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Abstract: Nucleation and growth methods offer scalable
means of synthesizing colloidal particles with precisely speci-
fied size for applications in chemical research, industry, and
medicine. These methods have been used to prepare a class of
silicone gel particles that display a range of programmable
properties and narrow size distributions. The acoustic contrast
factor of these particles in water is estimated and can be tuned
such that the particles undergo acoustophoresis to either the
pressure nodes or antinodes of acoustic standing waves. These
particles can be synthesized to display surface functional
groups that can be covalently modified for a range of
bioanalytical and acoustophoretic sorting applications.

Biofunctional, polymeric particles in suspension have been
used to isolate proteins, sort cells,” and deliver drugs, genes,
or small molecules.”! An emerging use of these particles is in
acoustofluidic systems, which use standing pressure waves for
rapid filtration,™ sorting,”! and flow cytometry.’) While the
majority of laboratory and commercial particles display
positive acoustic contrast behavior by focusing along the
nodes of an acoustic standing wave, we have shown that
elastomeric silicone particles can display negative acoustic
contrast behavior and can be used to isolate small bioanalytes
and cells to the pressure antinodes for sorting.'*” Previously,
we have synthesized elastomeric particles using rapid homog-
enization techniques; however, these methods typically suffer
from poor control over particle size and size dispersity."! As
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an alternative, we and other groups have synthesized
elastomeric particles using microfluidics, which can provide
narrow size distributions, but suffer from low particle
production rates.!'®®!

We have implemented methods for the nucleation and
growth of alkoxysilane and silicon alkoxide monomers to
develop a class of functional, monodisperse, and acoustically
programmable (FMAP) particles that can be synthesized in
bulk (Figure 1). These particles 1) can display ample surface
groups (for example, vinyl and acrylate) for high-yield
conjugations; 2) exhibit narrow size distributions (less than
15% CV); and 3) exhibit tunable acoustic behaviors (that is,
positive or negative acoustic contrast factors, ¢) for versatile
manipulations in acoustofluidic systems. FMAP particles can
display ¢ > 0 or ¢ < 0 behavior by migrating to the node(s) or
antinodes of an acoustic standing wave, respectively. The ¢ is
dependent on the density and compressibility of the particle
and its suspending fluid; particles with higher densities and
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Figure 1. Silicone-based particles formed by nucleation and growth
synthesis can a) contain various functional groups (for example,
hydroxy, vinyl, and acrylate) for surface modification, b) exhibit narrow
size distributions, and c) display tunable acoustic properties.
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bulk moduli relative to the fluid tend to focus along the
pressure node(s), whereas particles with the opposite proper-
ties (for example, elastomeric particles in water) tend to focus
along the pressure antinodes./”

We used three variations of a nucleation and growth
process to prepare particles from an assortment of alkoxysi-
lane and silicon alkoxide monomers (for example, trimethox-
ymethylsilane (TMOMS), dimethoxymethylsilane
(DMODMS), vinyltrimethoxysilane (VIMOS), vinylmethyl-
dimethoxysilane (VMDMOS), 3-(trimethoxysilyl)propyl ac-
rylate (AcTMOS), and tetramethyl orthosilicate (TMOS)).
Each approach involves the hydrolytic cleavage of alkoxide
groups in the monomers followed by the uniform polycon-
densation of those monomers in an alkaline catalyst (see the
Supporting Information for details).”)

Approach I follows the Stober process in which a small
volume of monomers was added to water and a co-solvent.!"”!
The monomers underwent both hydrolysis and polyconden-
sation after the addition of a catalyst. Approach II, which can
be used to make relatively large (10 um) particles, decouples
the hydrolysis and polycondensation steps of Approach I by
hydrolyzing the monomers at a low pH and later polymerizing
those monomers at higher pH.""! Approach III introduces
a centrifugation step prior to polycondensation, which gen-
erates particles with the narrowest size distribution owing to
the removal of large, non-uniform oligomers (Figure 2a).l”

Figure 2. a) SEM image of particles synthesized from VTMOS.

b) Bright-field (left) and fluorescence (right) images of Nile red-
impregnated particles synthesized from a 96:1 molar ratio of
DMODMS:TMOS. c) Particles from (b) and a mammalian cell (KG-1a,
dyed green) focused along the antinodes and node of an acoustic
standing wave, respectively (dashed white lines represent the walls of
the microchannel). Particles synthesized from different concentrations
of d,e) TMOMS and f) a 96:1 molar ratio of DMODMS:TMOS,
displaying an average size of 2304+17 nm, 2.6 +0.1 um, and
14.8+0.8 um, respectively.
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As necessary, we incorporated hydrophobic dyes (such as Nile
red) into the particles (Figure 2b) for their visualization (for
example, in the presence of calcein-dyed mammalian cells) in
an acoustofluidic chip (Figure 2¢). To illustrate the versatility
of the nucleation and growth process, we provide examples of
FMAP particles synthesized by all three approaches and
highlight the properties of particles synthesized from
TMOMS, VTMOS, and varying molar ratios of DMODMS:T-
MOS (8:1, 24:1, 48:1, 72:1, and 96:1).

By regulating the type of monomers, their concentration,
and reaction time, we controlled the size of particles over
a large range (230 nm to 14.8 um; Figure 2 d—f). We observed
that particles with the narrowest size distribution (that is, the
lowest size dispersity) were synthesized from TMOMS,
VTMOS, or high molar ratios (96:1) of DMODMS:TMOS.
To measure particle size, we used tunable resistive-pulse
sensing (TRPS), which exploits the Coulter principle in
a qNano device (IZON Science Ltd.)."¥ Prior to sizing,
particles were stabilized with surfactant (0.1 vol% F-108,
Sigma) and diluted in 1xPBS. We found that: 1) particles
synthesized from larger molar ratios of DMODMS:TMOS
displayed smaller sizes; 2) particles synthesized from higher
concentrations of monomer in water displayed larger sizes;
and 3) particles synthesized with higher spin speeds during
their growth exhibited smaller sizes (see the Supporting
Information, Figure S2 and Tables S1-S3).

We synthesized particles containing different reactive
functional groups (that is, vinyl and acrylate) by polymerizing
functional monomers (for example, VTMOS and AcTMOS;
see the Supporting Information for ATR-FTIR spectra). To
examine their colloidal stability, we measured the zeta
potential of these functional particles in 1xPBS (without
adding surfactant) using the TRPS method (Figure 3a).l'"
Particles made from 0.96 vol % VTMOS (average size: 247 +
51 nm) displayed an average zeta potential —36.2 +3.2 mV.
By comparison, much larger particles made from 8.91 vol %
TMOMS (1221 £+ 87 nm) displayed an average zeta potential
of —29.7+24 mV. The zeta potential of these particles
indicates moderate colloidal stability without surfactants.'*!

Next, we investigated the covalent modification of the
surface of FMAP particles for the attachment of biomole-
cules. While we have shown that nonspecific physical
adsorption can immobilize proteins on silicone particles for
biosensing!*! and cellular binding,”* covalent biofunctional-
ization provides a more stable means of attachment. We
performed thermally initiated thiol-ene reactions on the
surface of particles synthesized from a 24:1 molar ratio of
VMDMOS:TMOS to immobilize a thiol-PEG,,-biotin com-
pound (Nanocs, Inc.; see the Supporting Information for
details). We then incubated the biotinylated particles in
fluorescent streptavidin (SA, 33 mM; Invitrogen) for 20 h and
measured the adsorbed molecules of SA/particle using a flow
cytometer (BD Accuri C6; Figure 3b). As controls, we
analyzed the fluorescence of bare particles, bare particles
incubated with SA, and biotinylated particles incubated with
biotin-blocked SA.

The resulting peaks (or modes) in the number of SA
molecules for particles nonspecifically adsorbed with SA,
biotinylated particles adsorbed with biotin-blocked SA, and
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Figure 3. a) Zeta potential and size of particles made from TMOMS
and VTMOS. b) Histograms of the number of adsorbed molecules of
SA per particle as measured by a flow cytometer (particles synthesized
from a 24:1 molar ratio of VMDMOS:TMOS). From top left to bottom
right: bare particles, bare particles with adsorbed SA, biotinylated
particles with adsorbed biotin-blocked SA, and biotinylated particles
with adsorbed, unblocked SA.

biotinylated particles adsorbed with unblocked SA were
measured to be approximately 5x 10°, 1x 10°, and 2.7 x 10*,
respectively. The larger mode observed for the unblocked,
biotinylated polyvinylsiloxane particles compared to the
controls indicated that the SA adsorption was biospecific,
which is an important hallmark for controlled biomolecular
recognition at interfaces.”

We controlled the acoustic responsiveness of FMAP
particles by selecting different molar ratios of alkoxysilane
and silicon alkoxide monomers that could form different
numbers of siloxane bonds. For example, particles synthesized
from monomers that predominately formed three (for
example, TMOMS) or four (TMOS) siloxane bonds exhibited
positive acoustic contrast behavior, and particles synthesized
predominantly from monomers that form two siloxane bonds
(DMODMS) exhibited negative acoustic contrast behavior.
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The latter focusing behavior (that is, along the pressure
antinodes) is useful because cells generally focus along the
pressure node(s) (Figure 2c), allowing rapid, continuous
sorting in acoustofluidic systems.!®”

We synthesized six batches of particles from TMOMS and
different molar ratios of DMODMS:TMOS, measured the
displacement of each particle type in response to an acoustic
traveling wave (1 MHz), and tracked their migration with
a high speed camera (see the Supporting Information for
details).™™ Using this method, we determined the acoustic
radiation force acting on each of the particles, which allowed
us to calculate their acoustic response parameter, v, by
equating their acoustophoretic force with Stokes’ drag force
(see the Supporting Information for the full expression).!'’!
We then measured the densities (j0,) of the particles to allow
estimation of their compressibilities (8,) and their ¢, We
found that particles migrated according to their composition,
where particles synthesized from larger ratios of
DMODMS:TMOS displayed a larger v, and a more negative
¢, Figure 4 summarizes the data obtained for the particle set
(pp’ ﬁp, wp, and d)p)

We then injected the same set of particles into an
acoustofluidic microchip and measured their response to
a standing wave under high-flow conditions (300 pLmin ™).
As indicated by their acoustic focusing profiles at a fixed
location along the microchannel® (Figure 5), particles syn-
thesized from larger ratios of DMODMS:TMOS (for exam-
ple, 96:1) exhibited ¢ < 0 behavior and focused closer to the
pressure antinodes than particles made from smaller mono-
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Figure 4. Properties of FMAP particles. a) Fundamental properties of
particles by monomer composition: density, o, (solid line, left axis)
and compressibility, B, (dashed line, right axis). b) Acoustic properties
of particles by monomer composition: acoustic response parameter,
Yo(o:c) (solid line, left axis), and acoustic contrast factor, ¢, (dashed
line, right axis; see Supporting Information for details).
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Figure 5. Evaluation of particles flowing through an acoustic standing
wave. a) Fluorescence intensity profiles across the width of an acousto-
fluidic channel for different particle types flowing through the channel
as shown in (b); 300 uLmin™" flow rate; 30 V,, sinusoid waveform;
2.96 MHz; 1= 500 pm. b) Micrographs of fluorescent particles flowing
at the node (top) and antinodes (bottom) of an acoustic standing
wave.

mer ratios (8:1). Moreover, particles synthesized from
TMOMS exhibited ¢ >0 behavior by focusing along the
pressure node. The relative slope of their focusing profiles
correlated with the calculated acoustic contrast factors,
indicating this synthesis method can be used to program the
acoustic properties of particles in both traveling and standing
acoustic waves by their monomer composition.

In summary, we show that siloxane-based particles made
by nucleation and growth can provide a precise means for
programming particle size, surface functionality, and acoustic
properties. These particles are useful for applications in
bioanalytical acoustofluidics as well as other applications, as
they are rapidly generated in bulk, are biofunctional, and are
easily programmable.
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