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Nanoparticle formulations offer advantages over free drugs; however, stability of the nanoparticle dis-
persions is a significant obstacle, and drying is often required for long-term size stability. The main
limitation of current drying methods is particle aggregation upon reconstitution which can be overcome
with sonication (impractical in a clinical setting) or large amounts of cryoprotectants (result in hyper-
tonic dispersions). Therefore, new approaches to nanoparticle drying are necessary. We demonstrate
conversion of nanoparticle dispersions to a dry, thermostable form via electrospinning. As a proof-of-
concept, polyethylene glycol stabilized nanoparticles and polyvinyl alcohol were blended and electro-
spun into ~300 nm fibers. Following electrospinning, nanoparticles were stored for at least 7 months and
redispersed with low osmolarity to their original size without sonication. The nanoparticles redisperse to
their original size when the fiber diameter and nanoparticle diameter are comparable (nano-
particle:nanofiber ratio ~1). Nanoparticles with liquid cores and larger particles better maintained their
size when compared to nanoparticles with solid cores and smaller particles, respectively. Storing the
nanoparticles within nanofibers appears to prevent Ostwald ripening improving thermostability. Overall,
this novel approach enables rapid, continuous drying of nanoparticles at room temperature to facilitate
long-term nanoparticle storage. Improved nanoparticle drying techniques will enhance clinical trans-

lation of nanomedicines.

© 2018 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

Nanoparticle (NP) drug formulations offer advantages over
free-drug formulations such as increased bioavailability and intra-
cellular accumulation with relatively low toxicity.!> However,
stability of the NP dispersions is a considerable obstacle.* Often,
cold chain storage is required to prevent Ostwald ripening. The
requirement of cold chain storage is challenging for clinical appli-
cations.” Often, to achieve stable formulations with long shelf-lives,
complete drying of the sample is required.®” However, maintaining
NP size during drying remains a significant challenge.

Three techniques commonly used for drying drug-loaded NPs
are freeze drying, spray drying, and more recently spray freeze
drying.”'® Freeze drying is a 3-step process in which the solvent is
removed with an initial freezing step followed by sublimation and
desorption.'* Spray drying is a continuous process in which the NP
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dispersion is cast into droplets that are rapidly dried with a hot
gas.”>"17 Spray freeze drying is an integration of the 2 methods in
which the solution is cast into droplets that are immediately frozen
followed by sublimation of the remaining liquid.'"® While some
particle formulations have been successfully dried,'”' the main
limitation of current drying methods is particle aggregation after
drying and reconstitution so the nanometer particle size, which is
vital for therapeutic efficacy,’®?' cannot be maintained.'"*?? For
example, after freeze drying, B-carotene- and paclitaxel-loaded NPs
made by flash nanoprecipitation (FNP) method, redispersions
resulted in at least a 2.25-fold increase in particle size even with
sonication, a process which is considered impractical in a clinical
setting.%>> Freeze-dried vitamin E (VE) NPs stabilized with
polystyrene-b-polyethylene glycol (PS-b-PEG) that were made via
FNP exhibited a 3-fold increase in size after reconstitution with
sonication.® Therefore, new approaches to NP drying that maintain
NP size after reconstitution are necessary.

Cryoprotectants or excipients, such as glucose, sucrose, and
trehalose, and so forth, can prevent aggregation.’?* However,
significant amounts of protectant/excipient are generally
required.”'?2° For example, spray freeze drying polycaprolactone
NPs required concentrations of 70 wt.% mannitol to achieve a final
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NP size to initial NP size (Sf/S;) ratio of 1.5."9 When freeze drying
drug-loaded NPs using trehalose as a cryoprotectant, a mass ratio of
5:1 trehalose: NPs was required for redispersion.”®> The large
amount of protectant is problematic for parenteral administration
because the osmolarity of the protectant can result in a hypertonic
formulation (> 240 mOsm/kg).?

We present electrospinning NPs blended with a water-soluble
polymer as an alternative to traditional drying techniques to
rapidly convert NP dispersions to a dry form that can be stored at
room temperature. In electrospinning, the polymer blend is
extruded at a constant rate and when the force due to an applied
electric field overcomes surface tension, a liquid jet forms. As the
liquid jet travels to a grounded collector, it is whipped and
stretched and the solvent rapidly evaporates creating a solid fi-
ber.?%=° The fiber is deposited as nonwoven. Electrospinning the
blend of NPs and a water-soluble polymer, the NPs are encapsulated
within the resulting polymer fibers. The nonwoven material can be
stored at room temperature, and the fibers are dissolved in aqueous
media to reconstitute the NPs.

The use of polymers as excipients are a promising alternative to
saccharides because they can be added at high mass ratios relative
to the NPs without creating hypertonic formulations. Polymers,
such as polyvinyl alcohol (PVA), used as excipients in traditional
drying techniques, spray drying, and spray freeze drying>' have
been considered. Approaches using polymers in techniques such as
electrospinning and electroblowing have been employed for pre-
serving amorphous formulations of small molecules.>? However,
the applicability of such techniques for converting NPs to a dry,
stable form has yet to be demonstrated.

In this work, we demonstrate electrospinning as a rapid, room
temperature method to convert NP dispersions to a dry, thermo-
stable form that can be redispersed to the original NP size without
sonication. We use NP formulations sterically stabilized with
polyethylene glycol (PEG) as a model system because PEG coatings
increase circulation time and delay clearance by the mononuclear
phagocytic system.>*>->® Such particles can be fabricated using FNP,
a rapid and scalable method. In FNP, PEGylated block copolymers
direct NP self-assembly during rapid mixing of the hydrophobic
drug and block copolymer dissolved in an organic stream with a
miscible antisolvent stream. Owing to the rapid mixing, the NPs are
kinetically trapped with high core material loading capacities,
narrow size distribution, and tunable size.>’ Blends of the PEGy-
lated FNP particles with PVA were electrospun to convert the NPs
into a stable, dry form. PVA was selected as a starting point for these
experiments because it is often included in freeze-dried formula-
tions.'*3! The NPs were reconstituted to their original size without
sonication. The effect of fiber processing on final NP size was
explored. Specifically, we examined the effect of NP composition,
NP size, and NP to fiber diameter ratio.

Materials and Methods
Materials

NPs were formulated with amphiphilic block copolymer, PS-b-
PEG (1600-b-5000 g/mol) obtained from Polymer Source (Mon-
treal, Canada). PS-b-PEG was dissolved in tetrahydrofuran (THF)
(~40°C) and precipitated into diethyl ether and dried under
vacuum. For the NP core material, a-tocopherol (Vitamin E, VE;
Sigma-Aldrich, St. Louis, MO) and PS with molecular weight
(MW) = 800-5000 Da (Polyscience, Inc.,, Warrington, PA) were
used. THF was used as the solvent (HPLC grade; Fisher Scientific,
Pittsburgh, PA). The electrospinning polymer was PVA with
MW = 205,000 Da (Mowiol 40-88; Sigma-Aldrich). All other
reagents were used as received.

Nanoparticle Preparation

NPs were prepared via FNP with a hand-operated confined
impinging jet mixer with dilution.>” In FNP, the hydrophobic core
material is initially molecularly dissolved in an organic solvent with
the amphiphilic block copolymer stabilizer and is rapidly mixed
with a miscible, nonsolvent for the hydrophobic core. This rapid
mixing with the nonsolvent decreases the solvent quality for the
core material and hydrophobic block of the amphiphilic block
copolymer that is, decreases the solubility of the core material and
hydrophobic block of the stabilizer which induces simultaneous
precipitation of the core material and micellization of the block
copolymer. Adsorption of hydrophobic block on the precipitating
core material arrests NP growth and the hydrophilic block sterically
stabilizes the NP.>® In a typical experiment, PS-b-PEG was dissolved
in THF with core material (VE or PS) at a total solids concentration
~30 mg/mL. Typically, 0.5 mL of the organic stream was rapidly
mixed with an equal amount of water (miscible nonsolvent for the
hydrophobic core material) and immediately diluted with 4 mL of
water to maintain a THF:water ratio of 1:9 by volume. The ratio of
the block copolymer to core material was varied to tune the size of
the NPs based on pervious studies.?” Following mixing, the organic
solvent was removed by dialysis, using regenerated cellulose tubing
with a MW cutoff of 6-8 kDa (Spectra/Por; Spectrum Laboratories,
Houston, TX), against a 100-fold volume of water for 24 h with 4
changes of the bath. NP size before and after dialysis were
measured using dynamic light scattering (DLS).

Initial Nanoparticle Characterization

The mean particle size and distribution was determined by
DLS using a Malvern Zetasizer ZS (Malvern Instruments Ltd.,
Malvern, UK) with a backscatter detection angle of 173°. Initial
particle size distributions are reported using the normal resolu-
tion model intensity weighted distribution (average of 4 mea-
surements). For the initial NP size, particle uniformity was
defined as size distribution with a single Gaussian peak. The
polydispersity index is a measure of the breadth of the particle
distribution defined from the moments of the cumulant fit of the
autocorrelation function calculated by the instrument software as
previously described.>’

Electrospinning

For electrospinning, aqueous solutions of PVA were prepared by
dissolving 9.5 wt.% PVA in water. The PVA was stirred at 60°C
overnight until the solution was macroscopically homogeneous
and stored at 4°C. The NPs in water (after dialysis) and dissolved
PVA were combined in various proportions and stirred for several
minutes at room temperature until macroscopically homogenous.
The final PVA concentration for electrospinning was 7 wt.% based
on previous studies.>® The NP loading (mass of NPs per mass of
PVA) was systematically varied.

The blend of polymer and NPs was electrospun using a con-
ventional setup.>® Briefly, the polymer-NP blend was pumped (New
Era Pump System, Inc., Farmingdale, NY) through a 22-gauge (inner
diameter = 0.508 mm) stainless steel needle (Jensen Global, Santa
Barbara, CA) at a constant rate while applying a constant voltage
(Matsusada High Precision Inc., Shiga, Japan). Typical, process pa-
rameters were tip-to-collector distance of 15 cm, applied voltage of
13-15 kV, and flow rate of 0.5 mL/h. Blends were electrospun for
20 min so the resulting mat was thick enough to easily remove from
the foil. Each solution was electrospun in triplicate and stored at
ambient conditions.
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Table 1
Characteristics of NP-Loaded Electrospun Fibers
Core Material Initial NP NP Loading Nanofiber
Diameter (nm) wt.% Diameter (nm)
VE 95 +4 0.8 365 + 36
118 +5 0.8 249 + 32
129 + 2 0.8 326 + 34
144 +9 0.8 322 + 56
174+ 2 0.8 291 + 37
1.7 303 + 34
3.2 292 + 47
PS 112 x5 0.8 354 + 31
192 + 14 0.8 390 + 37

Nanofiber Characterization

The fiber samples were sputter-coated (POLARON E5400 SEM
Coating system) with gold (~10 nm) or gold:palladium target 60:40
and analyzed with scanning electron microscopy (SEM) (JEOL LV-
5610; JOEL, Peabody, MA) at an accelerating voltage of 20 kV. Im-
ages were taken at a magnification of 10,000x with a working
distance of 10 mm. The average fiber diameter and standard devi-
ation were determined by measuring the diameter of at least 75
fibers from 4 to 5 fields of view using Image] software.

Nanoparticle Reconstitution

The NPs were reconstituted by dissolving the resulting nano-
fibers (NFs) (after being removed from the foil and weighed) in
deionized (DI) water. Mass of fibers to volume of DI water ratio was
held constant at 0.4 mg fiber per mL of DI water. The redispersions
were hand mixed for ~10 min with brief, intermittent vortexing
until there were no visible aggregates. The reconstituted samples
were syringe filtered (Whatman 0.45 pm nylon filter) and
measured on DLS. The time between reconstitution and syringe
filtering was varied and no significant effect of delay time was
observed. This fiber to water ratio selected so that the dissolved
polymer and NP sizes could be resolved using DLS to determine the
NP size upon reconstitution post electrospinning. The NP size and
polydispersity index were obtained using the Multiple Narrow
Modes algorithm based on non-negative least squares fit using

95 nm VE NPs

Control

5 microns

5 microns

Zetasizer software as has been previously reported.***! Since the
resolution of DLS is inherently limited to a factor of 3,%> only
samples with a NP intensity peak size (nm)/PVA intensity peak size
(nm) >3 are reported.

Results
Proof of Concept

PEG-stabilized NPs loaded with VE or PS homopolymer were
fabricated with FNP. The size of the NPs was tuned by varying the
ratio of core material to block copolymer stabilizer in the formu-
lation.>” The initial VE-loaded NPs were between 95 and 175 nm
and PS-loaded NPs were between 110 and 190 nm (Table 1).

To demonstrate proof-of-concept of drying NPs via electro-
spinning, aqueous blends of NPs and a water-soluble polymer, PVA,
were used as a model system. PVA was selected because its elec-
trospinning has been well characterized.>>**> PVA was used at
concentration of 7 wt% because there is sufficient molecular
entanglement to facilitate fiber formation.>**>** At 7 wt.% PVA and
NP loading up to 3.2 wt.%, the PVA-NP blend solutions were elec-
trospun to produce uniform fibers with no evidence of beading
(Fig. 1). Since the fiber diameters were larger than the NPs, the NPs
appear encapsulated within smooth PVA fibers. The fiber diameter
and fiber size distribution (relative standard deviation) with and
without VE or PS NPs were comparable (Fig. 1). Therefore, at the NP
loadings used, the presence of the NPs did not significantly affect
the PVA entanglement required for fiber formation. This result is
comparable to other PVA-blend systems.*> Thus, these results
demonstrate that NPs can be converted into a dry form, that is,
encapsulated within polymer fibers, by electrospinning a blend
with a spinnable polymer.

Nanoparticle Reconstitution

For NP reconstitution, water was added to the PVA fibers fol-
lowed by hand mixing. The polymer fibers start to dissolve
immediately after the addition of water and appear completely
dissolved within 5 min of hand mixing (Fig. 2). These results show
that the NPs can be rapidly reconstituted using hand mixing (low-
energy mixing). NPs reconstituted with hand mixing retain their
initial size (Sf/S; = 1.0-1.2) (Supplementary Data, Table C). Notably,
previous results freeze drying (without excipient) similar particles
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Figure 1. SEM images of electrospun PVA fibers loaded with NPs. (a) PVA only fibers with an average nanofiber (NF) diameter of 329 + 34 nm, (b) PVA fibers with 95 nm VE NPs at
0.8 wt.% with an average NF diameter of 364 + 36 nm, (c) PVA fibers with 3.2 wt.% loading of 174 nm VE NPs with an average diameter of 292 + 47 nm, and (d) PVA fibers with 0.8
wt.% loading of 112 nm PS NPs and NF diameter of 354 + 31 nm. All samples electrospun to form continuous, uniform fibers.
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Initial fibers
Time = 0 mins

Water added Hand-mixing

Time = 0.5 mins

Time = 5 mins

Figure 2. Rapid NP reconstitution using low-energy mixing. (a) Initial NP-loaded fibers (b) immediate dissolution of PVA fibers upon addition of DI water, and (c) visible

confirmation of NP reconstitution within 5 min of hand mixing.

stabilized by PS-b-PEG did not retain their size as well. Sonication
was required to obtain a Sg/S; of 2.9%. Using PS-b-PEG-stabilized NPs
as a model system suggests that drying NPs via electrospinning
with PVA is a promising approach for converting NPs to a dry form
while maintaining particle size.

The reconstitution of the NPs was examined by dissolving the
fibers in phosphate buffer solution (PBS) and compared with
water. All samples have 15%-16% change in size and a Sy/S; of 1.1-1.2
(Supplementary Data, Table A). Thus, the buffer does not appear to
alter the reconstitution of the NPs compared to dissolution in
water. NPs can be reconstituted in PBS or water for potential
clinical applications. Since the results were comparable when
reconstituting in water or buffer, water was used in further
experiments.

The osmolarity of the dispersion upon reconstitution is an
important consideration in intravenous formulations. The PVA in
the reconstituted solution of NPs has an approximate osmolarity of
0.002 mOsM. For comparison, the osmolarity of saline solution and
PBS are 300 and 150 mOsM, respectively. Therefore, the polymer
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Figure 3. Particle size distribution measured by dynamic light scattering of 118 nm VE
NPs reconstituted within 1 day of drying and after 7 months of storage at ambient
conditions. The peak at ~30 nm is attributed to the dissolved polymer in the solution
and the peak at ~160 nm is attributed to the reconstituted NPs. The NP size is com-
parable upon reconstitution after 1 day and 7 months of storage at ambient conditions.

has a negligible contribution to the osmolarity of the final formu-
lation when reconstituting in saline or buffer.

Nanoparticle Storage

The shelf-life of the dry NPs in NFs at ambient temperature was
examined using 120 nm VE NPs at a loading of 0.8 wt.%. The fiber
sample was stored for 7 months at ambient conditions and then
reconstituted. The NPs reconstituted from fibers after 1 day and
after 7 months were comparable (Fig. 3). Notably, for the original
NP dispersion stored at 4°C for 7 months, there was a 54% increase
in diameter likely due to Ostwald ripening?® (Table 2). These results
suggest that converting the NP dispersion to a dry form, that is,
encapsulated within the polymer fibers, prevents Ostwald ripening.
Therefore, NP storage in NFs improves the size stability of NPs
enabling storage of the NP formulations at room temperature and
avoiding the need for cold chain storage.

Effect of Particle Properties

Nanoparticle Composition

Building on the results demonstrating proof-of-concept, we
further probed the effect of fiber processing and particle properties
on redispersed NP size. First, we investigated the effect of the
composition of NP core by comparing VE- and PS-loaded NPs. The
melting point of VE is 3°C which is below the working temperature
of NP processing; therefore, VE core is expected to be in liquid
phase. PS has a glass transition temperature of 100°C,*> which is
above the working temperature; therefore, the PS core is expected
to behave as a solid. NPs of similar size were compared: the VE NPs
had an initial diameter of 118 + 5 nm and the PS NPs had an initial
diameter of 112 + 5 nm (Table 1). The fiber diameter was ~300 nm
so the initial NP to NF diameter ratio (NP:NF) was 0.47 for both
samples.

Using the Multiple Narrow Modes algorithm, the DLS results of
the reconstituted NPs showed a bimodal distribution (Fig. 4). We

Table 2
Comparing Size Stability of NPs After Storage for 7 Months

Sample Storage Temperature Change in Size (%)
NPs in solution 4°C 54
Dried NPs ~23°C 4
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Figure 4. Particle size distribution measured by dynamic light scattering of the initial NPs, PVA control, and reconstituted (RC) NPs for (a) VE NP and (b) PS NPs. The NP peak shifts
to the right indicative of an increase in particle size relative to initial NPs upon reconstitution.

attribute the peak at ~30 nm to the dissolved PVA and the second
peak to the reconstituted NPs. The reconstituted NP size was taken
as the NP peak intensity. For both VE and PS NPs, there was an
increase in NP diameter upon reconstitution in water. When
compared to the initial NP size, the final size to initial size (S7S;) was
1.3 for the liquid core NPs and 1.7 for the solid core NPs (Table 3).

Interestingly, the increase in NP diameter in PS NPs was almost
2-fold greater than the VE NPs (i.e., 77 nm for PS NPs compared to
41 nm for VE NPs) (Table 3). This result suggests that NPs with a
liquid core are more resistant to changes in size during fiber pro-
cessing. Similar results have been observed with lyophilization®*
and were attributed to the ability of a NP with a liquid core to
deform much more than a NP with a solid core. Since the liquid
core particles deform, the forces experienced during drying are
distributed over a larger area. In contrast, solid core particles that
do not deform experience higher stresses (same force over a
smaller area) which may cause aggregation.”> In this method of
drying, fiber formation involves uniaxial elongation of a viscous
liquid jet,*® as the solvent evaporates there is a transition from a
liquid jet to a solid fiber, followed by stretching and thinning of the
solid fiber. Since the diameter of the liquid jet is typically on the
order of millimeters and much larger than the NP, we posit the
shear forces have minimal influence on the NP deformation. As the
jet is elongated and the solvent evaporates, it transitions from a
liquid jet to a solid fiber (micron to nanometer diameter) resulting
in high elongational stresses.*’ The elongational force as the fiber
thins can cause the NPs to rotate and deform along the axis of shear
stress.*®4° The liquid core particles are expected to deform during
fiber formation and redisperse into spheres close to the original
size upon reconstitution. In contrast, the solid core particles may
undergo some degree of aggregation during fiber formation and
subsequent redispersion.

Effect of Nanoparticle Size
Next, we varied the initial size of the NPs at comparable NP:NF
ratios. For VE NPs, the size of the NPs varied from 118 to 144 nm and

the NP:NF ratio was ~0.5, that is, the NP diameter was approxi-
mately half of the final NF diameter. For PS NPs, the NP size varied
from 112 to 192 nm and the NP:NF ratio was ~0.5. In both cases, the
larger NPs better maintained their size upon electrospinning and
redispersion compared to the smaller particles. For PS NPs, when
the NP size increased from 112 to 192 nm, the change in NP size
after reconstitution decreased from 69% to 16% resulting in a
decrease in SyS; from 1.7 to 1.2 (Table 3). A similar trend was
observed with VE NPs. The change in VE NP size after reconstitution
decreased from 35% to 17% resulting in a SgS; from 1.3 to 1.2. This
result may be because larger particles have larger surface area to
distribute the forces the NPs are subjected to during fiber formation
which reduces potential aggregation.

Effect of Nanoparticle Size Relative to Nanofiber Size

Based on these results, we investigated the effect of fiber size
relative to the particle using VE NPs. The size of the VE NPs was
varied between 95 and 175 nm (Table 1). When electrospun, the
resulting fiber diameter was comparable and we examined the
ratio of the NP diameter to NF diameter (NP:NF diameter). For NPs
~95 nm and fiber diameter ~300 nm (NP:NF ratio 0.26), the change
in size upon electrospinning and redispersion was 39%, that is, a S/
S; ratio of 1.4. As the NP size increased relative to the NF size
(increasing NP:NF ratio), there was a decrease in the SgS; ratio.
Specifically, for the large NPs (NP:NF ratio 0.60), there was no sig-
nificant change in NP size and a Sy/S; ratio of 1.0 (Table 4).

These results indicate that matching the NP size to the NF size,
that is, NP:NF ratio ~1, better maintains NP size upon redispersion
compared to when the NP diameter is much smaller (less than half)
than the NF diameter. When the NPs are small relative to the fiber
diameter, multiple small particles in close proximity could aggre-
gate as the liquid jet elongates and transitions to a solid fiber. In
contrast, when the NP is similar in size to the resulting NF, the
number of particles in the liquid jet as it transitions to a solid fiber is
geometrically constrained to 1 particle. This geometric constraint
may prevent NP-NP interactions that can lead to aggregation.

Table 3
Effect of NP Core Composition and Size on NP Size Stability After Reconstitution
NP Core Initial NPs Nanofiber NP:NF Reconstituted NPs Change in SiSi
Diameter (nm) Diameter (nm) Ratio Diameter (nm) Size (%)
VE 118 £ 5 249 + 32 047 159 + 18 35 13
144 +9 322 + 56 0.45 169 + 10 17 1.2
PS 112+5 240 + 32 047 189 + 43 69 1.7
192 + 14 390 + 37 0.49 223 +24 16 1.2
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Table 4
Effect of NP:NF Ratio on NP Size Stability After Reconstitution

Initial NPs Nanofiber NP:NF Reconstituted NPs Change in  S¢S;
Diameter (nm) Diameter (nm) Ratio Diameter (nm) Size (%)

95+4 365 + 36 0.26 133 + 36 39 14
129 + 2 326 + 34 0.40 150 + 18 16 1.2
174 £ 2 291 + 37 0.60 174 + 20 0 1.0

Notably, given the appropriate NP size relative to NF diameter ratio,
drying NPs by blending and electrospinning with a water-soluble
polymer is a promising approach that enables drying and redis-
persion with no significant change in NP size.

This observation related to NP:NF ratio is important for
extending this approach to additional NP systems in future studies.
Since NPs are often designed to be a certain size, varying NF size
will be an important consideration. Fiber diameter of electrospun
NFs is a complex function of electrospinning polymer properties,
solvent, and process parameters.’%!

Practical Considerations

Building on these results, the NP loading in the polymer fibers
was also examined. The loading of VE NPs (174 nm) was varied from
0.8 to 3.2 wt.% (mass of NP/mass of polymer). NP loading of 0.8 wt.%
was the minimum NP concentration required to resolve the NP and
PVA peaks using DLS. The final size was not significantly affected by
the 4-fold increase in NP loading; the Sy/S; ratios were 1.0 for the
range of loadings examined (Supplementary Data, Table B). These
loadings are comparable to drying FNP NPs via freeze drying>? and
spray freeze drying.>>

Our focus has been on demonstrating that electrospinning is a
viable approach to convert NPs to a dry form and that the NPs can
be reconstituted to their original size. These preliminary results
indicate that the reconstituted particle size is not significantly
affected by the NP loading for the NP loadings examined. Further
increasing the NP loading is of practical interest. Promising results
maintaining NP size at high NPs using PVA excipients in spray
freeze drying have been reported®'; thus, higher loadings may be
possible and will be addressed in future studies. Extension to
electrospinnable polymers and biocompatible NP formulations that
are U.S. Food and Drug Administration—approved for parenteral
formulations will also be considered.”*>%

Finally, preliminary experiments electrospinning NPs (VE core,
PS-b-PEG stabilizer) with and without dialysis indicate that the
presence of the organic solvent does not significantly affect fiber
formation or NP reconstitution (Supplementary Data, Table D). In
contrast, freeze drying (without excipient) after dialysis resulted in
smaller redispersed particles when compared to nondialyzed
samples.?> Therefore, it may be possible to directly electrospin after
FNP and avoid the purification step to remove the organic solvent.
The presence of the organic solvent considering solvents other than
THF, for example, dimethyl sulfoxide, during electrospinning will
be further explored in future studies.

Conclusion

We demonstrate electrospinning as a new method to convert NP
dispersions to a dry, stable form for long-term storage at room
temperature. Using PEGylated NPs and PVA fibers as a model system,
we show NPs can be stored at room temperature for at least 7 months
and redispersed to their original size without sonication. Thus,
encapsulating NPs in polymer fibers prevents changes in size due to
Ostwald ripening. The dissolved polymer following electrospinning
contributes negligibly to the osmolarity of the final NP dispersion.

The final NP size is affected by polymer fiber formation and NP
properties. NP composition, NP size, and NF diameter relative to NP
diameter are important considerations. Sizes of the NPs upon
redispersion are maintained when the fiber diameter and NP
diameter are comparable (NP:NF ratio ~1). NPs with liquid cores
and larger particles better maintained their size when compared to
NPs with solid cores and smaller particles, respectively. We attri-
bute the observed differences to forces on the NPs during liquid jet-
to-solid fiber transition during electrospinning.

Overall, electrospinning blends of NP dispersions and water-
soluble, spinnable polymer is a novel approach for rapid, contin-
uous drying of NPs at room temperature and redispersion to their
original size at low osmolarity without sonication. This method
overcomes the long-standing challenge of particle aggregation that
occurs with traditional drying methods. Converting NP dispersions
to dry, thermostable formulations will avoid the need for cold chain
storage and enhance translation of nanomedicines to clinical
practice.
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