompatible with biological systems unless pegylated to
avoid rapid clearance.21,22 It has been hypothesized that soft filamentous nanoparticles have
the potential to be taken up by the enhanced permeation and retention (EPR) effect, and, due
to their geometry, be less likely to escape tumor tissue.13 Also, as previously mentioned,
their enhanced ability to avoid macrophage clearance makes them ideal for longer
circulation.

Fabrication of filamentous nanoparticles has been previously achieved using bottom-up and
top-down approaches. Most bottom-up approaches have involved creating wormlike
micelles or “filomicelles” through morphological changes to polymer vesicles.23,24

Filomicelles created from diblock copolymers of poly(ethylene glycol) with blocks of
poly(lactic acid) or polycaprolactone are both biocompatible and are capable of undergoing
hydrolysis in the process of delivering therapeutic cargos.25,26 The stiffness of filomicelles
can be tuned by the use of diblock copolymers over a range of molecular weights.14,27 Stiff
filomicelles have also been obtained using a poly(ethylethylene) or poly(butadiene) block
segment which can be cross-linked to form a rigid core.15,27,28 Dimensions of filomicelles
range from ∼10 – 60 nm in diameter and up to 18 μm in length, and they have been
observed to circulate for several days, hypothesized to be a result of their ability to avoid
macrophage uptake and clearance. Although these results are impressive, the dynamic nature
of the particles and the lack of control over particle length could represent possible
disadvantages, such as shearing apart under blood flow or during extrusion through the
fenestrated capillaries of organs.

Particles of various shapes and sizes, including filamentous nanoparticles, have also been
fabricated using the polystyrene bead stretching method first described by Ho et al.29

Mitragotri and coworkers have used this method extensively for creating filamentous
nanoparticles to study macrophage uptake properties2,6,17,18 and recently reported that
polymeric nanoneedles are effective at delivering siRNA to cells.30 Monodisperse particles
are not necessarily achievable by means of this method since the final particle size is
dependent on the starting dispersity of the polystyrene beads. Additionally, the filamentous
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nanoparticles produced by this method typically have larger widths (∼200 nm), and the
material used is not biocompatible or biodegradable.

Bilayer nanoimprint lithography (B-NIL) has been used to fabricate long filamentous
particles,31 as well as shorter particles in the form of bullets and rods,32 using epoxy-based
SU-8 photoresist. The B-NIL method allows for the fabrication of monodisperse particles
which can be easily removed and collected from the surface of a sacrificial layer of soluble
polymer. The dimensions of filamentous particles created using this method have ranged
from 300 nm to 6 μm in length with a constant width of 80 nm in diameter. While the longer
filamentous particles show some degree of localized flexibility in their structure, they
otherwise appear quite rigid, and control over particle stiffness has yet to be demonstrated.

Recent publications from our group have detailed the use of the technique known as Particle
Replication in Non-wetting Templates (PRINT).3-5,33-36 This versatile method allows for
the fabrication of particles with variations in shape, size, surface charge, stiffness, and
chemical composition. Using this technique it has been shown that particles can be prepared
from several biocompatible and biodegrable materials such as PEG,33 proteins,37 and
poly(lactic-co-glycolic acid).38 PRINT also allows for tunability of particle stiffness. In the
case of UV curable systems such as acrylates, stiffness can be tuned by variations in cross-
linker concentration and length, as we have previously shown with hydrogel-based red blood
cell mimics.10 An additional advantage of PRINT is the ability to scale up particle
production by means of reel-to-reel systems.

Studies to date have only provided a glimpse at how particle deformability might influence
in vitro and in vivo properties such as uptake and biodistribution, especially in regards to
unique shapes such as filaments. Therefore, determining the deformation properties of
filamentous nanoparticles is an essential first step before moving on to in vivo models. We
discuss here the fabrication of monodisperse, filamentous PEG-based hydrogel nanoparticles
with a diameter of 80 nm and lengths ranging from 180 nm to 5000 nm using the PRINT
method. Particle stiffness was controlled by varying the cross-linker concentration within
the PEG-based particle matrix, and the effect of cross-linker concentration on particle size
was analyzed using dynamic light scattering (DLS). As previously mentioned, microfluidics
is often used to look at the extent of particle deformability for microparticles with widths
greater than that of the device channels. However, the narrowest channels in most
microfluidic devices are on the order of several microns, making them impractical for
deformation studies with filamentous nanoparticles. In order to assess the extravasation
properties of the filamentous nanoparticles in this study, an assay was created in which the
particles were filtered through a membrane with pore sizes greater in width than the 80 nm
diameter of the particles. The extent of particle recovery as a function of cross-linker
concentration was assessed by measuring the percentage of recovered particles that could be
accrued upon a single pass through a 0.2 micron PTFE filter as determined by fluorescence
spectroscopy of fluorophore labeled particles. The extent of particle deformation as a
function of cross-linker concentration was also described using a previously reported surface
spreading assay using atomic force microscopy (AFM).39 Additionally, particle flexibility
was assessed by SEM, which allowed for the determination of an equilibrated, 2D particle
persistence length.

Experimental Section
Materials

Poly(ethylene glycol) diacrylate (Mn 700) was purchased from Sigma-Aldrich and passed
through a column of adsorption alumina (Fisher Scientific) to remove inhibitor prior to use.
Tetraethylene glycol monoacrylate (HP4A) was synthesized as previously described.40 2,2-
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Diethoxyacetophenone (DEAP, >95%, Acros), methacryloxyethyl thiocarbamoyl rhodamine
B (PolyFluor570, Polysciences, Inc.), polyvinyl alcohol (PVOH, MW 2 kDa, Acros),
Luvitec (MW 64 kDa, BASF), and methanol (99.9% anhydrous, Acros) were used as
received. Thermo Scientific HyperClean PTFE syringe filters (4 mm membrane, 0.2 μm
pore size) with medical grade polypropylene housing were obtained from Fisher Scientific.
PRINT molds, 80 × 180 nm, 80 × 320 nm, 80 × 2000 nm, and 80 × 5000 nm were obtained
from Liquidia Technologies.

PRINT Particle Fabrication
The PRINT method for particle fabrication has been previously described in detail. Pre-
particle solutions were prepared by first combining 2 mg PolyFluor570 and 2 mg DEAP.
Depending upon final particle composition, 2 mg, 10 mg, 50 mg, or 96 mg PEGDA was
then added. With the exception of 96 mg PEGDA, HP4A was subsequently added to bring
the total mass to 100 mg. The organics were briefly sonicated and diluted with the necessary
volumes of anhydrous methanol to prepare 2% and 2.5% w/w solutions. Solutions were then
filtered through a 0.2 μm PTFE 25 mm filter (Fisher Scientific) to remove particulates.

For hydrogel particles containing 50 wt% and 96 wt% PEGDA, fabrication was performed
as follows: a 2% w/w solids pre-particle solution in methanol (2.5% w/w for 80 × 180 nm
particles) was first prepared. A sheet of polyethylene terephthalate (PET) was coated with
the desired preparticle solution composition using 350 mL preparticle solution and a #5
Mayer rod (R.D. Specialties). The solvent was evaporated by briefly exposing the film to a
heat gun. The film was then laminated to the patterned side of the PRINT mold at 50 psi,
followed by delaminating under the same conditions. The filled mold was subsequently
laminated against a sheet of PET and slowly passed through a heated nip (ChemInstruments
Hot Roll Laminator) at 300 °F and 80 psi. The mold-PET sandwich was then allowed to
cool to room temperature before curing. Curing was performed in a nitrogen-purged UV
oven (λ = 365 nm, power ≥ 20 mW/cm2) for three minutes. The particles were then
harvested from the PET sheet with a small volume (∼1 mL) of deionized water containing
0.2 wt% PVOH using a cell scraper (Fisher Scientific).

For hydrogel particles containing 2 wt% and 10 wt% PEGDA, film preparation was
performed in the same manner as described above. The film was then laminated to the
patterned side of the PRINT mold 3-5 times at 50 psi before delaminating. The particles
were then cured in the same manner as the mold-PET sandwich previously described. Cured
molds were laminated to a water-soluble polymer film (Plasdone or PVOH) on a PET sheet
at 300 °F and 80 psi and allowed to cool to room temperature. The mold was then peeled
away leaving the particles embedded in the polymer layer. The polymer layer containing the
particles was then harvested into a bead of deionized water (∼1 mL) using a custom-made
bead harvester.

All particle solutions were concentrated via tangential flow filtration with a MicroKros
hollow fiber filter (500 kDa MWCO, Spectrum Laboratories, Inc.) to remove residual sol
fraction and unreacted dye. Concentrated particle solutions were then backfilled with water
between washes. Finally, concentrated particle solutions were backfilled no less than two
times with an aqueous stabilizer solution containing 0.1 wt% PVOH and 0.1 wt% Luvitec
and reconcentrated.

Particle Characterization
Stock particle concentrations were determined by thermogravimetric analysis (TGA) using a
TA Instruments Q5000 TGA. Briefly, 20 μL of stock solution was pipetted into a tared
aluminum sample pan. The sample was heated at 50 °C/min to 130 °C, followed by a 10
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minute isotherm. The sample was then cooled at 50 °C/min to 30 °C, followed by a 5 minute
isotherm. TGA was also performed on a 20 μL aliquot of supernatant from a centrifuged
sample of each stock solution to account for the mass of stabilizer in each sample. The
concentration of the stabilizer solution was subtracted from the concentration of the stock
particle solution to determine the actual particle concentration.

Particles were visualized by scanning electron microscopy (SEM) using a Hitachi S-4700
SEM. Particle arrays or harvested particles on glass were coated with 1.5 to 2 nm of gold-
palladium alloy using a Cressington 108 auto sputter coater. Images were obtained at an
accelerating voltage of 2.0 kV. Fluorescence microscopy was performed on 80 × 2000 nm
and 80 × 5000 nm particles using an Olympus I×81 Microscope with a 100× oil objective.
For size characterization in solution, dynamic light scattering (DLS) measurements were
obtained using a Nano ZS Zetasizer (Malvern Instruments) to determine effective
hydrodynamic diameter (Dh). The parameters used for DLS measurements were a
backscattering angle Θ = 173° and laser wavelength λ = 633 nm. This angle provides
greater sensitivity and reduces artifacts associated with variations in solution concentration,
while the laser wavelength was chosen to inhibit absorption by the rhodamine monomer
within the particle compositions. Size measurements were also performed in the default
instrument range of 0.6 nm to 6 μm.

AFM Studies
80 × 180 nm nanoparticles of varying PEGDA concentrations were characterized by atomic
force microscopy using an Asylum Research MFP-3D atomic force microscope. Height,
phase, and amplitude images were acquired in air in tapping mode with a silicon cantilever
(Budget Senors TAP300A1-G, ω = 300 kHz, kc = 40 N/m) at a scan rate of 1 Hz. Samples
for imaging were prepared by pipetting a 30 μL aliquot of 0.17 mg/mL particle solution onto
a clean 1 cm2 glass slide. The glass slides were then heated at 80 °C for several minutes to
allow for evaporation of water.

Persistence Length Determination
Persistence lengths were determined from SEM images of 10, 50, and 96 wt% PEGDA 80 ×
5000 nm particles using the 2D Single Molecule software package provided by Prof. Sergiy
Minko (http://people.clarkson.edu/∼sminko).41 Briefly, the filamentous nanoparticles'
coordinates were recorded by dragging a cursor along the zoomed contours of clearly
isolated particles. The recorded coordinates were used to estimate the experimental values of
particle contour length, LC, and persistence length, LP.

Particle Filtration
For particle filtration experiments 500 μL of particle solution with a concentration of 0.17
mg/mL was drawn up into a 5 mL syringe. The syringe containing the solution was then
fitted with a pre-wetted 4 mm HyperClean PTFE filter with pore sizes of 0.2 μm. Based on
pore-size ratings provided by the manufacturer, 0.2 μm defines the maximum diameter of a
channel through the filter medium and represents a nominal value. The syringe plunger was
pulled back leaving an air gap between the solution and the plunger, and the particle solution
was filtered by applying pressure manually to the plunger, discarding the first 1-2 droplets to
rule out dilution due to pre-wetting of the filter. The pressure across the filter was monitored
using a pressure gauge and did not exceed ∼40 psi (pressure drop = 25.3 psi). In some cases
where clogging occurred, device failure was noted by a sudden drop in pressure or
dislodging of the filter from the device housing. Experiments where device failure occurred
were not included in the final data analysis. Filtrations were performed in triplicate, and the
filtered particle solution was collected in full unless clogging occurred during the course of
filtration. Fluorescence intensities of particle solutions before and after filtration were

Kersey et al. Page 5

Langmuir. Author manuscript; available in PMC 2013 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://people.clarkson.edu/~sminko


acquired using a SpectraMax M5 plate reader (Molecular Devices) with parameters set to
the experimentally determined excitation and emission wavelengths of PolyFluor570 (λex =
548 nm, λem = 580 nm). To determine the % recovered fluorescence solutions of particles
before and after filtration were pipetted into a 96-well plate at constant volume. Deionized
water was used as a blank. Measured fluorescence intensities were corrected by subtracting
out the fluorescence intensity of the blank. Percent recovered fluorescence was then
determined by dividing the filtered particle solution fluorescence intensity by the pre-filtered
particle solution fluorescence intensity.

Results and Discussion
Fabrication of Filamentous Hydrogel-based Nanoparticles using PRINT

A series of nanoparticles with a constant diameter of 80 nm and lengths ranging from 180
nm to 5000 nm were successfully fabricated using PRINT. Particle stiffness was controlled
by varying PEGDA concentrations between 2 wt% and 96 wt% within the particle
composition. The remainder of the composition was comprised of photoinitiator (2 wt%),
PolyFluor570 dye (2 wt%), and the hydrophilic monomer HP4A. Particles were fabricated in
an ordered array, as shown in the SEM images in Figure 1, and the monodisperse nature of
the particles can be clearly seen. The SEM image in Figure 2 shows 80 × 5000 nm particles
comprised of 96 wt% PEGDA which have partially detached from the PET sheet on which
they were fabricated. Although these particles are the stiffest of the compositions studied,
they possess some degree of flexibility which is visible in the image. This flexibility can
also be seen in fluorescence microscope images of the particles, shown in the inset of Figure
2.

Dynamic Light Scattering of Filamentous Hydrogel-based Nanoparticles
Dynamic light scattering (DLS) is most commonly used to characterize the hydrodynamic
size of molecules such as polymers and proteins, or larger structures such as spherical nano-
and microparticles. In some instances DLS can aid in determining size properties of non-
spherical particles and has been used to successfully characterize rod-like particles and
worm-like micelles.14,42,43 DLS was used here to determine the effective hydrodynamic
diameter (Dh) of filamentous nanoparticles as a function of aspect ratio (AR) and cross-
linker concentration, the results of which are shown in Figure 3. It should be noted,
however, that Dh here is not indicative of a quantitative length scale and only acts to
compare relative trends.

For 80 × 180 nm particles a gradual decrease in Dh at 25 °C was observed as a function of
PEGDA concentration, where sizes ranged from 272 ± 78 nm at 2 wt% PEGDA to 176 ± 6
nm at 96 wt% PEGDA. A similar trend was also observed at 37 °C, indicating particle size
to be independent of temperature at this length scale. The decrease in Dh with increasing
PEGDA concentration suggests that as the extent of cross-linking decreases swelling of the
particles increases, which has been previously observed for spherical nanogels.44 Since 80 ×
180 nm particles (AR = 2.25) are only slightly larger in aspect ratio than spherical
nanoparticles (AR = 1), the decrease in Dh with increasing PEGDA concentration is not
unexpected.

In the case of 80 × 320 nm particles (AR = 4) no notable trend was observed as a function of
PEGDA concentration. Dh values were found to range from 339 ± 7 nm at 2 wt% PEGDA to
290 ± 6 nm at 96 wt% PEGDA, and particles with intermediate concentration of PEGDA
where observed to be of similar size. Since the shape of these particles falls between a
spherical and rod-like confirmation, similar to a prolate spheroid, any trends associated with
Dh values as a function of PEGDA concentration may not be distinguishable. Additionally,
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the Dh values measured for 80 × 320 nm particles appear to be independent of temperature
over the range of PEGDA concentrations studied.

The most surprising results were found for 80 × 2000 nm (AR = 25) and 80 × 5000 nm (AR
= 62.5) particles when examined by DLS. At 96 wt% PEGDA Dh values for 80 × 2000 nm
and 80 × 5000 nm particles were 775 ± 34 nm and 1469 ± 40 nm, respectively. This increase
in Dh values is directly correlated with the increased particle length and falls within the
expected trend observed for 80 × 180nm and 80 × 320nm particles at 96 wt% PEGDA.
Interestingly, Dh was observed to decrease as a function of decreasing PEGDA
concentration for these longer particles. For 80 × 2000 nm particles Dh values were 740 ± 36
nm, 340 ± 10 nm, and 258 ± 28 nm at 50 wt%, 10 wt%, and 2 wt% PEGDA, respectively.
Additionally, decreasing values for Dh of 80 × 5000 nm particles were found to be 1070 ±
82 nm, 292 ± 8 nm, and 261 ± 36 nm at 50 wt%, 10 wt%, and 2 wt% PEGDA, respectively.
The Dh values for 80 × 2000 nm and 80 × 5000 nm particles were also found to be a
function of temperature, especially at the higher PEGDA concentrations (> 50 wt%). At 37
°C Dh values for 80 × 2000 nm and 80 × 5000 nm particles composed of 96 wt% PEGDA
were 519 ± 51 nm and 685 ± 121 nm, respectively, which is a significant decrease compared
to values at 25 °C. A similar decrease in Dh was also observed for particles of 50 wt%
PEGDA. An unexpected result was observed for 80 × 2000 nm and 80 × 5000 nm particles
containing < 10 wt% PEGDA, where Dh values were measured to be in the same range as
those found for 80 × 320 nm particles. A possible explanation for this is that as PEGDA
concentration decreases, the modulus of the particles decreases, as expected. This decrease
in modulus leads to increased flexibility, which also appears to be a function of temperature.
An increase in temperature resulting in increased flexibility may allow filamentous particles
to sample a larger number of spatial configurations, which is analogous to that of an
individual polymer chain in solution.

Effect of PEGDA Concentration on Particle Deformability – AFM Studies
It has been well established that the extent of cross-linking within a polymeric network plays
an important role in the resulting mechanical properties of the subsequent bulk material.45

Most often a cross-linked system with a high mesh density will lead to materials with high
moduli, while a decrease in mesh density, creating a loosely cross-linked network, will
result in lower moduli. Modulus can be further tuned by varying the size of the cross-linking
moiety. For example, an increase in the length of a cross-linker such as PEGDA can lead to
a higher degree of porosity within a material, ultimately resulting in decreased modulus. In
the studies presented here PEGDA was used as the particle cross-linker due its previous use
in creating hydrogel-based materials with a number of tunable physicochemical properties
such as modulus and mesh size, both of which affect deformability.46-49

In order to determine the extent of deformability of the particles studied here, 80 × 180 nm
particles over the range of PEGDA concentrations utilized in this study were dried onto
glass slides and imaged in tapping mode using atomic force microscopy (AFM).
Representative three-dimensional height images of 2 wt% and 96 wt% PEGDA particles are
shown in Figure 4. It can be seen qualitatively that 80 × 180 nm particles composed of 96 wt
% PEGDA exhibit the least deformability, essentially retaining their shape after drying to
the glass slide. As the PEGDA concentration decreases to 2 wt%, however, the particles
show an increased tendency to flatten across the glass substrate. The ability of the
nanoparticles to spread out across the substrate as a function of decreasing PEGDA
concentration is a direct observation of their capacity to deform. Additional qualitative
analysis of particle deformation is shown in Figure 5, which shows particle height increasing
and particle width decreasing as a function of PEGDA concentration.
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Effect of PEGDA Concentration on Filamentous Nanoparticle Persistence Length
The persistence length LP of a filament is a measure of its inherent flexibility, and, as such,
is directly proportional to the modulus of the filament as follows:

(1)

where Y is the Young's modulus of the filament, I is the area moment of inertia of the
filament, and kB and T represent Boltzmann's constant and temperature, respectively.50

Previous studies have often focused on the use of fluorescence microscopy to determine 3D
persistence lengths in solution for structures such as biofilaments51-53 and
filomicelles,27,28,54 which allows for the determination of persistence lengths based on
monitoring particle fluctuations over time. However, newer approaches have provided a
simpler method for determining persistence lengths of filamentous particles in an
energetically equilibrated 2D-configuration, such as those imposed when using techniques
such as AFM54-56 and electron microscopy.57,58 In the case of filaments that are
energetically equilibrated on a solid support, the persistence length calculated is essentially
identical to that of the same filament in a dilute solution.55

To determine LP values for our filamentous nanoparticles, SEM images were collected for
80 × 5000 nm particles composed of 10, 50, and 96 wt% PEGDA. The high degree of
surface spreading that occurs with 2 wt% PEGDA particles upon drying on a substrate
resulted in poor particle resolution by SEM. Therefore, this particle composition was not
included in the final analysis. The collected SEM images were analyzed using the software
previously described in the Experimental Section, and values for LC and LP were obtained.
The results of the analysis are summarized in Table 1.

We see from Table 1 that the obtained values for LC are on the order of the expected value
of 5000 nm. While not significantly different when accounting for standard deviation, there
is a noted increasing trend with decreasing PEGDA concentration for average LC. At 96 wt
% PEGDA the particle contour length was found to be 4.97 μm, while at 50 and 10 wt%
PEGDA, LC was 5.34 μm and 5.40 μm, respectively. The LC value for the 96 wt% PEGDA
80 × 5000 nm particles suggests that little to no particle swelling occurs in aqueous solution
due to the large amount of cross-linking, and the particle morphology does not significantly
change upon deposition and drying to a solid substrate, as was done to collect the SEM
images described. This behavior is corroborated by the AFM studies described earlier,
where 96 wt% PEGDA 80 × 180 nm particles showed no structural change after drying on a
substrate. The increased LC values determined for 10 and 50 wt% PEGDA particles,
however, can be accounted for through particle swelling. The lower degrees of cross-linking
within the hydrophilic materials allow for notable hydration as observed by DLS, where
increases in Dh for 80 × 180 nm particles where found at lower PEGDA concentrations (≤
10 wt%). This effect is also observed when particles with low cross-linking are imaged by
AFM after drying to solid substrates, whereby the particles are seen to adhere and spread
across the substrate, displaying a dramatic loss of morphological integrity.

Also shown in Table 1 are the values determined for persistence length LP for the 80 × 5000
nm particle compositions in question. Surprisingly, LP values calculated for 10 and 50 wt%
PEGDA particles were similar in value (1.61 μm and 1.57 μm for 10 and 50 wt% PEGDA,
respectively). These particles can therefore be described as being in the range of flexible (LC
≫ LP) to semi-flexible (LC ≈ LP), as opposed to rigid (LC ≪ LP) in nature. While these
values are essentially the same, suggesting that the particles should have similar moduli and
flexibility characteristics, 10 wt% PEGDA particles observed in the SEM images obtained
often showed a higher degree of local bending and flexibility than 50 wt% PEGDA particles,
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which showed more global bending (Figure S2 in Supporting Information). Therefore, the
persistence lengths in these two cases are more effectively described as apparent LP since
particle flexibility may be convoluted by artifacts such as drying/attachment mechanisms
and substrate properties.

When 96 wt% PEGDA 80 × 5000 nm particles were analyzed, an LP value of 16.96 μm was
obtained. This is a 10-fold increase in LP compared to the 10 and 50 wt% PEGDA 80 ×
5000 nm particles previously discussed. The large increase in LP seen here is not surprising,
however, since the increase in cross-linking results in a material with increased modulus and
decreased flexibility. The decreased particle flexibility can be seen in SEM images of the 96
wt% PEGDA 80 × 5000 nm particles, where essentially all particles are observed to be
straight, rigid rods (Figure S2 in Supporting Information), and the rigid rod description is
backed up by the fact that LC is much less than LP for these particles, as shown in Table 1.

Filtration of Filamentous Nanoparticles
The ability of filamentous nanoparticles to penetrate leaky vasculature is of vital importance
for their potential role in oncology-based nanomedicine. It has been previously shown that
tumor microvasculature can range from 200 nm to 1.2 μm, depending upon the tumor type
and microenvironment in which it exists.59 Therefore, modulating the physical properties of
filamentous nanoparticles may ultimately help in creating efficient particle uptake by
tumors. This uptake mechanism may be dependent to some degree on the ability of the
particles to deform under the stresses exerted during physiological processes. In order to
determine the deformation characteristics of the filamentous nanoparticles reported here a
simple filtration assay was developed. The assay involved passing a small volume of
aqueous nanoparticle solution through a sterile syringe filter possessing a membrane with a
pore-size rating of 0.2 μm. Commercially-available medical-grade syringe filters were
chosen for particle filtrations since filters are often used for sterilization of nanoparticle
formulations, which is a necessary step prior to clinical use.60,61

Following filtration, fluorescence intensities of pre- and post-filtration particle solutions
were measured. The percent recovered fluorescence was calculated as the fluorescence
intensity of the post-filtration solution divided by the fluorescence intensity of the pre-
filtration solution. Since purification of the particles leads to the removal of all unreacted
dye from the particle solution, % recovered fluorescence can also be considered % particle
recovery. Based on the findings of the filtration experiments, % particle recovery is found to
be mostly independent of PEGDA concentration at the smaller particle sizes of 80 × 180 nm
and 80 × 320 nm (Figure 6), which fell in the range of 77% to 93%. Additionally, 80 × 2000
nm showed similar recovery percentages to 80 × 180 nm and 80 × 320 nm particles. Most
surprising, however, was that essentially all particles were recovered in the case of 2 wt% 80
× 5000 nm particles. In contrast to this finding, the lowest filtration efficiency was also
associated with 80 × 5000 nm particles, specifically those containing 96 wt% PEGDA,
which showed 29% recovery. This composition and aspect ratio also resulted in clogging of
the membrane prior to complete recovery of the solution, while all other particle solutions
were collected in full following filtration.

The results obtained from the filtration assays may be rationalized in several ways. First,
nanoparticles with smaller aspect ratios, such as 80 × 180 nm and 80 × 320 nm particles, are
essentially small enough to traverse pores on the scale of 0.2 μm at all of the PEGDA
concentrations studied here without clogging of the pores. Secondly, nanoparticles of all the
aspect ratios reported, and having ≤ 10 wt% PEGDA have significant flexibility and
deformability as noted by the results obtained by AFM and persistence length
measurements. Together, these factors provide a reasonable explanation for the high
filtration efficiencies observed, as longer nanoparticles may be able to enter a pore at any
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point along their axis, bend under the pressures exerted during filtration, and deform to
allow the particles to translate through the pores under the same pressures. This scenario is
also plausible if the DLS results of the low cross-linked nanoparticles are accounted for,
where Dh fell in the range of 200 – 400 nm. Finally, based on the low deformability of 96 wt
% PEGDA nanoparticles and the large LP and Dh values determined for 96 wt% PEGDA 80
× 5000 nm particles, it is not at all surprising that filtration of these particles resulted in a
low % recovery and clogging of the filtration membrane.

Particle solutions were also analyzed by DLS to compare Dh values before and after
filtration, looking for any indication of particle scission or breakage. In most cases the
particles remained the same size before and after filtration or decreased slightly in size (see
Supporting Information), possibly due to breaking up of small particle aggregates during the
filtration process. In a few instances particle sizes were found to be larger following
filtration, suggesting potential aggregation. It was found that a brief period (∼30 min) of
bath sonication was adequate for breaking up aggregates, as a decrease in Dh was observed,
and the post-sonication Dh values were closer to the prefiltration values. Further analysis by
SEM showed that 96 wt% PEGDA particles of all four aspect ratios retained their structural
integrity following filtration and also showed less particle aggregation when compared to
pre-filtered solutions, corroborating the results found by DLS (see Supporting Information).

Conclusions
In this report we have demonstrated the ability to fabricate monodisperse filamentous
nanoparticles with controlled aspect ratios and deformability using the PRINT technique. As
shown using DLS, small nanoparticles (AR ≤ 4) displayed Dh values that were independent
of both PEGDA concentration and temperature, whereas the Dh associated with longer
nanoparticles (AR ≥ 25) displayed a dependence on both variables. Additionally, it was
found that Dh values of all nanoparticles containing ≤ 10 wt% PEGDA were similar in
value. AFM measurements allowed for a qualitative analysis of particle deformability as a
function of PEGDA concentration, which showed a flattening effect as PEGDA content was
decreased. The effect of PEGDA concentration was also observed by measuring 2D particle
persistence lengths, which showed increased particle rigidity and LP as a result high cross-
linking density. The development of a simple filtration assay aided in determining the
efficiency of particle translocation across a porous membrane. With the exception of 80 ×
5000 nm particles containing 96 wt% PEGDA, all particle sizes and compositions were
recovered with ≥ 73% efficiency.

The ability to modulate physical properties such as hydrodynamic size, deformability, and
flexibility make filamentous particles an attractive choice for state-of-the-art nanomedicine
applications. Additionally, the ability to effectively filter filamentous nanoparticles will aid
in the sterilization of future particle formulations. Future studies with PEG-based hydrogel
filamentous nanoparticles will involve correlating aspect ratio and modulus to in vivo
characteristics such as biodistribution profiles, tumor uptake, and circulation times.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative SEM images of the PEG-based hydrogel 80 nm particle series. Lengths for
the particles shown are (A) 180 nm, (B) 320 nm, (C) 2000 nm, and (D) 5000 nm. Scale bar
values are (A) 1 μm, (B) 3 μm, and (C) & (D) 5 μm.
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Figure 2.
A representative SEM image showing 96 wt% PEGDA 80 × 5000 nm particles. Several
particles have detached from the PET sheet and display some flexibility. Inset: a
fluorescence microscope image of the harvested particles shown in the SEM image. Scale
bars for both images are 5 μm.
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Figure 3.
Effective hydrodynamic diameter (Dh) data for 80 nm particle series at (A) 25 °C and (B) 37
°C. DLS results show particle size is a function of temperature and PEGDA concentration.
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Figure 4.
Representative 3D AFM height images of 2 wt% PEGDA (A) and 96 wt% PEGDA (B) 80 ×
180 nm particles showing deformability as a function of cross-linker concentration.
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Figure 5.
AFM analysis of particle deformability for 80 × 180 nm particles as a function of PEGDA
concentration. Nanoparticle height (A) and width (B) are observed to increase and decrease,
respectively, with increasing PEGDA concentration.
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Figure 6.
Percent recovered fluorescence for the 80 nm particle series as a function of PEGDA
concentration. These percentages also refer to the percentage of particles recovered
following filtration.
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Table 1
Characteristic length parameters determined from 2D SEM images of 80 × 5000 nm
nanoparticles

PEGDA (wt %) LC (μm) LP (μm)

10 5.40 ± 0.37 1.61

50 5.34 ± 0.55 1.57

96 4.97 ± 0.10 16.96
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