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Abstract

To stabilize and transport them through complex systems, nanoparticles are often encapsulated
in polymeric nanocarriers, which are tailored to specific environments. For example, a hydrophilic
polymer capsule maintains circulation and stability of nanoparticles in aqueous environments. A
more highly-designed nanocarrier might have a hydrophobic core and a hydrophilic shell to allow
transport of hydrophobic nanoparticles and pharmaceuticals through physiological media.
Polydimethylsiloxane, PDMS, is a hydrophobic material in a liquidlike state at room temperature.
The preparation of stable, aqueous dispersions of PDMS droplets in water is problematic due to
the intense mismatch in surface energies between PDMS and water. The present work describes
the encapsulation of hydrophobic metal- and metal oxide nanoparticles within PDMS
nanodroplets using flash nanoprecipitation. The PDMS is terminated by amino groups and the
nanodroplet is capped with a layer of poly(styrene sulfonate), forming a glassy outer shell. The
hydrophobic nanoparticles nucleate PDMS droplet formation, decreasing the droplet size. The
resulting nanocomposite nanodroplets are stable in aqueous salt solutions without the use of
surfactants. The hierarchical structuring, elucidated with small angle x-ray scattering, offers a new
platform for the isolation and transport of hydrophobic molecules and nanoparticles through
aqueous systems.

Introduction

Colloidal nanocarriers have been under intense investigation for their use in drug delivery
and imaging applications. Carriers, such as liposomes, polymer vesicles and micellar dispersions,
have shown great potential in solubilizing hydrophobic drugs.” ? Polymer nanodroplets offer
enhanced synthetic versatility, drug loading capacity, stability, and biocompatibility.> 3 4 5
Combinations with inorganic contrast agents having a metallic core, such as gold nanoparticles
(AuNP), are promising contenders for biomedical imaging.® ¢ 7 Most of these applications require
working in aqueous media, which can be problematic for hydrophobic nanoparticles, since they
are susceptible to aggregation in aqueous solutions.® & ° Encapsulation of these hydrophobic
nanoparticles within a water-soluble vehicle has been a challenge.?

In aqueous solutions, self-assembled block copolymer nanoparticles are stabilized with a
hydrophilic shell. This shell forms a corona when in contact with water, providing stability to the
hydrophobic core that increases the solubility of encapsulated materials.'® ! 1213 Because of
their synthetic flexibility, polymeric nanodroplets have attracted interest, with preparation falling
into three general areas.’* The first is dispersing the preformed polymer by emulsification;'> ¢ the
second is a solvent evaporation method;" finally, nanoprecipitation is employed.5 ' Polystyrene-
block-poly(ethylene oxide) micelles loaded with quantum dots, gold and iron oxide nanoparticles
were prepared as emulsions by Bae et al.'® The solvent evaporation method was used to prepare
quantum dots encapsulated in phospholipid based micelles.'®2° However, these types of micelles
tend to have limited stability and a low limit of drug loading.

Flash nanoprecipitation (FNP) to encapsulate hydrophobic organic additives was studied
extensively by Johnson and Prud’homme?'. FNP relies on rapid mixing between solvent and non-
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solvent and instantaneous dilution to prevent aggregation. This can be achieved with a confined
impinging jet (CIJ) or a multi-inlet vortex mixer, where mixing and precipitation takes less than a
couple of seconds.??> 22 FNP has been exploited to make multicomponent composite nanoparticles
(CNPs) as kinetically stabilized nanoscale carriers.? 224 25 Copolymers based on poly(ethylene
glycol), PEG, and a multi inlet vortex mixer have been used to encapsulate a variety of species
such as gold nanoparticles®, fluorescent nanoparticles?® 27 28, paclitaxel®®, B-carotene and
polyethyleneimine.® 3¢ PEG, a popular candidate for nanocarriers because of its biocompatibility
and non-cytotoxicity, has been copolymerized with polystyrene,’® 18 27. 31 poly(caprolactone),
PCL,%6: 32 poly(lactic acid), PLA,%? 33 and poly(lactic-co-glycolic acid), PLGA.2% 323435 However,
PLA particles showed limited stability® and PCL particles were not stable.?®: 33 PEG-b-PLGA
showed the highest stability due to the drastic difference in solubility between the two blocks and
the fact that the glass transition temperature, Tq4, for PLGA is near ambient conditions.?? 34
Pustulka et al. concluded that the nanoparticle is primarily stabilized by the hydrophobic block,
which requires a T4 higher than room temperature.® Glassy hydrophobic polymers have been the
leading choice for the core, especially when the core volume is greater than that of the shell.®¢

Compared to PMMA and PCL, PLGA nanoparticles formed by nanoprecipitation
encapsulated dyes which aggregated more strongly.” PCL and PMMA undergo fast
nanoprecipitation and the dye is incorporated during particle growth, while in the case of PLGA,
the dye is embedded within the polymer nuclei or participates in particle formation.3” These
particles were stabilized in biological media by anionic surfactants.3®

Rubbery polymers such as poly(dimethyl siloxane), PDMS, have rarely been used for
nanocarriers despite the extensive use of this material for biomedical applications. Because
unmodified PDMS nanoparticles tend to aggregate in solution, it is usually either copolymerized3®
40 or its backbone is altered.#' Crosslinking also stabilizes particles and larger articles of PDMS,
forming “silicone rubber.” We have recently reported the formation of stable nanoparticles without
crosslinking from PDMS with positively end groups by FNP. 42

Here, we report on the use of an ammonium terminated polydimethylsiloxane to
encapsulate a high loading of inorganic nanoparticles such as gold, iron oxide, and silica via flash
nanoprecipitation. FNP provided a fast, simple process to produce colloidally stable hybrid
nanoparticles. The highly hydrophobic, non-toxic, and biocompatible PDMS provided means for
dissolving water insoluble compounds. The stability of these particles in aqueous solution was
enhanced by introducing a glassy poly(styrene sulfonate) shell, discussed in detail in our previous
work.42

Experimental Section

Materials. Chloroform, hexane, gold (lll) chloride trihydrate (>99.9%), oleylamine (70%), oleic
acid, iron (lll) chloride hexahydrate, 1-octadecene and trifluoromethanesulfonic (tiflic) acid were
from Sigma Aldrich. Deuterated chloroform (CDCI3) was from Cambridge Isotope Laboratories.
Ethanol and HPLC grade water were from VWR Chemicals. Magnesium sulfate anhydrous was
from Fisher Scientific. Polydimethylsiloxane terminated with aminopropyl groups at both ends (10-
15 ¢ST, nominal molecular weight 900 g mol', PDMS-NH,) was obtained from Gelest.
Polystyrene sulfonate, sodium salt (PSS, 16,000 g mol') was from Scientific Polymer Products.
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Hydrophobically modified silica nanoparticles (particle size 10 - 15 nm) colloidal solution in
isopropanol (IPA) were a gift from Nissan Chemical.

Protonation of PDMS-NH,. The amine terminated polydimethylsiloxane was protonated
following a literature procedure.*?> 'H NMR (600 MHz, chloroform-d) & 6.82 (s, 6H), 3.03 — 2.92
(m, 4H), 1.76 — 1.63 (m, 4H), 0.59 — 0.53 (m, 4H), 0.18 — 0.01 (m, 117H).4?

Oleylamine-capped AuNPs (OLA-AuUNPs). The oleylamine-capped AuNPs (~10 nm in diameter
measured by TEM) were prepared by rapidly injecting gold precursor into a pre-heated oleylamine
solution.*® Briefly,119 mg of gold (lll) chloride trihydrate dissolved in 2 mL of oleylamine was
rapidly injected into 4 mL oleylamine in a 50 mL three-neck round-bottom flask 150 °C under Na.
The heating was continued at 150 °C for 40 min. The solution was then cooled to room
temperature and then centrifuged at 3,700 rpm for 15 min to remove unreacted precursors. The
supernatant was collected and diluted in hexane.

Iron Oxide Nanoparticles (IONPs). Oleic acid capped IONPs (16 nm in diameter measured by
TEM) were synthesized using the thermal decomposition of iron-oleate precursors at high
temperature following the procedure reported by Hyeon and co-workers.** To prepare the oleate
precursor, 3.6 g of FeCl3-6H.0 and 12.5 g of sodium oleate were dissolved in a mixture of 26 mL
ethanol, 20 mL water, and 46 mL hexane. The mixture was heated to 70 °C and left at that
temperature for 4 h. The iron-oleate complex was washed with water three times. The solvent
was evaporated, yielding iron oleate complex as a brown oil. 3.6 g of the iron oleate complex and
0.57 g of oleic acid were dissolved in 20 g of 1-octadecene. The mixture was heated to 320 °C
under N, at a heating rate of 3.3 °C min-', then maintained at that temperature for 30 min. A
brownish black color developed indicating the formation of iron oxide nanoparticles. The resulting
NP dispersion was centrifuged (3,700 rpm for 15 min).

PDMS Nanodroplet Preparation. All inorganic/polymer nanodroplet solutions (Au-PDMS-NH3*,
Au-PDMS-NH3*PSS, IONP-PDMS-NHs3* and SiO.NP-PDMS-NHs*) were prepared by flash
nanoprecipitation using a hand-operated ClJ using a design reported previously (Figure S1).42 4
mg of AuNP, dried from hexane, was redispersed in 0.5 mL THF. The AuNP solution was added
to 25 mg PDMS-NHs* in 12.5 mL THF. The inorganic/polymer solution in THF was transferred to
a syringe while another syringe had the same volume of water (non-solvent). Both syringes were
actuated simultaneously and the effluent, 25 mL at a rate of about 5 mL s*!, was immediately
precipitated into a reservoir of water (225 mL) containing 15 mg PSS to deposit a stabilizing shell
of PSS on the nanodroplet of PDMS-NH3*. The same process was repeated to form IONP-PDMS-
NHs;* NPs with an IONP concentration of 0.032 mg mL-'. For the SiO,-PDMS-NHj3*, the SiO, NPs
were dispersed in isopropyl alcohol then redispersed in THF to yield a final SiO2 NP concentration
of 0.016 mg ml-'.

Dynamic Light Scattering. A goniometer system (ALV CGS-3-A0-11) equipped with a vertically
polarized He-Ne laser (A = 632.8 nm, 22 mW) was used to determine the size and stability of the
nanodroplets in solution. 2 mL of each solution was filtered through a 0.45 um filter and transferred
to capped cylindrical borosilicate tubes (10 mm optical path). Measurements were taken on
freshly- prepared samples (at t = 0) and 24 h later at fixed a scattering angle of 90° at room
temperature through a reservoir filled with a refractive index matching fluid (toluene). All aqueous
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inorganic-polymer nanodroplet solutions were passed through a 0.45 pym filter and had a PDMS-
NHs;* concentration of 0.1 mg mL™", while the concentration of the inorganic nanoparticles varied
as follows: [AuNP] 0.016 mg mL"", [IONP] 0.032 mg mL-', and [SiO, NP] 0.016 mg mL-'. For the
Au-PDMS-NH3*PSS, the PSS concentration was 0.06 mg mL-". ALV correlator software V.3.0
was used to obtain the intensity autocorrelation function g (q, 7) where q = 41np sin(6/2)/A by
pseudo-cross-correlation of the signal from an avalanche photodiode.

UV-Vis Absorbance. The stability of the Au-NPs in Au-PDMS-NH3* and Au-PDMS-NH3*PSS
nanodroplet solutions was determined using UV-Vis absorption spectra (Cary 100 Bio, Varian).
The Au-NP surface plasmon resonance (SPR) of the nanodroplet suspensions at around 520 nm
was measured for freshly-prepared samples and also after 24 using Au-PDMS-NHs3* (0.1 mg mL-
"PDMS-NH3* and 0.016 mg mL-' AuNP) and Au-PDMS-NH3*PSS (0.1 mg mL-' PDMS-NH3*, 0.06
mg mL" PSS and 0.016 mg mL"" AuNP).

X-Ray Scattering. A triple area detector system from Roper Scientific was used to collect
simultaneously small angle (SAXS), mid angle (MAXS) and wide angle (WAXS) scattering data
at beamline 5-ID-D at the Advanced Photon Source. A four-module version charge coupled device
(CCD) was used as the SAXS detector (6 x 6 binning) while a two-module version CCD was used
for the MAXS (4 x 4 binning) and WAXS (2 x 2 binning) detectors from Rayonix LLC. Lanthanum
hexaboride, silver behenate, and glassy carbons were used to calibrate the WAXS, MAXS and
SAXS detectors at sample-to-detector distances from 0.2 m (WAXS), 1.0 m (MAXS) and 8.5 m
(SAXS). At x-ray energies of 17keV and wavelength of 7.293 nm, the data was collected along

the center axis of each sample that resulted in wavevector (q) ranges from 2.54 x 10-2to 45 nmr
1 45, 46

X-ray Data Analysis. The solvent background (water and hexane) was subtracted from the
averaged SAXS/MAXS/WAXS data using RAW software.*” The IRENA 2.7 package for Igor Pro
8.04 was used for data modeling and analysis. A unified Guinier exponential and power law fit
was used to determine particle properties.4® 4950

Transmission electron microscopy. Scanning transmission electron microscopy (STEM)
images of the Au-PDMS-NH3* were collected using a JEOL JEM-ARM200cF (a cold field emission
probe-corrected TEM, Peabody, MA) operating at 200 kV. The TEM grids were prepared by drop
casting dilute dispersions of the Au-PDMS-NHs* in 95:5 water:THF mixture onto lacey carbon
grids followed by slow drying under a mild vacuum. Under the conditions used, TEM only observes
the inorganic particles, as the electron contrast for the hydrocarbons is too low.

Contact Angle. The PDMS-NH3* contact angle on polished carbon was measured with a KSV
CAM 200 goniometer using optical contact angle and surface tension software (KSV Instruments).

Results and Discussion

Encapsulation of hydrophobic gold nanoparticles. Oleylamine capped gold nanoparticles as
well as hydrophobic iron oxide and hydrophobic silica nanoparticles were stabilized in aqueous
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media using a short polydimethylsiloxane with protonated amine ends (PDMS-NH3*Tf, Scheme
1). Triflic acid provided a hydrophobic counterion on protonation of PDMS-NH,.

e e e e U U L Ly Oleylamine
ol o
HoNT g {/Si RS ™" NH, PDMS-NH,
+/\/\\ ,O{ | ,O]\ //\/\+
HsN Si" ISiT S NH; PDMS-NH;*Tf
CF3S05° A
3 3 -
CF3S0;
" PSS

SO; Na*
Scheme 1. Structures of the surface ligands and polymers used.

The hydrophobic AuNPs were encapsulated by PDMS-NHs* using a recently-reported
flash nanoprecipitation (FNP) procedure.*? The size of particles depends on a number of factors,
including reactor design.??> 22 The size range, from 50 to 150 nm, is typical for FNP.5'" 52
Oleylamine, widely used in the controlled preparation of capped monodisperse gold
nanoparticles, simultaneously serves as solvent and stabilizing ligand.53 43

The AuNPs in hexane were dried and redispersed in a minimum amount of THF for flash
nanoprecipitation, which involved rapid mixing of dispersed AuNPs and PDMS-NH3*Tf in THF
with water (a nonsolvent for both). The optimized concentration of AuNPs in the nanocomposite
was found to be 0.016 mg mL-" with an Au:PDMS weight ratio of 1:6.25. Various factors affecting
the FNP were addressed in our previous work.*> Here, the concentration of inorganic
nanoparticles is an additional variable. For example, higher concentrations of AuNP led to larger
water-dispersed composite nanodroplets.’® 1% 37 AuNPs were found to self-assemble or form
loose aggregates when left for a longer period of time in THF or when larger THF volumes were
used. % Figure S4 shows an increase in hydrodynamic radius of the AuNP in THF after 24 h while
Figure S5 shows a broadening and red shifting of the SPR peak, indicating aggregation.>* The
opposite was observed when the AuNPs were encapsulated in the PDMS-NH3* nhanocomposite.
The composite nanodroplets had an average hydrodynamic radius of 26.5 nm (Figure 1A), a
narrow SPR peak at 522 nm (Figure 1B) and remained stable for at least 24 h. However, these
composite nanoparticles aggregated in the presence of salt.*?> With the addition of PSS to the
surface the R of the composite nanodroplet increased to 51.5 nm (Figure 1A). This increase in
radius was not a sign of internal instability within the PDMS since a narrow SPR peak at 523 nm
(Figure 1B) remained stable for 24 h (Figure S3), which is comparable to stable AuNPs in solution.
This indicates that the AUNPs maintain a sufficient large interparticle distance within hydrophobic
PDMS at the optimized AuNP concentration.?'- 37 The PSS shell stabilizes hydrophobic PDMS
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nanodroplet but also bridges some of them. The UV-Vis spectra of samples with and without gold
nanoparticles showed that neither the PDMS-NHs* nor the PSS contributes to the absorption in
the region of the SPR peak (Figure 1B and S8)
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Figure 1. (A) Autocorrelation function and hydrodynamic radius, Ry, distribution of 0.1 mg mL-"
nanodroplets of Au-PDMS-NH3* (0.016 mg ml-" AuNP) (—) and Au- PDMS-NHs* PSS (0.016 mg
ml-" AuNP and 0.06 mg ml' PSS) (--) 95:5 water:THF at 296.8 K. (B) UV-Vis absorbance vs.
wavelength of 0.1 mg mL-" Au-PDMS-NH;* (—) (SPR peak at 522 nm), Au- PDMS-NH3* PSS (—

) (SPR peak at 523 nm) and PDMS-NH;* (

) as a control.

To obtain stable, uniform, and high loading nanodroplets via FNP, several factors need to
be considered. One key state is supersaturation, at which particle nucleation is induced. Large,
polydisperse, unstable particles precipitate and settle if supersaturation is not achieved.?' 52
Figure S6 shows nanodroplets of size 111 nm that increase to 208 nm when prepared by flash
nanoprecipitation using only 0.1 mg mL-" PDMS-NH3* (without AuNP). This suggests that a low
polymer concentration favors the growth of the particle instead of its nucleation.5" 52 The AuNPs
act as seeding agents, inducing small, stable PDMS-NHs;* nanodroplets (Scheme 2). The
hydrophobic nature of the AuNPs is necessary for particle formation at a PDMS-NH;*
concentration of 0.1 mg mL™'5" This mechanism was also seen when comparing the
hydrodynamic radius of the Au-PDMS-NH3*PSS and PDMS-NH3*PSS samples, both having
equal concentrations of PSS and PDMS-NHs*. After 24 h, the 55 nm initial PSS-PDMS-NH3*
sample was not stable, and its size increased to 77 nm (Figure S7, Supporting Information). The
AuNP initiated particle formation allowed a high load concentration of AUNP. The optimized AUNP
concentration controlled the distance between the AuNP, preventing aggregation.®”
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Scheme 2. Nanodroplet formation at 0.1 mg mL-' PDMS-NHs"* in the presence (A) and absence
(B) of AuNP. The AuNPs are needed for nanodroplet nucleation at this polymer concentration.

Assembly of encapsulated gold nanoparticles. Assembly of nanoparticles into higher ordered
structures has been studied using small angle scattering (SAS)5%5 %6.57.58 and transmission electron
microscopy (TEM). Surface modification has been used to control interparticle interactions by
allowing or preventing aggregation.®® Thus, interactions between particles can be classified as
repulsive and stabilizing, or attractive and destabilizing. The SAXS data in Figure 2 presents the
characteristic profile of the concentrated OLA-AuNP dispersion in hexane, and the micelle peak
of the pure bulk PDMS-NH3*Tf that appears at 2.66 nm.4>2 The PSS peak between 0.18 and 2.75
nm'in the PDMS-NH3*PSS SAXS profile*? (Figure 2) is overwhelmed by scattering from the
AuNP. It is assumed that the PSS would act as a bridge between the positively charged
nanodroplets (Scheme 3) as observed in the PDMS-NH3*PSS nanocomposite.*? A unified law by
Beaucage was implemented to capture the hierarchical structures in solution ranging from a single
aggregate to several fractal aggregates co-existing on different size scales.*% 55 59
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Figure 2. Small and mid-angle x-ray scattering profiles of 1.2 x 10-° wt% AuNP dispersion in
hexane, Au-PDMS-NH3*PSS 0.5 wt% nanodroplet dispersion, bulk PDMS-NH3*Tf and PDMS-
NH3*PSS 1 wt% nanoparticle dispersion (top to bottom). AuNP dispersion and Au-PDMS-
NH3*PSS 0.5 wt% nanodroplet dispersion curves are shifted upwards for clarity. Data for
PDMS-NH3*Tf and PDMS-NH3*PSS 1 wt% nanodroplet dispersion are from reference*?.

A 0.1 mg mL-" Au-PDMS-NH3* PSS nanodroplet dispersion was passed through a 0.1 ym
filter and concentrated to 5 mg mL-". The hydrodynamic radius of the nanodroplets in the more
concentrated solution remained the same and stable. No residual isolated AuUNPs were detected.
The SAXS profiles corresponds to an aggregated system formed from loose aggregates with a
scattering intensity mainly determined by the gold nanoparticles.?”-° This system is characterized
by a slope of -2 at low q and a radius of gyration, Rg, of 37.2 nm (Figure 3, Table S1) which
correlates to the (somewhat larger) hydrodynamic radius determined by DLS in Figure 1A.57: €0
The AuNPs imbedded within the PDMS-NHs* have an interparticle center-to-center distance
(Scheme 3, Table S1) of 4.8 nm represented by the peak at 0.53 nm-! (Figure 3). Atq > 1 nm-"
the scattering intensity is governed by a single nanoparticle having a slope of -4 characteristic of
a hard sphere and an average Ry of 2.9 nm (Scheme 3, Table S1), similar to the size of a single
Au nanoparticle determined by TEM (4.3 = 1.3 nm, Figure 4).%°
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Figure 3. SAXS profile (—) and unified fit model (--) of Au-PDMS-NH3*PSS 0.5 wt%
nanodroplet with “¢” being the Ry of the mass fractal of AUNP embedded within the PDMS core.
The individual fits for populations I, Il and Ill are represented in Supporting Information Figure
S10.

The characteristic hkl peaks of gold nanoparticles are present in the WAXS spectrum in
Figure S9 at the same 20 values (24.5°, 28.1° and 40.6°) in the hexane and the encapsulated
samples. The peaks have not shifted but the intensity is decreased due to the lower concentration
in the encapsulated samples. This confirms that the AUNP remained intact upon encapsulation.

10
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Scheme 3. Composite nanodroplet network with PSS acting as a bridge between the positively
charged PDMS nanodroplets.#? 37.2 nm corresponds to the size of the AUNP mass fractal
encapsulated within the PDMS core. The interparticle center-to-center distance of 4.8 nm of the
AuNPs loosely assembled and embedded in the PDMS core. 2.9 nm is the average Rgq of the
smallest component: a single gold nanoparticle separated by 5.7 nm. The distances “a” (5.7 nm,
Table S1), “b” (4.8 nm, Table S1) and “c” (37.2 nm, Figure 3) are deduced by X-ray scattering.
The green depicts the Tf counterions remaining within the NP to balance positive charge of the
PDMS-NH3*.

TEM samples were prepared from the Au-PDMS-NHs* nanodroplet dispersion with a
PDMS-NH3* concentration of 0.1 mg mL'. The TEM images in Figure 4 show the gold
nanoparticles assembled in a ring-like morphology around the edges of the PDMS-NH;*
nanodroplet. This phenomenon can be explained by using contact angle measurements. When a
drop of PDMS-NH: touches a carbon surface of composition like that of the TEM grid, an angle
of 25° is formed (Figure S11). A contact angle smaller than 90° indicates that polymer wets the
surface and spreads. Thus, the AuNPs encapsulated in the PDMS-NH3* will flow as PDMS
spreads. Other images (Figure 4C) show that sometimes not all of the AuNP are drawn out the
edge of the PDMS as it spreads.

These PDMS-NH3* nanodroplets hold an average of about 150 hydrophobically capped
gold nanoparticles, classifying them as high-loading nanocarriers. The AuNPs are closely packed
and separated by a 3 nm gap which is less than the distance predicted by the plasmon ruler.

11
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According to the “plasmon ruler equation,” AUNPs should be separated by a distance of at least
of 1.5 D (where D is the diameter of the nanoparticle) to prevent a shift in the surface plasmon
peak.8' This gap is decreased in the presence of a polymer layer.??

The x-ray scattering analysis of the nanodroplet self-assembly represents a more 3D
spherical shape compared to the flattened structures represented in TEM. The difference in
morphology is due to the presence of the glassy PSS shell.#?2 The gold nanoparticles form
aggregates in the CIlJ-D mixer upon contact with water which are consequently stabilized by the
PDMS-NHs* and the PSS shell.?!

Figure 4. TEM images of a 0.1 mg mL-' Au-PDMS-NH3* nanodroplets at different magnification
from (A) to (C). Annual-dark-field STEM image B shows 146 gold nanoparticles (in white)
clustered in a ring. AuNP radius 4.7 + 1.5 nm.

Encapsulation of other inorganic NPs. To illustrate the generality of the encapsulation method,
PDMS-NHs* nanodroplets were loaded with other of inorganic core chemistries: hydrophobic iron
oxide and hydrophobic silica nanoparticles. The optimal concentration of iron oxide was
determined to be 0.032 mg mL-"; lower concentrations created aggregation-prone nanodroplets.5"
The iron oxide nanoparticles were dried from hexane, redispersed in 10 mL THF, sonicated for
10 min and passed through a 0.2 pm filter before mixing with the PDMS solution. The
hydrodynamic radius of the particles remained stable at 12 nm for 24 h (Figure S13). For the SiO;
NPs, drying from IPA was not a suitable option. The silica NPs were instead used as a suspension
and dispersed in THF. The hydrodynamic radius in THF was around 12 nm (Supporting
Information Figure S15), comparable to the size stated by the manufacturer. The IONP-PDMS-
NHs* and SiO, NP-PDMS-NHs* were then prepared using the same FNP technique mentioned
above. The hydrodynamic radius was around 38 nm and 33 nm for the IONP-PDMS-NH3* and
SiO2 NP-PDMS-NH3* nanodroplets, respectively (Supporting Information, Figure S14 and S16).
The three different inorganic cores formed PDMS-NH3* nanodroplets with almost the same size
indicating that the nucleation mechanism discussed above applies to a variety of inorganic

12
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particles. The positively charged nanocarriers were stabilized in aqueous solution for at least 24
h.

Figure 5. TEM images of a 0.1 mg mL-' IONP-PDMS-NH3* nanodroplets at different
magnification from (A) to (C). Annual-dark-field STEM image B shows 43 iron oxide
nanoparticles (in white) clustered in a ring. IONP radius 7.4 + 1.6 nm

The TEM images in Figure 5 and S16 show the iron oxide and silica nanoparticles
assembled in a ring-like morphology around the edges of the PDMS-NH3* nanodroplet similar to
the gold nanoparticles in Figure 4. The loading decreased to 43 and 19 nanoparticles due to the
increase in size of the IONP and SiOg, respectively.

Conclusions

PDMS with positively charged end groups was used to make hydrophobic nanodroplets
with hydrophilic shells to encapsulate various inorganic nanoparticles. Gold, iron oxide, and
hydrophobically modified silica nanoparticles that tend to aggregate in aqueous solution were
protected and encapsulated at a high concentration within the hydrophobic core. These inorganic-
polysiloxane composite nanodroplets can be further stabilized, without the use of surfactants, by
forming a glassy PSS shell on the surface. To our knowledge, these are the only reported stable
nanocomposite PDMS nanodroplets in water. This system paves a way for new stable aqueous
nanocarriers with high loading capacities for hydrophobic molecules and nanomaterials. These
inorganic NP-loaded polymer nanodroplets have potential utility as hydrophobic drug carriers,
contrast agents, and as vehicles for catalysts. By introducing various functionalities to the
polyelectrolyte shell, the composite NPs may be targeted to specific substrates.

13
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