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ABSTRACT: As nanomaterials move toward commercial Organic In Bep
applications, methods of scalable, solution-based manufactur- l *
ing of polymer nanoparticles are increasingly important. Flash m <= \Voltage
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nanoprecipitation (FNP) is a popular approach to producing
relatively monodisperse NPs that encapsulate hydrophobic
cargo with high efliciency. In conventional FNP, rapid
turbulent mixing is generated by high velocity flows that
may not be suitable for delicate or expensive cargo. Here, we
developed an alternate approach to synthesize block
copolymer (BCP) nanoparticles that relies on rapid mixing
induced by electrohydrodynamics (EHD): EHD mixing (EM) mediated-nanoprecipitation (NP). For poly(caprolactone)-b-
poly(ethylene oxide) (PCL-b-PEO) and poly(styrene)-b-PEO (PS-b-PEO) model polymers and over the range of conditions
investigated, EM-NP yielded polymer NPs that were ~20 nm in diameter with polydispersity (standard deviation * mean™") of
~0.1 to 0.2. NP sizes were insensitive to changes in flow rate and BCP concentration but were slightly sensitive to changes in
applied voltage. As voltage decreased the mean NP size and polydispersity remained unchanged but a small number of outlier
worm-like micelles or larger spherical structures appeared. EM-NP was used to encapsulate hydrophobic cargos, including
superparamagnetic iron oxide nanoparticles (SPIONSs) or quantum dots (QDs), materials useful in biomedical imaging and cell
separations. BCP nanocomposite size (~20 nm) and polydispersity remained relatively unchanged with hydrophobic cargo
encapsulation; however, the tail of the distribution extended to larger particle sizes. Although BCP-QD composites synthesized
via EM-NP demonstrated an ~20% decline in QD fluorescence in the first 24 h, they remained stable for the remaining 6 days
of the study. Thus, EM-NP provides an important alternative to conventional FNP for generating monodisperse NPs that does
not require high flow rates and that is superior to aerosol-mediated or sonication-mediated interfacial instability approaches.
This process may enable commercial scale production of polymeric nanoparticles encapsulating delicate cargoes, such as
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quantum dot bioimaging agents.
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B INTRODUCTION

Polymer nanoparticles (NPs) and nanocomposites are critical
components in a wide range of applications, ranging from
bioimaging and drug delivery to energy harvesting and
storage.”” Polymer NPs comprised of block copolymers
(BCPs) (e.g, amphiphilic diblock’ and multiblock®) are
particularly useful because of their high capacity to encapsulate
relatively large hydrophobic cargoes (i.e, other NPs or drug
molecules) and stabilize them in an aqueous environment.’
These nanocomposites can preserve the desired characteristics
of the original hydrophobic constituents, while enhancing
delivery and protecting against degradation. Furthermore,
BCPs can be designed with a wide variety of “smart”
characteristics, such that composite NPs can release their
cargo or otherw1se respond if triggered by pH, thermal, or
optical excitation.” However, many NP composites have only
been synthesized in limited-scale, batch processes, often
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yielding quantities far below those required for potential
commercial use.” Scaling up production, while maintaining
high product quality, remains a challenge. Thus, it is often
difficult to translate encouraging small scale results into
commercial successes.

Standard synthesis methods for polymer NPs and nano-
composites are based on one of two fundamental mechanisms:
kinetically driven encapsulation during nucleation and NP
growth® and thermodynamically driven self-assembly.” Kinetic
mechanisms have shown particular promise because they can
encapsulate large amounts of hydrophobic cargo while
maintaining narrow NP size distributions.”™"" In particular,
the batch water addition (WA) method”'” has been scaled up
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by Johnson and Prudhomme to yield BCP nanocarriers
encapsulating therapeutics and inorganic nanoparticles via the
flash nanoprecipitation (FNP) method."" This continuous
nanomanufacturing process generates composite NPs via rapid
precipitation of hydrophobic materials (the cargo) that are
then stabilized by the coprecipitating amphiphilic block
copolymers (BCPs). Conventional FNP is conducted in a
high velocity environment (i.e, confined impinging jet mixer,
multi-inlet vortex mixer) where the water-miscible organic
solvent containing the BCP and hydrophobic cargo rapidly
mixes with an antisolvent stream(s) (e.g., water).'" The cargo
and the BCPs supersaturate as the solvent quality is reduced
during mixing, promoting precipitation of both components.
Ideally, the nucleation and growth of the hydrophobic cargo
exposed to a sudden change in solvent quality is arrested as the
hydrophobic segments of the BCP stabilize the surface of the
hydrophobic NP aggregates. Hence, the end product consists
of hydrophobic cargo encapsulated in the hydrophobic region
of the BCP, with the external, hydrophilic BCP block ensuring
water-solubility. FNP has been utilized to produce polymer
nanocomposites encapsulating inorganic NPs and drug
molecules with encapsulation efficiencies of up to 99.9%."

A fundamental requirement in FNP processes is rapid,
turbulent mixing to achieve homogeneous kinetics; mixing
must be sufficiently rapid that the solution is homogeneous
and the nucleation and growth kinetics are uniform
throughout. Thus, most devices rely on high flow rates (up
to mL min~" scale) to achieve efficient turbulent mixing. As a
consequence, more controlled, lower volume synthesis can be
difficult to achieve when only a limited amount of cargo is
available, although progress has been made in the form of a
simplified, hand operated, confined impinging jet mixer with
dilution.* Some of these challenges can be addressed using
microfluidic platforms14 or membrane dispersion devices,'® but
incorporating such devices into large manufacturing processes
may require specialized fabrication techniques. There remains
a strong need to develop simple, yet scalable FNP platforms
that are not directly dependent on high flow rates or high fluid
velocities.

Here, we employ rapid electrohydrodynamic (EHD)
mixing16 to develop an nanoprecipitation process (EM-NP)
that compliments the conventional jet mixing approach. In the
EM-NP configuration, a liquid with low electrical conductivity
(i.e., tetrahydrofuran, THF) is pumped into a miscible liquid
that has a relatively higher, but still low, electrical conductivity
(i.e., distilled water). The presence of an electric field can both
induce motion of the charge carriers within the more
conductive liquid, leading to bulk fluid flow, as well as directly
disrupt the interface between the two fluids. Both effects
increase with the strength of the electric field and under a
strong enough field, lead to rapid turbulent mixing of the two
liquids. Using EM-NP, we demonstrate synthesis of PCL-b-
PEO and PS-b-PEO NPs and characterize the effect of applied
voltage, flow rate, and BCP concentration on the size and
polydispersity of the NPs. We also encapsulate inorganic NPs,
including luminescent semiconducting quantum dots (QDs)
and superparamagnetic iron oxide nanoparticles (SPIONSs), in
PS-b-PEO BCPs. QDs in particular were chosen because of
their high sensitivity to the external environment,'” thus QD
fluorescence can serve as an indicator of EM-NP ability to
process delicate cargo.
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B EXPERIMENTAL SECTION

Materials. Poly(e-caprolactone-b-ethylene oxide) (PCL 6 kDa/
PEO S kDa) and poly(styrene-b-ethylene oxide) (PS 9.5 kDa/PEO
18.0 kDa) with carboxylic acid termination were purchased from
Polymer Source (Montreal, Canada). Hydrophobic QDs with
octadecylamine ligands (particle size = S nm, A, = 600 nm) and
hydrophobic SPIONSs with oleic acid ligands (particle size = S nm)
were purchased from Ocean NanoTech (San Diego, CA). Rhodamine
6G was purchased from ThermoFisher Scientific. Hamilton metal hub
blunt point needles (27 gauge, 410 ym o.d.; 210 um i.d.) and glass
luer lock syringes (1 mL) were purchased from ThermoFisher
Scientific. Polytetrafluoroethylene heat shrink tubing (30 gauge, 0.006
in. wall, shrink ratio 2:1) was purchased from Component Supply
company (Lakeland, FL). For centrifugal filtration, Amicon Ultra
centrifugal filter units (pore size: 100 kDa MWCO) were purchased
from Sigma-Aldrich.

Polymer NP and Nanocomposite Synthesis via EM-NP.
Polymer NPs and nanocomposites were synthesized using the same
EM-NP setup (Figure S1). The electrospray needle was a 27 gauge
(410 ym o.d.; 210 ym i.d.) blunt stainless steel capillary insulated to
the tip with PTFE heat shrink tubing, and the grounding electrode
was a stainless steel wire partially insulated with PTFE heat shrink
tubing. The needle and the grounding electrode were positioned in
the continuous phase (i.e., distilled water in a 15 mL glass vial), with
the electrospray needle located ~1 cm below the surface and the
grounding electrode ~1 cm away from the electrospray needle. A high
voltage supply applied up to —2.5 kV across the grounding electrode
and the electrospray needle. The organic phase was delivered to the
electrospray needle via a syringe pump, and rapid mixing of the two
fluids ensued as the applied voltage increased. Unless specifically
noted, the flow rate used was 12.7 mL h™" and the applied voltage was
—2500 V.

The composition of the organic phase varied depending on the
type of product synthesized. For PCL-b-PEO and PS-b-PEO NPs, the
stock polymer solution (10, 20, or 40 mg mL™}, 200 uL) in THF was
added to 200 uL of THF. For QD- and SPION-loaded PS-b-PEO
NPs, the organic phase consisted of PS-b-PEO (10 mg mL™, 200 uL)
and QD (1.75 mg mL™", 200 L) or SPIONSs (0.5 mg mL™", 200 uL)
in THF, respectively. In all cases, half of the total 400 xL organic
phase was mixed into 10 mL distilled water. NPs and nanocomposites
were purified within § min of initial synthesis via centrifugal filtration
(4000 rpm, 1S min) to remove excess THF. Centrifugal filtration was
repeated 3 times with 3 mL of distilled water. After purification, ~ 200
uL of purified product was retrieved by adding 800 uL of distilled
water. For all experiments, samples were synthesized and analyzed in
triplicate.

Characterization of NP and Nanocomposite Size and
Polydispersity. Transmission electron microscopy (TEM) was
used to determine the size of the polymer NPs and composites.
Briefly, a PELCO easiGlow Glow Discharge Cleaning System was
used to clean TEM grids prior to NP deposition. This step aids
adhesion of the samples by making the surface more hydrophilic.
Then, 12.5 uL sample droplets were pipetted onto a silicone pad over
which the TEM grid was inverted for S min. Excess sample was then
slowly wicked away using filter paper. Negative staining was
performed using 1% uranyl acetate dissolved in distilled water.
TEM images were collected using an FEI Tecnai G2 Bio Twin TEM
at 80 kV.

Particle size and distribution parameters were obtained by
analyzing TEM images using Image] software (available from NIH).
The Feret length (Lg), the longest distance from any two points, was
used as a characteristic length representing NP diameter. Size
measurements were collected for each of the triplicate experiments
and pooled. The total number of particles counted per experimental
condition ranged from 400 to 7500 particles. Minimum and maximum
particle sizes were obtained for each sample using MATLAB
(MathWorks & Simulink, Natick, MA, U.S.A.). Size histograms
were plotted using SigmaPlot (Systat Software Inc., San Jose, CA,
U.S.A.), and size distributions were fit to log-normal distributions.
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Figure 1. (a) Schematic of EHD mixing-mediated nanoprecipitation (EM-NP), and (b) EHD mixing of THF containing rhodamine 6G dye
(orange) and water at a fixed liquid flow rate and different voltages. Mixing increases rapidly with increasing voltage.

Mode, mean, and geometric standard deviation were then extracted
from the fit parameters. Lognormal distributions and fits for each
pooled experiment (Figures S2—S5), as well as detailed descriptions
of the method used to extract mean and standard deviation from the
fit parameters are given in the Supporting Information.

For one set of experimental conditions, hydrodynamic diameter
was additionally determined using dynamic light scattering (DLS) (BI
200-SM, Brookhaven Instruments Corp.). The average count rate was
between 100 and 200 kilocounts per second, and light was collected at
a 90° angle.

QD Fluorescence Intensity. Fluorescence intensity of QD-
loaded PS-b-PEO composites was evaluated using a Photon
Technology International (PTI)-810 fluorometer (excitation = 350
nm, lamp power = 75 W, detector voltage = 1100 V). Purified QD-
loaded PS-b-PEO composites were too concentrated to measure
directly. Hence, measurements were conducted on the total product
(~200 uL) diluted in 5 mL of distilled water.

B RESULTS AND DISCUSSION

EHD-Enhanced Mixing of a Water-Miscible Organic
Liquid in Water. One of the most well-known applications of
electrostatic forces in flow involves spraying a conductive fluid
into a nonconductive fluid (C-in-N system) in the presence of
an electric field."®" In this traditional electrospray approach,
the voltage applied at the interface between the two fluids
induces electric stresses that deform the interface yielding a
number of different spray modes.”” One of the most widely
used is the cone-jet mode, in which the applied electric stresses
overcome the surface tension of the fluid interface to yield a
conical jet, known as a Taylor cone.”'~** The narrow jet of
fluid emitted from the tip of the cone then breaks up to create
a fine aerosol.

Although not as widely known, electric fields can also be
used to disperse an immiscible nonconductive fluid inside a
more conductive one'®**™** (N-in-C system), yielding, for
example, fine dispersions of bubbles or oil droplets in water.
More recently, electrically induced mixing of two miscible
fluids (Figure 1a) has also been explored as an alternative to
flow rate dependent turbulent mlxmg, to produce inorganic
nanoparticles as small as 240 nm."® In all cases, dispersion and
mixing efficiency increase with the strength of the electric field.
Although “inverse” electrospray is not as well understood as
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traditional electrospray, and both theoretical’®™** and

experimental **7* studies continue to investigate the
relevant physics, two key phenomena have been identified as
important to both droplet production and mixing. The first
phenomenon is charge carrier migration through the leaky
dielectric fluid from the injection point (electrode) toward the
ground. Near the electrode, where the electric charge is
highest, charge migration results in the electroconvection of
the fluid that intensifies as the strength of electric field
increases (Figure 1).*” Local velocities as high as 100 mm s~
have been measured 2 mm from the tip of the injection
needle.’*® The second phenomenon is the disruption of the
interface itself by the electrical stresses that further enhances
dispersion and mixing,*

In this work, we adopted the EHD mixing technique to build
a simple platform for rapidly mixing a nonconductive, water-
miscible, organic liquid (i.e, THF), containing polymers and
other hydrophobic compounds, into distilled water. To the
best of our knowledge, EHD mixing-mediated nanoprecipita-
tion (EM-NP) has not been applied to systems involving self-
assembly such as BCP micelles or nanocomposites (Figure 1a).
EM-NP therefore presents an attractive option for nano-
precipitation polymer processing in which mixing intensity is
not solely dependent on flow rate.

One challenge in achieving and maintaining an electric field
in an N-in-C system is that the electrified needle and the
grounding electrode are both in contact with the more
conductive fluid. Applying a high voltage to the needle can,
therefore, 6generate a short circuit unless the needle is well
insulated.”>*” In earlier work, this was done by embedding the
needle in glass or in a ceramic housing, but in this work, we
insulated the needle by encasing it in PTFE heat shrink tubing.
As an initial proof of concept, and to visualize mixing of the
injected liquid, we pumped THF containing a fluorescence dye
(i.e, Rhodamine 6G) into distilled water at a constant flow
rate (12.7 mL h™") and varied the voltage (Figure 1b) in the
absence nanoparticle forming species (e.g., polymers, quantum
dots). In the absence of an applied voltage the dye stream
appears as an orange ribbon inside the aqueous phase that rises
to the surface, suggesting there is little mixing between the less
dense THF-dye mixture and the water. Applying a relatively
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Figure 2. TEM analysis of (a) PCL-b-PEO and (b) PS-b-PEO NPs synthesized via EM-NP at various voltages. The black symbols and lines
correspond to the mean (Lg) and the particle size range that contains 68% of the particles, respectively. The red line joins the maximum and

minimum sizes observed. TEM scale bar = 100 nm.

low voltage (—500 V) results in weak dispersion of the organic
stream, biased in the direction of the ground wire, whereas
increasing the voltage further to —1500 V results in more
vigorous mixing. The stream exiting the needle also becomes
less visible, and the aqueous phase quickly changes color as the
organic phase rapidly disperses. At the maximum voltage
tested, —2500 V, the organic phase exiting the needle is not
visible because dispersion is too rapid. This finding is
consistent with previous EHD micromixing reports that
investigated mixing intensity is a function of the applied
voltage.'®

Effect of EM-NP Operating Parameters on BCP NP
Morphology. Applied Voltage. To demonstrate that BCP
NPs can be produced via EM-NP and to evaluate the effect of
applied voltage on the morphology of the NPs generated, we
mixed THF containing BCP into water at various voltages (0,
—100, —500, —1000, —2000, and —2500 V). The size
distributions of the resultant products were characterized
using TEM. Two BCPs were studied: PCL¢ ¢ 1p,-b-PEO5 g 1p)
for direct comparison with prior ENP work by Prud’homme,””
and PSg s p.-b-PEO 50 pay for direct comparison with BCP
NPs produced in our previous work via sonication’® and
coaxial electrospray.”’ The polymer concentrations in the
organic stream were comparable with the work of Prud’homme
(ie, 10 mg mL™" for PCL-b-PEO) and our previous work (S
mg mL™" for PS-b-PEO), respectively.

Under the control conditions of 0 V (no applied voltage),
both PCL-b-PEO and PS-b-PEO BCPs formed large
agglomerates (Figure 2) without a well-defined morphology,
and, thus, these data were omitted from further size analysis.
When voltage was applied, structures consistent with BCP NPs
were formed (Figure 2, Table S1). These structures were
characterized with respect to Lg. The resulting histograms were
then fit to log-normal size distributions. For both BCPs, the
number mean Ly, (Lg), ranged from ~16 to 24 nm regardless
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of the applied voltage (ie, —100 to —2500 V). Similarly, the
widths of the particle size distributions, defined such that 68%
of the particles lie within this distance of (Lg), were between
~2 and 8 nm. These results suggest that both (Lp) and
polydispersity are only weakly dependent on voltage (Table
S1). In contrast, the maximum Ly observed (red bars) declined
with increasing voltage, suggesting fewer, large particle outliers
in the distribution; and accordingly, the number of particles
with (Lg) > 50 nm declined from 5.3% (PCL-b-PEO) and
1.4% (PS-b-PEO) at —100 V to 0% with increasing voltage
(Figure S2). For PCL-b-PEO, TEM images demonstrated that
increasing voltage reduced the number of worm-like NPs
formed (e.g., compare, for example, —100 and —500 to —2500
V) and favored the spherical micelle morphology. For PS-b-
PEO, increasing voltage also favored spherical structures;
however, lower voltages resulted in large circular particles as
opposed to worm-like micelles.

The success of FNP depends on three time scales: mixing
time (7,,;), nucleation and growth time for the encapsulants
(%ag), and polymer aggregation time (7,4,). Two criteria must
be met to obtain highly monodisperse particles and high
encapsulation efficiency. The first criterion involves 7., and
T, and can be cast in terms of the Damkohler number, Da =
Tinix/ Tage: Three mixing regimes are identified: (i) Da > 1, slow
mixing results in inhomogeneous particle formation kinetics,
(ii) Da = 1, a transition region, and (iii) Da < 1, rapid mixing
establishes a uniform solution and homogeneous particle
formation kinetics. The second criterion involves 7, and 7,q,.
For effective stabilization, or encapsulation, of the growing
hydrophobic encapsulant aggregates these times scales need to
be approximately equal.*’ In a conventional FNP process, Ty
is a function of the flow rates and the dimensions of the mixer
used. Because of the complexity of the EHD system, 7,,;;, is not
readily determined, but decreasing the voltage clearly decreases
mixing intensity (Figure 1) and increases Da. Thus, changes in
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nanoparticle size and morphology can be used as surrogates for
changes in 7.

EM-NP results (Figure 2) are consistent with the work of
Johnson and Prud’homme,® who found that, in the
homogeneous kinetics regime, particle diameter is insensitive
to flow rates. However, these authors also reported that, when
flow rate decreases so that Da > 1, the average particle size
increases. In contrast, in the current EM-NP design, the mean
size is unaffected down to the lowest applied voltage (i.e.,
—100 V) investigated. Instead, as the voltage decreases, the tail
of the size distribution extends to larger particle sizes.
Nevertheless, the number of large particles is too low to
greatly affect the mean and polydispersity derived from fits to
the data. For example, for PCL-b-PEO NPs synthesized at
—100 V, the sample with the largest fraction of large particles,
(Lg) calculated including all particle sizes was 21.9 nm, (Lg)
calculated including only those below 50 nm was 18.2 nm.
Only under the control conditions (0 V), where 7, and Da
are maximized and primarily a function of the flow rate of the
entering liquid, were large, ill-defined aggregates observed.
Experiments between 0 and —100 V would be expected to
yield the transition to a regime where NP size depends strongly
on voltage, similar to the shifts observed with flow rate in
traditional FNP. Thus, these data establish that applied voltage
can modulate 7. and suggest that in the current setup
voltages as low as —100 V are sufficient to establish
homogeneous kinetics.

Organic Phase Flow Rates. To determine the sensitivity of
EM-NP to flow rate, a crucial variable in standard FNP
configurations, we varied the organic phase flow rate (2.5, S,
10, 12.7 mL h™") at a constant voltage (—2500 V) using the
same polymer concentration as above and evaluated the effect
on NP morphology. It should be noted that the flow rates used
in this experiment were much lower than those used by
Johnson and Prud’homme (organic 12 mL min™"', aqueous 40
mL min~") and were limited by the throughput of the syringe
pump employed. As in the voltage study, neither (Lg) nor
polydispersity were strong functions of the organic phase flow
rate (Figure 3 and Table S2). For PCL-b-PEO, the largest (Lg)
(ie., 29.8 nm) was obtained at the lowest flow rate, 2.5 mL
h™". For PS-b-PEO, the largest (Lg) (i.e., 22.8) was obtained at
5.0 mL h™'. There were also no trends observed in the
minimum or maximum values. Thus, although the flow rates
tested, between 2.5 and 12.7 mL h™', only varied by a factor of
4, it is reasonable to conclude that the success of EM-NP
depends more strongly on the applied voltage than on the flow
rate.

BCP Concentrations. One caveat to the observations above
is that this version of EM-NP is a semicontinuous process
rather than a fully continuous process as typically used in FNP.
Thus, it is possible that temporal changes in the BCP
concentration in the solution could affect NP size and
morphology. To evaluate this possibility, we produced PCL-
b-PEQ and PS-b-PEO NPs at constant flow rate (12.7 mL h™")
and voltage (—2500 V) but varied the BCP concentrations in
the organic solution. Concentrations of §, 10, and 20 mg mL ™"
were used, because these concentrations include the standard
conditions of 10 mg mL™" for PCL-b-PEO and § mg mL™" for
PS- b-PEO used above.

For both BCPs, increasing BCP concentration had a
negligible effect on mean (Lg) as well as the width of the
particle distribution (Figure 4 and Table S3). No trends with
BCP concentration were observed. For PCL-b-PEO, the largest
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Figure 3. TEM analysis of (a) PCL-b-PEO and (b) PS-b-PEO NPs
synthesized at various organic phase flow rates at a constant voltage
(—2500 V) and polymer concentration. The black symbols and lines
correspond to mean (L) and the particle size range that contains 68%
of the particles, respectively. The red line joins the maximum and
minimum sizes observed. TEM scale bar = 100 nm.

mean (Lp) occurred at a concentration of 5 mg mL™ (202
nm), whereas for PS-b-PEQ, the largest mean (L) occurred at
20 mg mL™" (20.7 nm). Nor were there any specific trends for
the minimum or maximum values observed across BCP
concentrations. In their FNP studies, Johnson and Prud’-
homme also found that the NP size is independent of BCP
concentration as long as homogeneous kinetics are obtained
(Da < 1).° Although the range of BCPs investigated is still
limited, our results to date suggest that, with the exception of
the control experiment (0 V), homogeneous kinetics were
achieved under all conditions investigated, and that EM-NP is
relatively insensitive to both flow rate and BCP concentration
changes. It is possible that concentration dependence may
emerge with other polymers, particularly if they can undergo
postsynthetic Ostwald ripening,*’

Comparison to Other Scalable Nanomanufacturing
Platforms. Selected EM-NP studies used the same polymers
at comparable concentrations to other nanomanufacturing
processes reported in the literature, in particular multi-inlet
vortex mixer (MIVM)-mediated FNP of Prud’homme and co-
workers,®” and our previous results using sonication-*' and
coaxial electrospray-"> mediated self-assembly. Thus, a direct
comparison of the results should be reasonably straightforward.

For PCL-b-PEO (Table 1), EM-NP produced significantly
smaller NPs than MIVM, ~18 nm versus 50 nm, although
particle distribution widths were approximately the same.
Polydispersity was, therefore, twice as high for particles made
with EM-NP versus MIVM. Possible reasons for this size
difference include (1) the size characterization technique, (2)
the change in solvent quality that drives particle formation, and
(3) the mechanism of inducing rapid mixing.

Prud’homme and co-workers used dynamic light scattering
(DLS) to obtain hydrodynamic diameters of particles in
solution, whereas we used TEM to obtain (Lg) of dried
particles on a TEM grid. Our TEM results are, however,
confirmed by DLS measurements (Figure S6). For PCL-b-
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Figure 4. TEM analysis of (a) PCL-b-PEO and (b) PS-b-PEO NPs synthesized via EM-NP at various BCP concentrations in THF at a constant
flow rate (12.7 mL h™") and voltage (—2500 V). The black symbols and lines correspond to mean (Lg) and the particle size range that contains
68% of the particles, respectively. The red line joins the maximum and minimum sizes observed. TEM scale bar = 100 nm.

Table 1. Size Comparison of PCL-b-PEO NPs Synthesized
with Different Processes”

BCP conc in THF (mg mL™')  mean Ly (nm) PD/PD.
MIVM®’ 11 50 + 2.0 0.04
EM-NP 10 18.314% 0.08

“Lg = Feret length. +, —: the interval defined by the upper and lower
bounds on (Ly) contains 68% of the particles.

PD,; = +/(+dev)(—dev) /(L)

PEO NPs (BCP concentration: 10 mg mL™! in THF) DLS
yielded an average hydrodynamic diameter of 24.1 nm, slightly
larger than, but highly consistent with, the dried particle
diameter measured by TEM (18.3 nm). Therefore, size
characterization technique cannot explain the observed size
difference for PCL-b-PEO NPs produced by the two
techniques.

Prudhomme and co-workers reported that NP size is
insensitive to BCP concentration once homogeneous kinetics
are obtained*’ but that the final size NP does depend on the
change in solvent quality, particularly the rate of change and
the magnitude of the change.” In particular, experiments
showed that NP size increased with the organic content of the
final mixed stream,® and molecular dynamics (MD)
simulations found that particle size decreased with an increase
in the rate of solvent quality change.* In the MIVM
experiments reported,”” the BCP and THF concentrations in
the final mixture are both about an order of magnitude greater
(organic/aqueous ~0.3 v/v) than in the EM-NP process

(organic/aqueous ~0.02 v/v). Thus, if mixing times are
comparable both the magnitude of the solvent quality change
and the rate at which it occurred should be much greater in the
current EM-NP experiments than in the MIVM experiments.
Both effects should lead to smaller particles and in that sense
our results are consistent with the work of Prud’homme and
co-workers.”** These results are also consistent with basic
ideas from nucleation literature, which suggest that higher
saturations lead to more rapid particle formation and smaller
particle size.

Finally, a major difference between EM-NP and MIVM is
the mechanism of inducing rapid mixing—EHD flow around
the nozzle tip and field induced instability at the interface
versus turbulence throughout the flow. It is possible the
electric field established during EM-NP could affect the final
particle size. Masnky and co-workers, for example, demon-
strated that in thin films of poly(styrene-b-methyl methacry-
late), or PS-b-PMMA, alignment follows the electric field lines
driven by the difference in the dielectric properties of the
polymer blocks.* Understanding the effect the electric field
may have on BCP aggregation to form NPs during EM-NP is
beyond the scope of this paper. On the basis of the insensitivity
of particle size to a 25-fold increase in voltage, however, any
effect is likely small.

For PS-b-PEO micelles (Table 2), the current results using
EM-NP were compared to NP formation via sonication”' and
Aero-IS coaxial electrospray.*” In the latter two processes, BCP
self-assembly proceeded via the interfacial instability mecha-
nism from an oil-in-water emulsion, and micelle assembly was

Table 2. Size Comparison of PS-b-PEO NPs Made with Different Synthesis Processes®

5 mg mL™!
mean Ly (nm) PD or PD
sonication*” N/A N/A
coaxial electrospray* 49 + 110 0.22
EM-NP 19.0725 0.13

10 mg mL™! 20 mg mL™!
mean Ly (nm) PD or PD4 mean Ly (nm) PD or PD4
44.0 + 10.3 0.23 532 + 14.8 0.28
S1.S + 13.5 0.26 73.3 + 14.7 0.20
19.0539 0.14 20.743% 0.13

“Lg = Feret length. +, —: the interval defined by the upper and lower bounds on (L;) contains 68% of the particles. PD,¢ = +/(+dev)(—dev) /(L)
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a thermodynamically driven process.”® PS-b-PEO NPs formed
using Aero-IS and sonication were similar in size and
polydispersity but distinctly larger in size and with higher
polydispersity than NPs synthesized by EM-NP. Unlike the
rapid formation of NPs in FNP, the self-assembly of BCPs in
the interfacial instability process takes longer (hours versus
seconds), as BCPs organize to form the most thermodynami-
cally stable configuration characterized by the critical micelle
concentration (CMC).*® Particle size is determined by the
CMC, rather than kinetic-trapping, and polydispersity is larger
as slow particle growth by chain insertion and aggregate fusion
leads to a broadening of the size distribution. Thus, compared
to thermodynamic self-assembly approaches, EM-NP yields
smaller NP size with superior polydispersity. Lastly, Aero-IS-
and sonication-mediated BCP assembly both led to elongated
structures (i.e., ellipsoidal and wormlike) as the BCP
concentration in the organic phase increased, and the
morphology shift was higher in Aero-IS than in sonication.
In EM-NP, in the homogeneous kinetics regime, BCP
concentration showed negligible effect on the particle size
and the morphology.

Overall, NPs synthesized via EM-NP were smaller than NPs
synthesized via other manufacturing techniques. The particle
size difference found in EM-NP versus MIVM is qualitatively
consistent with changes in solvent quality. Thus, altering the
solvent quality by dispersing the THF/BCP solution into a
water mixture already containing THF may offer a way to
control the particle size via EM-NP. Comparing EM-NP to
thermodynamically driven techniques, suggests that EM-NP is
suitable for synthesizing smaller, more monodisperse NPs,
whereas Aero-IS and sonication may be desired for producing
micelles with higher order morphologies.

Synthesis of BCP Nanocomposites Encapsulating
Inorganic NPs via EM-NP. The ability of BCP micelles
and NPs to encapsulate hydrophobic cargo is a key feature of
their application, and FNP in an MIVM can do so with high
efficiency.”” We therefore conducted EM-NP experiments
using THF containing PS-b-PEO BCP and either semi-
conducting fluorescent quantum dots (QDs) or super-
paramagnetic iron oxide nanoparticles (SPIONs) as model
cargoes. To minimize 7,,;, and promote homogeneous kinetics,
the organic phase flow rate and the applied voltage were held
constant at 12.7 mL h™' and —2500 V, as in our previous
experiments.

To evaluate the ability of resultant nanocomposites to
encapsulate these cargoes, several tests were performed. As a
first test of encapsulation efficiency, the resultant NP solutions
were centrifuged immediately after particle formation to
identify any aggregates associated with unencapsulated QDs
or SPIONS. No pellets were formed, at least at these
encapsulant concentrations. We also measured the fluores-
cence intensity of the filtered supernatant to detect any
unencapsulated QDs, but no fluorescence was observed
(Figure S8). Next, we evaluated nanocomposite structures
via TEM. TEM images showed that the products contained
both empty PS-b-PEO NPs and composites encapsulating
inorganic NPs (Figure S, inset). For consistency, loaded and
empty PS-b-PEO nanocomposite sizes were evaluated
separately (Figure S, Table 3).

For PS-b-PEO composites encapsulating QDs, (Lg) was ~2
nm larger than (Lg) for PS-b-PEO composites encapsulating
SPIONs. Empty micelles in the same samples had (Lg) values
of 18.1 nm for PS-b-PEO with QDs and 17.0 nm for PS—PEO
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Figure 5. TEM analysis of PS-b-PEO NPs encapsulating (a) QDs and
(b) SPIONS synthesized via EM-NP at an organic flow rate of 12.7
mL h™' and an applied voltage of —2500 V. Size distributions
(histogram bin size: 1 nm) for the loaded NPs and the corresponding
log-normal fits (red). Insets: TEM images; scale bar = 100 nm.

for with SPIONS, close to the (Lg) of 19 nm measured for
empty PS-b-PEO NPs synthesized using the same process
parameters (i.e, BCP concentration, voltage, and flow rate). In
contrast, the maximum Ly for loaded PS-b-PEO composites
was much larger (54.6 nm for QDs and 38.1 nm for SPIONs)
than the empty PS-b-PEO NPs (Max Ly = 30.3 nm).
Furthermore, mean (Lg) values for the loaded PS-b-PEQO
NPs synthesized via EM-NP were ~9 nm (QD) and ~6 nm
(SPION) smaller than those obtained for comparable PS-b-
PEO NPs synthesized via the sonication method used in our
earlier work.*" Finally, conventional synthesis methods resulted
in broader particle size distributions and the formation of
elongated morphologies that were never observed here.*'

The slight increase in mean size observed could result from
PS block stretching on the addition of hydrophobic
encapsulants, as has been observed previously.” The increase
in the maximum L is associated with nanocomposites
containing multiple inorganic NPs and most likely reflects
the difference between 7,, and 7,5, In FNP, the key to high
encapsulation and product uniformity is to ensure 7,q,, the time
scale of BCP aggregation is approximately equal to 7, the
hydrophobic cargo nucleation and growth time. Although
characterizing 7,q, for PS-b-PEO and 7,,, for QDs and SPIONs
is beyond the scope of this paper, our results suggest that
reducing 7,g, relative to 7,; by changing the solvent quality or
increasing the inorganic NP concentration could improve
product uniformity by reducing the number of empty polymer
NPs. Nonetheless, EM-NP yielded highly monodisperse PS—
PEO composites with roughly 50—70% of the composites
containing at least 1 inorganic NP.

Finally, to demonstrate the suitability of EM-NP for
processing delicate cargo, we measured the fluorescence
intensity of PS-b-PEO NPs encapsulating QDs over the course
of 7 days (Figure 6). QDs are sensitive to environmental
conditions, particularly in aqueous environments,"”*” where
they can undergo photo-oxidation and loss of stabilizing
ligands. After the first 24 h, fluorescence intensity diminished
by ~20% (i.e.,, declined to 80% of that originally obtained
immediately after the synthesis); however, fluorescence was
stable over the remaining 6 days of observation. These results
suggest that BCPs adequately stabilize QDs against environ-
mental assaults and that initial fluorescence declines may result
from the EM-NP process.

B CONCLUSIONS
EM-NP provides a robust platform for producing BCP NPs
and functional nanocomposites via the FNP mechanism. EM-
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Table 3. Size Characteristics of PS—PEO NPs Encapsulating QDs and SPIONs“

min Ly (nm) max L (nm) modeL; (nm) meanLj_ (nm) PD. 4
encapsulants empty loaded empty loaded empty loaded empty loaded empty loaded
QDs 14.6 13.3 24.1 54.6 17.7 21.7 18.17%% 22.3%3 0.12 0.14
SPIONs 13.9 13.7 24.4 38.1 16.6 20.4 17.02%% 20.7133 0.12 0.11
no NPs 13.1 N/A 30.3 N/A 18.5 N/A 19.035 N/A 0.13 N/A

“Lg = Feret length. +, -: the interval defined by the upper and lower bounds on (L) contains 68% of the particles. PD,z = /(+dev)(—dev) /(L)
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Figure 6. Fluorescence intensity of PS=PEO composites encapsulat-
ing QDs normalized to the initial fluorescence intensity observed
immediately after the synthesis.

NP is, however, fundamentally different from other FNP
platforms in that rapid mixing is achieved by EHD mixing and
instability of the interface induced by electrical stresses, instead
of turbulent flow. Because mixing is primarily dependent on
the applied voltage, rapid mixing can be achieved at flow rates
significantly lower than those used in most FNP mixers (~mL
h™' compared to mL min~"). Characterizing the exact time
scales, especially 7., at different voltage settings, is beyond the
scope of this paper. Further in-depth investigation to better
understand and control the time scales of mixing, BCP
aggregation, and hydrophobic cargo nucleation and growth will
help extend the reach of this technology. The current results
demonstrate that homogeneous aggregation kinetics are easily
obtained via EM-NP. Furthermore, in the current experiments,
NP size and polydispersity are relatively insensitive to changes
in flow rate and consistent with prior FNP results, independent
of BCP concentration.® We acknowledge that the current study
only used one molecular weight for each of the two BCPs
investigated. To better understand the strengths and
limitations of the EM-NP process, we are currently
investigating a wider range of BCPs and molecular weights
to evaluate the effect of these variables on particle formation
via EM-NP.

The ability to form highly monodisperse NPs using a
method that is essentially independent of flow rate provides a
desirable alternative for controlled, lower volume processes
and encapsulation of delicate cargo. Ideally, encapsulation
processes should provide high efficiency, while preserving
functionality. For example, hydrophobic encapsulants em-
ployed in bioimaging and drug delivery comprise high value
components that may be sensitive to processing conditions.
Here, EM-NP was used to encapsulate inorganic NPs,
including QDs and SPIONS, used in biological imaging. QDs
in particular represent a delicate cargo in that they are
extremely sensitive to environmental conditions. In the EM-
NP process, fluorescence of encapsulated QDs declined by
20% within 24 h but maintained that fluorescence level for the
remainder of the 7 day test.

Equally important are inline quality and process control,
which may be more difficult to achieve if large flow rates are
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used. Because the success of EM-NP is not heavily dependent
on flow rate, more controlled production may be possible.
Further, lower flow rates need not limit scale. Whereas product
throughputs from units used in this study were much lower
than those of conventional FNP platforms, scale up of
individual units should be possible by increasing the flow
through the electrified capillary with concomitant increases in
power supply, by multiplexing using an array of needles, or by
turning the system into a continuous process. Thus, EM-NP
provides a promising alternative route to synthesize mono-
disperse polymer nanocomposites with little flow rate depend-
ence that has potential to reach commercial scales.
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