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ABSTRACT: Amphiphilic silicone copolymers are an exciting class
of biomedically relevant polymers that can be used for magnetic
resonance imaging (MRI)-based cell labeling and oximetry studies.
However, the solution characteristics and the ability to form stable
nanoemulsions must be first demonstrated. Therefore, a series of
amphiphilic siloxanes were successfully synthesized by grafting allylic
poly(ethylene glycol) (PEG) with three (PEG(3)) or 11 (PEG(11))
repeat units or allylic triethylammonium bromide (QUAT)
substituents onto polyhydromethylsiloxane backbones at three
different PEG:ammonium molar ratios by using a one-pot reaction
pathway. The PEG length and the PEG:QUAT molar ratio were
varied to tune the hydrophilicity and surface tension, and the
polymer structures were confirmed by using 'H NMR and FT-IR

—_fol ol No-Si PEG- and ammonium-grafted silicone
/S‘Id \SIH \s‘,\ H L copolymers enable tunable solution properties
A and show promise for nanoemulsions

spectroscopy. The results show that the water contact angle increased upon attaching the PEG and QUAT groups, while the surface
tension was most sensitive to the PEG(3) concentration. Also, the critical micelle concentration of the silicone graft copolymers
decreased with an increase in the PEG content. Dynamic light scattering (DLS) and cryogenic transmission electron microscopy
probed the solution structures and the ability to form nanoemulsions encapsulating polydimethylsiloxane (PDMS) oils. The graft
copolymers containing PEG(3) showed consistent sizes by DLS, but the size distribution changed for the PEG(11) samples as the
QUAT concentration increased. Finally, the graft copolymers successfully formed stable nanoemulsions containing PDMS with
particle sizes that are appropriate for MRI-based cell labeling and oximetry applications.

KEYWORDS: silicone surfactant, graft copolymer, amphiphilic solution assemblies, nanoemulsions

B INTRODUCTION

attached to the polymer backbone), and random graft

Amphiphilic block polymers have been utilized in numerous
commercial applications such as drug delivery vehicles,' ™
surfactants,*”” water filtration,®® and rtheology modifiers."’
They have also been used in biomedical applications to deliver
poorly soluble dru$s and as carriers of imaging agents or cell
targeting moieties. R O aqueous solutions, the molecules
assemble into a variety of structures depending on the volume
fractions and lengths of the hydrophobic and hydrophilic
components.'* Additionally, the solvent interactions and
thermal properties of the segments can influence the
characteristics and stability of the assemblies.'> Significant
work has been performed to understand the thermodynamics
and kinetics of assembly under a wide range of conditions.

A special class of amphiphilic block polymers are graft
copolymers. In this configuration the polymer backbone has
oligomeric or polymeric chains, typically hydrophilic, attached
to the backbone, which is usually lipophilic.' These
copolymers can have multiple configurations, including “T”
or “Y” graft copolymers (i.e., a single graft in the center of the
backbone), comb-like copolymers (i.e., many grafts uniformly
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copolymers (i.e., grafts randomly distributed along the
backbone); in each case the graft length can vary
significantly.'” The solution assembly and phase separation
behavior of linear amphiphilic block copolymers are driven by
the overall chain length and the volume fraction of each block,
whereas the architecture of graft copolymers enables the
morphology and assembly to be tailored independent of these
variables.'™'? Also, the synthesis of these molecules deviates
from the protocols used to make linear amphiphilic block
polymers. Linear amphiphilic block polymers are typically
synthesized via sequential addition during living polymer-
ization and less frequently prepared by conjugating two
polymers together after the individual segments have been
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synthesized.”*”>*> Graft copolymers are synthesized by
conjugating oligomeric or polymeric fragments to a reactive
polymer backbone as well as by growing a polymer graft off the
backbone."’

There are two common classes of graft copolymers:
hydrocarbon and silicone graft copolymers. Silicone graft
copolymers have a backbone containing siloxane (or —Si—O—
Si) bonds, which are more flexible than the C—C bonds
present in hydrocarbon surfactants.”’ This flexibility is one
reason why silicone polymers can achieve lower surface
tensions than hydrocarbon polymers.”* Hydrocarbon surfac-
tants have exhibited surface tensions as low as 30 dyn/cm,
whereas silicone surfactants have reduced surface tension to 20
dyn/cm.”> Lowered surface and interfacial tension, super-
wetting, self-assembly, and aggregation are some of the
characteristics of siloxanes which have led to their applications
as textiles, fibers, personal care products, cosmetics, and paints
and coatin%s since their first introduction into the market in
the 1950s.”> Having characteristics like other amphiphilic
molecules, siloxanes have been considered as either an
alternate or add-on to hydrocarbon amphiphiles in various
formulations. Because of their increasing use, several assess-
ments have been made to calculate the risk of silicones to
human health.”® They have been found to be mostly inert
toward living organisms and are considered nontoxic materials.
This has led to an increase of their use in pharmaceutical and
medical applications as a material of choice for drug delivery
applications and implantable devices.””**

By themselves, like hydrocarbons, silicones are too hydro-
phobic to dissolve in polar solvents, but their hydrophilicity is
increased by attaching polar groups to the polymer. Polar
groups can be nonionic or charged, and the nature of the polar
group can tune the properties accordingly. For example, the
type of charged group can make the polymer suitable for
antimicrobial coatings™** or give the surfactant the necessary
characteristics for cosmetic formulations.*" Silicone surfactants
have three basic forms: short diblock copolymers (e.g,
trisiloxane surfactants that contain three siloxane repeat units
linked to a hydrophilic segment), block polymers (e.g., longer
AB or ABA block polymers), and graft copolymers.” These are
typically synthesized by using hydrosilylation reactions to graft
different functional groups onto the silicone chain.”

Poly(ethylene glycol) (PEG) and poly(propylene glycol) are
nonionic groups often used to increase the hydrophilicity of
silicone surfactants.”> This improves the solubility of silicone
surfactants in polar solvents and permits solution assemblies to
form. Silicones modified with PEG exhibit strong surface
activity, and the PEG content impacts the surface tension and
hydrophilicity of the silicone surfactant.”** Recently, siloxanes
have been used for tissue oximetry>>” and cell labeling
applications.””*" These emerging applications underscore the
importance of designing new silicone surfactants that can
better solubilize silicone oils than conventional hydrocarbon
surfactants to form stable, nontoxic nanoemulsions.

In addition to PEG as a functional group to introduce
hydrophilicity, quaternary ammonium salts are cationic
molecules that are used in pharmaceutical and personal care
product formulations to provide surfactants with antimicrobial
activities against bacteria and phytopathogenic fungi.*’
Quaternary ammonium salts have also been shown to increase
the hydrophilicity of siloxanes, but to a lesser extent than PEG
substituents.”” Formulations are often based on the hydro-
philic—lipophilic balance (HLB) that shifts based on the

fraction of each component; the HLB can affect the shelf life of
a product.** In prior work, PEG and quaternary ammonium
salts have been grafted individually to silicone backbones.**~**
However, it is expected that grafting both quaternary
ammonium and PEG moieties onto the silicone backbone
will provide HLB tunability and optimization.

Herein, this study probes the effects of simultaneously
grafting PEG oligomers of varying length and quaternary
ammonium functionalities to a silicone backbone. Specifically,
we have synthesized a new series of six silicone graft
copolymers containing PEG with 3 or 11 repeat units and
quaternary ammonium salts at three PEG:ammonium molar
ratios. To our knowledge, this is the first time both PEG and
quaternary ammonium salts have been grafted onto a single
silicone backbone. Simultaneous addition enhances the ability
to modify surfactant characteristics, such as surface tension,
hydrophilicity, and the critical micelle concentration. Addi-
tionally, though not studied herein, introducing quaternary
ammonium functionalities could provide antimicrobial proper-
ties to the copolymers, which has been shown in previous
studies.*® Therefore, the hydrophilicity, surface tension
properties, and self-assembly of these molecules are detailed
in the following report. We also demonstrate application of
these molecules as surfactants to form stable nanoemulsions of
polydimethylsiloxane (PDMS) in water. PDMS nanoemulsions
have recently been used for tissue oximetry and cell
labeling®***~*" and may benefit from improved design of
siloxane surfactants for emulsification.

B EXPERIMENTAL SECTION

Materials. Poly(ethylene glycol) monomethyl ether (M, 550,
PEG(11)), triethylene glycol monomethyl ether (PEG(3)), Karstedt’s
catalyst [platinum divinyltetramethyldisiloxane [Pt(dvs)] 3% in
xylene solution], allyl bromide, sodium hydride (60% dispersed in
mineral oil), triethylamine, chloroform (NMR grade), and D,0O were
obtained from Sigma-Aldrich. Poly(hydromethylsiloxane) (PHMS)
(M, = 1700—3200 g/mol, or 20 repeat units) and polydimethyl-
siloxane (PDMS, M, = 410 g/mol) were obtained from Gelest. The
ACS reagent grade solvents diethyl ether, chloroform, tetrahydrofuran
(THEF), toluene, and acetone were purchased from Fisher Scientific.

Synthesis of Allyl-PEG. The synthesis of allylpoly(ethylene
glycol) (allyl-PEG) is described elsewhere.*” First, 0.06 mol of either
PEG(11) or PEG(3) was added dropwise to a suspension of 0.12 mol
of NaH in 50 mL of THF under an inert environment. The mixture
was maintained at 0 °C for 3 h, following which 0.12 mol of allyl
bromide dissolved in 50 mL of THF was added dropwise to the
reaction. The temperature was increased to room temperature, and
the mixture was stirred for 18 h. The solvent was then removed to
yield an orange oil. The product was extracted in chloroform, and
solvent was removed under vacuum. Allyl-PEG was obtained as a pale
yellow, viscous liquid, and the structure was confirmed by '"H NMR
spectroscopy (Figure S1).

Synthesis of Allyltriethylammonium Bromide (QUAT). The
synthesis of allyltriethylammonium bromide (QUAT) is described
elsewhere.*> Herein, 0.05 mol of allyl bromide was added to a solution
of triethylamine (0.07 mol) in acetonitrile (70 mL) in a round-
bottomed flask equipped with reflux condenser and stir bar. The
solution was maintained at 50 °C for 10 h. The product was
precipitated in diethyl ether. The precipitate was filtered and dried
under vacuum, and the structure was confirmed by 'H NMR
spectroscopy (Figure S2).

Synthesis of Graft Copolymer Siloxanes. First, 0.05 mmol of
PMHS was dissolved in 10 mL of toluene and then placed in a two-
neck, round-bottomed flask equipped with a reflux condenser and a
rubber septum along with the desired quantities of allyl-PEG and
QUAT. The reaction was run under inert conditions by purging with
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nitrogen. The contents of the reactor were mixed for 15 min, and the
reactor temperature was raised to 75 °C. Then, 250 uL of Pt(dvs)
catalyst was added to the mixture. Because the reaction is exothermic,
a slight effervescence was observed upon adding the catalyst. The
reaction was run for 18 h under reflux. The residual reactants were
removed by using dialysis in THF, and the final product was dried
under vacuum. The polymer structure was characterized by using 'H
NMR spectroscopy and Fourier transform infrared spectroscopy (FT-
IR).

Characterization. 'H NMR spectra were obtained by using a
Bruker FT-NMR spectrometer (400 MHz) with CDCl; or D,0 as the
solvent. '"H NMR spectroscopy samples were prepared by dissolving
20—22 mg of polymer in solvent. All of the samples prepared were
clear solutions and free from suspended dust and impurities. These
samples were injected into clean, dry NMR tubes.

A Bruker IFS66 V/S FT-IR/FT-Raman instrument was used to
obtain the ATR-FTIR spectrum at room temperature in the range
4000—400 cm™". The sample was mounted over the diamond, and the
spectra were obtained under vacuum (<S mbar). Each reported
spectrum is the average of 32 scans.

Physical Property Characterization. A thin layer of the
polymers on glass slides was obtained by using a VT'C-100 vacuum
spin coater for contact angle measurements. 0.05 g of each sample was
dissolved in 0.66 g of THF and spin-coated at 4000 rpm for 120 s.
Static contact angle measurements were performed using a rame-hart
contact angle goniometer installed with an automatic water dispenser,
video camera, and drop analysis software. The angle was measured by
calculating contact angle made by S uL sessile drop of water on the
glass slide after 30 s. The reported angles are an average of four
measurements taken at different areas of each sample.

Surface Tension. First, 10 mg of each sample was dissolved in 2
mL of distilled water to make a stock solution for surface tension
measurements. Aqueous solutions were used to analyze the air—water
interfacial tension using a rame-hart tensiometer installed with an
automatic water dispenser, video camera, and drop analysis software.
The surface tension was obtained by fitting the Young—Laplace
equation to the contour profile of a 5§ yL water drop 120 s after it
formed at the tip of the syringe needle. The contour fitting assumes a
characteristic shape and size, which is used to calculate surface
tension. These conditions resulted in average Bond numbers >0.2 for
all samples (Table S1), which should limit the dependence of surface
tension on the testing parameters.>® Surface tension was calculated by
taking the average of three surface tension measurements, each after
waiting 100—120 s.

Nanoemulsion Formulation. PDMS-based nanoemulsions (20
vol % PDMS) were prepared by using the synthesized graft
copolymers as surfactants using a procedure used before.’® Briefly,
4 mL of deionized water was heated to 60 °C, and then a calculated
amount of the polymers (2 wt %) was added. Next, 1 mL of PDMS
was added dropwise to the mixture and stirred while heating for 15
min. Then, the mixture was sonicated with a probe sonicator three
times at 15 min intervals. Finally, the emulsion was filtered 11 times
through a filter with pore sizes of 0.22 um. To assess the particle size,
DLS was performed on the final mixture.

Dynamic Light Scattering (DLS). DLS was used to determine
the polymer size in solution as well as to determine the size of
nanoemulsions formed by using these polymers as emulsifiers. For
estimating polymer size, S mg of each siloxane sample was dissolved in
1 mL of water. The analysis was done by using a Zetasizer Nano ZS
equipped with a He—Ne laser operating at a wavelength of 633 nm.
The experiment was done at 25 °C with 120 s equilibration time and
173° scattering angle. The data processing was done by compiling
CONTIN®*'"* in MATLAB using code from Marino>* that was
optimized by L-curve criteria using code from Hansen.>®

For estimating the nanoemulsion size, a DelsaNano DLS system
(Beckman Coulter) was used. The nanoemulsion sample, as prepared,
was diluted 50X for the measurement. Measurements were performed
over 7 h to assess the stability of particles. Number-average particle
sizes are reported.

Cryogenic Transmission Electron Microscopy. Carbon-coated
copper (Quantifoil R 2/1) grids were plasma cleaned for 60 s and
transferred to a FEI Vitrobot Mk IV (version 2.14.1219) held at 25
°C and 100% relative humidity. Samples were prepared by diluting
100X by volume from the stock solutions described in the previous
section. A 4 uL aliquot of each was pipetted consecutively onto each
respective grid inside the Vitrobot. Excess liquid was removed by
blotting once with filter paper, blot time (6 s), wait time (1 s), blot
force (0 (on a relative scale from —25 to 25)), and drain time (0 s).
The sample was then plunged into liquid ethane and stored in liquid
nitrogen before imaging. Imaging was performed on a Tecnai F20
operating at a high tension of 200 kV. Images were collected by using
a Teitz XF417F camera while using a nominal underfocus to improve
contrast. The microscope and Gatan CT3500 grid holder were kept
cool with liquid nitrogen while imaging.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of PEG and
Ammonium Grafted Silicone Copolymers. The PEG- and
QUAT-modified silicone graft copolymers were synthesized
according to a multistep synthetic protocol (Scheme 1). First,

Scheme 1. Synthesis of PHMS-g-PEG(n),-g-QUAT, by
Simultaneously Grafting PEG(n) and QUAT at Different
Ratios (x:y) onto PHMS”
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“The PHMS, PEG(n), and QUAT refer to polyhydromethylsiloxane,
allyl poly(ethylene glycol), and allyltriethylammonium bromide,
respectively.

allyl PEG and allyl-QUAT were synthesized by Sy2 sub-
stitution reactions. PEG chains of two lengths were reacted
with allyl bromide in the presence of sodium hydride, whereas
trimethylamine and allyl bromide required only heat to react.
Excess allyl bromide was added to both reactions to ensure
complete conversion to allyl-PEG or allyl-QUAT. The
structures of allyl-PEG(11), allyl-PEG(3), and allyl-QUAT
were analyzed by using '"H NMR spectroscopy. The "H NMR
spectra of all the allyl-containing species (Figures lii and 1iii)
show the peaks of the starting material, peaks from unsaturated
bonds at 5.58 and S5.15 ppm, and peaks from the allylic CH,
linker at 3.95 ppm, thus confirming the addition of allyl group
to the structure.

The hydrophilic, allyl-containing compounds were grafted
onto the siloxane backbone by using the hydrosilylation
reaction (Scheme 1). Hydrosilylation reactions are often
hampered by competing side reactions including hydro-
genation, isomerization, oligomerization, and redistributions.”®
Also, Si—H bonds can be hydrolyzed by moisture forming
silanol and hydrogen gas,” which reduce the functionality.
Because the rate of the catalyzed hydrosilylation is fast relative
to the side reactions, an excess of the allyl-containing
compounds was fed to reduce the formation of undesirable
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Figure 1. Representative 'H NMR spectra of (i) PHMS-g-PEG(11),,-g-QUAT),, (ii) allyl-PEG, (iii) allyltriethylammonium bromide, and (iv)

PHMS.

products. The structures of the final products were analyzed by
using 'H NMR spectroscopy. The peaks in the 'H NMR
spectra at 0 and 4.7 ppm represent the protons of the Si—CHj
methyl group and the proton of the Si—H silane group,
respectively (Figure 1iv). The absence of the Si—H peak in the
final product (Figure 1i) confirms complete conversion of the
silane group to the grafted allyl groups.

After the synthesis conditions were validated, two series of
polymers were prepared. The ratio of PEG:QUAT was varied,
and the length of the PEG was also varied. The molar ratio of
PEG:QUAT was kept constant between the two PEG lengths.
"H NMR spectroscopy was used to obtain the actual molar
ratios of PEG (x, PHMS:PEG) and QUAT (y,
PHMS:QUAT). The original PHMS siloxane possessed ~20
silane groups, and complete conversion of these groups was
targeted and obtained; thus, the subscripts denoting the mole
fraction of PEG and QUAT sum to 20 and denote the mole
fractions of PEG:QUAT. The data are summarized in Table 1.
Higher values of y were targeted, but the resulting polymers
displayed limited solubility, which was indicative of chemical
cross-linking; thus, further investigation into these materials

Table 1. Quantitative "H NMR Spectroscopy Analyses for
the Siloxane Graft Copolymers with PEG:QUAT = x:y

target obtained
M,
x oy x y () (g/mol)
PHMS-g-PEG(3), 20 0 20 0 32 4178
PHMS-g-PEG(3) 5-¢- 15 5 138 62 32 4694
QUAT,
PHMS-g-PEG(3) 4-¢- 10 10 12 8 32 4844
QUAT,,
PHMS-g-PEG(11)5 20 0 20 0 1.1 11130
PHMS-¢-PEG(11) 5-g- 15 5 133 67 111 9359
QUAT,
PHMS-g-PEG(11),-g- 10 10 124 76 1Ll 9121
QUAT),

was abandoned. Overall, the relative agreement between the
targeted mole fraction and the obtained mole fraction and the
quantitative agreement between the PHMS backbone and the
PEG or QUAT grafts suggest that the formation of unwanted
side products does not occur at an appreciable rate.

A qualitative analysis of the samples was done by using FT-
IR spectroscopy to better understand the structural composi-
tion of the synthesized polymers. Characteristic peaks for
—Si(CH;)—0—, —Si—CH,—, and —Si—O—Si were identified
in the spectra (Figure 2). The Si—H peak (2000—2150 cm™")
was not present in any of the final product spectra,
corroborating earlier evidence for complete conversion of the
Si—H group during the hydrosilylation reaction. Because of
peak overlaps, the molar ratios of different grafted substituents
could not be quantified; however, the FTIR spectra support
the 'H NMR spectroscopy data.

The silicone precursor polymers are very hydrophobic; thus
observing a change in the hydrophobicity is a facile method to
further confirm the structural changes noted above. Specifi-
cally, measuring the water contact angle of the various
polymers would determine the effect that the PEG chain
length and PEG concentration (relative to QUAT) in the
copolymer would have on the hydrophilicity of the polymers.
An overall increase in the PEG composition was expected to
increase the hydrophilicity of the polymer. PHMS serves as the
hydrophobic control with a contact angle of ~85° As
predicted, we observe that grafting hydrophilic side chains
significantly reduces the contact angle of the graft copolymer
siloxanes (Figure 3). The water contact angle of PEG grafted
siloxanes is comparable to values found in the literature.”” It
was also observed that the contact angles further reduce upon
grafting the QUAT salts. Increasing the chain length from
PEG(3) to PEG(11) did not have any significant effect on the
water contact angle of the material.

Characterization of Ammonium and PEG Grafted
Copolymer Surface Tension and Micellization. Next, the
ability of the graft copolymers to act as surfactants was studied
by measuring the surface tension of polymer solutions at
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Figure 2. ATR-FTIR spectra of (i) PHMS-g-PEG(3),-g-QUAT, and
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Figure 3. Static water contact angle for the synthesized graft
copolymer siloxanes (PHMS-g-PEG(n)y-g-QUATZ). PHMS is used as
a control. The student’s t test confirmed that the PEG:QUAT ratio
significantly affects the hydrophilicity of the graft copolymer siloxanes
(3 indicates p < 0.05).

different concentrations. In this experiment the surface tension,
or air—water interfacial tension, of the polymer solutions was
measured by using the pendant drop method. Figure 4 shows
the equilibrium surface tension in a 5 uL droplet plotted
against the natural log of the concentration. The surface
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Figure 4. Dependence of surface tension on polymer concentration
for the PEG and ammonium grafted siloxane copolymers.

tension reached equilibrium after 80 s (Figure S3), and all
measurements were taken between 100 and 120 s after droplet
formation. The Bond number for all the samples was between
0.2 and 0.3 (Table S1), which indicates that the surface tension
reported should be independent of testing parameters, such as
needle diameter and droplet volume.”® The graft copolymers
with the longer PEG(11) substituent have a higher surface
tension when compared to the graft copolymers with the
PEG(3) substituent. These results are comparable to previous
studies that describe the effect of poly(ethylene oxide) on
surface tension of polydimethylsiloxane.*® The effect of adding
the QUAT was dependent on the PEG substituent length. For
the PEG(3) series, the addition of the quaternary ammonium
did not impact the surface tension of the samples above or
below CMC. For the PEG(11) series, the surface tension
increased from PHMS-g-PEG(11),, to PHMS-g-PEG(11);5-g-
QUAT; but then decreased upon further addition of the
ammonium group to PHMS-g-PEG(11),,-g-QUAT,, (Table
2). Also, the surface tension for PHMS-g-PEG(11),g-

Table 2. Surface Tension and Critical Micelle
Concentrations of PHMS-g-PEG(n),-g-QUAT,

surface tension (mN m™) CMC (mM)

PHMS-g-PEG(3) 283 + 0.5 0.165
PHMS-g-PEG(3),5-¢-QUAT; 28.5 + 0.4 0.090
PHMS-g-PEG(3),9-g-QUAT,, 28.8 + 0.3 0.125
PHMS-g-PEG(11),, 309 + 0.0 0.080
PHMS-g-PEG(11),5-g-QUAT; 33.1+03 0.068
PHMS-g-PEG(11),,-g-QUAT,, 322+ 02 0.091

QUAT,, was higher than PHMS-g-PEG(11),, These data
suggest that the PEG chain length has a strong influence on the
surface activity of the surfactant as well as that the QUAT salt
has an influence on the surface activity though it is more
complex.

Critical micelle concentrations (CMCs) are also determined
from Figure 4, which are taken as the intersection of the two
straight lines of surface tension at high and low concentrations.
For the graft copolymer siloxanes, we observed that the CMC
for all the surfactants is between 0.068 and 0.165 mM (or 0.3
to 1.0 g/L), which is comparable to surfactants present in the
literature.”® The siloxanes grafted with PEG(11) tended to
reach the minimum surface tension faster than siloxanes with
PEG(3), indicating that chain length of the ethylene glycol
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oligomer is the principal factor for reducing the CMC. For
both series, the CMC decreases upon adding QUAT from
PHMS-g-PEG(11),, to PHMS-g-PEG(11),5-g-QUAT;. How-
ever, it again decreases upon increasing QUAT content from
PHMS-g-PEG(11),5-g-QUAT, to PHMS-g-PEG(11),o-g-
QUAT ,. The CMC depends upon various factors like micelle
size, aggregation number, micelle shape, and monomer—
micelle equilibrium. For additional clarity, the surface tension
values are plotted against a linear concentration axis in Figure
S4, which shows the consistency in surface tension above the
reported CMCs. The surface tension would continue to
decrease if a critical aggregation concentration had been
obtained.””

The surface tension data were compared to a literature
report that prepared a series of PEG—PHMS graft copolymers.
Chung and co-workers studied the effects of PEG graft length,
PEG content, and the PHMS chain length.** They observed
that the PEG length and PEG content increased the surface
tension when the PHMS chain was held constant. A similar
result for PEG length is reported herein. Additionally, they
noted that when the PEG content and PHMS chain length
were varied (i, constant PEG length), the PHMS chain
length dominated the surface tension effects. Finally, when the
PEG and PHMS lengths were fixed, the PEG content did not
greatly affect the surface tension. These data, together with the
prior report that ammonium grafts do not affect the
hydrophilicity as profoundly as PEG,* corroborate our
findings that increasing ammonium content modestly increases
the surface tension.

Based on the size and length of hydrophobic and hydrophilic
parts of surfactants, the micelle aggregates can take up several
morphologies, such as spheres, cylinders, or bilayers.19 No
relation between molecular structure and morphology has been
found in the literature for amphiphilic siloxanes. This is
because siloxane chains tend to coil due to the flexibility of the
backbone; therefore, the thickness of aggregates is much
smaller than the extended molecular chain length. Dynamic
light scattering (DLS) experiments were performed to estimate
the size of the siloxane graft copolymers at concentrations
above the CMCs. The average particle sizes, standard
deviations, and polydispersity indices were assessed from the
intensity distribution profiles (Figure S5). Recall that for DLS
low values of polydispersity index (approaching 0) indicate a
monomodal and narrow size distribution, whereas high values
(approaching 1.0) indicate a broad or multimodal size
distribution leading to difficulty in data analysis. Generally,
the shorter PEG substituent resulted in smaller particle sizes,
and increasing the fraction of QUAT substituents seemed to
have no consistent effect. For comparison, the particle sizes,
standard deviations, and polydispersity indices from the
intensity distribution profile (Table S2) and number
distribution profile are provided in the Supporting Information
(Table S3). Additionally, autocorrelation curves are presented
(Figure SS) due to the dispersity in size that was observed,
which reduced confidence in the sizes and size distributions
reported. It is useful to recall, when analyzing these plots, that
the autocorrelation curve will decay quickly for smaller
particles. As the size of the aggregates increases, the correlation
curve decays further away from origin. From Figure SSa, the
size of aggregates is almost the same for all of the PEG(3) graft
copolymers and does not depend on QUAT content in the
final product. This is consistent with the particle sizes from the
intensity distribution. However, Figure SSb shows that as the
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Figure 5. Hydrodynamic diameter results obtained via the intensity
distribution profiles from dynamic light scattering for PEG- and
ammonium-grafted silicone copolymers (PHMS-g-PEG(n),-g-
QUAT,).

PEG(11) content increases in the final product, the
autocorrelation curve decays at a longer correlation time.
Moreover, the curve displays two plateaus, which is indicative
of a bimodal distribution of particles. The second distribution
has a larger size than any of the PEG(3) graft copolymers. The
intensity distribution sizes for the PEG(11) copolymer with
the highest QUAT content (i.e, PHMS-g-PEG(11),,-g-
QUAT,,) are similar to the PEG(3) copolymers, which is
reflected in the similar decay time seen in the autocorrelation
plot. Similarly, the larger average sizes from the intensity
distributions in Figure S are consistent with the bimodal
distribution. Therefore, the chain length of PEG plays an
important role in deciding the size, modality (i.e., monomodal
vs multimodal), and size distribution of the aggregates.
Characterization of Formation and Stability of PDMS
Nanoemulsions. The feasibility of formulating nanoemul-
sions containing PDMS was tested for the three PEG(11)
surfactants. DLS measurements were performed over a period
of 97 h to monitor any changes in the particle size. DLS data
(Figure 6) confirmed the generation of nanoemulsions from all

Nanoemulsions of PDMS
2000 - made by:

PHMS-g-PEG(11)10-g-QUAT1o
] PHMS-g-PEG(11)15-g-QUATSs
1600 7 PHMS-g-PEG(11)0
E 1200 |
- ]
@ ]
£ 800 -
8 ]
400
0 : : , .
0 3 27 97
Time (h)

Figure 6. Dynamic light scattering (DLS) data for particle size
estimation of nanoemulsions from intensity distribution profiles,
wherein polydimethylsiloxane (M, = 410 g/mol) was emulsified using
PHMS-g-PEG(11),, PHMS-g-PEG(11),5-g¢-QUAT;, and PHMS-g-
PEG(11),9¢-QUAT .
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the three polymers. The nanoemulsion particles all showed a
larger diameter relative to the corresponding copolymer (e.g.,
Figure 6 vs Figure S). The results did not show any significant
difference in size for the three nanoemulsions; however, the
mean particle diameter decreased with an increasing QUAT
mole fraction. After 97 h, there was no phase separation
observed in the nanoemulsions and there was no statistically
significant change in nanoemulsion size with respect to time,
which suggests the graft copolymers effectively encapsulated
the PDMS and the emulsions were stable. For comparison, the
particle sizes from the number distribution profile (Figure S6)
as well as the autocorrelation curves (Figure S7) for the
nanoemulsions are included in the Supporting Information.
The autocorrelation curves are consistent with a larger and
broader size distribution compared to the copolymer data (e.g.,
Figure SSb vs Figure S7).

Shown in Figure 7 are the cryo-transmission electron
micrographs for the PEG(11) series nanoemulsions with

300 nm

Figure 7. Cryogenic transmission electron microscopy data for
nanoemulsions wherein PDMS (M, = 410 g/mol) was emulsified
using (a) PHMS-g-PEG(11),-g-QUAT,,, (b) PHMS-g-PEG(11),5-g-
QUAT;, and (c) PHMS-g-PEG(11),,.

decreasing QUAT content (a > b > c). The micellar elongation
observed in Figure 7c1 is attributed to shear forces exerted on
the sample during preparation. The sample containing the
greatest QUAT content exhibits two different formations of
equivalent size (Figures 7al and 7a2). In contrast to the highly
spherical nanoemulsions seen in the upper left of Figure 7al,
the structures in Figure 7a2 show bulky, liposomal-like
structures which lack a well-defined geometry. This stark
difference in morphological states is reduced upon decreasing
the QUAT content (Figures 7b and 7c). Two distinct states
are still observed, one being highly spherical (Figure 7bl)
while the other is depicted by a slightly aberrated surface.
These aberrated spheres which comprise most of the
formations in Figure 7b2 are small (consistent with DLS
data in Figure 6) with an ideal polydispersity. This was
consistent across several micrographs of this sample. The
deformed particles in the nanoemulsion samples of PHMS-g-
PEG(11),0-g-QUAT), (Figure 7a) and PHMS-g-PEG(11),5-g-
QUAT; (Figure 7b) appear to lack fluidity and have rough
surfaces, which potentially suggests that they do not contain a
significant amount of PDMS and instead are large surfactant
aggregates. This may represent equilibria from structures
formed via undesired side reactions.

The data in Figures 6 and 7 suggest promise for PEG and
ammonium grafted silicone copolymers to form stable
nanoemulsions. In prior work, a series of gemini silicone-
based surfactants were prepared and used to emulsify olive
0il.*” They synthesized a pentablock terpolymer with a silicone
midblock, PEO spacer blocks, and short variable-length
hydrocarbon outer blocks. The CMC showed a parabolic
trend with the hydrocarbon length as longer hydrocarbon tails
began to interfere with micelle formation. The gemini
surfactant successfully emulsified olive oil, but the particles
were all >1 pm according to DLS. Recent work highlighted the
need for siloxane-based magnetic resonance probes and new
emsulsifiers to form stable nanoemulsions containing siloxanes,
which can be used for oximetry and cell labeling in vivo,
respectively.****" However, the spin—lattice relaxation times
of 'H resonances can be very long under hypoxic conditions,
which suggests alternative probes are needed;’” specifically,
longer siloxane chains (instead of the shorter siloxanes used in
early work) and improvements in amphiphilicity can
potentially improve temporal sensitivity. Siloxane nano-
emulsions have been used for oximetry as well as cell labeling
and are advantageous because of the use of 'H MRI and dual
functionality (detection and oximetry). Thus, the ability to
tailor the surface tension and CMC of the PEG and
ammonium grafted silicone copolymer to form improved
nanoemulsions suggests potential in biomedical applications.

B CONCLUSIONS

A series of amphiphilic siloxanes were successfully synthesized
by hydrosilylation reactions. PEG substituents of two lengths
and a QUAT substituent were grafted onto a siloxane
backbone through a one-pot reaction pathway at various
molar ratios to prepare six novel silicone graft copolymers. 'H
NMR and FT-IR spectroscopy were used for structural analysis
of siloxanes. The effects of changing chain length and molar
ratios of PEG:QUAT on physical properties were studied.
Analysis of the water contact angle showed a relative increase
in hydrophilicity upon attaching the polar groups. Surface
tension analysis showed that the PEG(3) substituent lowered
the surface tension the most. Additionally, the CMC of the
silicone graft copolymers decreased with an increase in the
PEG content substituted on the surfactant. DLS showed that
the structure and size distribution of micelles were consistent
for the PEG(3) samples. However, the size distribution
changed for the PEG(11) samples as the QUAT concentration
increased. The findings presented in this work provide
evidence that varying the grafted ratio of PEG:QUAT along
the same backbone can be used to tune hydrophilicity, while
varying the length of the PEG substituent controls, to a greater
extent, the CMC and surface tension behavior. Finally, these
amphiphilic polymers allowed the formation of stable PDMS
nanoemulsions with particle sizes, based on DLS and cryo-
TEM, appropriate for MRI-based cell labeling and oximetry
applications. Future studies will focus on cytotoxicity and cell
uptake of these nanoemulsions as well as characterization of
oxygen sensitivity.
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ammonium bromide, time-dependent surface tension
data, hydrodynamic diameters from number distribution
profiles and intensity distribution profiles for DLS data
for copolymers and nanoemulsions, and autocorrelation
coefficient plots from DLS for copolymers and nano-
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