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ABSTRACT: A new facile fabrication approach to generate
polymeric nanostructures is described. Block copolymers con-
taining immiscible segments can self-assemble to generate
ordered nanostructures, such as cylinders of one block in a
matrix of the other in the bulk, which can then be sectioned on
the nanoscale using a microtome (nanoskiving). Dispersing
these sections in a selective solvent for the matrix block results
in nanocylinders. In one example, we utilized a poly(N,N-
dimethylacrylamide)-block-poly(styrene) (PDMA—PS) copoly-
mer containing 36% by volume of PS. This composition was
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selected as it self-assembles into cylinders of PS in a matrix of PDMA. Following a previously described procedure, the cylinders
were aligned using a channel die. The aligned samples were subsequently sectioned using a microtome containing a diamond
knife and dispersed in water, a selective solvent for the PDMA matrix, affording PS nanocylinders with a PDMA corona. This
technique allows tuning of nanocylinders without the requirement of specialty fabrication equipment.
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B INTRODUCTION

Polymeric nanoparticles are utilized in different research
disciplines, including delivery vehicles in the field of nano-
medicine.! To fine-tune nanosystems for various applications,
new methods are needed to fabricate particles with tunable sizes,
specific shapes, and homogeneous surfaces. Nanoparticle
fabrication methods are generally divided into “top—down”
and “bottom—up” approaches. In top down methods, the desired
dimensions are typically achieved by reducing the size of an
object with larger dimensions in a mechanically controlled
manner. Conversely, a bottom-up approach typically corre-
sponds to self-assembly of molecular constituents into supra-
molecular nanoscale assemblies.”

In general, bottom-up nanoparticle fabrication methods, based
on precipitation methods, yield spherical nanoparticles of various
sizes with narrow size distributions.” Also, there are examples in
the literature where cylindrical micelles are generated using
dissolution techniques.* ® However, size control can be difficult
to achieve and maintain because of molecular rearrangement and
potential morphological transitions, although molecular ex-
change can be a very slow process as revealed by small-angle
scattering experiments.”® On the other hand, lithographic and
imprinting methods are able to produce nanoparticles with
controlled sizes and various shapes via top-down approaches.
For example, in the photolithographic process, particles can be
formed by irradiating a film of photoresist with UV light through
a mask of the desired shape. The nanoparticles can then be
harvested by washing off the unexposed material along with the
sacrificial layer underneath.” Although this technique has an
excellent control over the size and shape of the particles, a
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UV-curable material is required, thus dramatically restricting the
range of particles achievable.'” To resolve this issue, imprinting
techniques have been developed where only the initial master
template needs to be formed via lithography, such as soft litho-
graphy, and then particle replication in nonwetting templates
(PRINT) technology is used to form the nanoobjects of various
sizes and shapes."

With the ability to fabricate nearly monodisperse particles
in the range of 10 nm—200 ym," high precision and versatility
on the shape of particles and scalability, PRINT technology is a
leading method for nanoparticle fabrication. In the PRINT
process, a patterned fluorocarbon-based mold is filled with the
materials of interest followed by lamination with a high-surface-
energy material. Peeling off the laminate material removes all
the excess solution from the mold. After the curing and solidifica-
tion steps, an adhesive layer is used to harvest the cured particles.
Dissolution of the adhesive layer results in a solution containing
free particles.'’ PRINT employs several steps with particular
requirements and access to the requisite fabrication equipment.
While PRINT represents an elegant and successful strategy, a
potential limitation for this and related top-down nanoparticle
fabrication methods, is the generation of particles with imperfect
surfaces.® On the other hand, generally, in a bottom-up approach,
particles are formed in their thermodynamically stable state,
typically resulting in homogeneous surfaces with minimum
defects."”
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Because of their ability to self-organize into predictable
nanostructures, block copolymers can adopt structures with
controlled dimensions and high aspect ratios desirable for the
fabrication of nanostructured materials."> In particular, several
studies demonstrated the possibility to macroscopically orientate
the microstructure of self-assembled block copolymers."*~"
With these properties of bulk block copolymers in mind, we
were inspired by the work of Whitesides and co-workers, who
developed a new technique for nanostructure fabrications called
“nanoskiving”, combining deposition of metals on a substrate
and thin sectioning with an ultramicrotome process.'® *° They
showed the applicability of this technique for simple structures
such as nanowires, as well as more complex nanostructures.

Herein, a novel top-down particle fabrication approach com-
bining bottom-up block copolymer self-assembly and nano-
skiving is investigated. Monolithic specimens were generated
from diblock copolymers with a composition tuned to self-
assemble into a cylindrical morphology, followed by micro-
structural alignment using a channel die. Afterward, the specimen
was cut to thin slices with defined thicknesses using a microtome
equipped with a diamond knife. Finally, dispersion of the cut
slices into a selective solvent for the matrix block resulted in
nanocylinders of the minor component with coronae of the
major component (Figure 1). Unlike cylindrical micelles, our
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Figure 1. Schematic representation of nanoparticle generation
combining block copolymer self-assembly and nanoskiving.

BCP-based strategy relies on bulk self-assembly and mechanical
down-sizing, thus providing shape stability and some degree of
length control of the nanocylinders.

B RESULTS AND DISCUSSION

To explore the idea of nanoparticle fabrication via nanoskiving
of bulk ordered block copolymer structures, a polystyrene-b-
polylactide (PS-b-PLA) copolymer was synthesized according
to a previously reported procedure by a combination of anionic

and ring opening transesterification polymerization (ROTEP)
techniques.'* The molar masses for the PS and PLA blocks were
determined to be 42 kg/mol and 18 kg/mol, respectively, by
'"H NMR spectroscopy (see Figure Sl in the Supporting
Information for polymer characterization details). Based on
the calculated PLA volume fraction (0.26), a microstructure
composed of PLA cylinders in a PS matrix is expected."*
The copolymer was processed in a home-built channel die at
130 °C to produce microstructurally aligned PS—PLA monoliths
(Figure 3a).15 Microstructure characterization was performed via
small-angle X-ray scattering (SAXS) analysis of the oriented PS—
PLA monolith at 25 °C and revealed an intense primary peak at
g* = 0.165 nm™" (D* = 38.1 nm), along with a prominent peak
at \/ 7g*, consistent with a cylindrical morphology (Figure 2).
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Figure 2. (Solid line) Experimental 1D synchrotron SAXS profile of
shear-oriented PS—PLA monolith at 25 °C and (dashed line) simulated
form factor scattering curve generated for cylinders with a 11.8 nm
radius (value extracted from the experimental SAXS profile). The black
triangles indicate the expected reflections for a cylindrical morphology
(V/1; V/3; V/4; \/7; 1/9). Corresponding TEM images of the material
obtained (left) perpendicularly and (right) parallel to the shear direction
(The PS matrix was stained by RuO, vapors).

Both 2D patterns obtained perpendicular to the flow direction
were anisotropic, and two sets of spots at scattering vectors were
separated azimuthally by 180° as expected for an oriented
cylindrical morphology (see Figure S2 in the Supporting
Information). The 2D pattern obtained parallel to the direction
of the flow exhibited an isotropic ring-like pattern, indicating a
lack of long-range hexagonal packing of the oriented cylinders.
Transmission electron microscopy (TEM) images, obtained
both parallel and perpendicular to the flow direction of the
oriented monolith, demonstrated alignment of the cylindrical
domains along the shear direction (Figure 2). The diameter of
the cylinders was estimated to 19 + 6 nm from the TEM images,
which was in agreement with the value extracted from the SAXS
data (23.6 nm).

Sectioning Procedure. Ultramicrotoming is routinely
employed for preparing ultrathin sections of materials that can
be subsequently observed by TEM. This instrument is based on
precisely controlled advancement of an arm holding the sample
synchronized with an oscillatory movement applied to the arm.
When the extremity of the arm goes down, the sample is forced
on the edge of a knife, producing a thin slice of the material. The
arm is then moved toward the knife according to the increment
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step defined by the user to produce the next slice. Using this
instrument, we directly cut a 2 mm X 2 mm square cross-section
of our PS—PLA monolith. Diamond knives are usually designed
with a cavity on the top called the boat that can be filled with
water until the upper edge of the diamond blade is moistened.
During the course of monolith microtoming, the sections are
floated on the surface of water, which prevents the sections from
sticking to the hydrophobic knife-edge. If this occurs, the samples
would crumple and quickly accumulate, a problem that would be
particularly detrimental to our procedure, where high through-
put with limited operator intervention is desirable (Figure 3c).
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Figure 3. (a) Schematic view of the channel die employed for
microstructural alignment (b) Close up photograph of the PS—PLA
monolith mounted on the microtome arm that is about to be cut by the
diamond knife. (c) Schematic view of the sectioning procedure, the cut
slices are floated on the water boat.

When the desired number of sections was reached, the diamond
knife is removed, and the water reservoir is emptied into a
polypropylene tube, and the water was removed by freeze-drying.

The ability to cut ultrathin sections is largely affected by the
mechanical properties of the material. If the material is too soft, it
will tend to be deformed, resulting in thickness variations and
missed cuts. This undesired behavior can be circumvented by
decreasing the operating temperature with liquid nitrogen (cryo-
microtomy). However, the water boat is important for our
procedure, as it helps to maintain the edge of the knife clean,
implying that the cutting process must be done at room
temperature. With both PS and PLA blocks being glassy and stiff
at room temperature (Tg(PS)= 100 °C,* TypLay = SS °C??),
PS—PLA block copolymers are good candidates for this purpose.
We employed a 45° diamond knife with a clearance angle of 6°
and a width of 3 mm. The cutting speed was typically set at 4
mm/s, producing about 25 sections/min. Each section was
expected to contain about 2.4 X 10” individual cylinders, based
on the monolith dimensions and the domain spacing extracted
from the SAXS analysis of the PS—PLA copolymer. The
theoretical particle production rate was estimated to 6 X 10"
particles/min (see the Supporting Information for details).

A binocular optical microscope allowed observation of the sections
produced. Within each floating section, it appeared that some
wrinkling occurred along with stripes of various thicknesses. The
combined effects of the large sample width (~2 mm) and the knife
likely produced such compression-induced defects.

The dried sections were subsequently dispersed in cyclo-
hexane, a selective solvent for the PS matrix. Particle sizes were
estimated by dynamic light scattering (DLS). DLS experiments
revealed a monomodal size distribution and a mean hydro-
dynamic diameter (D;) of 75 + 3 nm when the theoretical
thickness of the cut slices was 200 nm. As DLS measurements
give only an average hydrodynamic size of the particles, TEM
imaging was employed to visualize the cylinders in the dry state.
TEM samples were prepared by drop-casting from the dilute
cyclohexane solution onto copper grids with a Formvar supportive
layer. The grids were subsequently exposed to RuO, vapors, which
selectively stains the PS shell (appears darker on the images, Figure 4).

Figure 4. TEM image of PS—PLA nanoparticles casted from a
cyclohexane solution (0.02 g L™") for 200 nm-thick sections. The
particles were stained with RuO,. The TEM sample was prepared by
absorbing the excess of solution with a piece of cleaning paper placed
under the grid. Inset: A higher-magnification view of an isolated
cylindrical nanoparticle revealing its core—shell structure.

Isolated particles along with small aggregates were observed
throughout the grid, and the core—shell structures of the
nanoparticles were noticeable. Although the diameter of the PLA
core (~18—20 nm) was consistent with the cylinder diameter
measured for the monolith (19 + 6 nm by TEM, 23.6 nm by
SAXS), the length distribution was somewhat broad, ranging
from ~30 to 400 nm. The thickness variations observed during
the cutting process could be the main reason for this result.
In addition, the quality of the alignment can also affect the size
distribution of the particles; first, if the cylinders are not com-
pletely parallel to the shear flow (perpendicular to the edge of
knife), they will result in nanocylinders with longer lengths and
consequently particles with greater average size. Second, smaller
particles will be produced if the cylinders are not contiguous
throughout the sample.
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As the PS—PLA copolymer showed promising results for
nanocylinder fabrication via block copolymer self-assembly
and nanoskiving, we also explored extension of our procedure
for water-dispersible nanoparticles. To generate hydrophobic
particle cores with water-soluble coronae a poly(IN,N-dimethyl-
acrylamide)-b-poly(styrene) (PDMA—PS) block copolymer
was synthesized using reversible addition—fragmentation
chain transfer (RAFT) controlled radical polymerization, with
S-dodecyl-S'-(isobutyric acid) trithiocarbonate (DIBTTC) as
the chain transfer agent (CTA) and a,a’-azobis(isobutyronitrile)
(AIBN) as the initiator (Scheme 1).>* Block molar masses for the

Scheme 1. Synthetic Pathway for the Synthesis of PDMA—PS
Block Copolymer by RAFT Polymerization
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copolymer used in this study, determined by NMR spectroscopy,
were 25 kg/mol and 12 kg/mol for the PDMA and PS blocks,
respectively, which corresponds to 36 volume percent of PS.
The composition was tuned for cylindrical morphology, and this
copolymer was expected to form hydrophobic PS cylinders into a
water-soluble PDMA matrix.

The copolymer was processed at 160 °C in the same home-
built channel die employed for the PS—PLA samples, and the
microstructure of the resulting monolith was investigated by
SAXS and TEM (sample A). To illustrate the consistency and
reproducibility of our method, characterization details of second
sample prepared using the same conditions is provided in the
Supporting Information (referred to as sample B). SAXS analysis
of the resulting monolith revealed an intense primary peak at
g* = 0.197 nm (D* = 31.9 nm™") along with numerous higher
order reflections at \/4(1*, \/7q*, \/9q*, \/12q*, \/13q*, and
\/ 164*, unambiguously indicative of a cylindrical morphology
(Figure S, and Figure S7 in the Supporting Information for
Sample B). Similar to the PS—PLA monolith, the 2D SAXS
patterns obtained parallel to the shear direction are anisotropic,
hence demonstrating the microstructural alignment (see
Figure S6 in the Supporting Information). In agreement with
SAXS results, TEM images showed a well-aligned specimen. In
particular, hexagonally packed cylinders were evident when
imaging in the shear flow direction. The cylinder diameter was
estimated to be 19 & 5 nm, in agreement with the value extracted
from the SAXS data (22.6 nm).

Since both PDMA and PS are also glassy at room temperature
(Tg(PDMA) =112°C* Ty(ps) = 100 °C*"), the monolith was sec-
tioned at room temperature. For the PDMA—PS copolymer,
however, the water boat used to float the cut slices is also a
selective solvent for the PDMA matrix, and this can potentially
eliminate the need for freeze-drying as the dispersions can
be formed in the water reservoir on the diamond knife upon
sectioning. However, to prepare solutions with a known
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Figure 5. (Solid line) Experimental 1D synchrotron SAXS profile of
shear-oriented PDMA—PS monolith (sample A) at 25 °C and (dashed
line) simulated form factor scattering curve generated for cylinders with
an 11.3 nm radius (value extracted from the experimental SAXS profile).
The black triangles indicate the expected reflections for a cylindrical
morphology (\/l; \/3; \/4; \/7; \/9; \/12; \/13; \/16). Cor-
responding TEM images of the material, obtained (left) perpendicularly
and (right) parallel to the shear direction (PS domains, appearing
darker, were stained by RuO,, vapors).

concentration, the resulting dispersions were freeze-dried, and
the sample was diluted with water for DLS and TEM analyses.
From the monolith dimensions, 2 mm X 2 mm, and the domain
spacing extracted from the SAXS analysis, each section is
expected to contain about 3.6 X 10 cylinders (9 X 10" particles/min
with 25 sections/min). Once a cut slice was introduced to the
water boat, it did not immediately dissolve and appeared
to be a highly swollen sheet floating on the water. Thus, to be
certain that the cylinders were well dispersed in the solvent,
the solutions were shaken for about 30 min after they were
transferred into a plastic centrifuge tube.

Prior to TEM characterization of the samples, the carbon/
Formvar-coated TEM grids were treated with air plasma (glow
discharge) to improve their hydrophilicity. Two different sample
preparation methods were used: (i) droplets of the solution were
placed on the grid and the solvent was allowed to evaporate,
and (ii) a piece of cleaning paper was placed under the grid to
absorb the solvent. Figure 6 and Figure S10 in the Supporting
Information compare images acquired with these two different
methods; these images were taken before sonication of the
samples. As evident from the images, in the latter method (ii),
because of the quick absorption of the solvent and removing
most of the particles by the paper placed underneath, no
accumulation of cylinders was observed. Whereas, in the former
method (i), all of the particles dry on the grid and slow
evaporation of the solvent allows the particles to aggregate. From
the images (Figure 6b, c), the average length of the cylinders is
estimated to be about 480 nm with ~10% variation. Although the
size distribution seems to be off the targeted length of 200 nm,
there is a reasonable control on the length of the cylinders. To
produce longer cylinders, 300 nm thick sections were also
prepared. Similar to the aforementioned results, we observed
by TEM cylinders relatively homogeneous in size, with an
average length of approximately 600 nm (see Figure S12 in the
Supporting Information). It is certainly possible to achieve
fiberlike particles by increasing the thickness. However, targeting
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Figure 6. (a) TEM image of PS—~PDMA nanoparticles (sample A) casted from an aqueous solution (0.2 g L™"). The carbon/Formvar-coated TEM grids
were treated with air plasma to improve their hydrophilicity prior to use. The nanoparticles were stained with RuO,. (a) Sample prepared through
complete evaporation of the water in a droplet placed on the grid (method i). (b, c¢) Sample prepared by absorbing the excess of solution with a piece of

paper placed under the grid (method ii).

Figure 7. TEM image of PS~PDMA nanoparticles (sample A) casted
from an aqueous solution (0.2 g L™!) after S min of sonication. The
carbon/Formvar-coated TEM grids were treated with air plasma to
improve their hydrophilicity prior to use. The nanoparticles were stained
with RuO,. The sample was prepared by absorbing the excess of solution
with a piece of paper placed under the grid (method ii).

bigger particles might result in a higher proportion of defected
structures.

In both cases, some nanocylinders seem to be aggregated at
their ends, a possible indication of sample damage during the
cutting step. To break any nondispersed materials, the
dispersions were sonicated for 3 to S min. Although sonica-
tion seems to be efficient in breaking aggregates, it results in
appearance of smaller particles in a broader size range, implying
that some of the cylinders are broken/damaged upon sonication
(Figures 7, and Figure S11 in the Supporting Information for

Sample B). The average length of the cylinders was estimated to
290 =+ 150 nm after sonication. The major variation observed
in the size distribution of more than 50% is likely due to the
breakage of the cylinders, an issue that could possibly be
circumvented by optimizing the sonication conditions. Accord-
ing to DLS, the average size of the cylinders decreases from
189 + 9 nm to 163 = 8 nm with sonication (see Figures S8 and
S9 in the Supporting Information).

Hl CONCLUSION

Herein, an approach for nanoparticle fabrication that combines
block copolymer self-assembly and nanoskiving is introduced.
This fabrication method allows a facile experimental procedure
that does not require specialty fabrication equipment. While
maintaining many advantages of the other top-down approaches,
e.g., specific shape fidelity, and some degree of control on the
size, our new approach utilizes block copolymer self-assembly
to form the nanostructures in their thermodynamically stable
state. This is advantageous because it is expected to result in
nanoparticles with homogeneous and optimized surfaces, the
mechanical altering on the nanoparticles surface is minimized,
and only the ends of the cylinders are formed in a nonoptimal
condition due to the cutting step. The production of particles
that are surrounded by a stabilizing corona is another advantage
of this approach to nanoparticle fabrication. Simple synthesis
procedures and easy accessibility to cylindrical nanostructures in
a range of compositions (~25—35%) through controlled poly-
merizations allow a versatile choice of materials for nanoparticle
fabrications using this technique. Successfully illustrated with a
PS—PLA and a PDMA-PS diblock copolymer, we expect this
fabrication method to be usable with any glassy self-assembled
block copolymer sample.
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Experimental procedures, Figures S1—S11, and Table S1. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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